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ABSTRACT

The metal finishing industry has been rated among the most polluting industries
worldwide. This industry has traditionally been responsible for the release of heavy
metals such as chrome, nickel, tin, copper etc into the environment. The application of
cleaner production systems to a range of industries, including the metal finishing industry
has provided significant financial and environmental benefits. An example of a successful
application of cleaner production in the metal finishing industry is the reduction in the

typical water consumption from 400 1/m? to less than 10 1 /m? of plated product.

The successful application of cleaner production to the metal finishing industry has
encountered many barriers. These barriers include the need for a highly skilled cleaner
production auditor and the need for rigorous plant data to effectively quantify the cleaner

production potential of the company under consideration.

This study fécuscs on providing an alternate user-friendly audit system for the
implementation of cleaner production in the metal finishing industry. The audit system
proposed eliminates the need for both a technical auditor and rigid plant data. The
proposed system functions solely on plant operator inputs. The operator’s knowledge is

hamessed and used to conduct an efficient and effective cleaner production audit.

The research is based on expert knowledge, which was gained by conducting audits on
some 25 companies using traditional auditing tools. This company audits were used to

construct a database of data that was used in the verification of the models developed in
this study.

The audit is separated into different focus components. The first system developed was
based on fuzzy logic multi variable decision-making. For this system the plant was
categorized into different sections and appropriate fuzzy ratings were allocated based on

experience. Once the allocations were completed multi variable decision analysis was

used to determine the individual variable impact. The output was compared and regressed
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to the database equivalent. Operator iputs can then be used to determine the individual

category outputs for the cleaner production rating for the company under consideration.

The second part of this study entails the development of mathematical models for the
quantification of chemical and water consumptions. This was based on the present and
ideal (cleaner production) plant configuration. Cleaner production operations are
compared to present operations and potential savings quantified. Mathematical models
were developed based on pilot scale experiments for the acid, degreaser and zinc plating
process. The pilot experiments were carried out on a PL.C controlled pilot plant. These
models were developed from factorial experimentation on the variables of each of the
plating processes. The models developed aid in the prediction of the relevant optimum

consumptions.

The key challenge in traditional evaluation systems has been the quantification of the
plant production. The most effective measure of production is by means of the surface
area plated. In this study a novel approach using the modeled acid consumption is

proposed.

It was assumed that the operator inputs for the above models would not be precise. The
models developed allowed for input variations. These variations were incorporated into
the model using the Monte Carlo technique. The entire cleaner production evaluation
system proposed is based on an operator questionnaire, which is completed in visual
basic. The mathematical model was incorporated into the visual basic model. For the
purpose of model verification the mathematical models were programmed and tested

using the engineering mathematical software, Mat Lab.

The combined fuzzy logic and mathematic models prove to be a highly effective means

of completing the cleaner production evaluation in minimal time and with minimal

resources. A comparative case study was conducted at a local metal finishing company.




V .

The case study compares the input requirements and outputs from the traditional systems
with the system proposed in this study. The traditional model requires 245 inputs whilst
the model proposed in this study is based on 56 inputs. The data requirements for the
model proposed in this study is obtained from a plant operatorrin less than one hour
whilst previous models required high level expertise over a period of up to two weeks.
The quality of outputs from the model proposed is found to be very comparable to
previous models. The model is actually found to be superior to previous models with
regards predicting operational variations, water usages, chemical usages and bath

chemical evolution.

The reseach has highlighted the potential to apply fuzzy-mathematical hybrid systems for
cleaner production evaluation. The two limitations of the research were found to be the
usage of a linear experimental design for model development and the availability of Mat
Lab software for future application. These issues can be addressed as future work. It is

recommended that a non-linear model be developed for the individual processes so as to

obtain more detailed process models.
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CHAPTER ONE

INTRODUCTION

In this chapter, background information to the metal finishing industry and cleaner
production is detailed (Section 1.1). In section 1.2 and 1.3 current methodologies
employed in conducting cleaner production evaluations is discussed with a focus on the
application of cleaner production evaluation tools in South Africa. Section 1.4 highlights
the need for an alternate tool for cleaner production evaluation for the metal finishing
industry. Section 1.5 details the objectives and approach of this study. The approach is

discussed with reference to the different chapters in this thesis.

1.1. Introduction

The services provided by the metal finishing industry range from basic metal plating
to more advanced non metallic plating and pulse plating. The metal finishing industry
supplies a variety of products for various industrial/domestic sectors including the motor,
clothing, building, aviation, electronic and military. Metal finishing processes entails
preserving the usable lifespan of a metal component by the application of a surface coating.
These coatings include nickel, chrome, cadmium, zinc etc. The process of metal deposition
entails the use of various raw materials including toxic chemicals, heavy metals and large
amounts of water. The process results in the generation of large amounts of toxic waste

products, which has proven to be difficult to dispose off safely.

The generation of toxic waste that is potentially harmful to humans is typical of most
industrial processes, including the metal finishing industry. The metal finishing industry,
however is regarded as one of the most polluting industries worldwide.’® Metal finishing
processes continuously generates huge amounts of hazardous or toxic waste which range
from volatile organics, acid/alkali fumes, wastewater containing metal/cyanide, sludge with
high metal contents, oil/grease, paint residue etc. Most important to the profitability of the
company is the fact that waste generated implies profit losses. This is mainly due to poor

plant operations, which result in the wastage of raw materials. This waste material has to then
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be treated at the wastewater treatment plant, resulting in further costs. It can be stated that the

most effective means of dealing with waste is by curbing the production of waste.

1.1.1. Introduction to metal finishing

The metal finishing process entails the preparation or cleaning of the metal surface
followed by the deposition process. The cleaning process is conducted in two phases. The
first is the oil removal by degreasing, followed by the acid cleaning process and electro-
deposition. The degreaser is usually caustic based and is disposed off, once the oil content
makes the solution ineffective. The acid is either sulfuric or hydrochloric acid which is
disposed off once the metal content renders it ineffective. The plating tank consists of a metal
in solution. The plating tank chemicals are designed to last for extended periods provided the
process is managed effectively i.e. no contamination occurs. The component to be plated is
rinsed with water between each of the above processes. The wastewater is sent to a central

waste treatment facility where pH adjustment, cyanide and chrome treatment is conducted.

The main source of waste from the metal finishing industry is drag-out (the liquid
trapped on the surface of a component as it emerges from a tank) and disposal of spent
process baths. In order to comply with effluent discharge regulations, the metal finishing
industries response was initially the development of end-of-pipe technologies, which
generated toxic sludge requiring careful disposal.” This process encouraged the construction
of large treatment plants with high running costs. End of pipe treatments also encourage

inline losses. The ideal would be to reduce this waste generated at source.

The alternate was to dilute the waste to such a degree that discharge limits to
municipal sewers were met. This solution has demanded the use of excessive amounts of
water resulting in further costs and wastage of water. A cost effective solution to the waste

problem needed to be sourced.

International trends are to minimize the production of waste at source so as to reduce
the environmental risk. The philosophy of what cannot be measured cannot be optimized

leads to the quantification of raw material usage by some kind of evaluation system.
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According to the United Nations Environment Program, Cleaner Production (CP) is
defined as “the continuous application of an integrated preventive environmental strategy to

processes, products and services, so as to reduce the risks to humans and the environment”.’

Internationally, the application of cleaner production systems in metal finishing has
resulted in significant reductions on the demand for natural resources. These resources
include water, energy and raw materials. Cleaner production applications have also resulted

in significant reductions in the release of toxic waste into the environment.

1.2.  Cleaner production in South Africa

Janisch® conducted a survey of the South African metal finishing industry in 2000.
The results regarding metal finishing process types indicated that the processes in South
Africa are similar to those in other countries.’ electro-platers makes up the largest group
(40%) in terms of total number of firms. Other significant sectors are anodising and
galvanizing, though they are much smaller in number (<10%). Zinc, nickel, copper and hard-
chrome metal finishing appear to be the most common types at 25, 21, 16 and 13%

respectively.

In South Africa, and in the other countries investigated by Janisch, over 90% of the
metal finishing shops are SMEs, and the majority has less than 50 employees. Of these, 20%
have <10 employees and 60% have <50 employees. Results indicated that there were a
greater number of independent metal finishers than in-house metal finishers; however, the
difference is not large. From this study it was concluded that metal finishers impact
significantly on the economy as well as on the environment. It was also concluded that due to
the size of the metal finishing companies financial constraints were a priority in
implementation of waste reduction systems®. The study also reflected the limited resources

available to conduct tasks not directly linked to production.

The metal finishing community in Durban, South Africa has benefited from two
significant efforts to reduce the impact of metal finishing waste on the environment. The first
mission was conducted by Barclay®, from 1998 to 2001, the second by DANIDA® from 2000
to 2003.
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Barclay recorded a total cost saving of over two million Rand. Water savings were
more than a quarter of a million Rand and process chemical savings were in excess of one
million Rand. Senior students conducted this project. They were employed to conduct

cleaner production assessments over a period of six weeks at participating companies.

The second effort by DANIDA resulted in similar reductions on raw material
demands. The overall impact was measured by noting an 86% reduction of metal load to the
Umbilo municipal treatment facility." This facility receives waste from a large percentage of
electroplaters in the greater Durban area.

These cleaner production initiatives required audits to be carried out at the companies
under consideration. The focus of the audits was to quantify operations by measuring
chemical and water usages. The auditing methodology was considered to be the key to CP

implementation.

1.3. Cleaner production auditing

A critical step towards CP is environmental impact assessment, which requires an
evaluation of process operation and management in a systematic way so that specific needs
for improving operational efficiency and waste reduction can be indentified.>” Industrial
practice has shown that the metal finishing industry has been the subject of many types of
environmental auditing, ranging from a simple half-hour questionnaire survey to a

sophisticated month-long detailed study.****

Local municipalities usually require a simple audit for monitoring general
compliance for environmental permits in plating companies, while a detailed CP audit may
need much more detailed information on chemical, water, energy consumption, along with
operational statistics. The detailed studies are performed to compare the company’s

operations to some best-known practice.

A detailed environmental evaluation always requires the company under
consideration to make available the required data. This data must be accurate and in an
acceptable format. Due to various limitations, this data is usually difficult for most small or

medium-sized plating companies to provide. With limited data, only highly skillful auditors
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may be able to extract valuable information about plant environmental performance and

conduct an adequate evaluation.

Figure 1.1 depicts a typical metal finishing process, where major process operations

(cleaning, rinsing, and plating), process inputs (metal parts, water, chemicals, and electricity)

and outputs (plated parts and waste) are detailed. In a stepwise operation, the parts in barrel

or on rack are cleaned in alkaline and acidic solutions before plating. After each step of

cleaning or plating, parts are rinsed in a rinse system that may contain one or more rinse

units. In the plating unit, metal coating is developed on the surface of parts. The plated parts

undergo post processing before leaving the line.

Figure 1.1: lllustration of the general plant inputs and outputs
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In order to determine the efficiencies of chemical, water, and energy use, or to

identify the bottlenecks for waste minimization in production, all operational units and

determining factors should be carefully evaluated.
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Two main considerations usually drive the application of any improvements at any
company; these are profitability and environmental impact. The prioritizing of these two

drivers depends on the culture of the company concerned.

For the development of cleaner production options it would be ideal to incorporate
the financial and environmental benefits to the company. It would thus be ideal if the cleaner
production evaluation system would quantify the potential savings and reduced
environmental impact. The Danish CP evaluation system was successful in conducting such

CP evaluations in the metal finishing industry.

1.3.1. Application of the Danish tool in South Africa

The Danish tool for CP in the metal finishing industry was applied to various metal
finishing companies in South Africa. Due to the comprehensive approach the application of
the CP tool enjoyed significant success.

The application of the Danish CP evaluation process was in three stages. The CP
evaluation process, for each stage, required data gathering at the plant and analysis and

reporting offsite. The three stages are described in Tablel.1.

Table 1.1: Danish system of CP evaluation for metal finishers

Stage Time Time Description
requirements requirements

(Data gathering) | (Reporting)

1: Walkthrough 1 Day 1 Day A walkthrough details a basic qualitative overview of
the plant. The walkthrough report highlights areas of
potential improvements as seen by an expert in cleaner

production.

2: Review 3-5 Days 2-6 Days The review entailed a detailed quantitative analysis of
the operations at a company. Detailed consumption and
operations is quantified and entered into a spreadsheet.
The report highlights over consumptions and non ideal

operational practices.

3: Feasibility 3-5 Days 2-6 Days The feasibility study aimed at providing the company
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with details on process modifications for near zero
waste(CP). The feasibility details a new plant layout and
operations plan that determines chemical and utility
consumption for an equivalent ideal process. The
potential savings/environmental impacts as compared to

current operations are detailed.

The findings of each stage were presented to companies in the form of reports.
Companies were then required to make a decision on plant modifications based on the
feasibility report.

1.4. Cleaner production limitations

The success of CP implementation depends on various factors such as data
availability, skills, etc. From the final report by Barclay® and Koefoed, it was stated that
success for both these cleaner production initiative was limited by the availability of data.®*
Thus the application of cleaner production could have enjoyed greater success had the barrier

of rigid data requirements been overcome.

The evaluation of environmental cleanness of a metal finishing facility, as compared
to the best available practice, has been a challenge, particularly in small or mid-sized plants.
This is mainly due to the fact that, at these facilities, precise and comprehensive plant data is
always difficult to obtain. In order to overcome the above constraints a new cleaner
production evaluation system must be designed to meet the needs of the diverse plating
industry. A key requirement for application of cleaner production evaluation systems is
reductions in rigid data requirements. The CP evaluation system should still be specific
enough to outline potential savings and environmental impact. These need to be strongly

justified so as to persuade the company to change to environmentally friendly options.

To alleviate the data-scarce and lack-of-skill related problems in environmental
performance evaluation for cleaner production, a system that requires minimum data for
decision analysis would be ideal. The approach should be general and thus suitable for any

type of environmental cleanness problems in the metal finishing industry. Applications of
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effective pollution prevention strategies in plants have been considered urgent and continuous

effort is required for effective cleaner production.”®

1.5.  Study objectives and approach

The aim of this study was to develop a modified tool for CP assessment for the metal

finishing industry. The main focus of this tool would be to potentially replace current CP

evaluations systems that have been found to be effective but limited. These limitations
include; the need for rigid data, time and high skills levels. The proposed system has to

provide outputs that can be described as equivalent as or better than current CP evaluation

systems.

Figure 1.2: Diagram representing research objectives

CP evaluation systems

A 4

A 4

Current CP evaluation

Proposed operator level tool for CP evaluation

tools
sl Provides  company 4 Operator based
Walkthrough with qualitative status questionnaire
) .
___I____-‘: _______________ :_VV__ _________
Qualitative
Provides compan .
> | Stage2 pany Fuzzy logic Acid
o with key areas of
_ model
S Review model on key
o concern and > f <
= _ 3 areas 0 Quantitative
N details on over o Degreaser
concern mathematical <
usage. model
v model outputs on
exact savings -
Stage 3 Details potential CP < Zinc
< based on CP
] model
Feasibility layout and savings
v
A\ 4

v

Company informed on CP potential.
Company has sufficient data to evaluate the
benefit of CP implementation.




1-9

The aim of the research proposed in this thesis, as illustrated in Figure 1.2, is to
replace the current three-stage process, walkthrough-review-feasibility, with an alternate CP
tool. The alternate tool would require significantly less data but allow the company, under

consideration, to have the same level of information for CP decision-making.

This study can be divided into two main categories. Firstly there is the fuzzy logic
component, which develops a fuzzy logic strategy for plant evaluation. The second
component of this study can be described as the formulation component. This consists of
models that were developed specifically for predictions of savings and optimization of

individual process.

This thesis commences, in Chapter 1, with an introduction to metal finishing and
cleaner production. Chapter 1 also outlines the problem associated with cleaner production

evaluation in metal finishing.

The literature search in Chapter 2 includes; a detailed status of the metal finishing
industry, the need for CP in metal finishing and highlights the challenges of conducting CP
evaluations in the metal finishing sector. This literature search also details fuzzy logic and
fuzzy logic application. Chapter 2 is by no means comprehensive enough to cover the
individual model literature reviews. The literature review is thus extended to each chapter, as
appropriate literature reviews are required for each of the technical aspects being addressed in

that chapter.

Chapter 3 details the background work conducted for the development of this study.
This includes an analysis of the CP tool used, together with the development of a database of
companies audited, using existing auditing technigques. The sensitivity of the chosen model to

non-rigid data is also evaluated in Chapter 3.

Chapter 4 covers the formulation and application of the fuzzy logic evaluation model.
The model is based on fuzzy multi decision analysis. The outputs from the model are
compared to outputs from the database of companies. The chapter also details the process of

ensuring equivalent results between previous and the proposed CP tools.
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Chapters 5,6,7 details the formulations of models for the acid, degreaser and zinc
processes. These models were developed from pilot scale trials. The models details
multivariable predictions on process operations. Each chapter details Mat Lab simulation of

models specific to that chapter.

Chapter 5 details the development of a mathematical model for quantification of acid
consumption at a metal finishing facility. The application of the acid model is key to the
guantitative component of this study. The surface area generated in this chapter is used in
Chapter 6 and 7. Chapter 5 details the application of factorial experimental design for model
development.

Chapter 6 and 7 details the degreaser and zinc plating models. These models are used
for the quantification of chemical and water consumptions in their respective areas of the
plant. The details of the application of factorial experimentation for these model

developments are detailed.

Chapter 8 describes a case study on the application of the proposed CP tool as
compared to previous CP evaluation tools. The limitations and advantages of the proposed

system are illustrated together with tables of comparative inputs and outputs.

The thesis conclusion, discussion and future work is detailed in Chapter 9.

A detailed list of publications, the relevant appendices and a compact disk is attached
at the end of this thesis. Model simulation can be described as a pillar to the development of
this study. The relevant simulations are found on the attached compact disc as referenced in

the difference chapters.

In order to develop an effective model, expert practical knowledge had to be gained.
This was achieved by evaluating twenty-five metal finishing companies, see attached
compact disc. This database of information is also summarized and appended in a database

format.
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CHAPTER TWO

LITERATURE REVIEW FOR CLEANER PRODUCTION AND
FUZZY APPLICATIONS

The aim of this chapter is to review literature on current developments in the different
areas under consideration in this study. These include work on cleaner production,
metal finishing and artificial intelligence. Important components of the literature
include the need for CP in metal finishing; section 2.4.1 and the use of tools as quick
indicators, section 2.6. The literature review culminates with examples of the

application of artificial intelligence for other industrial application, section 2.9.1.

2.1. Introduction

This thesis aims at introducing a hybrid tool for CP evaluation of metal finishing
processes. The tool comprises of an artificial intelligence and a mathematic model for cleaner
production evaluation. This thesis proposes development of these models so as to present a
CP tool that would be effective, efficient and accurate in conducting cleaner production
audits. With this consideration in mind, the literature reviewed in this chapter can be

described as diverse.

It must be noted that the literature search for this thesis extends beyond this chapter.
This chapter focuses mainly on literature on different CP evaluation systems, available
internationally, to conduct cleaner production audits at metal finishing facilities. The
literature in this chapter also contains details on metal finishing, cleaner production in metal
finishing, cleaner production tools, CP audits and fuzzy logic. Further literature, relevant to

each chapter, is found at the beginning of each chapter.
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2.2.  Introduction- metal finishing

The metal component to be plated has undergone various processes to convert it into
a high value product. This entails the use of any combination of the following processes;
cutting, molding, machining, etc. These processes are employed to convert the metal into a
usable component. A protective coating would then extend the component’s usable life,
ensuring a cost effective product with an extended life. Metal finishing is the process of
adding on this protective coating.

The metal finishing process can be separated into two phases. The first phase entails
the preparation or cleaning of the metal surface. This is followed by the deposition of a
protective coating. The cleaning process starts with removal of oil by degreasing, followed by
the acid cleaning. The degreaser is usually caustic based with a caustic strength of
60-120 g/ 1. The degreaser is disposed off once the oil content makes the solution
ineffective. The acid is either sulphuric or hydrochloric acid operating at between 60-120 g/
1. The acid is disposed off once the metal content renders it ineffective. The plating process
is usually the electro deposition of a metal onto the component. The plating tank comprises of
various chemicals that aid in the plating process. The plating tank chemicals are designed to
last for extended periods of time, with some purification process. See Figure 2.1 for a typical

flow sheet of a plating process.

After each process step above, the process chemicals are washed off the components
by rinsing. This is achieved by dipping the components in a water rinse tank after each of the
process chemical tank. The rinse tanks are either static or running rinses, depending on the

process requirements. The flow of components to be plated is as indicated in Figure 2.1.
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Figure 2.1: A typical operations flow for a plating process.

Metal Parts Enter

Evaporation

Draa-out
Water
<. ..................... .. .. ....................... »
PY i
i i
v !
. . 1
Pickling ﬁ Rinsing i
1
v Drag-out :
Spent electro :
cleaner :
. 1
Spent Acid i
1
i
i
i
y Plating !
Woaste i
Water ) Spent i
Treatment Platm_g i
Plant Solution :
i
Draa-out :
i
< .. 1
Rinsing |q-.¢
Spent
Passivate

A

Finished M Rinsing ﬂ Passivation
Product Exits

2.3. Cleaner production

The chemical industry has traditionally been responsible for meeting market demands

for various products. These demands have been continually growing and hence production

12,3

processes are turning out an ever-increasing volume of products. The environmental
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4,5,6,7

impact is usually significant and monetary costs, for the purpose of cleaning up of

industrial waste, are high.

In some instances cleaning up is not possible and the resultant environmental impact
is an ugly permanent feature.®***'* The hazards of these chemicals cannot be underestimated.

It would thus make sense to reduce the amount of waste generated during production.

The concept of cleaner production is gaining recognition world wide as a means to
reduce waste whilst improving cost effectiveness. The United Nations Environment
Program'? defines cleaner production as “the continuous application of an integrated
preventive environmental strategy to processes, products and services, so as to reduce the

risks to humans and the environment”.

The concept of cleaner production aims at addressing the needs of production whilst
reducing the demand on resources. This is achieved by process improvements, which results
in improved production efficiencies. The key focus of cleaner production is improved basic
operations; this translates into low cost improvements such as improved housekeeping. These
improvements usually imply small/negligible pay back periods. Various studies have
indicated that up to 50% of potential cleaner production savings are achieved by improved

housekeeping.’****® The areas of concern for the application of cleaner production are**®*3:

e Housekeeping: Improved organization implies reduced wastage and lower
potential risks.

e Recycling/reuse: All raw materials (water, chemical, energy) must be optimiumly
used.

e Process optimization: Improved process operating efficiencies

e Product quality: Improved processes result in a better quality product with lower
rejects.

e Chemical substitution: Replacement of toxic chemicals with lower risk chemicals

These can be described as the general areas that are addressed within a production facility.
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2.4.  Areview of cleaner production applications

The Journal of Cleaner Production published various case studies on successful
application of cleaner production initiatives. Among these was a paper on the Cleaner
production in the food* and drink industry. In these projects a total of £1.1m was realized in
annual savings. This was spread over 13 companies in the East Anglican Cleaner production
project. Direct savings of £1.1 million exceeded the project investment of £412,000 plus the
£335,000 invested by companies in cleaner technologies. The 13 food and drink companies
reduced annual raw materials and solid waste by 1400 tons. The study also resulted in
reductions of CO,-emissions by 670 tons together with a reduction in water use by 70,000 m®,
The average payback period was 2.3 months.

Cagno'® conducted a comprehensive study on the impact of cleaner production across
a broad range of industries. Table 2.1 shows the significant impact of cleaner production

across a broad range of industries from petrochemical to surface finishing.

Table 2.1. Total savings in operating costs generated by P2 projects (k€/year; 118 cases;
exchange rate: 0.92 €/US$)*

Sector Reduction at source Recycling ‘Treatments Total o
Total Average Total Average Total Average
Chemical processing, man- 3007 251 40015 6660 43022 47
ufacturing
Metal finishing, fabrication 17 949 945 337 48 68 23 18 354 20
Electronics 6772 564 6772 7
Health care products 6119 3060 39 39 6158 7
Oilfpetroleum 2591 1296 TS 795 3386 4
Forest products 1423 712 1035 2458 3
Automanufacture 14635 203 453 237 1918 ?
Food and kindred products 985 246 368 123 1353 1
Electrical utilities 1253 1253 1253 1
Printing 449 112 510 128 050 1
Electronic and other elec 524 87 164 164 688 1
tric equipments
Textile mill products 261 261 261 0
Jewelery, silverware and 21 21 21 0
other
Pharmaceuticals A48 48 48 0
Other 3116 260 1053 263 4169 5
Total and average 45 962 732 44 7490 848 6% 23 90 820 100

The survey was a result of cleaner production initiatives over a period of 11 years and

some 134 companies. From Table 2.1, it can be seen that the metal finishing sector benefited
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significantly from this investigation. It indicates the potential direct saving as a result of

cleaner production.

The mining industry has also successfully implemented cleaner production, Hilson™
conducted a detailed investigation on cleaner production and its impact in Canadian and
United States mines. This showed significant impacts of cleaner production initiatives. These
studies showed significant reductions in air emissions in Canada e.g. in a group sampled, for
a two year period between 1996 to 1997, a 17 % reduction in air emission was noted. In other
cases between 1993 and 1997, heavy metal release was reduced from 4753 to 2585 tons /
year.

The paper industry has also achieved major success in cleaner production application.
Ghaleb® is a detailed paper on savings achieved in the paper industry. The estimated
expenditure was $210 000 and the potential savings in raw materials $450 000/pa.

2.5.  The need for cleaner production in metal finishing

The surface finishing industry consumes a range of chemicals that are considered
harsh to the environment. These chemicals don’t always end up on the surface of the product.
This implies that there is wastage of these toxic chemicals into the environment*?. The
waste from a metal finishing facility contains acids, alkalis, cyanide?, hexavalent chrome,
nickel and a range of other metals and toxic chemicals. In some instances these chemicals are
treated and disposed of via wastewater treatment facilities to municipalities® or they are
removed to landfill sites. With either option these chemicals are wasted and end up in our
natural environment. This could be prevented if the chemicals were optimally used. The
generation of waste chemicals implies further treatment with the use of treatment chemicals.

This results in a double cost to the company.

Poor process operations contribute to the wastage of chemicals. This results in the
generation of waste, contributing to waste release into the environment. Water usage
increases with poor process operations such as short drag-out times.

13,12 i

The net result of operating a plant without the application of cleaner production S

the loss of toxic chemicals, higher financial implications, a higher risk environment for staff,
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reduced product quality and avoidable environmental releases. The application of cleaner

production principles to metal finishing processes can reduce or eliminate these factors.

2.5.1. Application of cleaner production in metal finishing

The application of cleaner production systems to the surface finishing industry can be
elaborated upon under the general cleaner production areas listed above (Section 2.3).

2.5.2. Improved housekeeping

Good housekeeping implies the practice of minimizing raw material losses and thus
preventing unnecessary waste generation. Good housekeeping also implies improved
operating environments and reduced accident potential.

For the metal finishing industry good housekeeping includes*?:

e Segregation waste — Mixing of waste results in excess waste treatment chemical
usage

e Monitoring of usage of dosing chemicals- This would ensure optimum dosing

e Production based on surface area measurement- Plant production needs to be
determined by surface area as compared to mass of components.

e Lengthen drip times- Reduces the losses of process chemicals by allowing for
longer drip-off times above the tanks.

e Position pieces so as to optimize dripping- Optimum liquid run off can be
facilitated by ensuring components are hung properly.

e Ensure adequate training of staff- This ensures awareness on all operations and
need for operating efficiently.

e Optimum temperature regulation- Prevent excessive vaporization of chemicals

and ensure optimum chemical efficiency.
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2.5.3. Chemical/water reuse/recycle/recovery

Wastewater that is used in the process is usually treated before being released

into municipal waste collection systems. The reuse of chemicals and water

include the following considerations

25,26.

e Usage of low flow counter-current rinses throughout the plant. This implies that

the process liquid that has been dragged out can be recovered through the rinse

system, see Figure

2.2.

e The acid/ degreaser can be stored and used as dosage chemicals for the

wastewater treatment facility.

e The rinse water from the acid system can be re-used as a reactive rinse in the

degreaser section

Figure 2.2: lllustration of low flow counter current rinse
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The quality of the treated wastewater may be sufficient for reuse in areas of the plant.

2.5.4. Process optimization

Process optimization implies changes to the process to ensure the efficient operations

of the various units. Typical process optimizations include

12,25,26.
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e Optimum bath chemistry ensures anode and cathode efficiency are
maintained as per supplier specifications.

e Optimum mixing and dilution of rinse water by agitation, inlet/outlet
location and prevention of back mixing. This ensures the components are
effectively cleaned in the rinse tanks.

¢ Maintaining optimum chemical concentrations for all processes would
ensure product quality and production efficiency.

e  Optimum measurement and dosing of wastewater ensure optimum
chemical usage and reduces the risk of fines due to irregular releases.

e Regulation of water flow into process ensures minimum water usage

e  Optimum process tank temperatures ensure efficient cleaning/plating

whilst maintaining sufficient evaporation for closed circuit operations.

2.5.5. Optimum use of resources

The raw materials, such as water and chemicals, must only be used as required in the
process®”?®, Excess chemicals must be recovered for reuse. Chemicals designed for process

usage must not be lost to wastewater.

2.5.6. Improved product quality.

The plant product quality is a result of optimum operations. Optimum operations

ensure improved product quality. Typical quality issues are®"*:

e Optimum cleaning ensures proper adhesion of coating.

e Measurement of plated thickness, on a regular basis, ensures quality of finished
product and reduces the wastage of raw expensive materials.

e Optimum temperatures and chemical dosages reduce the risk of exposure of
operators to chemicals.

e Improved staff training results in motivated, effective and efficient workforce.

2.5.7. Chemical substitution
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Toxic and hazardous chemicals must be replaced with environmentally friendly

chemicals.? These include the replacement of cadmium, cyanide and hexavalent chrome.

2.5.8. Cleaner production application-metal finishing

The above detail areas of cleaner production applications, in metal finishing, can be
described simply as a methodology of maintaining or improving current production. This is
achieved whilst reducing environmental impact by optimum use of raw materials. These
concepts have been successfully applied throughout the world to various metal finishing
processes. The successful application of these CP principals to metal finishing companies is
however limited by the ability to convince companies to apply these CP principles.

2.6. Use of tools as quick indicators

The application of cleaner production can follow various methodologies. Consultants
choose to use past experience to conduct cleaner production audits and feasibility studies.
Cleaner production centers follow various guidelines as per documented practice, usually in

the form of checklists.®

The audit by Berkel® in the food industry used a three-phase approach. The author
used industry specific questionnaires with comparative process parameters as an initial
indication of potential cleaner production application. A cleaner production consultant
scanned the results of this and the most feasible options were followed up on. This was
followed by a pre-assessment and full assessment using various tools. These involved
material and energy flow analysis etc. The author confirms that the time taken for the
completion of the assessment phase was almost one year as company information was
difficult to obtain and not in a usable format. The author recommends a formal methodology,

as time taken for company audits were very long.

The New South Whales Environmental Protection® Agency has formulated a general
cleaner production procedure that is 68 pages long and comprises of details on how to
conduct a cleaner production audit. This document is mostly in the form of questions and data

logging sheets. The company is guided along a qualitative audit without quantitative outputs.
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The guideline is said to aim at SMME’s. It is limited by time requirements and detailed data

inputs. The potential savings etc are not quantified.

Kolominskas® uses a “register reporting process” to conduct cleaner production
audits at companies. This was basically an inventory report of releases from a facility.
Thresholds are marked and comparisons conducted. This process is highly technical and time

consuming as huge amounts of data is required.

There are various other audits and system methods that have been documented. For
example: Russel:**Using process integration technology for cleaner production and Rene:®
Application of an industrial ecology toolbox for the introduction of industrial ecology in
enterprises. The number of cleaner production systems are varied and too many to list in this
study.

2.7. Existing auditing systems-surface finishing

The surface finishing industry, like most chemical industries has been subject to
various initiatives for process improvements. The main aim is to reduce the chemical impact

on the environment.

The metal finishing industry has been a subject of many types of environmental
auditing systems, ranging from a simple half-hour questionnaire survey® to detailed studies
of +/- a month long.**** |t has been noted that local municipalities often require a simple
audit for monitoring®™ general compliance for environmental permits for plating companies,

while cleaner production audits require much more detailed®**%

information on chemical,
water, energy consumption, along with operational statistics. These detailed studies are
normally performed to compare the company operations to some known best practice, so that

improvements can be detailed.

The key drivers for cleaner production vary depending on the location and local
bylaws. In the developed countries, North America and Europe, the acceptance of waste
avoidance and minimization as a business consideration is principally due to the very strict
discharge limits and environmental regulations.®® In other countries incentive systems are

25,26

introduced as drivers for companies to conduct cleaner production audits. The most
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practical drivers have been the cost benefit in the form of reduced chemical, water and

effluent treatment cost.*>*

The study by the Queensland Department of Environment involved some thirty
companies with regular sharing of information?®. The sharing of information assisted the
companies to improve. An assessment guide consisting of some 12 tables requiring detailed
qualitative inputs from companies carried out the audits. There was no formal comparisons or
evaluation system in place. No outputs or potential saving comparators were used. This study

does not confirm success or measurements of savings achieved.

The government of western Australia®® has embarked on various cleaner production
projects including the metal finishing industry. Detailed studies of electroplating facilities
implied evaluations of consumption of water and chemical consumption. The final output
from the audits is a qualitative document on areas of improvement. This document does not

calculate the specifics for plating efficiencies or water savings.

Viguri ** conducted a waste minimization audit on chrome platers in Spain by using
basic chemical auditing such as material and energy balances. This involved basic
investigations and resulted in suggested improvements. Viguri noted the difficulty in
obtaining detailed data required to conduct the study. Viguri also recommends further
detailed quantification of the water and chemical flows in order to complete a more

comprehensive study.

China International Training Center for Sustainable Development conducted cleaner
production audits** with UNEP support. The system entailed identifying and targeting 21
areas for improvement at a metal plating facility. The success of the project was significant.
The time and level of technical expertise required was also significant in that the consulting

cost was 60% of the budget. The results covered selected sections of the plant.

Barclay,”” conducted waste minimization studies at 29 metal finishing companies in
Durban, South Africa. Senior chemical engineering students carried out these audits over a
period of six weeks. The project resulted in savings in excess of R 2 million in water,
chemicals and energy. Among the key barriers identified by Barclay and her team, was the

lack of available data by companies and the lack of available time by senior plant personnel.
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Cushnee®® performed perhaps the most comprehensive study of surface finishers.
This study on behalf of the National Metal finishing Resource Center (NMFCE) with US
EPA funding, surveyed 134 metal finishing companies and attempted to establish some
benchmarking. The questionnaire required inputs on water, sludge, chemicals and energy.
The first phase of the questionnaire consisting of eight pages and twelve questions with
approximately 50 input data requirements. Phase 2 required very detailed inputs such as
surface areas and bath chemistries and consisted of some seven pages with more than 200

data requirements.

Detailed castings and mass consumptions were required from the companies. A
summary of the typical consumptions was then established and comparative statistics were
distributed. No best available practice benchmarking or flexibility on different plating
systems were integrated into the system. The companies, after an intensive data chasing
exercise had a set of survey ideals to work towards and not optimum individual calculations.
The data requirements for the system required management level inputs and data gathering
systems. It is estimated that each company required more than two weeks to complete the
information sheets. The final outputs were general and not individualistic. The companies

received a 145-page document on best available practice, based on the investigation.

Dahl? introduced the Scandinavian system of cleaner production auditing in South
Africa in the year 2000. Three workshop sessions were held on technical training combined
with practical plant assessments. Trainees require 10 working days of training before an
initial assessment. A total of 25 initial trainees on the system found that it required data inputs

that were detailed.®

The system is spreadsheet based with different category inputs. The audit consists of
an initial seven-page information sheet to companies requiring detailed chemical and water
consumptions. A reasonable chemical engineering background is required to complete the

audit. It was found to take up to one month to complete individual company audits®.

The most significant problem with the Flemming system being the data
requirements®. The initial audit does not quantify potential chemical and water savings in

detail and depends on a further detailed study. The success of the system was limited by



2-14

intensive data requirements.? The companies, in most instances found it almost impossible to
complete the data required. The greatest difficulty was the determination of the production by
measuring the surface area plated. Most companies charge for work on a mass basis and
surface areas are rarely measured. Evaluators spent days with the companies to determine the

surface area. It was not usual that two different reviewers found different surface areas.

The Flemming model has been applied to a major part of the metal finishers in
Denmark and other DANIDA sponsored projects throughout Europe. From all the tools that
were reviewed for this study, Flemming’s CP tool was found to be the most effective. The
Fleming structure was found to contain the most detail expert knowledge for cleaner
production auditing for metal finishing.

2.8. The South African metal finishing industry

The South African metal finishing industry comprises +/- 700 electroplating
companies. The products range* from zinc, tin, nickel, copper, cadmium, chrome plating etc.
According to Naumann** the plating industry in South Africa is mainly distributed between
three major centers, Durban, Gauteng and Cape Town, with the majority in Gauteng.
According to Barclay?’ the industry can be described as having a low skills level with low to

medium salary scales.

From the results of a survey conducted on 316 metal finishing companies in South
Africa, it was found that 48% were SME’s. The most common type of plating was found to
be nickel, zinc and copper®. According to Newman and Janisch the metal plating industry
depends on their chemical suppliers for technical assistance. This is mainly due to the lack of

technical skills at the small companies.

The metal finishing industry in the greater Durban Metro area have had to implement
significant changes since 1999. This was due to the lowering of the discharge limits by the
Durban Metro Wastewater Department?’. These new bylaws stipulated significant reductions
in heavy metal discharge to municipal sewers. This change in regulation affected the local

metal finishing industry significantly, various efforts were undertaken to fall in line with the
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new regulations. The lack of landfill sites implied that sludge had to be disposed of in

Johannesburg, approximately 600km away, at the expense of the plating company.

Most companies being SME’s found it difficult to comply with these strict bylaws.
The metro conditionally relaxed these bylaws provided a waste minimization study was
conducted resulting in waste reduction.?” Thus Barclay established waste minimization clubs
as a way forward to facilitate improvements. The results of this study were significant as
more than R2 million was saved in chemicals, water, energy and effluent. The study was
conducted with 16 local companies over a period of three years.

A Danish initiative by DANIDA was started in 2000, which lead to some 45
companies being audited for cleaner production potential. This project resulted in significant
reductions in chemicals and water usage at companies and according to Koefoed® significant
reductions in heavy metals were recorded at municipal wastewater treatment facilities. From

Koefoed the following conclusions were drawn:

e Technology is society based. Environmental assessment tools have to be
adjusted to local application.

e Environmental assessments in industry require intensive data, in most industries
this data is non existent. There is a need to developing environmental assessment

tools with user-friendly data input

These conclusions were not unique to South Africa in that Bates* in his paper in the
American Electroplating and surface-finishing journal reinforced these conclusions in other

regions. Hence it can be stated that alternate methodologies are required for CP evaluations.
2.9. Fuzzy logic

There have been many journalistic phrases attempting to define the concept of
artificial intelligence including: The exciting new effort to make computers think®, the art of
creating machines that perform the function that requires intelligence when performed by
humans,*® the study of computations that make it possible to perceive reason and act. In

essence artificial intelligence aims at acting and thinking humanly.
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The field of Artificial Intelligence (Al) can be classified into two categories,
traditional Al and modern Al. Modern Al includes neural networks and fuzzy logic whilst

classical Al implied the development of intelligent “agents” for decision-making.

Al has been successfully applied to various tasks® including, the scheduling of
spacecraft operations by NASA, steering a car along a straight line, medical diagnostics,
microsurgery and many other operations considered to be impossible for computers to
perform without the ability to think like humans.

The main consideration for looking at Al as a framework to represent expert
knowledge is that Al systems have proven effective in tackling complexities such as data
uncertainties and dynamic components.®  Available process data pertaining to waste
minimization is usually imprecise, incomplete and uncertain due to a lack of sensors,
difficulty in measurements and process variations.> Lou® found that fuzzy logic was

successful in dealing with this sort of data.

A closer look at Flemming’s CP tool indicates that the CP tool is precise in that the
outputs depend on mathematical formulations. The inputs however are in the form of scores

that may be described as fuzzy.

Fuzzy logic has been successfully applied in many other areas such as washing
machines, space crafts etc. The use of fuzzy logic has resulted in the ability to simplify and

quantify man’s ability to think®.

Fuzzy logic was introduced in the sixties by Zadeh®. The idea behind fuzzy logic is
that an element can belong partially to several subsets, unlike Boolean logic where belonging,
or not, to a set are mutually exclusive. The degree of belonging to a set is a value between 0
and 1, usually determined by the extent of an element belonging to a fuzzy subset or a
category of a variable. Fuzzy logic has been successfully applied to simplifying of decision
making in environments characterized by uncertainty and imprecision.* It is based on the
idea of building a model capable of simulating the way an expert reasons. The main
breakthrough of fuzzy inference with respect to traditional mathematical models lies in the

fact that the relationship between inputs and outputs is not determined by complex equations,


http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6VDX-4728640-1&_user=147018&_coverDate=12%2F31%2F2002&_alid=191921594&_rdoc=72&_fmt=full&_orig=search&_cdi=5994&_sort=d&_st=13&_docanchor=&_acct=C000012179&_version=1&_urlVersion=0&_user
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but by a set of logical rules, reflecting an expert's knowledge. A short review of fuzzy

inference will be made in Chapter 3 of this thesis.
2.9.1. Some successful applications of fuzzy logic

Faye™, an approach to managing water reserve and release, was successful in the

application of fuzzy logic to a complex situation resulting in better management of water.

Kolokotsa™, completed a comparative study of fuzzy logic and classical control
system for indoor environmental management systems. The fuzzy system proved superior in

energy efficiency and overall effectiveness.

Mohamed,* used fuzzy logic for a decision analysis based model for polluted sites.
This tool was used to evaluate the risks that polluted sites might pose to human health. In this
application the model was able to use uncertain parameters to quantify the risk with a high

level of accuracy.

Gonzélez,” applied fuzzy logic technology to Life Cycle Assessments(LCA). Fuzzy
logic reduced the cost and time required to complete an LCA. The most important criterion
was the data availability. As with the metal finishers and cleaner production systems he found
that companies did not have the data required for life cycle assessments. Fuzzy logic was
successfully applied for LCA’s. The direct result was the availability of LCA’s to small to

medium size enterprises.

2.10. Proposed combination of cleaner production and artificial intelligence

From the above literature it can be seen that cleaner production principals have been
very successful, when applied to various industrial sectors. It can also be clearly seen, from
the above, that the successful application of cleaner production has been reserved for the
technically competent experts. Without these skills it would not have been possible to have

achieved these cleaner production improvements.

It can be seen that the systems are both time and data intensive. The systems would
have been unsuccessful if the data were not accurate and in the required formats. Thus it
would be ideal to deal with these barriers by applying systems such as fuzzy logic to conduct

CP assessments of a company’s environmental status so as to achieve cleaner facilities.
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With this consideration, the key aim of this thesis is to propose an alternate CP
evaluation tool that removes the barriers, stated above, to conducting an effective cleaner
production audit. These traditional barriers were; technical skills, availability of detailed

chemical, water and operational data, time and lack of expertise.
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CHAPTER THREE

BACKGROUND TO FUZZY MODEL DEVELOPMENT

Chapter three introduces the Flemming CP tool (section 3.2) together with a detailed
analysis of its application for CP evaluation. The CP tool was found to be the most
appropriate to be used as a basis for the development of the proposed fuzzy logic model.
Section 3.3 to 3.5 details the review and feasibility process of Flemming. This includes
an analysis of the data inputs and outputs. This is followed by a detailed analysis and
sensitivity of the Flemming CP tool in section 3.7 and 3.8.

3.1. Introduction

The literature search in Chapter 2 identified the Flemming® CP tool as being the most
comprehensive for CP evaluation in metal finishing. It can also be described as containing the
ideal outputs which any proposed CP tools should also generate. The shortcomings identified
were the rigid data requirements, skills level and time required for data collection and
interpretation. The proposed CP tool has to overcome these barriers. This chapter is dedicated
to conducting a detailed analysis of Flemming’s™ CP tool with the view of using it as a basis

for the proposed fuzzy logic model.

For the development of a cleaner production tool the diversity of the plating types has
to be considered while exploiting the commonalities between the processes. The main aim of
an audit would be to determine the current plant efficiency as compared to best available
practice. In order to achieve this, the plant was divided into categories. This was in line with
all the evaluations systems reviewed for the purpose of this study. The chapter describes in
detail the Flemming's evaluation system. It also provides a basic description of the different

categories of plating and an explanation of the operations of the individual categories.
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3.2. Introduction to the use of Flemming’s CP tool

The Flemming’s CP tool was designed for application in Europe and also rated as
among the most stringent and comprehensive as compared to all the other CP tools
researched for this study, see literature review. This CP tool had a successful? track record

with application across Europe, Hong Kong, Zimbabwe, Ukraine and Denmark®.

The Flemming’s CP tool is also available in South Africa as cleaner production
projects were conducted in South Africa. Technical support for detailed analysis of the

Flemming evaluation system was available.

3.2.1. Implementation of Flemming’s CP tool

For the purpose of this study, 25 company reviews were carried out using the
Flemming’s CP tool. These reviews were carried out throughout South Africa for the purpose
of obtaining data for the validation of the CP tool proposed in this study, see C:Companies
for database. The application of the Flemming CP tool was also beneficial in gaining
experience in CP evaluation. The following discussions, on the implementation of the
Flemming CP tool, is thus with this experience in mind. Shortcomings and limitations are

discussed for each section.

The first stage in the review process entailed a plant visit/walk through by the
reviewer. This visit was intended to be a qualitative indication of potential areas for
improvement. The reviewer is to identify areas for improvement based on his experience of

cleaner production.

The next stage of the audit was the pre-review document, which was used to gather
basic plant operations data. The document was to be circulated to companies prior to the
actual review process. The document consists of seven pages with a total of nine tables to be
completed. The manager, at the company under review, is expected to complete the document

prior to the review process.

The first table, see Table 3.1, requires the production rate of the plant in square

meters. This production rate is the surface area of material plated at the facility over the
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period of the last year. The data for this table is difficult to obtain since electroplating
companies do not keep or use this type of data for normal operations. All companies in South
Africa charge their clients based on mass or humber of items to be plated. This is due to the
complex sizes and multitude of shapes encountered. The companies reviewed, did not have
the skills level or the time available to complete the task of determining the surface area of
components to be plated. The companies plate anything from 10 components to thousands of
components per year and find it impractical to determine the surface area.

Table 3.1: Data table for pre review document

Name of the process and the line

Production in m*/year (if you cannot give the m?/yr try to

give kg/yr or something else)

Production time, h/day + h/week + h/year

For the purpose of the environmental review the auditor together with a manager
from the company has to estimate the surface area. This is done from records on the
components plated over the year. This estimate is often unreliable as the exact components
are not usually on hand and records of the exact number plated are not always available. The
process of estimating the surface area plated by the company usually requires a time
investment of approximately four hours or longer, depending on the variety of components
plated.

Another crucial input for the Flemming CP tool is the plated thickness. The company
is required to enter the layer thickness plated. Most companies depended on random samples
by the chemical suppliers for surface thickness analysis. This analysis requires trained
personnel as well as expensive equipment. The company’s plate components based on time in
the electroplating tank and it is assumed that the surface plated is sufficient. Companies
depend on a final visual inspection to ensure coverage of the plated surface. They are not
equipped to complete such tests across the range of components plated. It has to be
remembered that the spread for plating thickness is dependent on the shape of the component

i.e. unequal on corners as compared to the straight sections.

It is thus clear from the above that the Danish model assumes that this data is

available. This is not valid for the South African context. The research outputs from this




3-4

thesis, see Chapter 8, clearly indicates a more practical approach to obtaining the data. This

includes a fuzzy mathematical approach to obtaining the thickness and surface area.

3.2.2. The chemical and water consumption tables

The company is to complete the sections on the actual chemical consumption, Table
3.2. The data sheet requires the annual consumption of the different components of each tank.

Table 3.2: Chemical data table for pre review document

Name of Name of chemical | Chemical formula | Consumption | Unit price | Total price

process bath (always) (if possible) kgl/year R/kg R/year

The electroplating companies manage their process based on the information
received from their chemical suppliers. Weekly dosing usually occurred based on tank
analysis carried out by the chemical supplier. To complete this table the company has to
obtain the annual consumption figures from their stores or purchasing departments.
Companies with large stock reserves find it difficult to obtain data and physical audits have to
be carried out to determine the year to date chemical consumptions. Direct measurements of
some chemical consumption are unavailable. For example, anodes are not replaced during the
audit period and their consumption has to be proportioned according to consumption within a

specified period.

3.2.3. Maintenance of the process baths

The third table, Table 3.3, which requires completion, is the maintenance of all the
process baths. Typical data requirements include the tank capacity and the exact chemical
breakdown of each process tank. The company enters various codes on the current practice of
bath management. It is found that the chemical supplier usually completed this table as the
suppliers managed the tank chemistry. The suppliers conduct the analysis of the baths on a

weekly basis.
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Table 3.3: Maintenance of process baths data table for pre review document

Name of
bath

Tank )
Bath analysis
volume )
) and chemistry
litres

Bath
purification

Procedure

) Total
Dumping )
dumping
frequency s
M*/year

Treatment
method for
dumped baths

3.2.4. The rinse tables

The audit requires details of the hardware of the rinse system, Table 3.4; this

included the tank configuration and flow patterns, the sources of raw water etc. The

Flemming system depends on statistics to determine the operations efficiency. This

component of the rinse system is reasonably simple to complete but the challenge is in

guantifying the exact amount of water required for each individual process.

The company has to estimate the amount of water flowing to each tank. If this data is

not recorded then the “bucket and stop watch method” is employed to determine the

individual consumptions. The company usually omits this section of the questionnaire and

when the reviewer gets to site this data has to be collected.

Table 3.4: Rinse data table

No.

Name of rinse

Type of rinse

Inlet water

Quality

Inlet flow
litre/h

Sum for total line (calculated form individual measurements above)

Sum for total line estimated (from account or total water meter)

Sum for total line measures by separate water meter
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Hazardous waste and waste water treatment

The company has to provide data on the amount and composition of hazardous waste

generated, Table 3.5. This includes the steps for the treatment process and the costing

associated with the waste treatment and disposal.

The equipment and calibration of equipment used for testing wastewater at the

wastewater treatment facility has to be identified, Table 3.6. The exact chemical composition

of the waste is required for the audit. The chemical formulation of the treatment chemicals is

also required.

This entire questionnaire is to be completed by the company as a pre-audit

questionnaire. It was found that the response time from companies ranged from one week to

three weeks to complete the data sheet for the pre-audit. This depended on the availability of

information and on the organization of the data in the available format.

Table 3.5; Hazardous waste tables

Disposal and treatment Unit price for Total price
Name and type of ) )
. ton/year methods (must always be disposal for disposal
waste
specified) R/ton R/year
Table 3.6: Waste water treatment plant equipment table
) Probe Probe
Exist: Control ) - . Yes or
cleaning calibration Additional check used
yes/no | parameter no
frequency frequency
Neutralisation pH Transportable pH-meter
Cyanide pH Transportable pH-meter




oxidation mV Monitor excess chlorine
Cr-6 reduction pH Transportable pH-meter
Monitor residue Cr-6
mV i _
Monitor excess sulphite
Outlet monitor pH Transportable pH-meter
Flow

Whilst conducting the reviews used for this study, it was found that on average two
visits had to be made to the companies under consideration to explain the requirements for

these data sheets.

3.3.  The company visit and audit

The application of Flemming’s CP tool requires the completion of the data tables
with the guidelines attached in Appendix Al. The data tables were Excel based and are
attached as Appendix A2. There were a total of nine tables to be completed. The guideline
document contains sixteen pages of details on the methods to be followed in completing the
spreadsheet tables.

The completion of the spreadsheet tables, by the reviewer, is carried out at the

company concerned, as detailed process information is required. Table 3.7 is an example of a

typical table to be completed.

Table 3.7: Typical review table to be completed by auditor

Chemicals Thickness in um Production Key figures: kg chemicals/1000m2
Process bath Type kglyr Rlyr Calculated | Estimated m2/yr m2/h Calculated Goal Score, 1-5
Zinc line:
Degreasing bath Chemaline 05 2,250 18,585 220,000 50 10.2 25 1
Sulfuric acid pickling [Sulfuric acid, 96% 4,520 3,345 220,000 50 20.5 50 1
HCI pickling HCI, 32% 13,700 18,073 220,000 50 62.3 75 1
Electrolytic cleaner  JChemaline 26 3,100 26,536 220,000 50| 14.1 25 1
Acid dip Chemacid 33 175 4,022 220,000 50 0.8 10 1
Zinc bath Zinc anodes 11,190 91,534] 7.1237586 5] 220,000 50 50.9
Zinc bath NaCN 4,250 73,738 220,000 50 19.3 32 1
Zinc bath NaOH 8,100 12,960 220,000 50 36.8 39 1
Zinc bath Brightener 6,425 89,757 220,000 50 29.2 7 D)
Zinc bath Sodium sulphate 200 1,080 220,000 50 0.9
Deoxidizer Nitric acid 4,537 5,036 220,000 50 20.6 5 5
Chromating, blue Concentrate 238 3,506 132,000 30 1.8 2 1
Chromating, blue Nitric acid 1,713 3,323 132,000 30 13.0
Chromating, yellow [Concentrate 838 6,101 88,000 20| 9.5 5 2
Sum: 61,236 357,596 290.0 2
Operation time: h/yr 4400 Score: 1 =good, 5 = unsatisfactory
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From Table 3.7 it can be seen that accurate plant data is required for the review
process but some of the outputs are rated under different categories. For these categories it
seems that imprecise data inputs would be acceptable so long as the outputs are within the
expected output band. This is the basis of the fuzzy logic component of this thesis and a

comprehensive data sensitivity analysis is conducted later in this chapter.

Table 3.7 requires the annual chemical consumption together with details such as
plated thickness. The company also needs to provide the surface area plated in order for the
spreadsheet to calculate the chemical consumptions. If the surface area is not available or
cannot be estimated, the accuracy of the review process is compromised. The exact impact of
the level of precision of the data inputted into these spreadsheets is evaluated later in this
chapter.

Table 3.7 uses values from a support table to conduct some calculations. The support
table values are either default values or values that need to be inputted based on the guideline
document. The main inputs for the support tables are values like the dragout, the dilution
factors, surface area, production hours, equipment operations details etc. These values have to

be determined by the reviewer with reference to the guideline document.

The entire review process, once completed, is reported to the company with
estimated potential savings. Figure 3.1 is the final graph indicating potential improvements
under the different categories of the plant. The results are indicated on a scale of 0-100. With

100 been most significant room for improvement and 0 none.
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Figure 3.1: Graph indicating percentage potential savings under the different categories.
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The final review report discusses the different scores with reference to the tables. The
final outcome of the review process is the decision to complete a detailed feasibility study on
improving the plant so as to improve the environmental profile in Figure3.1, see Appendix
A3 for a sample review report. The feasibility study would quantify the exact saving
achievable if modifications were conducted on the plant in line with cleaner production

systems.

3.4. Review and feasibility of companies

A typical review report is attached in Appendix A3. The information gathered for the
reviews was used to compile a database of companies, see Appendix A3(All company reports
are on disc :C:/Companies for database). This information was used at various stages of
development in this study. The knowledge developed during these reviews helped in the input
requirements in the development of the relevant fuzzy logic models. Conducting 15
feasibility studies further enhanced knowledge. See Appendix A3 for a typical feasibility

document.
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The feasibility study was compiled as an indication of potential saving and process

efficiency improvements achievable at the company. The feasibility study was based on the

findings of the review.

The feasibility study detailed cleaner production systems such as low flow counter

current rinses and other systems that resulted in reduced chemical and water consumption.

The feasibility study quantifies the exact savings achievable with each cleaner production

recommendation. Appendix A3 contains a typical feasibility document.

From the feasibility document an informed decision is made on potential

implementation. Table 3.8 lists typical results comparing company status, before and after

implementation of recommendations listed in the feasibility document.

Table 3.8: Comparative company chemical, water and WWTP chemicals status

Water Water ) . ) . ) .
Plating chemical | Plating chemical | WWTP chemical | WWTP Chemical
Company before after
5 2 before (Rands) After (Rands) before (Rands) After (Rands)

(L/ m%) (L/ m?)
Defy 425 24.3 157951 36389 2965 1000
Abberdare 25 0.2 1294916 1112816 0 0
African Zinc 50 7.1 519153 401082 72207 36103
Fascor ni 62 7.7 164600 112590 41311 12393
Wings 78 7 107533 45254 5040 144
MPS 132 7 526535 408053 28050 1500
Transwerk 550 10 557941 436006 1400 100
Durban wire 371 6 95690 70543 5721 3216
Cascolor 16 0.5 12244 9442 7320 77

3.6. Database of companies

During this study a total of 25 different companies were reviewed and a total of 10

feasibility studies were conducted. The type of plating companies that were reviewed

included: nickel, chrome, tin platers and phosphates. The aim was to gather a representative
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spread of company data so as to obtain good holistic knowledge on the general plating

industry.

The results from the above were converted into a useable/accessible format for the
purpose of model verification. The information was converted into a Visual Basic/ Microsoft
Access format. See Appendix A4, for the summary tables of the Visual Basic program. This
data is used for the fuzzy model regression and acid/degreaser/zinc model verification.

3.7.  Analysis of the Flemming tool

For the development of the system proposed in this study, two parallel approaches
were followed. The first was to identify the sections of the review system that could be
conducted using fuzzy or imprecise inputs and the second was to develop mathematical
models for the sections that the fuzzy models could not be applied to. The latter is addressed
by using operator inputs into mathematical models later in this thesis. The evaluation of the
sensitivity of the applicable Flemming’s categories to imprecise inputs would now be

evaluated.

3.7.1. The rinse tables

For the purpose of this thesis a detailed description of the rinse tables is illustrated.
The other systems were based on the exact same methodology and only the key outputs are

illustrated.

The cleaner production evaluation of the rinse systems aims at conducting a detailed
analysis of the usage and management of water for the purpose of rinsing. The rinse system
includes the rinse tanks, water inlet points, water flow rate, drip times, orientation and tank

agitation.

The auditor is required to input a range of inputs into the rinse tables. These inputs
are based on measurements and observations made by the auditor on the facility under
consideration. Table 3.9 details a listing of the typical inputs required for the rinse tables

together with a brief description of each input.
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Table 3.9: Inputs required for Flemming’s rinse tables.

Input
No.

Input

Input options

Abbreviation

1

Tank Number

1...n (where n= total number of tanks)

Ty

Rise system

1 = running rinse

2 = static rinse (drag-out rinse)

3 = Spray rinse

4 =static + running rinse

5 =static +2-running rinse

6 =static +3-running rinse

11 = 2-step counter current rinse
12 = 3-step counter current rinse

13 = 4-step counter current rinse

14 = static + 2-step counter current rinse

15 = static + 3-step counter current rinse

Ringys

Input water

type

T-water = tap water
I-water = ion-exchanged water

C-water = chemical treated water

R-water = reuse water from another rinse tank

DIl-water = de-ionised water

Wint

Tank volume

10 Litres
12000 litres

TVoI

Dripping

1 =20-sec
2 =15-19 sec
3 =10-14 sec
4 =5-9sec
5=0-4 sec

DT

Hanging

1 = All water run off immediately
2= All water run off after some time
3 = Moderat run off

4 = Slow run off

5 = Slow run off + water pockets

HG

Agitation

1 = agitation and motion
2 = agitation and motion
3 = heavy motion, no agitation

4 = some motion, no agitation

AG
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5 = no motion, no agitation

Inlet/outlet

1 = Inlet (top) reverse outlet (bottom)
2 = Inlet (top) reverse outlet (dived)
3 = Inlet reverse outlet, bottom

4 = Inlet reverse outlet, top

5 = Inlet near outlet, top

Back-mix

1 = No back-flow

2 = Minimum back-flow
3 = Moderate back-flow
4 = Some back-flow

5 = Heavy back-flow

BM

10

Flow-control

1 = Complete flow-control
2 = Some flow adjustment
3 = Coarse flow-control

4 = Very little flow-control

5 = Totally open valve

FC

11

Water

consumption

1-1000I/hr

12

Dilution factor

100-1.000: After degreasing and pickling
500-2.000: Before electroplating metal finishing

baths

200-2.000: After miscellaneous chemical baths
5.000-10.000: Final rinsing after decorative

chromium

1.000-5.000: Final rinsing after other galvanic

baths

D¢

13

Dragout

25-50: Vertical hanging, good dripping
160 Vertical hanging, bad dripping

50-100: Horizontal hanging, good dripping
200-400: Horizontal hanging, bad dripping
300-1.000: Cup-shaped items, bad dripping

100-200: Typical “normal average”
200-300: Barrels

14

Surface area

1-1000000 m*/yr

15

Hours per year

1-8760 hours/ year
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From table 3.9 it can be seen that the reviewer has to be able to extract the relevant

input on the choices available for the observed inputs. These inputs include:

e Tank Number

¢ Rinse system

e Input water type
e Hanging

e Agitation

e Inlet/outlet

e Back mixing

e Flow control

The auditor has to then determine/ calculate the other inputs. These inputs include:

e Drip times have to be measured using a stopwatch

e Tank volumes have to be measured and calculated

e Dilution factors or “F” values have to be extracted from Flemming’s tables based
on the process tank located before the rinse tank under consideration.

e Dragout has to be either physically measured or the reviewer has to estimate a
value based on the inputs listed by Flemming.

e Surface area is the biggest challenge and needs to be determined by the
consultant together with the company representative.

e Hours per year is determined by multiplying the weekly hours by the number of

weeks worked

3.7.2. Rinse table calculations:

In order to determine the state of the rinsing system, the abbreviations from table 3.9

are used to conduct the following calculations:

Drip times, hanging times, agitation, inlet/outlet, back mixing, flow control is entered
for each rinse tank. The calculations for state of the rinsing system are conducted using the

data inputs in table 3.9. The actual calculations are:
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The rinse system (R;,) is entered, if the rinse system score is >10 then the following
calculations are conducted,
Sit = Intermediate calculation

1 * _1N\* -1* -D* D>
SRS =100 *{(DT -)*0.2+(HG-1)*0.1+ (AG-1)*0.1+(IN-1)*0.1 (31&)
+(BM -1)*0.25+ (FC -1)*.25}/4

If Ri, <10 then

St =100*{(DT ~1)*10/75+ (HG ~1)*10/ 75+ (AG ~1)*10/75 + (3.1b)
(IN —1)*10/75+ (BM —1)*25/75+ (FC —1)* 25/ 75}/ 4

The result of the above is used together with the water consumption for each tank

(W¢) which is calculated as
2 1
This 1s summed over all the tanks to a total for the “LM” factor.

n
LM :Z St *We (3.3)
1

Where n = number of rinse tanks

The water consumption for all rinse tanks are summed:

n
S3s :Z We (3.4)
1

The state of the rinsing system is ( Sy ) calculated as:

= LM
RS
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Determining the actual water savings rating (Wsr)

The inputs include the actual water consumption, operational hours per year

and the production in meters squared/year.
Present water consumption (Pwc) is calculated as:

Rac =We *Hy)/Sa (3.6)

This is summed for all the rinse tanks

n

Rac =, W *Hy)/S, (3.7)
1

Ric = (Rac *Sa)/1000 (3.8)

The PARCOM rating ( Pr) is calculated as:

P =(D1)3*Dg (3.9)

Py =PL*S, (3.10)

WgR = (100*2"’C—F)/ RAc (3.11)
R

Thus the actual water savings is rated on a scale of 1-100. The inputs are entered into
a spreadsheet format, see Table 3.10A&B. There are various such sections in the Flemming
CP tool and the aim is to determine the impact of data variation on the specific model output.
For the purpose of this investigation a typical company was randomly selected from the
database of companies investigated. From the data extracted from this company, the initial
rinse table indicated a 46.52 % potential for improvement. The table is illustrated in Table
3.10A&B.
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Table 3.10A: Company results for rinse tables

Water consumption:
Rinse Process bath |Raw water Tank Rinse system data score (1=OK, 5=unsatisfactory) |Total,% | Waterflow, I’/h I/m2 Savings
Drip- | Hang- | Agita- [ Inlet- | Back- | Flow- Calcu-
system before rinse litre ping ing tion outlet mix | control | Max100]| Actual Goal lated goal m3/yr
11 T 570 1 1 1 1 1 1 0 500( 72.7355] 18.3 2.7 2461.0
2 T 570 1 1 1 1 1 1 0 81.9182 0.0 3.0 0.0
12 T 750 1 1 1 1 1 1 0 300| 81.9182 11.0 3.0 1256.2
11 T 570 1 1 1 1 1 1 0 400| 81.9182 14.6 30| 1832.2
1 T 750 4 3 3 4 1 2 52 300| 81.9182 11.0 3.0 1256.2
1 T 1000 4 3 3 4 1 2 52 150 103.21] 5.5 3.8 269.5
2 T 750 4 3 3 4 1 2 52 270( 81.9182] 9.9 3.0 1083.4
0.0 0.0 0.0
0.0 0.0 0.0
1920| 585.537 70.3 21.4 8158.4
Table 3.10B: Company results for rinse tables-continued
Support
table
PARCOM Water Present Water
Consumption, Consumption,
F-value hiyr m2/yr Drag-out, I/m2 L*M Helping Score  |m3/yr m3/yr
700 5760 157,283 0.3 18,125.00 36 418.96 2,880.00
1000 5760 157,283 0.3 0.00 52 471.85 0.00
1000 5760 157,283 0.3 13,500.00 45 471.85 1,728.00
1000 5760 157,283 0.3 20,500.00 51 471.85 2,304.00
1000 5760 157,283 0.3 15,500.00 52 471.85 1,728.00
2000 5760 157,283 0.3 7,750.00 52 594.49 864.00
1000 5760 157,283 0.3 13,950.00 52 471.85 1,555.20
0.00 -25 0.00 0.00
0.00 -25 0.00 0.00
89,325.00 3,372.69 11,059.20
Possibilities for optimisation, total 46.52
Possibilities for relative savings 69.50
Possibilities for absolute savings 7686.51

From Table 3.10 A&B it can be seen that the reviewer scoring is for individual rinse

tanks whilst the final outputs rate the entire rinse system. It is noted that the output for

“Possibilities for optimization, total” is 46.52 for the company under consideration. This

output is used as an indication of areas to address for potential cleaner production

improvements. The ranges for these outputs are listed in Table 3.11. From Table 3.11. it can

be seen that the ranges are large, typically in the order of 20. Thus it can be seen that the

outputs are imprecise/fuzzy. A detailed analysis of the exact effects of input variation on

outputs would indicate the potential to use fuzzy inputs.




3-18

Table 3.11: Scoring ranges of output: “Possibilities for optimization, total”

Output range Implied saving potential
0-20 Very low potential for saving
21-40 Medium potential for saving
41-60 Medium to high potential for saving
61-100 Very high potential for saving
3.8. Sensitivity of the rinse system

In order to determine the sensitivity of the rinse system to input variation, the system
has to be looked at holistically. As can be seen in Table 3.11 the range for the output ratings
are fairly broad. It would be ideal to investigate the impact of the variation in inputs on the
output. This is done by assuming that the inputs are imprecise i.e. randomly changing the

input variables. The output rating is then compared to the Flemming rinse table output.

This implies that the reviewer’s inputs for the seven rinse tanks under consideration
have to be varied(increased/decreased) randomly, remembering that each tank has fifteen
potential inputs. This makes the task complex and hence the entire rinse system was
programmed in Mat Lab, and the Monte Carlo technique applied to randomly changing the
inputs, see Appendix A5 for Mat Lab program.

The aim was to vary the inputs randomly and determine the impact of input variable
changes. The values have to be increased and decreased to determine the impact of changes

on the output.

The input values in Table 3.10. were varied to determine the impact of the changes.
Initially only five of the input values were increased/decreased. This was done randomly for
any input value in Table 3.10. This process was repeated 1000 times and the mean output
compared to the initial output of 46.6% from table 3.10. This process was repeated for up to
90 random input changes (15 inputs for six tanks). The average outputs for a total Monte
Carlo of 1000 runs are noted in Table 3.12. The values were initially increased/decreased by

less than 10% or in the second runs, between 10 and 20%.
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Table 3.12: Monte Carlo results for input changes for rinse tables

) Mean Output for Mean Output for
No. of inputs ) Standard ) o
input change of o input change of Standard Deviation
changed Deviation
<10% >10%>20%

0 46.6 - - -

5 45.86 1.07 45.88 2.19
10 45.92 1.6 45.89 3.01
20 45.76 2.18 45.74 4.24
30 45.95 2.65 45.81 5.41
40 45.73 3.18 45.79 6.4
50 45.92 3.52 46.1 7.1
60 46.03 3.84 46.17 7.43
70 4591 4,12 46.06 8.34
80 45.94 4.4 45.53 9.09
90 45.68 452 45.61 9.48

From Table 3.12. it can be seen that there is no significant change to the output rating
of 46.6%. What is clear however was that the increase in standard deviation of the output
increases proportionally as the number of inputs changes is increased from 5 to 90. The
percentage change in inputs has a significant impact on the outputs i.e. for five random input
changes of 10 % from the original value the standard deviation was 1.07 which is doubled to
2.19, when the input is changed by 20% of its original value. Figure 3.2 illustrates the Mat
Lab output for a the run where 60 random inputs were changed by +/- 1.
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Figure 3.2: Mat Lab results for 60 input changes of +/-1, for the rinse system
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It can be seen that variable changes, on average, result in a negligible mean output
change for the rinse system. The result indicates that the maximum standard deviation is less
than 10 % of the range i.e. 2/3 of the outputs is 10% or less imprecise. From Table 3.11 it can
be seen that the output bands are wide (20%) and a net increase or decrease of 10% would
usually not impact on the output rating. At worst it would result in the company moving one
rating up or down. Thus it can be concluded that for the rinse tables, output would not be

significantly compromised if the inputs were not precise.

3.8.1. Analysis of sensitivity for other systems

From the detailed analysis of the rinse system to input data sensitivity, it was clear
that limited variations in input data did not impact significantly on the output of the rinse
system. A brief investigation of the impact of input changes to the other systems follows. The

systems that were investigated are:
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e Occupational health and safety
e Waste water treatment chemicals

e Waste generation

Similar to the investigation into the impact of variable changes for the rinse models
the above spreadsheets were analyzed with variable changes randomly.

3.8.2.  Occupational health and safety

The aims of the Occupational Health and Safety (OHS) tables were to evaluate the
risk to employees with regards to chemical exposure and general plant operations. The
Flemming OHS spreadsheet addressed many key inputs in order to determine the OHS status.
The variables considered were: Reduction of drag-out and drag-in, Optimizing bath
chemistry, Concentrating of waste, improved maintenance of process baths and Recovery
from waste. The Flemming table for waste generated is illustrated in Table 3.13.

Table 3.13: Waste generated

Chemistry | Temperature Noise Heawy lift |Risk
2 2 2 2
2l o] 5l E| | 8| E| | 8] E| | 5| ¢
s ElE]l 3| E| &l 2| E| & 2| El & 3
ol F|l WO o F| Q| k|l W) O|F| d (%]
Zincl Alkaline degreaser 2 3] 2 3 3 2 3 2[ 3 3 2[ 2] 18
Zinc bath 1| 1] 3 if 3] 1
Zinc2 Alkaline degreaser
Zinc bath
Cu-Ni-Cr-1 Nickel bath
Chromium bath
Cu-Ni-Sn-1 Alkaline degreaser
Nickel bath
Cu-Ni-Sn-2 Alkaline degreaser
Nickel bath
Phosphating 1 Alkaline pickling
Phosphating
Phosphating 2 Alkaline pickling
Phospahting
Sum Total ores: 3=high, 2=medium, 1=low Risk score: from
Occupational Health and Safety | Total score 53.8

From Table 3.13 it can be seen that there are 14 inputs for each chemical and a
further 6 inputs for the chemical baths. A Mat Lab simulation was set up and random input

variable changes were made. The Monte Carlo technique again was used for this simulation.
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Similar to the rinse tables the input values in Table 3.13 were varied to determine the
impact of the changes. Initially only one of the input value was increased/decreased. This
process was repeated 1000 times, and the output, compared to the initial output of 53.8%
from Table 3.13. This process was repeated for up to 19 random input changes (OHS tables
contain only 19 inputs). The average outputs for a total Monte Carlo of 1000 runs are noted in
Table 3.14. The values were initially increased/decreased by 1 or by 2 in the second runs.

Table 3.14: Monte Carlo results for input changes for rinse tables

No. of inputs | Mean Output for S | Mean Output for N
changed input change of +/- - input change of +/- | Standard Deviation
1 2

0 53.8 - 53.8 -

1 53.85 0.97 53.86 2.05
2 55.87 141 54.01 2.92
3 53.87 1.76 54.12 3.57
4 54.04 211 54.09 4.26
5 54.02 2.27 54.18 4.86
6 53.87 241 54.43 5.36
7 54.01 2.71 54.48 5.76
8 54.02 2.94 54.13 6.67
9 53.96 3.05 53.97 6.86
10 53.87 3.36 54.71 7.43
12 53.96 3.56 54.4 8.39
15 54.07 412 54.76 9.93

The mean change in output for the OHS tables is insignificant as can be seen in table
3.14. It can be noted that for an increase/decrease in input by 2 the mean generated by Mat
Lab is always higher than the initial value. The input changes for all variables by +/- 2 have a
standard deviation of less than 10 %. Thus it can be seen, similar to the rinse system, that

fuzzy (imprecise) inputs would not have a significant impact on the model outputs.




3.8.3. Waste generated

3-23

The aims of the waste generated tables were to evaluate the amount of the waste

produced and the opportunities available to reduce this waste. Flemming addressed many key

inputs in order to determine the potential for waste reduction. This included: Reduction of

drag-out and drag-in, Optimizing bath chemistry, Concentrating of waste, Improved
maintenance of process baths, Amount/type of waste generated and Recovery from waste.
The Flemming table for waste generated is illustrated in Table 3.15.

Table 3.15: Flemming’s Waste tables

Type of waste Waste Disposal methods Costs Possibilities for waste reduction: 5=big and 1=sme
Write the types below ton/yr R/ton Rlyr

£ S o 0

o) c = S 2

o ks g o8

S| 5 E £ £ =

5| 8 2 g 2| o x 2

cg| =< = Q| = (=7

c & D 5, © ol > s 8

Sxs| £5 = Bol5 o o

8ol 2o @ 24l > )

S5 EE|l 28| &5 88 g<

S8 58| 5% 23/82 $3

5| 06| 0| E8|lxz| &8

Liquid sludge 34 DL 450 15300 5 2 2 2 3 22
Filter cakes 53 DL 450 23850 5 5 5 2 3 58
Other 20 DL 250 5000 3 4 4 3 4 19
Sum 107 44150 100

Score: 1 =good, 5 = unsatisfactory
| | |Tota| score | 63.6)

Taking the company outputs, as in the rinse system, indicated a score of 63.6. This

score was used as a comparison for sensitivity. The variables were changed as in the rinse
system and the mean of 1000 runs recorded.

Table 3.16: Change in outputs with input changes-Waste tables

. Mean Output for
No. of inputs Mean Output for Standard . o
) o input change of +/- | Standard Deviation
changed input change of +/- 1 Deviation .
0 63.6 - 63.6 -
1 63.64 1.02 63.77 1.86
2 63.61 1.42 64.31 2.89
3 63.69 1.81 64.3 3.33
4 63.57 1.99 64.8 3.75
5 63.67 2.25 64.79 4.26
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6 63.63 241 65.37 4.67
7 63.47 2.76 65.42 5.28
8 63.48 2.82 65.72 5.54
9 63.41 3.04 66.10 571
10 63.67 3.11 66.60 6.29
12 63.27 3.53 66.66 6.85
15 63.57 3.86 67.72 7.77
18 63.52 4.08 69.58 8.26

The results from Table 3.16 indicate that for a +/- 1 input change, the mean output

remains relatively unchanged. The standard deviation for the input change of +/- 2 is more

than double that of the +/- 1 input change. The table has a maximum input of 18 and if all

inputs are changed randomly, then the standard deviation is still less than 10.

3.8.4. Wastewater treatment plant chemicals

The wastewater treatment plant chemicals table is illustrated in Table 3.17. This table

is intended to indicate potential to reduce the chemical consumption at the wastewater

treatment plant. The input variables that determine the effectiveness of water treatment

chemicals are: using less excess of chemicals, use spent process baths instead for treatment,

optimizing the treatment of spent baths, mass of sludge produced, cost of sludge disposal/year

and better separation of wastewater streams.

Table 3.17: Waste water treatment plant-Chemicals

Chemicals Concentration [Consumption| Costs Possibilities of savings
kglyr Rlyear 5=big and 1=small possibilities
B ' — 0 < Q
» @ g 2 o £ % S
e o T €8 =] b
3 o =af 8¢ F,' h 2
= - 2=| ©0 = < =
[ 5« s 5| 5 - & %5
(237} e = o Q o 8 = e l=
] o @ R O ® o c o
L 35| ak& 925 v = 2 €
L o n [o))

)] (72 E = T o — c >
£5| 02| 55| &€w| E| sSZ
55| 38| og| &% el &8

Sodium hydroxide 100% 100 200 4 5 3 4 75 75|

Sodium hydroxide 28%

Hydrochloric acid 30% 100 200 4 5 3 4 75 75

Sulfuric acid 96%

Sodium disulfite 100% 150 800 2 2 3 4| 43.75| 65.625

Sodium dithionite 100%

Hydrogen peroxide 35%

Polymer 100% 100 500 2 2 3 4| 43.75| 43.75

Iron(lll) chloride

Sodium hypochlorite 15%

Calcium chloride 100%

Sum 450 1700 57.6
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Table 3.18: Change in outputs with input changes-Waste water treatment plant

chemicals tables

No. of inputs Mean Output for Standard ) Mean Output for o
changed input change of +- 1 S input cha;ge of +/- | Standard Deviation

0 57.6 - 57.6 -

1 57.67 1.12 57.62 2.25
2 57.60 2.62 57.60 3.18
3 57.61 1.94 57.53 3.87
4 57.56 2.25 57.66 4.43
5 57.67 2.53 57.60 4.87
6 57.71 2.75 57.50 5.60
7 57.70 2.98 57.66 6.32
8 57.68 3.17 57.87 6.45
9 57.46 3.35 57.23 6.67
10 57.49 3.62 57.91 7.05
12 57.62 3.98 57.50 8.04
15 57.93 4.35 57.56 8.54
18 57.74 4.67 57.50 9.60
20 57.47 4.78 57.47 10.30

From Table 3.18 it can be seen that the results for the sensitivity of Flemming’s
waste water treatment plant chemicals to variable change does not significantly influence the
rating. With a change of +/-2 on input changes the maximum standard deviation is 10. Thus
it can be stated that the wastewater treatment plant tables would not be significantly changed

if the inputs were not precise.

3.8.5. Summary of sensitivity investigation

From the investigation of the sensitivity of Flemming’s CP tool into data inputs, it
was seen that the model is not significantly influenced by small input variations. Small
changes in inputs have a low to insignificant impact on the outputs on the CP evaluation. This
sensitivity analysis implies that the evaluation system can be developed differently i.e. using

imprecise inputs. This is now pursued in chapter four.
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3.9. Conclusion

The reviews and feasibility studies undertaken were found to be most effective in
gaining rapid knowledge of the plating industry. The creation of the database of company

data proved to be very useful for the testing of results of models developed during this study.

In this chapter the data requirements for the rinse system is detailed together with the
calculations required in determining the rinse outputs. The testing of the Flemming CP tool
with regards to input data sensitivity clearly indicated potential for a fuzzy application. From
the case presented the output was found to be “essentially fuzzy”. This chapter has illustrated
that the data requirements for the Flemming CP tool can be imprecise. The random variation
in input data does not significantly change the output rating.

The analysis of the Flemming CP tool has proven its comprehensiveness. The rigid
data requirements together with the time and skill levels required have been highlighted. It
would be ideal to develop a CP evaluation system with equivalent outputs but with reduced

input data, time and skills intensity.

Based on this sensitivity analysis, the Chapter 4 develops an alternate fuzzy

evaluation system.
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CHAPTER FOUR

FUZZY LOGIC METHODS FOR CLEANER PRODUCTION
EVALUATION

In this chapter a fuzzy logic model, for qualitative cleaner production evaluation, is
proposed. The aim of this model was to replace previous data intense models used for
cleaner production evaluations. The basic relevant fuzzy logic theory is detailed in section
4.3. The application of the theory to the entire plating process is then proposed and detailed,
section 4.4. The outputs from the fuzzy logic model are compared to the output from the

Flemming model in section 4.6.

41. Introduction

The evaluation of the environmental status of an electroplating facility, as compared to
the best available practice, has traditionally been difficult to conduct, particularly in small or mid-
sized plants. This was clearly illustrated in the previous chapters. The problem arises mainly due
to the fact that the detailed plant data necessary for evaluation was always difficult to obtain

completely and precisely.

To alleviate the data-scarcity and lack-of-skills related problems in environmental
performance evaluation for cleaner production, a fuzzy-logic-based decision analysis approach is
introduced in this chapter. This chapter deals specifically with the various systems that exist in
an electroplating plant. The aim was to determine ratings on key variables and then compare these
to best available practice. The novelty of the approach lies in the information i.e. the model

depends solely on non rigid operator level inputs as compared to traditional rigid data.

The methodology introduced in this chapter is based on multivariable decision making
using fuzzy logic. The entire electroplating facility is divided into eight sections that are
evaluated individually. The different sections of the plant were considered individually and

operator inputs were used to develop a cleaner production assessment. The attractiveness of the
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approach is illustrated by the analysis of the rinse management system. The evaluation system is

suitable for any type of production process in the electroplating industry.

The model is validated using the data from the companies audited for the database, as
detailed in Chapter 3. The fuzzy model is established based on fuzzy protocols. The base values
for the model are based on the experience obtained during the review of the 25 companies. The
model for each category, once complete was compared to the results from the database values.
The base values were then adjusted by regression.

4.2. Plating process and the Environment

Figure 4.1 depicts a typical electroplating process, where major process operations (such
as cleaning, rinsing, and plating), process inputs (such as metal parts, water, chemicals, and
electricity) and outputs (such as plated parts and waste) are detailed. During operations, the parts
in barrel or on rack are cleaned in alkaline and acidic solutions. This cleaning that occurs is a
step-wise operation. After each step of cleaning or plating, parts are rinsed in a rinse system that
may contain one or more rinse units. In the plating unit, metal coating is developed on the
surface of parts. The plated parts then undergo post processing before leaving the line. The
operations generate chemical- and metal-containing waste in almost all the operational steps.

According to Lou and Huang® and Luo et al.?, the waste can be classified into two
categories: unavoidable and avoidable. The former comes from dirt removal from the surface of
parts after using chemicals, energy and water; the latter is generated due to excessive use of
chemicals and water. Waste reduction in an electroplating plant is essentially the minimization of
the avoidable waste. In this regard, process optimisation and management improvement is the
key for CP.>*
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Figure 4.1: Plating process materials in and out.
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To determine the efficiencies of chemical, water, and energy use, or to identify the
bottleneck of waste minimisation in production, all operational units shown in Figure 4.1 should
be carefully evaluated. To assist the evaluation process, a proper system classification will be
undertaken. In this work, the following electroplating plant sections, together with their

justification, are used.
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e Consumption: Process chemical. Large amounts of chemical solutions are consumed

daily in cleaning and electroplating operations. The chemicals must be optimally
used so that chemical consumption can be minimized while the cleaning and plating
gualities are also guaranteed.

e Consumption: Water. The actual water that flows in all the rinse steps must be

evaluated. This will be critical for identifying the best opportunities for water use

and reuse.

e Rinse management. The rinse effectiveness must be ensured as it is directly related

to the use of minimum amount of water to rinse off the chemical solutions carried

into the rinse units from the proceeding cleaning or plating units.

e Production. The measurement and control of production (e.g., the total surface area

of the parts to be coated) are crucial for CP effectiveness.

e Chemicals for wastewater treatment plant. The efficiency of chemical treatment of

wastewater in a WWTP is directly related to waste reduction and thus should also be
evaluated.

o WWTP operations. The availability and operational status of the equipment in the

WWTP are crucial for waste treatment effectiveness.

e Sludge reduction. The areas where sludge is generated and managed must be

checked to ensure minimal sludge generation for disposal.

e Health and safety and environment. This is to evaluate the employee’s health and

safety. The impact of the types of chemicals and working environment must be

investigated.

The classification of the plant created above facilitates the application of fuzzy logic as
the plant is now broken down into manageable sections for the evaluation process. While
evaluations of the eight categories listed above are essential, the data availability and quality in

each category is always questionable. It seems fuzzy logic is a viable tool in CP evaluation when
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the available information is imprecise, incomplete, and uncertain.>® Fuzzy logic utilizes rigorous
fuzzy mathematics to process and manipulate non-ideal information or ill-defined data in a
systematic way. By fuzzy logic, expert knowledge, particularly expert’s heuristic knowledge, can
be readily represented and integrated in a consistent way into a CP evaluation system.” The
resulting fuzzy models can be used to effectively weigh the factors in each category under
consideration. A total impact of the factor importance on CP can be reasonably assessed. It
would be most appropriate to define the theory for multi variable fuzzy decision analysis before
presenting a case study.

4.3. Fuzzy Logic based Multi-Objective Decision-Making

In the text to follow, a fuzzy-logic-based decision-analysis method is introduced by
resorting to a fuzzy-logic-based multi-objective decision making method.? The background

theory to this fuzzy model is now detailed.

Assume that there are N objectives to be considered for CP, e.g., minimum process
chemical consumption and minimum sludge generation. The set of objectives, O, can be denoted
as:

0 ={01, 0, ..., on} (4.1)

Also assume that there are M factors for CP evaluation. These factors are denoted as the
set, A.

A= {al, a, ..., aM} (42)

In evaluation, the impact of each factor (a;) on each individual objective (0;) is first
defined by a fuzzy membership function,,uOj (31:6 I)l i=1,2 -, M;j=1,2,,N. The

membership functions can be continuous or discrete, and be determined based on engineering

knowledge, subjective preference, and/or available data.’

The task of evaluation is to assess how the pre-defined objectives are achieved.
Mathematically, this evaluation can be obtained through defining the following decision function,
D:
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D=0,MN0,N---No0y (4.3)

Where:

M = Intersection of sets

Note that the importance of each objective to the overall CP objective may be different in
the decision maker’s view. Moreover, data availability and quality for assessment may also be
different for each objective-based evaluation. To make the evaluation more reasonable, a set of

preference values should be defined as an association with the specific objective set as shown
below.

B={by by, ..., by} (4.4)

Where each preference has a value between 0 and 1.

By incorporating the preferences, the decision-analysis function in Eq. (4.3) can be
advanced as follows:

D:Ml‘lﬁi])l].]lvlzQZQiEZD"'ﬂMrQrQi)r: (4-5)
where the decision measure, M, for the factor, a;, is defined below:

Mj‘jéi)j/‘z(bj!oj él}

_ - 4.6
where:o, € >=b,vo, € _ (40)

Where:

v =Maximum operation

The evaluation of each decision measure can be conducted as follows:
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~

thy, €= max |, €S, € @)

Or more concisely, the decision-analysis model in Eg. (4.5) can be rewritten as:

D& =()6,vo, ¢ (4.8)

=1

With this decision function, a fuzzy MIN-MAX algorithm is used to identify the most
important factor(s) that are critical for CP evaluation. This algorithm has the following two-step
operations:

(1) To determine the minimum importance of the objectives, M, € : for each factor

a;. This can be accomplished by performing the following MIN operation:

Hp éu} min I‘M1 an Hw, ij o Hwy Q.: (4.9)
or
~ N -~
D& ~ ﬂﬂMJ G (4.10)
j=1

(2) To identify the most important factor for CP by performing the following MAX

operation:
ﬂDQ*}maX IJinj :uDQz] lqu‘mj (4.11)
or
Y M =~
D& = JD&_ (4.12)

The two-step decision analysis will lead to the identification of the most important factor,
a*, for production improvement. In many applications, it is preferred to give a single score as an
indicator of the CP status for the plant. The following formula is suggested to determine the

overall CP status.
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S= iyo € Y € 3100% (4.13)

where V(a) is a fuzzy number of factor a;. The definitions of the fuzzy numbers are

9,10-11

based on experience. In the case study below, a detained example of defining the fuzzy

numbers of all six factors are exemplified.
4.4.  Application of Multi Objective Decision-Making

For the application of the multi objective decision making the first step would be to
declare the operator inputs for the different operator questions. These choices of potential
operator answers are referred to as the alternates available. The alternates need to be presented in
a user friendly and easily identifiable format for the operator to make his selection. A detailed list
of these questions and alternates for the rinse system is described. A detailed list of all the
categories is attached in Appendix B1.

4.4.1. Dripping

Dripping is understood to be the length of time where the items are placed above the
process bath before being moved to the next bath. If the time of dripping is too short, the liquid
will not drip off completely before the item is moved on to the next tank. A score for dripping is,
therefore determined by the length of time for which the items are dripping above the bath, before

being sent on to the next bath.

Operator alternates for dripping time:

e Jig drip time is between 0-4 Seconds

e Jig drip time is between 5-9 Seconds

e Jigdrip time is between 10-14 Seconds
e Jig drip time is between 15-19 Seconds

e Jig drip time is >20 Seconds

The scores above are acceptable for racked goods.
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4.4.2. Hanging

By hanging (suspension) it is understood to be the physical orientation in which the items

are placed on the rack or jig. By tilting the items in order to avoid as much entrapments as

possible, drag-out volume is minimised. For example, a cup-shaped item is always racked upside-

down; hollow tubes should be racked horizontal with a slight slope. The score for hanging

therefore depends on the efficiency of the liquid to drip off the item, before the items are lead to

the next process.

Operator alternates for parts hanging:

No cup-shaped parts entraining liquid, flat sheets hung with one corner facing down,
draining time less than 3 seconds.

Some liquid entrapment by cup-shaped parts, flat sheets hung with the shortest end
facing down, 3~8 seconds of draining time

Large liquid entrapment by cup-shaped parts, sheets hung with the shortest end
facing down, 8~12 seconds of draining time

Large liquid entrapment by cup-shaped parts, sheets hung with a longer side facing
down, 12~15 seconds of draining time

Large liquid entrapment by cup-shaped parts, sheets hung with a longer side facing

down, draining time greater than 15 seconds

4.4.3. Agitation

Agitation is understood to be the physical motion of the liquid. If the liquid is not in

motion or being agitated the replacement of the liquid film on the item surface will be very slow,

and there is a risk to drag-out the chemicals before they have been exchanged from the surface

layer. By aggressive agitation and liquid motion the liquid film is physically replaced much

faster. The agitation and liquid motion thus have high influence on the speed of the replacement

of the liquid film.

Operator alternates for Agitation:

No agitation or liquid motion in any tanks
Visible agitation or jig motion on some cleaning tanks

Visible agitation or jig motion on all cleaning tanks
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e Visible agitation and liquid motion on all process tanks

e Aggressive agitation and liquid motion on all process tanks

444, Water Inlet/Outlet

Water inlet/outlet is understood to be the way in which the rinse water is physically let in
and out of each rinse tank. The inlet/outlet has major influence on the physical passage of water
in the rinse tank and on the utilisation as well. This is mainly due to concentration pockets caused
by insufficient mixing. If the inlet and outlet are physically placed side by side there can be high

water consumption but a very low rinsing efficiency.

Operator alternates for Process Inlet/Outlet:

¢ Inlet located at the top of the tank and outlet next to it on the top of the tank

o Inlet located at the top of the tank and the outlet on the top of the tank but on the
opposite end

¢ Inlet located at the top of the tank and the outlet on the bottom of the tank but on the
opposite end

o Inlet located at the bottom of the tank and the outlet at the top of the tank but on the
opposite end and the tank not agitated

¢ Inlet located at the bottom of the tank and the outlet at the top of the tank but on the
opposite end and the tank agitated

4.4.5. Back-Mixing

When two or more rinsing tanks are connected (e.g. counter current rinse), it is important
that the water will run from the tank with a lower chemical concentration to a tank with a higher
chemical concentration. This is normally controlled by a simple gravity flow where there is a
difference in water height. Under normal conditions the flow direction is correct, but if a big rack
or even worse a big barrel is submersed in the dirty water, the water level in the dirty tank may
increase above the water level of the clean water tank. In this case the water will flow in the
wrong direction, and the clean water tank will get polluted with dirty water. In this case there is a
very low efficiency of the rinsing process compared to normal conditions for this kind of rinse
systems. The construction should be corrected to improve rinsing quality and reduce water

consumption.
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Operator alternates for Back Mixing:

¢ Rinse tanks linked across the bottom or top, allowing continuous flow of water

e Small pipes linking rinse tanks, resulting in continuous back mixing; high spills
between rinse tanks during jig submersion

e Rinse tanks linked across the bottom or top, allowing moderate water flow, or very
small water overflows to the next rinse tank during jig submersion.

¢ Rinse tanks linked across the bottom or top, allowing very little water flow, or some
water overflows to the next rinse tank during jig submersion

¢ No back mixing, tanks not linked

4.4.6. Flow-control

Controlling the inlet flow of water to a rinse tank is probably the most important factor
influencing the water consumption. To control the flow a valve is needed for adjustment and a
flow meter to monitor the flow - but more importantly the exact water flow rate is required. The
demand of water is determined by the defined water quality (F = dilution factor) and the drag-out
from the previous process tank.

The typical situation is a totally open water-valve, and nobody has considered if less
water would be sufficient. Some companies implement some kind of water restrictors and this is
highly recommended, but it is still very important that the restrictors are allowed to control the
water flow. Too often it is seen that the operations staff increasing the water flow by further
opening the water-valve, because it was found that the rinse water was too dirty. It is an important

task to set up correct instructions and ensure that these instructions are followed.

Operator alternates for Flow Control:

¢ Rinse water supplied by non-restricted pipe, separate inlet for each rinse tank

¢ Rinse water supplied by a valve on the end of a pipe with some control

e Static tanks dumped regularly or with moderate flow control but without rinse
recovery system, and no rinse water redirecting

e Static tanks dumped regularly or with moderate flow control but without rinse
recovery system, and rinse water redirected

e Continuous flow control via predetermined rinse water requirements, all water

recovered via low flow rinse back into plating tank
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Rinse management application

The alternates listed above are used to establish the fuzzy model. These alternates are

considered for development of the fuzzy rinse management model. The set of alternates are

defined as A:
A={a, ay, ..., ag} ={DT, HG, AG, IN, BM, FC} (4.14)
Where:
DT: Drip time that parts stay above a tank before moving to the next tank.
HG: Orientation of the parts hanging on a jig
AG: Agitation of the solution in a tank by air or jig movement
IN:  Water flows through a rinse tank
BM: Back mixing of rinse due to connections of the rinse tanks
FC: Flows control of rinse water to a rinse tank

The analysis for CP is to be performed by focusing on the impacts of the six factors on

the four objectives below:

O ={0y, 05, ..., 04} ={CC, P, WC, C} (4.15)
where

CC: the chemical consumption

P:  the production rate

WC: the water consumption

C: the cost for wastewater treatment and due to production loss

Available information. In this application, the CP evaluators obtained the level of

importance of each factor to each objective. This data is compiled in the following notation

suggested by Zadeh."

o _{0.8 05,02 01 01 _0.15}
= 9.2

) ) ) ) L) (4.16)
DT HG AG IN BM FC
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04,015 02 015 01 01

0, = ; ; : ; ) (417)
DT HG AG IN BM FC

0, 0.7 : 0.2 ; 0.1 ;Ol; 0.1 ;0.8 (4.18)
DT HG AG IN BM FC

0, = 0.2 ; 0.2 ; 0.1 ;E; 0.1 ;0.15 (4.19)
DT HG AG IN BM FC

In the above notation, the numerator and denominator of each fraction are, respectively,

the fuzzy number ( My, ¢ :) as the importance to the objective and the corresponding factor (a;).

The numerator is a subjective value entered, based on experience.
B={by, b, ..., b,} ={0.9,0.75, 1, 0.65} (4.20)

The subjective values reflect the following basic analysis for rinse management: (i) the
water consumption objective (03) as the most important (b; = 1), (ii) the chemical consumption
(01) as very important (b, = 0.9), (iii) the production (0,) due to rinse management considered
fairly important (b, = 0.75), and (iv) the additional cost (04) as the least important (b, = 0.65) in

evaluation.
45.1. Evaluation.

According to Eq. (4.8), or more clearly, Eq. (4.7) and (4.9), the following manipulations

are performed:

D€ =90.1v08 A 0.25v0.4 A Q0v0.7 A 0.35v0.2 =0.35
(4.21)
D€, = 0.1v0.5 A 0.25v0.15 A 0v0.2 A €.35v0.2 =0.2
(4.22)
D€ > €1v02 X €¢.25v02 A ¢v0lrA€35v0l3}01
(4.23)
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D€ > €1v01 XA €25v015 A ¢v07 x€35v013>01

(4.24)
D€ - €1v01 ) €25v0.1x¢v0l)€35v0l301
(4.25)
D€ > €1v0.15 X Q.25v0.1 X ¢v0.8 X €35v0.15 >0.15
(4.26)
Where:
A= Minimum operation
V= Maximum operation

The above evaluation results provide detailed, specific directions on where and to what

level the rinse management should be improved.

Also, according to Eq. (4.12) :
D€* >0.35v02v0.1v0.1v0.1v0.15=035=D§, (4.27)

This evaluation indicates that drip time (DT, or a;) is most critical, while agitation (AG or
az), the inlet water flow (IN, or a,), and the back mixing between tanks (BM, or as) are the least

important in this case.

If the values of the concerned factors are available in a plant, the rating of the given rinse

management system can be evaluated using Eq. (4.13) as follows:
S=0.35V OT +0.2VEHG +0.IV @G +0.IVAN +0.IV €M +0.15V €C _x100%
(4.28)

Equation 4.28 is the fuzzy rating that would be used to determine the status of the rinse

management system.
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4.6. Comparison of results with Database values from Flemming’s CP tool

The fuzzy results needs to be compared to the results generated by Flemming's*® CP tool.
The initial fuzzy allocation values can be assumed to be test estimate values. These values are
aimed at being general inputs of the potential fuzzy allocation for the operator alternates. These
values enjoy a low confidence level due to the nature in which they are obtained i.e. they are
purely subjective. It would be ideal to regress these values so as to try and replicate values from
the database.

These initial input values are used as inputs into the fuzzy model. For example, if the
operator selects a low rating under Drip times, such as 0.2, then the drip times (DT) value in
equation 4.28 is multiplied by this value. This would be done for each of the categories in the
rinse section. Table 4.1, contains a set of input values for the six different categories in the rinse
section. For the testing of equation 4.28 four random company case scenarios were extracted form
the database.

Table 4.1: Comparative outputs from Flemming’s and Fuzzy model

Case Drip ) o Back Flow Fuzzy Fleming’s | Sum of
) Hanging | Agitation | In-Out . . .
No. Times Mixing | Control | Evaluation | Evaluation | square
1 0.2 0.2 0.4 0.4 0.2 0.2 25.0 6.7 336.0
2 0.8 0.4 0.6 0.4 0.4 0.4 52.0 41.7 106.7
3 0.6 0.8 0.6 0.8 0.6 0.8 71.0 65.0 36.0
4 1 0.8 1 1 1 1 96.0 96.7 0.4
479.1

equivalent results as compared to the Flemming CP too

As can be seen from Table 4.1, the fuzzy model needs to be improved so as to generate

|l3

Using the excel solver and defining the sum of squares as the main objective to minimize,

the estimates of the fuzzy allocations can be improved. The solver is then run with the above
ranges and the Excel output would, by regression, minimize the difference between the database
results and the fuzzy outputs. It can be noted that the operator input ratings were used for the

regression. The actual outputs would not change significantly if the expert input factors were
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regressed. This implies that the output would remain unchanged as the operator input ratings and

the expert inputs can be considered to be a ratio.

The regression results for the alternates are summarized in Table 4.2,

Table 4.2: Summary of regressed values:

General o ) o o
seqregation Drip times Hanging Agitation Inlet Back mixing | Flow control

Low 0 0 0 0 0 0
0.05 0.05 0.18 0.2 0.05 0.05
Medium 0.3 0.3 0.3 0.3 0.3 0.3
0.51 0.5 0.5 0.6 0.56 0.6
High 0.7 0.83 0.81 0.7 0.8 0.72

1 1 1 1 1 1

From Table 4.3 it can be seen that the regression has resulted in some changes to the

fuzzy alternate allocations. These values are all within the initial estimated range. It can also be

seen that if the database values are used then the sum of square differences is considerably

reduced.

Table 4.3: Comparative results after regression.

Case | Drip ) o In- Back Flow Fuzzy Fleming’s | Sum of
. Hanging | Agitation L ) .

No. | Times Out | Mixing | Control | Evaluation | Evaluation square
1 0.05 0.05 0.3 0.3 0.05 0.05 11.25 6.7 21.0
2 0.7 0.3 0.5 0.3 0.3 0.3 42.0 41.7 0.11
3 0.51 0.83 0.5 0.56 0.56 0.72 65.0 65.0 0.0
4 1 0.83 1 1 1 1 96.7 96.7 0.0
21.11

It can be seen that the regressed values have a very small difference as compared to the

database outputs. Hence the regressed fuzzy outputs are used as fuzzy allocation for the operator

guestions.
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4.7.  Plant wide Application of Multi-objective decision-making

The above methodology can then be applied to the rest of the plant under five of the
categories listed in 4.2 in this chapter. The appropriate fuzzy questions are developed to
accommodate operator inputs under these categories, see Appendix Bl for the detailed fuzzy
calculations for the other 7 categories listed in section 4.2. The preferences are appropriately
inputted in accordance with each category. A comprehensive plant wide system is developed that

outputs an environmental status of the company.

The outputs from each section are summarized on a scale of zero to 100, where a zero

indicates no room for improvement and 100 indicates major potential savings.

The allocation of inputs and operator values together with the relevant questions are
detailed in Appendix B1. A summary of the remaining categories is described together with a

brief description of each application.

4.7.1. Chemicals for wastewater treatment plant.

The efficient treatment of waste at the wastewater treatment plant results in reduced
environmental impact with minimal cost to company. The fuzzy logic evaluation system for the
chemicals for wastewater treatment was completed as per the rinse system. The initial inputs
resulted in a sum of squares difference of 360. The final regressed values are detailed in Table
4.4,

Table 4.4: Table of values for chemicals for waste water after regression

) Using | Optimizing )
Using Better Automatic
spent treatment ) )
less separation | dosing Fuzzy | Database | Sum of
process of spent
excess of of waste and output output | squares
) baths process
chemicals | streams control
instead baths
0.24 0.23 0.48 0.22 0.2 26.30 25.00 1.69
0.50 0.55 0.62 0.22 0.38 46.20 50.00 14.44
0.73 0.80 0.78 1 0.69 78.40 75.00 11.56
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1.0

0.98

0.99

99.46

100.00

0.30

Sum

27.99

From Table 4.4 it can be seen that the post regressed fuzzy logic model outputs are

similar to the Flemming CP tool output. The actual difference in the sum of squares is reduced
from 360 to 28.

4.7.2. Waste Water Treatment Plant(WWTP) operations.

The aim in auditing the operations employed at the wastewater treatment facility was to

determine the state of wastewater treatment at a particular company. This is specifically with

regards to the equipment used at the wastewater treatment plant. This includes the various

systems for the proper treatment of the different effluent types such as acid/alkali metals etc. The

initial inputs resulted in a sum of squares difference of 225. The final regressed values are
detailed in Table 4.5.

Table 4.5: Waste water treatment plant post regression

o Chrome Cyanide Metals COD
Neutralization o o o o Fuzzy | Database | Sum of
) monitoring | monitoring | monitoring | monitoring )
equipment ) ) ) ) logic values | squares
equipment | equipment | equipment | equipment

0.29 0.30 0.10 0.38 0.29 26.25 25.00 1.56

0.53 0.48 0.48 0.50 0.53 50.00 50.00 0.00

0.76 0.74 0.74 0.75 0.76 75.00 75.00 0.00

1.00 1.00 1.00 1.00 1.00 100.00 | 100.00 0.00

Sum 1.56

It was seen that the regression reduces the sum of square error from 225 to 1.56.

4.7.3.

Health and safety and environment.

The occupational health and safety category results are reflected in Table 4.6. The

regression was successful in reducing the error for the sum of square difference between the new
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fuzzy model and the initial estimates from 517 to 41.61. The largest errors were generated in the

lower end of the scale as can be seen in Table 4.6.

Table 4.6: Occupational health and safety post-regression

Effect of
Effect of Effect of | Effect of General Fuzzy | Database
) ) heavy ) % Error
chemistry | temperature | noise o risk output | outputs
ifts
0.25 0.30 0.20 0.20 0.20 23.75 17.30 41.60
0.39 0.54 0.20 0.20 0.53 40.00 40.00 0.00
0.54 0.79 0.64 0.58 0.53 62.00 62.00 0.00
1.00 1.00 1.00 1.00 1.00 100.09 100.00 0.01
Sum 41.61

4.7.4. Sludge tables

The aim of conducting an evaluation into the sludge generated at the electroplating

facility was to evaluate the source of sludge and the management of the process of sludge

generation with the aim of potentially reducing the sludge at source. The initial inputs results in a

sum of squares difference of 707. The final regressed values are detailed in Table 4.7.

Table 4.7: Sludge generation post-regression

) ) Improved
Reduction | Optimum ] ) Recovery | Fuzzy
) Concentration | maint of Database | Sum of
of drag-in/ bath from model
) of waste process output | squares
drag-out | chemistry waste output
bath
0.15 0.70 0.50 0.30 0.20 34.25 40.00 33.06
0.70 0.30 0.50 0.30 0.30 47.00 40.00 49.00
0.30 0.30 0.50 0.70 0.20 37.50 35.00 6.25
1.0 0.78 0.99 0.98 0.99 95.00 95.00 0.00
Sum 88.31
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4.8.  Testing of the rinse model
For the purpose of verification the fuzzy model developed for the above plant sections
were verified using a random company data from the database. The Flemming CP tool output was
compared to the output generated by the fuzzy model. The outputs for the Flemming and fuzzy

models for the relevant categories are illustrated in Table 4.8.

Table 4.8: Comparative outputs of Flemming and proposed fuzzy model

Flemming | Fuzzy model | Difference percentage
Rinse system 65 56 4
Occupational health and safety 29 25 4
Waste water treatment plant chemicals 65 71 6
Waste water treatment plant equipment 37 375 0.5
Sludge/waste 45 45.5 0.5

From Table 4.9 it can be seen that for the five categories with comparative Flemming
tables the fuzzy model produces results with a maximum difference of 6 %. The mean overall
difference is 3%. Thus the output from the fuzzy model can be considered to be comparative to

Flemming’s output.

4.9.  Application of the fuzzy model

The aim of the fuzzy system has been to replace the rigid data requirements of the
Flemming model. Data for the fuzzy model is obtained from the plant operator. The fuzzy
guestions and options, as illustrated in this chapter, were compiled into an operator-based
guestionnaire, see Appendix B2. For the purpose of simplifying data capturing and data
manipulation the questionnaire together with the fuzzy manipulation, illustrated above, was

programmed in Visual Basic, see Appendix B3.
4.10. Conclusion
This chapter has dealt with the evaluation of the different sections of the plant using

fuzzy logic. The categories of water and chemical consumption are addressed separately in

subsequent chapters.
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The fuzzy logic model allows for the evaluation of the cleaner production status of an
electroplating facility, which was always difficult to conduct. The model performs exceptionally
well especially when the available production and environmental data is incomplete, imprecise,
and uncertain. The model is able to use operator level inputs to establish a comprehensive
cleaner production status. It is particularly applicable to small or medium-sized plants where
environmental auditing expertise is always insufficient. The fuzzy-logic-based decision analysis
approach described in this chapter demonstrates an effective way for fast and systematic
assessment of plant practice. This approach is applicable to any type of plating lines with any
capacity.

The cleaner production evaluation is by no means complete and subsequent chapters
deals with the quantification of the various processes and their efficiencies. The next chapter
deals with the development of the acid cleaning model.
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CHAPTER FIVE

ACID CLEANING MODEL DEVELOPMENT

This chapter details the development of the first of the mathematical models i.e. the acid
cleaning model. The model focuses on using weekly operator acid dosing to determine
the plant production, in meters square. The acid-cleaning model is developed using a
factorial experimental design as detailed in section 5.3. The experimentation for the
model is carried out on a pilot plant, detailed in section 5.4. The model is verified using
data from the database of companies, section 5.7. A Monte Carlo simulation illustrating
the effect of input variability is detailed in section 5.9. Section 5.10 details the

application of the model for cleaner production evaluation.

5.1. Introduction

The fuzzy logic model developed in Chapter 4 does not quantify exact potential
chemical/water savings. Quantification of the exact potential savings would strongly
encourage plating companies to adopt cleaner production. This study now aims at providing
models that support the quantification of potential savings by modeling individual processes
and comparing current plant practices to ideal operations. The models developed focuses on

the use of non-rigid data in the form of operator inputs for model development.

The models in this thesis were developed based on data obtained from a factorial
experimental design. It can be argued that a more detailed experimental design would have
improved accuracy. However, it must be stated that the purpose of this study is to develop a
tool for CP evaluation. This tool has to have an engineering level of accuracy and be

simplistic in its approach.

The development of the acid cleaning, degreaser and zinc models, developed in this
thesis, were based on typical plant operating conditions. They were validated by inputting
plant data from previous audits i.e. the database. The models, once validated, were applied to

predict optimum operating conditions. These were used as the CP chemical consumption. The
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actual consumption entered by the operator is compared to these model outputs. The

difference was considered to be the potential CP saving.

The purpose of this acid cleaning model is twofold; firstly the acid-cleaning model
is required to predict optimum operation of the acid tank. This is essential for cleaner
production. The second and more important use of the acid-cleaning model is its use to
determine the plant production in terms of surface area of metal plated. It must be noted that
in Chapter 3, determining the production surface area, was identified as the data requirement

which was the greatest challenge obtaining.

Due to the nature of the process and input data variations there are large changes in
the operating variables. Hence, the validity of the acid-cleaning model was reinforced by the
application of the Monte Carlo technique. The Monte Carlo technique was used to integrate

the variable variations into the acid-cleaning model.

5.2. Background

Preparation of the metal surface for electroplating consists of two processes. The
first is the removal of oil (known as degreasing) and the second is the acid cleaning process.
The aim of this chapter is to discuss the investigation into the acid cleaning process. This
process is normally referred to as pickling. The method of cleaning metallic surfaces by

immersion in acid" is termed pickling

The metal surface needs to be acid cleaned due to the formation of “rust”. If this
rust is not properly removed the integrity of the plating is compromised. This results in poor

adhesion of the plated metal onto its substrate.

The formation of rust occurs due to various machining processes that the metal has
undergone. This is typical of all surfaces to be plated as they have been manufactured by
heating/cooling and cutting processes. When steel or iron is heated and allowed to cool,
unless this cooling takes place in an atmosphere free from oxygen, a scale layer of oxide is

formed.*
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With abundant oxygen supply and heat, the oxide layer is in the form of Fe,O; or
FesO, and sometimes a little FeO® Thus prior to being plated the metal is subject to
corrosion. Corrosion results from the presence of water, air, moisture and perhaps some acids.
It can be stated that a piece of steel supports various iron oxides. Hoerle® investigated some of
the oxides of iron, see Table 5.1

Table 5.1; Some of the oxides of iron®

Composition Name Crystal System
Fes0, Magnetite Cubic(Spinel)
v-Fe,03 Maghemite Cubic(spinel)
o-FeOOH Goethite Orthorhombic
v-FeOOH Lepidocrocite Orthorhombic
B-FeOOH Akaganeite Tetragonal
v-Fe-OH-OH Reduced lepidocrocite Orthorhombic
Fe(OH), Ferrous hydroxide Hexagonal

There have been various studies on rust formation*> on metal surfaces. These
studies have led to the development of complex models on rust formation. It is not the aim of
this study to reproduce detailed models with high levels of precision but to produce a model
that is representative of typical plating conditions.

Hoerle® identified Fe,O; as the major oxide formed on post-machined components.
Based on this reaction, equation 5.3 was used as a basis for the reaction calculations for the

purpose of this study.

The reactions for iron and sulfuric acid can be summarized as®”:

Fe+H,S0O, = FeSO, + H, (5.1)

FeO + H,50, = FeSO, + H,0 (5.2)

Fe,0, +3H,50, = Fe,(SO,), +3H,0 (5.3)
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Fe,0, +4H,50, = Fe,(SO,), + FeSO, + 4H,0 (5.4)

5.2.1. Rust removal by sulfuric Acid

In the typical surface finishing company rust removal is achieved by using either
sulfuric or hydrochloric acid. From the database of 25 companies reviewed, 15 used sulfuric
acid for metal pickling. Hence for the purpose of model development, the pickling model was

developed around the use of sulfuric acid.

5.3.  The variables affecting the rate of cleaning

The rate at which the acid is able to remove the rust and surface clean the metal is
dependent on various variables. For the purpose of the acid-cleaning model development the
variables that were considered to effect the chemical reaction were; temperature,
concentration of the contaminant, concentration of the acid, time and inhibitor concentration.

The following justifications were used for the use of these variables:

5.3.1. Dissolved iron content of the solution

Iron is considered to be a contaminant in the pickling process. The amount of iron
in solution is critical to the solution effectiveness. Current practice at electroplating facilities
is to dump the acids with high iron content. In experiments conducted by Marcus et al”®? it
was found that initial reaction rate increases with low iron contamination. These experiments
also indicated lower reaction rates as the iron content increased. Markus® carried out

experiments with iron content in the range 0.1 to 0.3 mol/£ to reinforce these theories.

The acid tank, at plating facilities start with zero iron content and is usually dumped
when the iron content renders the acid ineffective. Large amounts of metal sludge forms at

the bottom of the tank, as the iron content increases.

5.3.2. Acid concentration

Experiments conducted by Quraishi'® indicate that the acid concentration has a

significant effect on the pickling reaction. Markus® also indicates that the acid concentration
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effects the ferrous reaction. Since it is common practice at plating facilities to increase or use
higher acid concentrations for “dirtier parts”, the concentration of the acid was considered to

be a variable for experimentation.

5.3.3. Temperature

According to Quraishi et al ***2 experiments with sulfuric acid and iron are highly
dependent on the reaction temperature. This was confirmed by Markus and Rubisov as the
results from trials at elevated temperature, 75 to 95 degrees Celsius, indicated that together
with acid concentration, temperature had a significant effect on the reaction rate. Since most
acid cleaning solutions are operated at elevated temperatures and concentration, it was

appropriate to use temperature as a variable in experiments.

5.3.4. Inhibitor

The inhibitor is added to the acid solution to prevent the attack of the acid on the pure
iron i.e. the acid would attack the iron oxides only. Due to cost, the acid used by plating
companies is not always a specifically designed proprietary chemical. Some plating
companies use pure acid without inhibitors whilst others add their own inhibitors to the acid.
This results in variations in the acid/ metal reactions. The amount of inhibitor dictates the
effectiveness of the acid in removing oxides/ metal and is hence crucial to the acid-cleaning

model.

5.3.5. Time

Operational practices and the condition of the pre-cleaned metal surface vary
significantly. This results in a variation in the time the metal spends in the acid tank. Ideally
the reaction with the acid stops, once the metal oxide is removed. In the absence of an
inhibitor the acid would continue to react with the metal as time is increased i.e. the amount
of iron removed is dependent on the time spent by the metal in the acid solution. The metal
contaminant concentration in the acid solution effects the reaction rates, prolonged acid
pickling times are required as the contaminant increases. Thus the time spent in the acid

solution was a variable in the experiment.
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54. Experimental

The electroplating process involves various chemical reactions which could
potentially be modeled using reaction kinetics etc. This would entail detailed investigations
and experimentations on reactions and variable effects. This could have resulted in a rather
drawn out exercise, which is not the main focus of this study. This study focuses on providing
a model that would conduct a cleaner production assessment at a plating company with
minimum data requirements, within minimum time, requiring minimum expertise. Due to
these constraints, and the need to develop and test the potential of a reduced data approach to

cleaner production evaluations, the factorial approach was used for model development.

5.4.1. Acid experimentation

Electroplating companies operate at various concentrations of acids, 60-120 g/ £ and

at various temperatures ranging from ambient to 80 deg C. The instantaneous concentration
of iron in solution changes with every piece pickled. The acid concentration changes as the
reaction proceeds. Topping up of chemicals usually occurs once per week. The impact of
drag-out losses and topping up after drag-out is a significant factor to consider in the acid

reaction as it impacts on the acid concentration.

This study aims at predicting the operation of the acid tank at any electroplating
facility. Since these facilities operate within a large range of variability, the model must have
the ability to accommodate all variable variations together with their interactive effects.

Hence the fractional factorial™

method was employed for the experiments. It would have
been ideal to conduct a detailed study into the reactions but due to various limitations
including, the need for a user-friendly model and time constraints, the factorial method was

chosen as the most appropriate.

Appendix C1 details the factorial design that was used to determine the acid —
cleaning model. The variables were acid concentration (variable 1), temperature (variable

2), contaminant (variable 3), inhibitor concentration (variable 4) and time (variable 5)

In accordance with the factorial methodology, variables were given a maximum and

a minimum limit, see Table 5.2. This was determined from the data obtained from the
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companies via the review process™®. The range that was used for the above reactions are
listed in Table 5.2.

Table 5.2: Trial data values for factorial experiments

Variable Minimum Value (-1) Maximum Value(+1)
Acid 60 g/ ¢ 120 g/ ¢
Temperature 25°C 45°C
Iron contaminant 0 19/t
Inhibitor (Actipret BTS 40) 0 59/¢
Time 180's 600 s

The acid experiments were conducted on a pilot plant as illustrated in Figure 5.1 and
5.2. The plant was designed and constructed for this research. The plant consists of a
degreaser system and an acid system. The plates to be acid cleaned were precision cut to
ensure size consistency. They were then individually weighed before each trial using a four-
digit laboratory balance. The plates were pre-cleaned using the degreaser. They were then
rinsed, dried and reweighed.

The pilot plant included a temperature control bath that was used to maintain the acid
temperature. The metal pieces were cut to size (75mm by 50 mm). The solutions were
prepared and placed in the acid tank for the specified times. The amount of iron reacted was
determined by the mass difference of the metal piece before and after the experiment. A four
decimal place mass balance was used to determine these mass changes. All pieces, once
reacted, were dried to ensure no liquid remained on the metal as this would impact on the

mass of metal reacted.

Figure 5.1: P &ID of pilot plant-Acid component

Acid Rinse 1 Rinse 2

To WWTP
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Figure 5.2: Photo of pilot plant

Experiments were conducted over a period of three weeks with repeatability’s

conducted with fresh solutions. The trials were conducted in triplicate to ensure accuracy.

55.  Experimental Results

The results from the trials indicate the rate of mass loss. This is a direct indication of

the mass of metal/ metal oxide reacted. The detailed results are attached in Appendix C2.

In order to ensure the integrity of the acid experiment, all trial results were
statistically verified. The data points that fell within the statistical control limits were used for
model development, see Appendix C2.
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5.5.1. Interpretation of results

The experimental results were substituted in the factorial model and manipulated to
determine the co-efficients for the effects and there interactions, see Appendix C3 for detailed

calculations.

The factorial methodology is able to convert the impact of different variable changes
into a representative equation. The statistical significance of the effects and interactions were
evaluated. At 95% confidence, the interaction between, acid+contaminant, contaminant+time,
temperature+inhibitor, time+temperature, acid+inhibitor, inhibitor+contaminant,
contaminant+temperature, inhibitor+time were found to be statistically insignificant.
Removing this from the overall factorial equation, representing the metal depletion, results in

the following equation:

M, =136.27 +9.02*C/,o,, +17.44*CA —10.4*T* —18.97 * IN* — 23.66 *t*
+(17.14 *C/,50. *CL) - (16.85 *C/,0, * IN*) - (25384 *TA*IN?)

H

(5.5)
Where:

C /504 =Concentration of acid(g/ £)
C £ =Concentration of Iron(g/ £)

T =Temperature of bath(C°)
IN”=Inhibitor concentration (g/ £)

t? =Time(s)

It can be seen that the resulting equation after statistical corrections, is a function of
all the variables discussed previously, including the statistically significant interactive effects.
The equation outputs the metal mass depleted under the specified conditions. The polynomial
model, Equation 5.5, represents the experimental data. Figure 5.3 illustrates the comparison
of results for each trial undertaken and results from the developed model. From Figure 5.3 it
is clearly seen that the model is a reasonable representation of the experimental data. It can

thus be stated that the equation is representative.
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Figure 5.3: Comparison between model output and experimental results
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5.6. Model development

If the operating conditions are known then it can be stated that Equation 5.5 can be
used to predict the rate of metal depletion at plating facilities. Extracting operating data from
the database of companies, the above model can be applied to compare model outputs to that

of the database.

The operating conditions of the acid tank at the selected electroplating facility were
entered into equation 5.5. These include; temperature, acid concentration, surface area/jig,
contaminant concentration, inhibitor status and time in the acid tank. These variables were
substituted into equation 5.5 and the mass of iron removed from the surface was

determined.

Mg is mass of metal removed. The consumption of acid can be calculated by
determining the mass change in metal i.e. the metal that has reacted is now in solution and

hence this has consumed a specific amount of acid.
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Fe,0, +3H,S0, = Fe,(SO,), +3H,0 (5.3)

For the purpose of our calculations the average molecular weight of the iron oxide
to be removed, would be taken as 179.6. This is determined from the reaction equation.
(equation 5.3) i.e. three moles of acid is consumed as per mole of metal reacted. Since the

mass of metal reacted is known the number of moles of acid consumed is calculated.

From a newly made up acid solution:

Ciias0s = Chizsos = Chizsos (5.6)

Where:
C 2504 = Initial acid Concentration of acid(g/ £)

C /12504 = Acid reacted (g/ ¢)

C 1504 = New acid concentration (g/ £)

The jig/barrel is then removed from the bath. The drag-out of acid and contaminant
is calculated based on the volume dragged-out.

t2 1 *xtl
Csto4 - Csto4 — Do Csto4

(5.7)

Where:
Do=Drag-out(l)

C%,<04 = Acid concentration after drag-out (g/ ¢)

The increase in iron concentration in the acid is calculated from the mass depletion
equation. The state of the acid after the jig/barrel is removed is thus determined.

CI'[:le = Cge + CIl;e (58)

Where:

C 2. = Initial iron Concentration in acid (g/ £)
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C .. = Iron reacted from metal surface (g)

C . = New iron concentration (g/ £)

This new condition for the acid solution is substituted into equation 5.5 to
determine the condition of the acid after the second jig/barrel. This is continued for the
period indicated by the plant operator i.e. if top-up of acid occurs then the acid
concentration has to be adjusted and the process continued. The acid concentration is
adjusted after every jig together with the contaminant concentration i.e. iron content is
continuously increasing as the acid is used and hence results in a lower reaction rate. Due to
the repetitive and evolving nature of the process, it would be ideally represented in a

simulation.
5.7. Model validation

The model developed needed to be evaluated using existing company data to
determine its accuracy. Hence spreadsheets were developed to test data of individual
companies against the model. A sample run is attached in Appendix C4.

5.7.1. Verification of model using database results

The model is verified based on a weekly dosing system. This is common practice at
all electroplating facilities. The chemical supplier samples the acid tank once per week. The

topping up of acid is based on this analysis.

The data requirements for Equation 5.5 were extracted from the database of
companies reviewed. This includes the acid tank concentration, temperature, time in the acid
tank and tank volume. The annual surface area of the company is divided by the number of
production weeks to determine the weekly production in square meters. This surface area is
used together with the number of jigs/week to calculate the individual jig surface area. All the
tank conditions were inputted into the model. Assuming there are n barrels/week this
calculation would be done n times to produce the acid tank condition at the end of the week

i.e. the calculations illustrated in section 5.6 is carried out.
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Thus determining the acid consumption, using the proposed model, is carried out for
all the companies in the database. The following table indicates the data obtained from

companies during the database reviewing process as compared to the model outputs.

Table 5.3: Table of comparison, acid consumption model vs database

Company | Production |Acid consumption (Kg) Percentage
Sqg meters | Database |Model output Error
African 54001 7103 7359 -3.6
Anteo 2200 275 274 0.4
Defy 1 25344 6400 5797 9.4
Defy 2 1100000 35340 31955 9.6
Durban 20496 6160 5371 12.8
Duys 6522 6840 6653 2.7
Euro 4000 960 881 8.2
Fascor 1 30000 3302 3094 6.3
Fascor 2 157283 11280 10403 7.8
Gedore 33689 1400 1424 -1.7
MPS 12219 800 778 2.8
Natal 950 150 167 -11.3
PCB 20323 7103 7280 -2.5
Pinetown 6806 800 891 -11.4
Trans Ni 11222 395 356 9.9

From Table 5.3 above, it can be deduced that the model is able to predict
accurately the acid consumption at an electroplating facility if the plant operating conditions
are known. The mean difference between the model and the database values is calculated to
be 2.9%. This error could be as a result of model input variability. This input variability is
dealt with using the Monte Carlo technique later in this chapter.

Figure 5.4 is a graphical representation of the model results as compared to the
actual database values for acid consumption. Due to the large range of values for the
company acid consumption data is separated into the larger (>1400kg) and the smaller
(<1400kg) acid consumption.
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Figure 5.4: Illustration of the comparison between the database acid consumption and the

model acid consumption.
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5.7.2. Model application-Determining surface area

The model has been proven to be accurate to determine acid consumptions. The
model developed has surface area as an input variable and is able to calculate the acid
consumption. This can be used to develop the final system. In the final, proposed model, the
surface area is not known. It is intended to determine the surface area from the acid-cleaning
model. This can be done by rearranging Equation 5.5, with acid concentration as the subject

of the formula.

The weekly acid dosed is known by the operator and hence would be ideally suited as
an input for the system. Thus the requirement is to input the average weekly chemical
consumption into the model. Since the operator conducts chemical dosing on a weekly basis,
this input is harnessed and used for the model. This is also in line with the overall aim of the
holistic model i.e. the use of operator level inputs. So a modified model is developed that
accepts all input variables as previously done, but now, instead of the surface area as an input,

the weekly acid consumption is entered.
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The drag-out is dependent on plant operations (size, shape, and drip-time) and is
obtained from the fuzzy model detailed in Chapter 4. The acid temperature and operations
time is obtained as inputs from the operator and can be considered to be relatively constant.
The acid, iron and inhibitor concentration is changing as the acid is used in the process

The modeling now commences by estimating the acid consumption for a single jig.
From this the metal depletion can be determined. Equation 5.5 is rearranged to make the
surface area the subject of the formula. These values are entered into a rearranged equation

5.5 to generate an estimated surface area/jig.

Figure 5.5: Surface area calculation flowchart
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The model requires the number of jigs/week or per day. The model determines the
acid consumption for the week using the estimated surface area. It then compares this acid
consumption to the operator value. If it is incorrect it adjusts the estimated barrel surface area.
This continues until the model generates the same amount of acid consumed as indicated by

the operator, See Figure 5.5.

The model can hence produce the required surface area. The challenge however was
to validate the model with realistic conditions i.e. there is various external influences on the

variables modeled and it would be ideal to investigate the effects of these variable changes.
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The model had to be presented in a user friendly and cost effective package, this was
in keeping with the main aim of the research project. The system developed for a cleaner
production assessment had to be easily applied to the local industry. This implies the
packaging of the computational model into a user friendly, accessible interface. It was
decided to use visual basic as the program base. Hence the acid-cleaning model was
programmed into visual basic so as to effectively carry out the task of data gathering from the

operators. See Appendix C5 for visual basic screens and program.

5.8. Mat Lab Model

A major consideration for the establishment of the model is the uncertainties of the
input data. Plant data would be based on operator inputs and hence are subjective. The plant
status may also change within a certain limit, hence this needs to be accommodated, within
the model. Section 5.7.1 of this study determined the mean difference between the model
and the database values as 2.9%, this can be considered to account for the variability. As an
illustration of the models response to input variability the Monte Carlo simulation is used.
For the purpose of the Monte Carlo the input variables were changed, randomly, within a

range from 0 to a maximum of 2.9% of its original value.

The variables that were considered for the uncertainties were:
e Temperature

e Acid concentration

e Contaminant

e Pickling time

e Inhibitor concentration

5.8.1. Temperature
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The temperature in the acid tank may vary due to various factors, among these
factors are the environmental temperature, topping up rate, heater control, production rate

and operation influences.

The tank temperature may increase or decrease based on the weather conditions,
wind factors and convective losses. This means that minor changes in temperature can be

encountered due to outside climate changes.

The acid tank is subjective to drag-out, drag-in and receives cold components from
the previous tank. This would have a significant effect on the temperature of the acid tank.

The acid tank may be heated after a weekend or night of non production.

The temperature in the acid tank is maintained by the use of electrical heaters.
These heaters are controlled based on a control loop. Variations in temperature would occur

depending on the ability of the control system to manage all the disturbances.
5.8.2. Concentration
The acid-cleaning model calculates the evolution of acid tank concentration. This
indicates a change in tank concentration depending on measurement and dosing. Other
factors such as drag-in and drag-out also influence the concentration in the acid tank.
5.8.3. Contaminant
The model indicates an evolution of contaminant in the acid tank. It is known that
the contaminant builds up in the acid tank over a period of time until it is unacceptably high

and has to be dumped. Metal pieces sometimes fall into the acid tank causing spikes in

concentration of contaminant.

5.8.4. Time
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Most plating plants work on a schedule system and this implies that operators/cranes
would not be able to remove a jig/barrel from a plating bath at the precise allocated time. This
may occur due to PLC schedules or due to operator availability to remove the barrel/jig from
the acid tank.

5.8.5. Surface area

The program assumes an initial surface area/jig and then depending on the iteration,
increases or decreases the surface area. The operator loading of the barrel/jig is also an
important factor to consider as components vary, and hence individual barrel surface areas

would change.

The Mat Lab program was developed for the acid-cleaning model. The Monte Carlo
technique can be applied to the Mat Lab program with variable changes of up to 2.9%. The
variable changes are obtained using Mat Lab random numbers.

5.8.6. Random numbers

The aim is to run the model to determine the surface area but to randomly change
input variables within the range described above. The “randn” function from Mat Lab
generates random numbers, which are normally distributed with a mean of zero and a

variance and standard deviation of one.

The initial estimate surface area/barrel is assumed. This initial estimate is used to
generate the metal depletion, which is then used in the acid equation to generate the acid
consumption/barrel. The consumption is calculated considering the number of barrels plated
/week and the total acid consumed is calculated. This is then compared to the operator dosed
acid and the surface area adjusted until they are equal i.e. as per Figure 5.5 but with random

variations in variables.

5.9. Mat Lab results
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Figure 5.6 is the results from the initial simulation. From the database, the actual
weekly surface area for the company under consideration is 141.8 m?. The results from Mat
Lab indicate that the mean surface area after 1000 runs is 137.2 m? with a standard deviation
of 2.3.

Figure 5.6: Mat Lab Monte Carlo results for surface area
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From the above it can be seen that the acid-cleaning model developed is able to
successfully predict the surface area plated at an electroplating facility with a high level of
accuracy. The model is able to accommodate plant/operational variations. The model
developed only requires basic operator inputs in order to complete the calculations for surface
area. The surface area predicted in this chapter would be used as the production rate for the

other models developed in this thesis.

As a comparison of relative accuracy, during the data collection phase of this study, it

was found that the surface area determined by different auditors were significantly different.
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The largest difference between the two auditors for surface area was 40% i.e. the second

auditor calculated the surface area to be 40% greater than the first.

With the current model it can be seen that the standard deviation is low(2.3%). The
model generates an error, which is lower than the previous methods of obtaining surface area.

Thus the current model can be considered to be more reliable for surface area prediction.
5.10. Model application for cleaner production savings

The model developed can determine the plant production. This production can be
used together with the acid-cleaning model, but with CP operations, to determine the
minimum acid usage at the facility under consideration. The difference between the
consumption indicated by the operator and the minimum consumption would be the potential

cleaner production saving.

For the acid system typical areas for improvements for cleaner production would
include; drag-out reduction, drip time improvements and premature dumping. The model can
be used with to determine the effect of extended drip times and drag-out. The model can also

determine the level of contamination, which aids in determining when disposal should occur.

As an illustration of a cleaner production acid system the above simulation is run but

with a drag-out of 0.16 Um?the weekly liquid dragged out reduces by 34 liters. With an acid

concentration of 100 g/ £ the plant acid consumption would reduces by 3.4kg/week.

The model is also able to predict the build up of iron in the acid tank. For the above

case the initial iron content of the acid is inputted as 1 g/ £. After running the acid tank for
one week the acid contamination was 1.444 g/ £. These statistics assists with the prediction

of disposal times for the acid.

5.11. Conclusion
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The chapter on the acid-cleaning model is critical to the development of the
comprehensive cleaner production tool. The usage of the outputs from the acid-cleaning
model dictates the integrity of the rest of the model. It can be clearly seen from the model
developed, that the acid-cleaning model is accurate when tested against database values. It
can thus be concluded that the acid-cleaning model developed is successful in predicting the
operations in the acid tank and more importantly, is able to predict the surface area passing

through a production facility.
The acid-cleaning model is one of the three process models proposed in this study.
The surface area determined in the acid-cleaning model would be used to determine the

other process chemical consumptions.

The degreaser model, which is proposed in the next chapter, uses the surface area

calculated by the acid-cleaning model.
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CHAPTER SIX

THE DEGREASER MODEL

Chapter six details the development of a degreaser model. The degreaser model focuses on
determining the concentrations of components of the degreaser with an aim of predicting
the instantaneous degreaser operation. The model was based on a factorial experimental
design, as detailed in section 6.5. Section 6.8 details the verification of the model using data
from the database of companies. Once verified, the model was used to predict ideal (cleaner
production) degreaser consumption. Thus by applying the model, for cleaner production,
the difference between current and the ideal can be calculated.

6.1. Introduction

The purpose of the degreaser tank is to remove oil from the surface of the metal to be
plated. The degreaser chemical is usually dumped when, oil/grease, contamination becomes too
high. Thus a degreaser model must predict the effectiveness of the degreaser solution based on

the variables affecting its operation.

The aim of this chapter is to generate a model to predict the operations of the degreaser
system. This includes chemical and contaminant concentrations, dumping times, drag out losses
etc. The degreaser system can be described as chemically complex and hence a factorial

experimental design was used for model development.

The model, once developed, was validated using actual plant data. This was done by
comparing the model output to values from the database of companies. The model, once proven
to be able to predict degreaser operation, can be used to generate the ideal degreaser chemical
consumption i.e. predicts cleaner production. The difference between current consumptions and

the cleaner production consumption can be described as the potential savings.
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Similar to the acid, the degreaser tank is subject to various variations. The variations in
operator and process input variables were accounted for using the Monte Carlo technique. This

simulation was conducted in Mat Lab.

6.2. Background

This chapter now focuses on model development to determine the ideal degreaser tank
chemical usage. This ideal consumption is based on cleaner production operating conditions, e.g.
reduced drag-out/drag-in, optimum temperatures and concentration control. The difference
between this ideal and actual plant chemical usage, as provided by the operator, is the potential

cleaner production saving.

The electro cleaner is used to clean the oil from the surface of the metal to be plated. The
oil has either been used as a corrosion prevention measure or has been left behind during the
manufacturing process. Qil is used as a cutting fluid. The dirt and grease, otherwise known as the
cutting lubricants results from machining, stamping, spinning, pressing or polishing." The cutting

lubricants can be further categorized into oils, emulsions and water based products.

Lubrication? is required during manufacturing to reduce excessive tool wear. Lubricants
used during manufacturing and for corrosion prevention has a direct bearing on the anti corrosion
effect of the metal®. The post-manufactured components are exposed to the elements for long
periods of time before they are surface treated. These surfaces are preserved using oil as a

temporary protective layer.

It is common for oil to be used for the purpose of corrosion inhibition as the oil has the
property of repelling water. Some oils have the added protection of corrosion resistant
additives.** Corrosion resistant coating are common in environments of high salts,** coastal
areas, high acid medium etc. Due to the variation in manufacturers, all corrosion-inhibiting oils

do not offer the same level of protection against rusting.®

The difficulty for surface treatment companies is the removal of the oil from the metal
surface. This process is called cleaning or electro cleaning depending on the process adopted. The
importance of perfect cleaning cannot be over emphasized, since effective plating occurs due to

efficient cleaning.
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The lubricating oils and cutting oils that are used can be one of many thousands available
from different manufacturers, each with their own unique properties. In order to determine the
electro cleaning chemistry a working understanding of these oils is required. The coatings used
are stated as being complex,’ ranging from an n-paraffin, iso-parrafin, aromatic or a mixture of

these structures. The molecular weight of these oils is varied.
6.3.  The model

It is usually impossible for the plater to determine the cutting fluid type used or the rust
preventative applied. This is due to the supply of pieces from various sources and the information
supplied to platers is limited.

It was considered beyond the scope of this study to account for all the different types of
oils used. For the purpose of this model it was assumed that an intermediate but representative oil

type was used. The model was developed based on this assumption.

Since most cutting and lubricating fluids are mineral oils®® with some additives it would

be ideal to use the mineral oil category for our reaction. The composition of the oil, from
literature was 2 €,,H,,.COO JC,H,

6.4.  Oil removal-Electro cleaning

The types of electro-cleaners available vary® but the essential compositions are the same.
The electro cleaner chemical is caustic based. The electro cleaner serves two functions i.e.
chemical and mechanical removal of the surface oil. The gas bubbles that are formed, see reaction

6.1, 6.2, achieve mechanical cleaning. In this chapter chemical cleaning is considered in detail.

The reaction is essentially the electrolysis of water into oxygen and hydrogen. The

reactions at the anode and cathode are:°

Cathode reaction

4H,0+4e” — 40H +2H, (6.1)
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Anode reaction
40H™ - 2H,0+0, +4e” (6.2)

From Equation 6.1 and 6.2 it can be seen that a large amount of oxygen and hydrogen gas
evolved at the anode and cathode. This results in the lifting of the oil/ dirt from the surface of the
piece being electro cleaned.

From Equation 6.1 and 6.2 it can be seen that the electrolysis reaction has no impact on
the hydroxide ion concentration in the bath. The net result of reactions 6.1 and 6.2 is the depletion
of water. Hence for the purpose of degreaser depletion, with regards to electrolysis, the degreaser

caustic concentration is unaffected by the electrolysis reaction.

The main reaction for consumption of the degreaser caustic is the emulsification reaction:

C,H,COO ,CH, + 3NaOH,, —>3C,H,CO0 Na*+C,H,(OH),+ H,,

(aq)
(6.3)
Since the reaction requires 3 OH™ ** molecules per single molecule, the ratio of oil

removal to caustic consumption can be represented as.

A + 3B —3C

Where:
A=0il

B = Caustic

This ratio was used for the purpose of calculations of consumption of degreaser

chemicals i.e. caustic strength.
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6.5. Experimental

The reactions above had to be considered in order to determine the operation of the
electro cleaner. The model had to be developed, with due regard for all variables that would
potentially effect the reactions. As for the acid model, the fractional factorial method, see
Appendix D1, was used to determine the combined impact of all the variables on the reaction.
The justifications for the variables investigated were:

6.5.1. Temperature

The saponification reaction is a chemical reaction and most chemical reactions depend on
temperature. Most electro cleaning baths operate at elevated temperatures i.e. 65-85 degrees
Celsius'***** however some operate at room temperature.’*** The aim of the higher temperatures
is to aid in the reaction and also to ensure a more stable emulsion.”>® The fumes from the tanks
are not a major issue as there are extractor systems to remove fumes. The evaporative losses of
the liquid is made up as required. The operating ranges for the purpose of experiments were

ambient to 65 degrees Celsius.

6.5.2. Qil content

From the above discussion it is obvious that the oil is the contaminant in the system. The
degreaser contains chemical agents designed to ensure emulsification of this oil. As the oil
concentration in the degreaser solution increases, the oil breaks out of solution resulting in an oil
layer forming on the surface of the degreasing tank. This creates an operation problem i.e.
although the parts are electro cleaned, in the bath, the oil attaches itself to the metal surface as it
is withdrawn from the bath. Thus the oil concentration has to be considered for the purpose of

experimentation on degreaser efficiency.
6.5.3. Current/voltage
The recommended amperage is 5-10 amps / square decimeter.’®®® This by definition

implies a dependency on surface area. It is known that the current is not adjusted for each jig

although each jig may contain a different arrangement of pieces and hence a different surface



6-6

area. This results in a varied current density. For the purpose of this model the current density

was used as a variable due to the wide variation existing in industrial applications.

6.5.4. Time

As per Equation 6.1 and 6.2, it can be seen that a longer time in the bath would ensure
more time for scrubbing of the metal surface by the gas evolved at the anode and cathode. The
time spent in the electro cleaning tank can be between 1-5 minutes,'®** depending on the dirtiness
of the parts. For the purpose of experimentation the shortest submerged time was 1 minute and
the longest was 5 minutes.

6.5.5. Caustic concentration

Another major variable in chemical reactions is the chemical concentration. Since the
caustic is the key chemical under consideration its concentration needs to be a variable. It is a
well known fact that the degree of cleaning required determines the concentration of chemicals to

be used. From company audits conducted for the database typical ranges are from 60 g/ £ to

120 g/ £ **** This would be used for the experiments.

6.6. Experimentation

The above variables were used in the fractional factorial experimental protocol and
experiments were carried out on the pilot plant in the laboratory. See Appendix D1 for factorial

design for the degreaser experiments.

The greatest difficulty associated with the degreaser experiment was the determination of
the exact amount of oil removed. The degreaser trials were conducted by artificially coating the
metal surface with oil and then submerging the metal into the degreaser solution. Since the plates
used for the experiments were of the same dimensions, it was assumed that the amount of oil
deposited onto the plate had to be consistent. Due to this the experiments for the oil deposition
onto the metal surface was carried out under very controlled conditions. The mass difference
before and after was used to determine the oil removal efficiency. See Appendix D2 for detailed

experimental procedure.
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6.7. Experimental Results.
The amount of oil deposited and removed was monitored using quality control charts.
This was to ensure experimental accuracy. The upper and lower limits for these charts were
determined by using three standard deviations. See Appendix D3 for equation and control charts

for all degreaser experiments. A typical run result is illustrated in Figure 6.1

Figure 6.1: Experimental control for oil deposition

Oil Deposition Experiment
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Grams of oil onto metal

The results for experiment 4, 6 and 9 fell out of the upper and lower control limit and
were repeated. The results that fell within the band of three standard deviations were used as

representing the results for that particular trial.

The oil removal results were also analyzed using quality charts with three standard

deviations. Table 6.1 is a summary of results for experiment 1.
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Table 6.1: Typical values for experimental results

Trial No. |Mass Qil (grams) Qil degreased
Metal Deposited (grams)

1 23.6324 0.3147 0.2066
2 24.1723 0.3224 0.0081
3 24.0249 0.4233 0.2453
4 23.7419 0.2239 0.0879
5 24.5405 0.3664 0.2067
6 23.41113 0.254 0.1272
7 24.0862 0.3993 0.2924
8 24.3131 0.5032 0.0879
9 23.4855 0.6707 0.5934
10 23.5416 0.4445 0.4376
11 24.1435 0.3128 0.0091
12 24.5139 0.3942 0.3935

UCL=0.505 UCL=0.396

LCL=0.267 LCL=0.039
Mean 0.386 0.217
Range 0.445 0.672

Figure 6.2 illustrates the amount of oil removed from the individual test pieces during the

electro-cleaning experiment.

falling out of the control limits.

Test piece 2,4,6,8,9 and 10 were excluded due to these results

Figure 6.2: Representation of the results from table 6.1 in the form of graphs
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The results for the sixteen runs were entered into an excel spreadsheet; see Appendix D4
for detailed spreadsheet calculations. The factorial model equation was determined from the
spreadsheet calculations. The results generate a linear model with 16 variables. The model was
further refined by extracting only the significant variables. This was done using an analysis of
variance at a 95 % confidence. The final equation representing the amount of oil removal is

illustrated as Equation 6.4. It can be seen that the equation is dependent on all input variables.

O, =S, *(182.457—- (5.1612*CC[,)iI ) - (10‘818*00Dil ) —(24.505*t D) +10.7581* (C(';’iI *T D)
—(8.7055* 00 *T °) +7.60675* (C3, * A, ) +29.5501* (O * A,,) —8.1726*(T° * A,,)

(6.4)
Where:
Or=0il removal(g)

CJ, = Concentration of degreaser(g/ £)
0? = Concentration of oil in solution(g/ £)

T ° =Degreaser temperature (°C)
A, =Power into bath(Amps)

t° =Time in bath(s)

The model results were compared to the experimental results to determine whether the

model is representative. The result is illustrated in table 6.2 and in Figure 6.3.
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Table 6.2: A summary of experimental conditions and the results

Trial Experimental Model outputs Differnence
Number Results
1 205.00 192.07 6.31
2 210.00 203.97 2.87
3 194.69 21451 -10.18
4 87.81 86.06 2.00
5 253.45 247.47 2.36
6 216.60 204.21 5.72
7 212.00 194.67 8.18
8 156.80 161.54 -3.02
9 198.59 199.95 -0.68
10 132.83 156.26 -17.64
11 202.96 209.26 -3.10
12 242.53 242.42 0.04
13 128.80 124.47 3.37
14 202.00 176.10 12.82
15 196.90 209.02 -6.15
16 168.00 187.02 -11.32

Figure 6.3: Graph of comparative results model vs experimental
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From Figure 6.3 it can be seen that the experimental and model results are similar.
From Table 6.2 it is noted that the difference between the model and experimental ranges

from 0 to 18 % with a mean difference of 5.9%.
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6.8. Modeling the degreaser system

The degreaser system consists of a degreasing tank and one/two or three rinse tanks.
Close circuiting the degreaser solution cannot be achieved due to accumulation of oils during the

degreasing process. This implies that the degreaser consumption is only dependent on the
degreaser tank operation.

The model requires operator input on degreaser tank concentration, tank volume and
degreasing time. The model obtains the production in square meters and number of barrels/jigs
per week from the acid model. The calculation for the degreaser system can be summarized as:

Equation 6.4 generates the mass of oil removed/ barrel. This is used together with
Equation 6.3 to determine the amount of degreaser used in the reaction. Starting with a newly

made up degreaser solution, the amount of degreaser depleted as a result of the first jig/barrel is
calculated as:

Coi' =Coi’ —Con (6.5)

Where:

C>P = Initial degreaser concentration (g/ £)
Cor = Degreaser reacted (g/ £)

Coi= New degreaser concentration (g/ £)

The jig/barrel is then removed from the bath. The drag-out of degreaser and oil
contaminant is calculated based on the volume dragged-out.

CoDit,2 = CODifl - Do *Cot’i}l (6.6)
Where:

Do=Drag-out(l)

C o2 = Degreaser concentration after drag-out(g/ £)
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The increase in oil concentration in the degreaser (used to calculate degreaser usable
life) is calculated from Equation 6.4. The state of the degreaser solution after the jig/barrel is

removed is thus determined.

Ct=Cl+Cr (6.7)
Where:

C3°= Initial oil Concentration in degreaser (g/ £)
CCD "= Oil added to solution from metal surface (g)

C2*= New oil concentration in degreaser (g/ ¢)

Thus the condition after a single jig/barrel has passed through the degreaser tank is
determined. These include the new concentration of degreaser, the concentration of oil
(contaminant) and the amount of liquid dragged out. The new condition for the degreaser
solution is substituted into Equation 6.4 to determine the condition of the degreaser after the

second jig/barrel. This is continued for the stipulated period.

In order to determine the degreaser consumption, the model has to be applied to specific
plant conditions. The model has to account for all the variables influencing the degreaser

consumption.
6.8.1. Model comparison with database

In order to test the model output, the required data from the database of companies were
extracted and used as model inputs. The individual company data was inputted into the model as
described in section 6.8 above. The model was used to determine the degreaser consumption, for
the plant under consideration, for a period of one year. This was done in order to compare the

consumptions with the yearly consumption of the database.

This calculation was initially done using excel. The results indicate that the model is able
to predict the degreaser consumption provided the surface area(Acid model), tank size, dumping
rate, tank concentration(Operator inputs), etc is known. These are considered to be available user

inputs obtained from the plant operator.
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The excel equivalent was programmed in Mat Lab, see Appendix D5, and the excel sheet
was used to confirm the results, see Table 6.3. The model is able to successfully predict the
degreaser usage and consumption based on the above inputs. It is able to calculate degreaser
consumption based on very basic operator inputs. This implies that the model does not require

detailed chemical consumptions of the degreaser.

Table 6.3: Comparison of model to database outputs

Company Tank Degreaser Model Percentage
Size Database D(Z;:E;:er Error
Anteos 480 275 273 1
Euro 500 300 319 6
Gedore 2000 2200 2200 0
Fed Mougal 670 127 127 0
African 1 14000 2674 2900 8
African 2 3000 2900 2674 8
Fascor 1 1700 6772 7000 3
Fascor 2 1000 2000 1640 18
Transwerk 300 2800 2768 1
Defy 1 9200 12966 12703 2
Abberdare 600 7500 7061 6
Mps 1000 2492 2418 3
Pinetown 3000 500 573 15
Defy 2 2000 3000 3359 12
Natal 1000 150 189 26

The degreaser model was applied to the companies audited for the database. Only sixteen
company data could be used as only these companies used an electro cleaner. The other
companies used a non-electrolytic cleaner. From Table 6.3 it can be seen that the degreaser model
is able to predict the actual degreaser consumption based on plant operations. However, there are
exceptions. Fascor nickel has an 18 % error, the model underestimating the usage of degreaser.

This is due to the use of the nickel line degreaser for the brass line cleaning. Pinetown
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electroplaters also have a large deviation from the model. If the data for Pinetown electroplaters is
scrutinized it can be seen that the acid model also generated a large error. It can be concluded that
the data obtained from Pinetown was not as accurate as desired. The same justification can be
used for the error on the Defy plant results. The results from Natal electroplaters indicated the
highest error. This can be due to the usage of the degreaser for more than one electro cleaning
line, as in Fascor. The mean difference between the model and the database values is 6.8%.This
would be used in the Monte Carlo simulation to account for the deviations.

The overall fit of the model seems sufficient to accept it as reasonable, since the standard

error is seven percent.

6.9. Mat Lab Modeling

From the comparative results detailed above it can be seen that there exist differences
between the model and the database values. A major consideration for the establishment of the
model is the range of uncertainties of the input data. This is due to inaccuracy in data collection.
The operator may not accurately know the data or the values provided may not be precise. The
model is now subjected to variations up to a maximum of 6.8 %(Obtained from mean error in

table 6.3) of input values. This input variation is done using the Monte Carlo technique.

The input variables that were considered to contain uncertainties were, temperature,

time, contaminant content and caustic concentration.

6.9.1. Temperature

The temperature in the degreaser tank may vary due to various factors; among these
factors are the environment temperature, power to the bath (based on jig load), topping up rate,

heater control, production rate and operational influences.

The tank temperature may increase or degrease based on the weather conditions, wind
factors and convective losses. This means that minor changes in temperature can be encountered

due to outside climate changes.
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The degreaser tank is subjective to dragout, dragin and receives cold components, as it
is usually the first tank in the process sequence. This temperature shock would have a
significant effect on the temperature of the degreaser tank. The degreaser tank may be heated

after a weekend or night of no production.

The degreaser tank temperature is maintained by the use of electrical heaters. These
heaters are controlled based on a control loop. Variations in temperature would occur depending
on the ability of the control system to manage all the disturbances.

6.9.2. Concentration

The degreaser model calculates the evolution of degreaser tank concentration. This
indicates a change in tank concentration depending on measurement and dosing. Other factors
such as dragin and dragout also influence the concentration in the degreaser tank.

6.9.3. Contaminant-oil

The model indicates an evolution of contaminant in the degreaser tank. The oil from the
metal is the main contaminant in the degreaser tank. The oil content changes, based on various

variables including; drag-out losses, temperature, tank top up and plant operations.

6.9.4. Time

Most plating plants work on a schedule system and this implies that operators/cranes
would not be able to remove a jig/barrel from a plating bath at the precise allocated time. This
would be due to crane and operator production constraints. There would be variations

depending on operator timing/jig scheduling.
6.9.5. Surface area
The operator loading of the barrel/jig is also an important factor to consider as

components vary and hence individual barrel/jig surface areas would change. This occurs due to

variations in components being plated and jig limitations.
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6.9.6. Mat Lab Program

The Mat Lab program developed is run with the variable changes described in section
6.9 above. Random numbers are generated for each run. Figure 6.4 illustrates the model run 1000

times with random changes in variables to a maximum of 6.8%

Figure 6.4: Mat Lab results for a typical electroplating company
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The Mat Lab simulation was used to test the output from Pinetown electroplaters. The
mean output from the Mat Lab Monte Carlo simulation is 79.766 g/ £ as the final degreaser
concentration after running for one week. The actual calculated value without the variable
changes was 79.7736 g/ £. This is an error of 3.36% for the degreaser consumption. The Mat Lab

model has a variance of 0.0162. Thus the model can be seen to be successful, even with data

variations, in predicting the degreaser consumption at an electroplating facility.
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6.10. Model application for cleaner production

It can be stated that the model developed has been validated and can be used for any
degreaser application. This includes using the model to predict the ideal chemical consumption
i.e. chemical consumption under cleaner production operations. The cleaner production degreaser
system would include a two-stage rinse system. Ideal/cleaner production considerations for the
degreaser system include:

e Optimum temperature

e  Optimum chemical composition
¢ Reduced contamination (Qil)

¢ Reduced drag out

e  Optimize rinse water flow rates
e Reduced drag-in

e Avoiding spills

e  Optimum dumping of tank

For the purpose of setting up the ideal model the rest of the input data, as provided by the

operator, would be unchanged i.e. the surface area, chemical concentration, temperature etc.

The cleaner production model outputs include:

¢ Individual degreaser chemical consumptions
e Contaminant concentration
o Degreaser liquid(tank) volume

e Instantaneous degreaser efficiency based on chemical and contaminant concentration

The degreaser model is thus able to assist with providing the company with an ideal
theoretical degreaser consumption based on cleaner production operations. The difference
between the actual operator dosing and the ideal consumption would be the potential cleaner

production saving achievable by the company.
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The model has to be also compared to the Flemming model in terms of inputs and
outputs. To prevent repetition this is presented together with the acid and zinc systems in the case

study in Chapter Eight.

6.11. Conclusion

The aim of developing a degreaser model was to predict the ideal degreaser consumption
at any electroplating facility using basic operator level inputs. The inputs required for this
calculation is simply the average weekly dosing and dumping of the degreaser, degreasing time
and the degreaser concentration. Other information that is required for the model is obtained from
the fuzzy logic section of this study.

The multiple benefits of the model include:

e The model requires weekly top up masses of degreaser and basic data to determine
plant degreaser consumption

e The model outputs the chemical and contaminant concentration at any given time.
From this the current tank operations and the ideal degreaser dosage can be
determined and maintained to ensure optimum operations

e The model can be used to determine the ideal (degreasers dumped when oil content is
excessive) degreaser consumption, which would be used for cleaner production

evaluations.

The model is applied in Chapter 8 of this thesis where a comparative case study is

conducted.

The model developed has been validated using existing plant data. The uncertainties in
the model have been accounted for using the Mat Lab simulations. The model is able to

successfully determine the degreaser chemical consumption.

The next process in the plating line is the zinc plating tank system. The zinc plating

process is modeled in the next chapter as an illustration of a typical plating process.
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CHAPTER SEVEN

THE ZINC MODEL

Chapter seven details the development of the zinc plating model. Similar to the acid and
degreaser model the zinc model is based on a factorial design. The background
chemistry of the plating model is detailed in section 7.3.1. The zinc model is developed
with considerations for closed circuit operations, section 7.4. The experimental methods
and model development is detailed in sections 7.6 to 7.8. The final Mat Lab simulation

and database comparison is detailed in section 7.10.

7.1. Introduction

Once the metal surface has been degreased and acid cleaned, the metal is ready to be
electroplated. Electroplating is a process whereby a single metal or a multi-metal layer is
deposited onto the base metal surface. Deposition metals include nickel, tin, copper, chrome
etc. Each metal plating system can operate under a variety of operating conditions, e.g.
acid/alkali, cyanide/non cyanide based. Development of comprehensive models for all these
systems was considered to be beyond the scope of this study. This study aims to illustrate the
principles of modeling for cleaner production using a single plating type. This chapter
discusses the development of the alkali zinc-plating model. The principles used to develop

the zinc model can be applied to any of the various plating systems available.

The model proposed in this chapter is used to determine the zinc plating tank’s
instantaneous individual chemical consumption. The aim is to develop a model that can be
used to determine the ideal operations of the zinc plating tank i.e. under cleaner production
conditions. This includes the use of minimum drip times, optimum chemical concentrations,

three-stage counter current rinsing etc. Thus the model would generate the minimum
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chemical and water consumption. The actual consumption, as provided by the operator, can

be compared to the model output to generate a potential cleaner production saving.

The chapter begins with an introduction to the alkali zinc plating process together
with the reactions and mass balance equations. These equations are manipulated to complete
the material balances across an entire zinc plating system and is then used as a basis for the
model developed.

The model was developed from laboratory investigations. Factorial experimental
protocol was used to establish the baseline model. This model was then further developed
into a full plating model, which considered all the disturbances to the alkali zinc-plating tank.
The model was applied to various cases.

The main aim of the model is to accurately predict, the chemical consumption, using
operator level inputs. The effect of uncertainties in the model and inputs were estimated using

Monte Carlo simulation.

7.2. Background-Zinc plating

Virtually all-manufacturing processes of metal products involve electroplating to
preserve the base metal from environmental effects. There are over 500 electroplating plants
in South Africa and in more established countries like the United States up to 8000
electroplating companies. These companies provide numerous types of plated parts to the
electronics, automotive, aerospace, and other manufacturing industries.” 2 These plants have
been generating huge amounts of metal waste in the forms of wastewater, sludge, and spent
solutions.®** The waste usually contains over 100 chemicals, metal, and non-metal
contaminants.> © A continuous generation of these wastes has led the industry to be the

second most regulated one in the USA.”®?

An electroplating line consists of different sections including; cleaning, rinsing, and
the core operation, electroplating. In the electroplating tank, the metal is electrochemically

deposited onto the surface of work pieces. The work pieces, which are either loaded in
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barrels or on racks, are immersed in the electrolyte solution. The metal deposition thickness
is used as a key indicator of plating quality. The metal deposition is largely determined by the
electrolyte composition, current density, and plating time.'®** It is known that the work piece
rejection rate due to coating thickness problems is frequently above 5%. The re-work of the
rejected work pieces may involve costly stripping and re-plating. In addition to the quality

issue, plating solution losses during operation is a very serious problem.

Industrial practice has shown that the loss through drag-out is commonly as high as
30% of overall chemical consumption.* In a case study on an acid zinc plating line with the
production rate of 11 barrels per hour (100 kilograms of work pieces per barrel), the solution
loss was about 400 000 liters per year, on a basis of 300 production days per year.*® The lost
solutions usually enter wastewater streams from relevant rinse units. The plating solution
contains a number of valuable chemicals and metals, and the treatment of the wastewater
stream containing those chemicals and metals is always very expensive. Thus, the prevention

of solution loss into wastewater is of great economic and environmental significance.™*™*°

The reduction of chemical/metal loss through drag-out from plating units has drawn
great attention over the past two decades.?'’ Various drag-out reduction approaches have
been practiced in plants, such as the use of a longer drainage time, a higher solution
temperature, a lower surface tension, and an improvement of barrel design.®*?> However, the
exact relationships of these parameters with plating quality and solution reduction are

unknown.*®%°

In addition to drag-out reduction, a reversed-drag-out technique was
introduced a decade ago.”? By this technique, the rinse unit, a series of low flow rinses is
located immediately after the plating step. In operation, a barrel or rack of work pieces is
rinsed in the low flow rinses immediately after plating. The solution-containing rinse water
in the unit is then periodically pumped back to the plating unit. There are various technical
difficulties yet to overcome, which are related to the effectiveness of solution loss reduction
and the assurance of plating quality. As such, this technique has not been well adopted in
plants.?® If this method is adopted it would lead to zero or near zero losses of plating
chemicals. This system was chosen as the ideal cleaner production option as it entailed close
circuiting of the plating tank. This low flow rinse system results in zero waste. The low flow

system is compared to the inputs obtained from the operator.
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This chapter now presents a detailed model for predicting the cleaner production
chemical consumption of a zinc plating process. This model consumption when compared to
the current consumption would indicate the potential cleaner production savings. The current
consumption is obtained from the weekly dosing by the operator. The model was designed for
closed circuit operation i.e. where none of the chemicals from the plating tank are lost to the
waste water system. The system is based on the chemistry of the plating process under
consideration. The concentration of the post plating low flow rinses are integrated into the

model.
7.3. Model development
7.3.1. Alkali Zinc plating chemistry

The zinc plating process is a typical electroplating system i.e. anode and cathode. The
anode is pure zinc whilst the cathode is the metal component to be coated. The electrolyte
consists of zinc metal in a caustic solution. The solution contains many supplier specific
components such as brighteners etc. These components enhance the cosmetics of the final

product.

22-25

The zinc plating tank reactions=* can be separated into anode and cathode reactions.

Reactions are complex but the main reactions can be represented as:

Anode reaction:

Zn+40H " — Zn(OH); + 2e” (7.1)
1 .
20H —>EO2 +H,0+ 2e (7.2)

Cathode reactions:

Zn(OH); +2e” —>Zn +40H ~ (7.3)
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2H,0+2e” —>H, + 20H - (7.4)

It can be seen from the cathode and anode reactions (Equations 7.1-7.4) that there is
dissolution of zinc at the anode and a deposition of zinc at the cathode. There is also an
evolution of oxygen at the anode together with an evolution of hydrogen at the cathode. From
the four reactions it can be seen that there is a net depletion of water. These equations can be
used to determine the mass balance for the plating tank.

7.3.2. The mass balance in the plating tank

The change in concentration of zinc metal in the plating tank is dependent on the rate
of dissolution at the anode and the rate of deposition at the cathode. The rate of deposition is
dependent on various influences on the system. Chemical composition and temperature are
the two main variables influencing anode dissolution and cathode deposition. The impact on
each component has to be investigated. The impact of interaction of the different components

is also essential.

The rate of change of dissolved zinc metal in solution can be related to the cathode
and anode efficiency® i.e. R; and R,. The net change in dissolved zinc in the plating tank can

be represented by:

dC RZn _RZn
V, —2e & e (7.5)
dQ 2F

where:

V,=Volume of plating tank (L)
R.=Cathode efficiency
R,=Anode efficiency
F=Current(Faradays)

Czs=Zinc concentration in plating tank(g/ £)
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From the anode and cathode reactions (Eq 7.1-7.4) above it can be seen that the
caustic is also consumed during the reaction. The rate of change of caustic is directly related

to the anode and cathode efficiency since it can be considered to be the main side reaction.

dCou, —2RZ" —(100—RZ") +(100— RZ") + 2R

Y%
P dQ F

(7.6)

Con=Caustic concentration in plating tank(g/ ¢)

For the plating tank it can be assumed that the current supplied remains constant and

that the charge is dependent on the plating time, so:
dQ =Q dt
Where Q is the current

Substituting and simplifying Equation 7.5 and 7.6 we get:

dC,, (R -R7)*Q
dt  2F*V,

(7.7)

dC NN piyx
OHp —_ (Ra Rc ) Q (78)
dt F*V,

Equation 7.7 & 7.8 can be used to determine the two key chemical changes in a zinc-
plating tank during zinc electroplating.
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7.4. Closed circuit operation

This section on closed circuiting is not essential for the basic plating model. Closed
circuit operation, of the plating tank, is essential for cleaner production. Since this model is to

be applied for CP predictions, closed circuit operations are detailed.

The zinc-electroplating tank if operated on its own would result in a low efficiency
due to the high rate of chemical dragout. The losses due to dragout can be as high as 30% of
the chemical consumption.”” The chemicals dragged out also have be treated at the
wastewater treatment facility. This requires additional treatment equipment, treatment
chemicals and labour. This is an unnecessary cost to the company. Further to this cost, the
rinse water consumption is high. The problem can be solved by creating a closed loop
system.?®  This ensures minimal metal losses and very low water consumption. There is
almost zero metal discharge to the waste water treatment plant.***! The proposed three-stage

counter current rinse system is illustrated in Figure 7.1

Figure 7.1. lllustration of closed circuit operations
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With this system the barrels are first dipped into rinse one as a pre-dip and then into
the zinc tank. After plating the barrels are then rinsed in rinse 1,2 and3. The evaporative

losses from the zinc tank are made up by de-ionized water in the last rinse tank. This volume
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of water is pumped through to the zinc tank via the second and first rinse tanks. De-ionized

water is used to avoid accumulation of salts from municipal water.

With the plating and cleaning system as illustrated in Figure 7.1 the plating tank
concentration is subject to a variety of external disturbances. For simplification the process
can be separated into two sub-processes: the plating process (phase 1) and rinsing (phase
two). Phase two includes the drag-out time and the time between plating.

Considering phase 1; The net change in concentration in the plating tank is as a
result of the plating process plus the recovery from rinse tank 1.

Hence the equations for the zinc and caustic have to be modified

dC,. (R™ -R™)*Q RM=*CH}
= +
dt 100* 2F *V, V,

(7.9)

R™=Recovery of rinse water (L)

C,,*=Concentration of zinc in rinse 1

The change in concentration is in moles /liter. Recovery rate is in liters and

concentration is in moles/liter.

dC n _ pnyx Rl % ~R1
OHp - (Ra RC ) Q + R COH (710)
dt 100%F *V, v,

Equation 7.9 and 7.10 are used to predict the rate of change of the two major

chemicals in the zinc-plating tank during phase one of the process.

From Equation 7.9 and 7.10 it can be seen that the concentration of chemicals in the
first rinse tank are required in order to complete the model. Flemming® used a basic mass
balance model to determine the concentrations in the rinse tanks based on dragout,

concentrations in the plating tank and evaporation rates.



7-9
In order to complete the mass balance as the process proceeds the concentration of

the individual chemicals in the rinse tanks needs to be determined. C** to C™ represents the

zinc concentration in the three tanks.

dCiRl R(CiRl _CiRZ)

= (7.11)
dt Ve,
R2 R2 _ ~R3
dt Ve,
R3 R3
¢~ __RET) (7.13)

dt Ves

Where i represents the individual chemical species and R is the rinse water recovery
rate.
Expanding the equations to include counter current rinses as in Figure 7.1.

dC,,  (RY-RM™*Q N RRE*CH N Dr*C; Drf*Cg

dt 100*2F *V, V, V, V,
(7.14)
Dr= Drag-out(L)
Similar equations can be established for the other components.
dC® _R(C¥-C®) Dr*C™ N Dr*C”
dt VRl VRl VRl
(7.15)
Where:

Ci = Concentration of component i
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Equation 7.15 represents the material balance for component i in the first rinse tank.
Similar equations were established for each component of each rinse tank. These were used to

predict the evolution of concentration in each tank over time.

According to Wery® the anode efficiency is related to the cathode efficiency and the

zinc concentration. This can be simplified to:
Rf” = RCZ“ +2-8*Can (7.16)

From the equations above the instantaneous change throughout the system can be
determined. The only unknown variables in the above equation are the cathode and anode

efficiencies. In order to complete the model the cathode and anode efficiencies are required.
7.5.  The determination of the cathode and anode efficiencies
Wery et al® developed a model for the prediction of cathode efficiency based on the
impact of the five main chemicals in an alkali zinc solution. The chemicals that were

considered by Wery together with their concentrations are illustrated in Table 7.1.

Table 7.1: Table of variable limits for the zinc experiment, Wery et al®

Zinc/ Sodium hydroxide- | Sodium Leveling Brightening
mol/ | mol/ | carbonate: agent: ml/ | agent: ml/ |
mol/ |
Factor for X3 X, X3 X4 Xs
model equation
Lower level 0.15 25 0 10 0.5
Optimum 0.21 3.25 0.28 20 1
High level 0.27 4 0.57 30 15
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For the alkali zinc plating process, the plating temperature™ has a substantial effect
on the plating efficiency; hence the investigating variables were modified. In Table 7.2 the

leveling agent was replaced with temperature. The temperature range used was 22-32 degrees

Celsius.

Table 7.2: Table of variable limits for the zinc experiment, Actual

Min Max Optimum
Zinc(Moles/l) 0.15 0.27 0.21
Sodium carbonate (Moles/l) 0 0.65 0.32
NaOH (Moles/I) 2.5 4 3.25
Brightener 10 mi/l 20 ml/l 15 ml/i
Temp (°C) 22 28 34

The above variables were investigated using the fractional factorial method. The
method proposes that the maximum and minimum limits of the variables being investigated
be investigated in a specified sequence. The detailed experimental methodology” is contained
in Appendix E1.

According to the factorial table for the zinc experiments attached in Appendix E1,
there were 16 trials with the upper variable limit indicated as a 1 and the lower limit indicated

as a —1. The five variables used for the investigation were:

o Zinc concentration

o Caustic concentration

o Sodium carbonate concentration
o Brightener concentration

. Temperature

7.6. Experimental

A plating line was constructed with a degreasing, acid cleaning and a plating section,

see Chapter 5. The plating was conducted in a 1kg barrel. Samples of flat steel buttons were
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obtained from a local manufacturer. The surface area was determined by sampling and
measurement™®. Degreasing, acid cleaning and plating chemicals were obtained from
Chemserve systems, a local supplier of plating chemicals. The basic plating system is
illustrated in Figure 7.2.

Figure 7.2: Plating tank and barrel

I 1
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] Zn(OH), OH L Barrel
Zinc anode Nat CO.2 - Parts
Level agent «——+F— Electrolyte
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7.6.1. Experimental methodology

The plating tank chemicals were made up as per Table 7.2. The plating tank was a
400mm*400mm polypropylene tank. The tank was equipped with a heater and a cooling
system for temperature regulation. The plating barrel was a polypropylene barrel with double
electrical contactors, for current flow to the barrel. The barrel has a single dangler, which
makes electrical contact with the components in the barrel. The barrel was 300mm long and
120mm across the hexagonal. Local chemical supplier make-up specifications® were used.
The local supplier combined the brightener and leveling agent so for this study this was
referred to as the brightener. One kilogram of steel buttons was weighed, degreased and put
into the acid strike. The buttons were then removed, dried with an air drier and accurately
weighed. The weighing was carried out on a laboratory balance with a five-digit accuracy.
The buttons were then placed into the barrel, degreased and acid cleaned. The barrel was then

rinsed and dipped into a caustic pre-dip.
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Thereafter the barrel was placed in the electroplating tank. The current and voltage
was set and measured with a multi-meter. The anode was only placed into the plating tank
just before switching on the current to minimize dissolution of the anode. The anode was
cleaned in caustic before every trial, this was to ensure that the anode surface was kept
consistently clean. The anode was cleaned and weighed between each trial. The temperature,
voltage and current were recorded every five minutes during the sixty-minute time interval.
Once the trial was completed, the metal buttons were removed from the plating tank, rinsed
and taken out of the barrel. A magnet was used to remove the metal buttons so as to minimize
the potential errors that could occur if the buttons were left in the barrel. The buttons were
cleaned and dried and then re-weighed. The net increase in weight was used as an indication
of cathode efficiency.

7.7. Experimental Results

The results from the factorial experiments were used in the factorial calculations, see
Appendix E, for detailed factorial calculations. The factorial method manipulates the
experimental results and a model representing the cathode efficiency is generated. The

factorial results are illustrated in Table 7.3.

Table 7.3 also details a comparison between outputs from the experimental results
and factorial model. Factorial manipulation results in a model that includes all variables and
their interactive effects. The significant effects were obtained by conducting an analysis of
variance similar to the acid and degreaser model. The significant variables and their effects is

illustrated as Equation 7.17.

Table 7.3: Comparative results, model and experimentation zinc mass plated

Trial Number Experimental results Model output Deviation
(9) (0) Percentage
1 51.3 50.8 11
2 144 19.7 -36.6
3 194 20.4 -5.2
4 58.1 53.8 7.4
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5 14.8 10.1 31.9
6 46.8 46.2 1.3
7 14.2 17.5 -23.1
8 71.2 70.9 0.5
9 56.4 58.3 -3.3
10 194 15.9 17.9
11 31.9 24.2 24.3
12 48.2 46.3 4.0
13 38.1 40.9 -7.4
14 48.2 47.4 1.7
15 13.2 16.3 -23.3
16 32.8 33.15 0.35
Standard deviation 18.1

R, =81.15 +6.36250. C§, +10.2125 CE *Cf, ., +86*CE *CE, -59*TE*CE. . -51125 *CE
- 4475 *CE, o, *TE
(7.17)

Cr:  Zinc concentration (mol/ £)

Cg, : Caustic concentration(mol/ £)

TE: Temperature of Zinc tank(Degrees Celsius)
Carigne - Brightener concentration(mi/I)

C 00, -Sodium carbonate concentration (mol/ £)

The equation representing the significant variables, Equation 7.17, is to be used for
the purpose of modeling. The factorial model outputs indicates that the zinc and caustic
concentration together with the temperature are the most significant variables. The correlation
between the outputs of Equation 7.17 and the experimental results are illustrated in Figure
7.3.
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Figure 7.3: Comparative graph of model vs experimental results
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Equation 7.17 would now be used for further model development based on the closed

circuit system.

7.8. Zinc Model Development

The holistic zinc model is merely a combination of the factorial model and the mass
balance, across the zinc plating system. This includes closed circuit operation. The model
developed would successfully predict chemical consumption at an electroplating facility,
including ideal consumption. The difference between the ideal and current consumption can
be used, as an indication of potential savings. For the purpose of illustration the ideal model

would be detailed i.e. the cleaner production system with a three stage counter current rinse.

The mass balance equations, Equations 7.5-7.15, together with the factorial equation,
Equation 7.17, were wused to model the operations of the plating tank.

The model layout is detailed in Figure 7.4.
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Figure 7.4. Flow sheet illustrating zinc model calculations
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The Mat Lab, see Appendix E2, results for the anode and cathode efficiency of the
zinc tank is illustrated in Figure 7.5A. The simulation run is based on the flow sheet

described above. The simulation represents a plant running 150 barrels/week with a plating

time of 50 minutes/barrel. The drag out is inputted as 0.16 £/m? with a recovery rate of 0.2

dmin.

From Figure 7.5A, it can be seen that the cathode and anode efficiency initially

increases; this can be attributed to the increase in zinc metal concentration. This illustrates




7-17
that although the system is being run under supplier specifications it is not optimum.

Figure 7.5A: Anode and cathode efficiency evolution for zinc plating tank
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Figure 7.5B: Caustic and Zinc evolution for zinc plating tank
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From Figure 7.5B it is noted that the caustic concentration in the plating tank is

reduced from 2.95 to 2.91 mol/ £ This is the actual amount that needs to be topped up in

order to operate at the suppliers specification. Figure 7.5B also illustrates the increase in zinc
concentration. This results in the zinc concentration exceeding the supplier specification. The
anode and cathode efficiency increases with this increase in zinc concentration. The effect on

quality has to be decided upon by the company. Electroplaters have various techniques to
reduce zinc concentration.

Figure 7.5C illustrates the evolution of the chemicals in the rinse tanks. It is noted
that the start concentrations were taken as zero. The rinse tanks must achieve equilibrium as
an indication that the water topped up as recovery water is sufficient. From Figure 7.5C it can

be seen that steady state is being achieved i.e. the curves are leveling off.
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Figure 7.5C: Evolution of chemical concentration for rinse tank 1

CZn—Etank
T T T T T T
L R I . .
£ . : : :
5
= : : :
- e Y—S———Y————Y—S————MW .
f = ] '
=]
(o]
0.21 | | | | | | |
0 1000 2000 3000 4000 5000 6000 7000 8000
CUH—Etank
2.96 T T T ! T T
295 :

Concentration (mol/L)
ra

| | |
1000 2000 3000 4000 5000 6000 7000 8000

The model developed above generates the chemical modifications that need to be
made in order to maintain the zinc tank at the specified operating conditions. Thus if the
target operating conditions are known, then together with the model developed the optimum
chemical dosing can be determined. This is illustrated in the case study of this thesis. Thus
from the model the weekly dosing is extracted and compared to the consumptions given by

the operator. The difference can be described as cleaner production savings.

Unlike the degreaser and acid model, the results from the zinc model could not be
directly compared to the database of companies. The main constraint being, the availability of
data on closed circuit zinc plating processes. The impact of variability, on the inputs
variables, was not easy to determine. Using the acid and degreaser models as benchmarks the

variability was in the region of 2%. The variability of these two models were based on plant
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operations. It can be assumed that similar plant operations occur through the plant. The
Monte Carlo technigque was once again applied in an attempt to indicate the model output

with due consideration to input variability.

The variables that contribute to the uncertainty detailed above include:

Temperature: The plating tank temperature encounters a variety of disturbances, this
includes, cold jigs/barrels, recovery of liquid, power into bath for electro-deposition, outside
temperature etc. These factors imply a significant uncertainty in the plating tank temperature.
For the purpose of the Mat Lab simulation, a maximum of 2% of the set-point temperature

variation was used.

Chemical composition: Due to inconsistent operations, over/under-dosing, spills etc

chemical compositions have a degree of variability.

7.9.  Accounting for Model input variations

In order to conduct some verification of the model it would be ideal to test its output
against plant data. This cannot be done with the model in its present form as during the case
studies conducted none of the companies were found to operate under closed circuit. None of
the companies audited conducted recovery of rinse water into their zinc tanks. The model was

thus modified for the purpose of testing against plant data.

The model was set up to simulate the rinse tank operations without the recovery of
drag out chemicals from the rinse tanks i.e. operating without closed circuit. This was as in

data obtained from companies during the audits conducted for this study.

7.10. Comparative results

The first step in confirming the validity of the model was to compare the results with

the results from the database. Searching through the database, the results from Coroma was

chosen for comparison. The specific operating conditions, temperature, chemical



7-21

composition, dragout, tank volumes etc were inputted into the model and the results

compared.

Based on the Mat Lab simulation, the actual chemical consumptions at Choroma was
compared to the model outputs. For the caustic consumption the model generates a total
consumption of 2167 kg/year whilst the database value for the company concerned is 2091
kgl/year, a difference of 76 kg and an error of 3.7 %.

From the simulation it is noted that the accumulation of the contaminant, i.e. the
carbonate, is seen to increase from an initial value of 0.065 moles over the period of the

week. This translates to 0.71 g/ £ increase in contamination. This can be considered new

information, as the previous model did not provide contaminant level.

The Mat Lab results also indicates that the zinc concentration increased from
0.27 m/l to 0.2712 m/l. This is due to the anode efficiency being higher than the cathode

efficiency. Details of model operation are presented in Chapter 8.

The simulation was then run 100 times using the Monte Carlo simulation technique.

The mean final caustic consumption for these trials was 3.1968 mol/ £. On a tank of 2700l

this translates to 275.8 kg/year. The actual value from the database is 300 kg/year.
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Figure 7.6: Mat Lab (Caustic concentration) output for Monte Carlo trials.
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7.11. Model requirements

The model requires basic information from the plant operator in order to complete the
comparative cleaner production evaluation for the zinc plating tank system. The model has
the current consumptions due to reactions, drag out etc and then compares this to ideal

consumption, as illustrated above based on a three stage counter current rinse system.

The model draws on information from other sections, such as the surface area which
is obtained from the acid model, and the number of rinse tanks, drip times, tank volume etc is
obtained from the fuzzy evaluation. This together with the inputs specific to the zinc model

are used to complete the comparative zinc model for cleaner production.

The above are all considered to be knowledge of the operator and are in keeping with

the aim of this study. It would best to compare inputs and outputs between the Flemming
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model and the model developed in this chapter. For the purpose of illustrating the two

systems holistically this is done in the case study of this thesis, Chapter 8.

7.12. Conclusions

From the model results it can be seen that the optimum zinc consumption was
calculated from operator level inputs, as determined in the acid model. These results can then
be compared to the current chemical consumption, as provided by the operator as weekly
dosages, for the zinc system. The difference in consumption can be considered to be the
potential cleaner production savings.

The aims of this chapter are thus met in that the model is able to compare the current
plant operations to cleaner production operations. This system can be applied to other plating
types in order to achieve the potential savings for the purpose of cleaner production.

This is the last of the mathematical equations. In the next chapter a case study is

conducted using the holistic CP model proposed thus far.



7-24

References:

o ~ w0 DN e

10.

11.

12.

13.

14.

15.

16.

17.

18.

Fordyce J.S, and Baum R.L, J. Chem. Phys. 43 (1965) 843

Cain J.K, Melendres C.A and Maroni V.A, J. Electrochemical soc. 134 (1978) 520
Bockris O’M, Nagy Z, and Damjonavic A, J. Electrochem. Soc. 119 (1972) 285

Dirkse T.P and Hampton N.A, Electrochem Acta 33 (1988) 405

Wery M, Catonne J.C and Hihn Y.L, Journal of Applied Electrochemistry. 30: 165-172,
2000

Dahl F, DANCED project, Project training documents, South Africa, 1999
NIST/SEMATECH e-Handbook of Statistical Methods,
http://www.itl.nist.gov/div898/handbook/

Telukdarie A, Pillay I, Moodley J, and Busby R.W, DANCED feasibility document
Defy, South Africa, 2000

Telukdarie A, and Koefoed M, Danced feasibility study Wings, South Africa, 2001
Mazzilli A, Manuf. Eng. & Torben Lenau, DTU, Denmark, 1996

Hatting T, Chemserve systems Alkali zinc plating data sheets, South Africa, 2003

Durney L.J, Graham’s Electroplating Engineering Handbook, 4th Edition, van Nostrand
Reinhold, New York, NY, 1996

Gallerani P, “AESF/EPA Pollution Prevention Training Course for Metal Finishing,” J.
of Plating and Surface Finishing 1996, 83(1), 48

Dahab M.F, Montag, D.L, Parr J.M, “Pollution Prevention and Waste Minimization at a
Galvanizing and Electroplating Facility,” Wat. Sci. Tech. 1994, 30, 243

EPA. National Metal Finishing Strategic Goals Program: An Industry’s Voluntary
Commitment to a Cleaner Environment, EPA 231-F-99-002, OPR/ISPD; EPA:
Washington, DC, 1999

Kushner J.B, Water and Waste Control for the Plating Shop, Gardner Publisher, 1976
PRC Environmental Management Inc. Hazardous Waste Reduction in the Metal
Finishing Industry, Noyes, Park Ridge, NJ, 1989

Duke L.D, "Hazardous Waste Minimization: Is It Taking Root in U.S. Industry? Waste
Minimization in Metal Finishing Facilities of the San Francisco Bay Area, California,”
Waste Management, 14, 49, 1994


http://www.itl.nist.gov/div898/handbook/

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

7-25

Load J.R, Pouech P, and Gallerani P, “Process Analysis for Optimization & Pollution
Prevention,” Plating & Surface Finishing, 83 (1), 28, 1996

Lowenheim F.A, Electroplating, Technical Reference Publications Ltd, England, 1995
Schlesinger M, Paunovic M, Modern Electroplating, Wiley, New York, 2000

Cushnie, G.C.Jr, Pollution Prevention and Control Technology for Plating Operations,
National Center for Manufacturing Sciences: Ann Arbor, MI, 1994

Huang, Y.L, Source Waste Reduction in Electroplating Plants — Technical Report 10,
AESF Society — Research Board, Orlando, FL, October, 1999

Lo S.L, Tsao Y.C, “Economic Analysis of Waste Minimization for Electroplating
Plants,” Wat. Sci. Tech, 36, 383, 1997

Yang Y. H, Lou H.R, Huang Y.L, “Optimal Design of a Water Reuse System in an
Electroplating Plant,” J. of Plating and Surface Finishing, 86(4), 80, 1999

Lou H.H, Huang Y.L, “Profitable Pollution Prevention: Concept, Fundamentals, and
Development,” J. of Plating and Surface Finishin, 87, 59, 2000

Lou H.H, Huang Y.L, Qualitative and Quantitative Analysis for Environmentally Benign
Electroplating Operations. Chapter 5 in Green Engineering, Anastas, Heine, and
Willamson (ed.), ACS Symposium Series No. 766; Oxford Press: New York, NY, 2001
Gong J.P, Luo K.Q, Huang Y.H, “Dynamic Modeling and Simulation for
Environmentally Benign Cleaning and Rinsing,” J. of Plating and Surface Finishing,
84(11), 63, 1997

Luo K.Q, Huang Y.L, “Intelligent Decision Support on Process Modification and
Operational Enhancement for Source Reduction in Electroplating Plants,” Int. J. of Eng.
Appl. of Artificial Intelligence, 10(4), 321, 1997

Luo K.Q, Gong J.P, Huang Y.L, “Modeling for Sludge Estimation and Reduction,” J. of
Plating and Surface Finishing, 85(10), 59, 1998

Huang Y.L, Lou H.H, Profitable Pollution Prevention in Electroplating, Chapter 6 in
Chemical Process Pollution Prevention Towards Zero Discharge, T. K. Das (ed.); John
Wiley & Sons: New York, NY, 2004

Dahl F, Electroplating Audit Tool for Metal Finishing Industry South Africa, DANCED
Cleaner Metal Finishing Industry Production Project, 15 Stamford Court, 270
Stamfordhill Road, Durban, South Africa. Propriety Documentation, 2000

Hutting T, Personal conversation, Chemserve systems, 2004



8-1

CHAPTER EIGHT

CASE STUDY

In this chapter a case study is presented to illustrate the comparative application
between Flemming’s model and the model proposed in this thesis. The case study was
conducted on a local jobbing shop that conducts alkali zinc plating. The two systems
are compared in terms of direct input, time requirements, skills requirements and
outputs. Mat Lab simulations are used as illustrations of current and cleaner
production operations.

8.1 Company Introduction

The case study was conducted at Saayman Danks Electroplaters. The company can
be described as a jobbing shop plating nickel, zinc and chrome finishes for a wide range of
application. Due to space constraints very little upgrading has been conducted on the
facility. The chemicals for the alkali zinc plating plant are supplied by Chemserve systems.

The plant operates 24 hours per day, six days per week. There are a total of 11
operators, working a two-shift cycle, operating the plant. This includes jiggers, plant

operators and foreman. The company is classified as an SMME.

A key factor for consideration for this case study is the fact that the owner of this
facility has been involved in cleaner production initiatives over the past 10 years. He has
had the privilege of being the provincial chairperson, national chairperson and South
African representative on international funding agencies associated with cleaner
production. It can thus be assumed that information was reasonably available at this

company.
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8.2 Model Inputs

The Flemming model and the model developed in this thesis were both applied to
Saayman Danks Electroplaters. The data for the two models used, for the comparative
study, was collected independently. The Flemming data sheets detailed in Chapter 3 was
used for the Flemming model. The questionnaire detailed in chapter 4 was used for the
purpose of data gathering, for the model proposed in this study.

8.2.1 Data gathering-Flemming

The data acquisition process for the application of Flemming’s model, at Saayman
Danks electroplaters, was conducted over a two-week period. The owner and the lab
manager completed the pre-review questionnaire. At the end of the first week a plant visit
was conducted to facilitate the data gathering. During this time, discussions were held on

the requirements of the data sheets.

The owner indicated his challenges and methodology of determining the surface
area for the purpose of the review, NB the surface area challenge was highlighted in
Chapter 3 of this thesis.. The owner explained the difficulty in obtaining exact data; this
included obtaining figures from the accounts department on exact chemical usage. At the
end of this session it was agreed that the review information would be completed the

following week.

On the day of the review, more explanations were required on the data sheets as the
company had only completed three tables and found it difficult to complete the rest. The
initial data capturing was done on site and various measurements were conducted together

with the plant foreman.

A major discrepancy arose with the surface area value provided by the company.
After discussions with the owner it was found that he had under estimated the surface area

by fifty percent. Thus the surface area input was adjusted.
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The plant operator using a measuring cylinder and stopwatch determined the water
consumption. All the relevant inputs were gathered and the data entered into the

spreadsheets. The entire day was spent on data collection and spreadsheets inputs.

8.2.2 Data gathering-Proposed model

The application of the artificial intelligence based model was also applied at
Saayman Danks electroplaters. The questionnaire comprised of 56 questions as detailed in
chapter 4 of this thesis.

In order to ensure an independent assessment, an independent reviewer completed
the questionnaire. The reviewer had no prior knowledge of the plating process and no

experience in conducting reviews.

The company had availed their plant foreman to answer the questions, as the plant
operators did not communicate in English. The foreman was also responsible for day to day

running of the plant, including dosing of chemicals.

The questionnaire was conducted on site and was completed in 34 minutes. The
data gathered was then plugged into the various models and the results analyzed. No further

contact was made with the company for further data.

8.3. Data handling

8.3.1. Flemming’s spreadsheets

The Flemming’s model required that the data gathered via the questionnaire be
entered into the excel spreadsheets. The data was entered into eight spreadsheets relevant to
zinc plating. Flemming’s model required some 245 inputs into these spreadsheets. The

following data was a major challenge to obtain:

e The surface area plated in the line under consideration
e The chemical consumptions for each tank on an annual basis

e The water consumption for each tank on an hourly basis



e The plated thickness

8.3.2.  Model developed in Visual Basic and Mat Lab

The 56 answers from the operator based questionnaire was captured in the Visual
Basic/ Mat Lab software. The Visual Basic software entailed simple selections from
choices as per the questionnaire. The Mat Lab model required basic operator inputs such as
weekly tank dosing, drip times, number of barrels/ day etc. All data was extracted from the
operator based questionnaire.

8.4. Comparative Outputs

8.4.1 Flemming model

The Flemming model output has been discussed at length in the introductory
sections of this thesis. The key qualitative output from the Flemming model is the

environmental profile of the company see, Figure 8.1.

Figure 8.1: Environmental status of company
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This profile presents a qualitative indication of the potential for improvements in
the eight key areas of the plant.

Further to this qualitative output the Flemming’s model has to be interpreted by the
reviewer to generate various scores. These scores is generated by Flemming’s spreadsheets
based on the data inputted. It is a comparison between actual consumptions and theoretical

consumptions embedding in the spreadsheets. Typical results are illustrated in Appendix F.
The detailed review is attached in Appendix F. The key outputs are individual
chemical consumption on a scale of 1-5 (5 indicating significant room for improvement).

The basic outputs from each table are detailed in Table 8.1.

Table 8.1: Outputs from Flemming tables

Table description Output
Zinc tables Estimated plated thickness
Chemical tables Rating 1-5 as compared to goal figures on selected
chemicals
Rinse Tables Goal water consumption

Theoretical water savings

Waste minimization table Final rating on waste on a 0-100 % potential saving

WWTP Chemicals Final rating on chemicals used on a 0-100 %

potential saving

WWTP Final rating on WWTP operations on 0-100 %

potential saving

CP options Indication of cleaner production options available to

company

Based on the results of the review, the consultant makes the relevant deductions
and interpretations as detailed in Appendix F. It can be seen that the review highlights the
main problem areas where CP-options should be further assessed. A more detailed

assessment on exact savings is conducted in a feasibility study.



8.4.2 Proposed model outputs

The model proposed has two separate outputs. The first being the fuzzy logic
output that is similar to Fleming’s qualitative output, see Figure 8.2. This model output is
intended to help the company identify areas of potential improvement. The actual

quantifiable savings are determined in the mathematical component of the proposed tool.

Figure 8.2: Key indicators of plant-Fuzzy
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In summary the qualitative fuzzy model provided the equivalent of the Flemming
model outputs. From the figure above it can be seen that the areas of the plant are rated on a
scale of 1-100. This has been achieved with a significantly less intense data gathering
process. In order for the company to determine the exact benefit of cleaner production a
detailed feasibility had to be completed. The aim of the feasibility study was to quantify the

cleaner production savings.

8.5. Mathematical model outputs

This case study now illustrates the second component of the research presented in

this study i.e. the mathematical models. The aim of these models was to illustrate precise
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potential saving as traditionally illustrated in a feasibility study. The case study results is

based on the models illustrated in chapters:

e Chapter 5 (Acid model)
e Chapter 6 (Degreaser model)
e Chapter 7 (Zinc model)

The models are programmed in Mat Lab as discussed in chapters 5-7. The models
use the operator-based inputs to predict the current operation of the plant. The models then

calculate the chemical and water usage for optimum operation.

8.6.  Application of mathematical models

The detailed simulations and results of the models are now illustration for each
section of the plant. The simulations illustrate current operations and cleaner production
operations. A summary comparison of inputs and outputs is detailed later in this chapter.

8.6.1 Acid model

The first and foremost challenge of the model was determining the plant production
in meters squared. Operator inputs were used to input data into the acid model. The acid
model, illustrated in chapter 5, was applied to the Danks plant in order to determine the
surface area production. This was achieved by extracting the relevant information from the
operator-based questionnaire. The crucial information required by the acid model includes;
current weekly acid top up, number of barrels/week, time etc. The model outputted a
surface area as 66346 m? for the Danks plant. This value was 4.3 % less than the value
calculated for the Flemming model. This surface area is now used as input into the rest of

the models.
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Figure 8.3: Evolution of metal depletion, contamination and acid consumption
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The model was then used to simulate current plant operations. The results are
illustrated, on the right of Figure 8.3. The evolution of current typical acid consumption,
metal depletion and contamination is illustrated. These are typical values that currently
occur at Danks. The left side of Figure 8.3 illustrates the evolution of values if basic cleaner
productions systems were implemented. The optimum operation is based on replenishing
the solution after every 100 barrels have passed through. This implies top ups every day as
compared to the current weekly top ups. It must be noted that the acid model was
developed around the lower iron contamination in the acid tank, which results in improved
acid cleaning efficiency. If the acid were allowed to become more contaminated the
efficiency would decrease. From the Figure 8.3 it is clear that the acid efficiency can be
maintained if the solution is topped up regularly. The model can be adjusted to allow for

continuous bath maintenance by setting the top up to occur after every barrel.
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Figure 8.4: lllustration of metal depletion, acid usage and water usage
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The model also generates a comparison of acid consumptions, water usage in the
acid tank and metal depletion of the surface of the metal. These results are illustrated in
Figure 8.4. From the simulation it is concluded that the current acid usage is significantly
higher at 41 kg (bar 2) compared to 15.4 (bar 1) for the cleaner operations. A comparison of
water used to top up the acid tank is also illustrated. The current operation results in a water
usage of 320 1 /week whilst cleaner operations result in a water consumption of 102 1
/week. From Figure 8.4 it can be seen that the rinse water usage needs to be expanded.

This is expanded upon below.

Figure 8.5 illustrates the water concentration in the rinse tank under different
operating conditions. These conditions include a single rinse tank with a high drag-
out(current operation), a single rinse tank with low drag-out and a two stage counter current
rinse. The current operation with high drag out and a single rinse uses more than 100 times
the water as compared to the 2-stage counter current rinse system. The option of redirecting

the acid rinse to the degreaser would be discussed in the degreaser section.



Figure 8.5: Mat Lab results: Water concentration in rinse tanks
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8.6.2 Degreaser model

Similar to the acid model the degreaser model is now applied to the Danks process.
The model is able to predict degreaser concentration, oil removal rate, oil contamination
and bath volume changes at any given time. As per the acid, top up quantities, can also be

determined for the degreaser system.
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Figure 8.6: Comparative tank operation, degreaser system
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In Figure 8.6 the current operation of the degreaser is compared to cleaner
production operations. It can be seen that the rate of oil removal is significantly affected as
the contamination increases and the degreaser strength decreases. Comparing the graphs on
the left (CP operation) to the graphs on the right(current operations), it can be seen that
over a period of one week the effectiveness of the degreaser is reduced due to oil
accumulation and poor chemical maintenance. Further details on comparative operation are

illustrated in Figure 8.7 below.
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Figure 8.7: Mat Lab results: Comparative consumptions
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From 8.7 the first graph (top left) illustrates the degreaser usage. It is clear that
optimum operation (bar 1) results in a significantly reduced degreaser consumption, 16.6kg
for optimum and 42 kg for non-optimum (current) operation. The second graph (oil
remove) illustrates the effectiveness of the degreaser to remove oil from the metal surface.
From bar 2 on this graph it is clear that CP operations results in more effective oil removal
i.e. 3.2 kg/week as compared to 2.82 kg/week. The top up water consumed by the two
operations is illustrated in the Water usage in deg tank (bottom left graph). The CP system
uses 102 l/week (bar 1) as compared to the current 320 1 /week (bar 2). The rinse water

graph is further elaborated in the following figure.

Figure 8.8 illustrates the effects of operating different rinse systems. The first (top
right) illustrates current scenario at 10 1 /s. The second (top left) illustrates CP operation.
The concentration difference in the rinse water is clear. If the company applied CP and

employed a two-rinse tank system the concentration evolution of the rinse tanks is detailed
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in the bottom two graphs. It is clear that with a water flow of 0.1 1 /s the dilution can be

achieved in the second rinse. This is 100 times less than the current consumption.

Figure 8.8: Rinse water usage 2 stage rinse
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Before illustrating the zinc model, the benefit of redirecting the acid rinse to the
degreaser is illustrated. The rinse water from the first acid rinse is sent to the second
degreaser rinse and then to the first degreaser rinse. The reaction effects are illustrated in
Figure 8.9. It can be seen (bottom right) that the final effluent leaving the degreaser rinse
one is pH adjusted and thus reduces the loading on the wastewater treatment facility. The
system reduces the rinse water to half of the independent 2-stage rinse system as the rinse
water from the acid is reused. An added bonus is improved cleaning of the degreaser of the
metal surface due to neutralization. The degreaser contamination into the zinc tank is also

reduced.



8-14

Figure 8.9: Acid/degreaser rinse water redirecting
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From Figure 8.9 the effect of redirecting the rinse is clear as the caustic is neutralized in the
rinse water.

8.6.3 Zinc model

For the purpose of illustration, the model is applied to different scenarios of
operations. These include; current operation, CP operation with weekly chemical
maintenance and operation with daily chemical maintenance. The zinc model is able to
predict the difference between the current and optimum operation based on a three-stage
counter current rinse system. The cleaner production model is based on zero discharge and
is able to predict:

e The zinc concentration in the zinc tank
e The caustic concentration
e The plated thickness

e The brightener concentration
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e The optimum operating condition

e The evolution of the rinse tank concentrations for
o Zinc
o Caustic
o Brightener

e  Optimum recovery for tank water balance

The current status of operation is illustrated in Figure 8.10. The company currently
operates with a two-stage rinse without recovery of rinse water. The most significant
observation lies in the rate of zinc deposition. The start and end of the week’s deposition
rate is 9.24 microns whilst metal deposition during the middle of the week increases to 9.25
microns. This can be attributed to chemical evolution in the zinc tank.

Figure 8.10: Current operation
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The current water consumption is illustrated in Figure 8.11. The water and effluent
load can be determined from the rinse water concentrations. The individual component

evolutions are illustrated.
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Figure 8.11: Current chemical evolution in rinse tank
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The program allows for variations in water flow rates. The rinse water
contamination can be modelled to determine the amount of water that is required to ensure
minimum dilution factors are achieved. This is illustrated in Figure 8.12. The amount of

water used is 1440 1 /week.

The model was then applied to illustrate the benefits of a basic cleaner production
operation. Figure 8.13 illustrates the chemical evolution in the zinc tank for a period of one
week, with a 3-stage counter current rinse. It can be seen that the zinc concentration
increases significantly. This is due to the recovery of drag-out and due to the difference in
cathode and anode efficiencies i.e. dissolution and deposition. This results in accumulation
of zinc. The anode and cathode efficiencies are illustrated in Figure 8.14. It is clearly
illustrated that as plating proceeds through the week the difference between anode and

cathode efficiency increases resulting in the accumulation of zinc in the plating tank.

Figure 8.13: Zinc tank chemical evolution
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From Figure 8.13 it can be seen that the caustic and carbonate concentrations can
also be predicted in the plating solution. It is important to note that the plating thickness

changes with time due to the concentration variation. This is expanded upon later.



8-18

Figure 8.14: Zinc cathode and anode efficiencies
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The model incorporates the zinc rinse tanks and the model is able to predict the
concentrations of all the plating tank chemical components, in the rinse tanks. It is also
important to note that the models for these rinse tanks were started at zero concentration.
The equilibrium concentration can be determined and helps the company to predict water
consumptions. In Figure 8.15 0.2 1/min was used as water flow rate through the closed

loop system.

If the company sought to enquire on the impact of operating the zinc tank with a closed
circuit rinse but with a higher drag-out, this is illustrated in Figure 8.16. It is clearly seen
that the concentrations of the individual plating chemicals increase drastically in the rinse

water system with an increase in drag-out.
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Figure 8.15: Rinse system achieving equilibrium concentration
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Figure 8.16: Tank chemical evolution with varying drag-out
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The operational benefit of regular bath maintenance is illustrated in Figure 8.17 with a
comparison with poor operation. The benefit of operating the plating tank close to supplier
specification is illustrated. The key benefit was the plating thickness, which is maintained at
8.32 microns as compared to the weekly maintenance, which results in a thickness of 8.29
microns.

Figure 8.17: Plant operation with regular bath maintenance
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A summary of the comparative outputs between current operations and cleaner production

operations is illustrated in Table 8.2.
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Table 8.2: Summing up the benefits of cleaner production on the zinc system.

Current CP
Zinc consumption (drag-out) 28.8 kg/week 0
Caustic consumption (drag-out) 34.6 kg/week 0
Thickness 8.29(inconsistent) 8.32(consistent)
Water consumption (plating tank) 288 1 /week 0
Rinse water consumption 28000 1 /week (100 1440 I/week (1000 times

times dilution) dilution)

Contamination to WWTP 19/ 1ofzinc 0

8.7 Comparative summary between proposed and existing CP evaluation tools

From the case study conducted above it would be ideal to summarize the benefits

of the inputs and outputs in comparative tables. The model basic inputs are summarized in

Table 8.3 below whilst the qualitative and quantitative outputs are compared in Table 8.4

and 8.5 respectively.

Table 8.3: Table of comparison -Case study data acquisition

Inputs-Flemming

Data/Time requirement

Proposed model

Data/Time requirement

Tank individual

chemical make up

Data to be obtained
from supplier

specification-Days

Weekly operator

chemical dosing

Operator prior
knowledge- Data on hand

Tank yearly individual

chemical consumption

Data to be obtained

from company records-

Days

Not required

Calculation of Drag-out

This is determined by

the auditor-Hours

Not required

Drag out is determined

from fuzzy model

Dilution factors

This is determined by

Not required

required the auditor-based on
auditors experience

Tank volume Obtained from Tank volume Obtained from operator-
company-Minutes obtained Minutes




8-22

Disposal volume

Obtained from

company-Minutes

Number of

disposals

Obtained from operator-

Minutes

Plated thickness

Obtained from
supplier-Days

Not required

Model generates values

Rinse water flow rate

Obtained from plant

Not required

Model generates case

scenarios
Table 8.4: Table of comparison: Qualitative outputs
Flemming Proposed Percentage Comments
difference
Qualitative output | Yes Yes
Rinse Yes Yes 2.9
Chemicals Yes Yes 2
OHS Yes Yes 2
WWTP Chem Yes Yes 49
WWTP Yes Yes 45
Sludge Yes Yes 4.75
Production No Yes N/a
Water No Yes N/a
Rinse system Yes No Replaced by rinse system
Waste Yes No Found to be redundant
minimization
Table 8.5: Table of comparison: Quantitative outputs
Output Flemming Proposed
Rinse water concentration No Yes
Rinse water reaction-Acid/alkali No Yes

Chemical savings

Rating provided

Actual value generated

Water

Rating provided

Actual value generated

CP layout

No

Yes
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Surface area calculate

Not determined, calculated

Model calculates SA from basic data

manually
Time required 2-4 weeks 1 Day
Chemical concentration evolutions | No Yes- all tanks plus rinse tanks

Data gathering

Management sourced

Operator sourced

Determines impact of process

No

Yes process changes can be modeled

changes

Calculate exact impact of CP No Yes
initiatives

Instantaneous zinc deposition rate No Yes
Individual chemical evolution-Acid/ | No Yes
degreaser/zinc

Individual chemical evolution-all No Yes
rinses

Anode and cathode efficiency- No Yes
monitoring

Illustrate benefit of continuous tank | No Yes

maintenance

8.8 Conclusions

From the comparative results listed it can be concluded that the artificial

intelligence model outputs are similar if not equal to the Flemming model outputs. The

comparative indices indicate a maximum difference in output of 4.75%. In some cases the

model improves upon Flemming’s model by providing further details.

The precise data requirements for determining the actual chemical consumptions

have become obsolete. The output from the model is now used as an indication of the

chemical consumption of the company. The model was used to determine the optimum

consumption. Hence the potential savings can be quantified.

The greatest challenge in conducting the cleaner production assessment using the

Flemming model was the determination of the surface area. As can be seen from the case

study the model can predict the surface area within 4.5 % of the calculated value. This was
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conducted solely from operator inputs as compared to the traditional calculations requiring

extensive data and time.

The model was used to determine the degreaser and other chemical consumptions
based on the operator inputs. The values were traditionally considered difficult to obtain

from companies.

The lifetime of the degreaser and acid can be predicted using the proposed model.
The actual anode and cathode efficiencies and evolutions of individual chemicals were
predicted using the proposed model. This information was not generated in any existing
model.

The comparativeness and superiority of the proposed model is clear from the above
case study. The demand for precise data becomes absolute using the proposed model.
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CHAPTER NINE

CONCLUSION

The final chapter of this thesis aims at summarizing the case presented in this thesis.
The focus of this chapter is to briefly outline the aims of this study and to describe
how these aims were achieved. The conclusions of this study are detailed together with

further work to be undertaken as an expansion of work undertaken in this study.

9.1 Background

The objective of this study was to develop an artificial intelligence based cleaner
production audit model for the surface treatment industry.

International experts have conducted various environmental initiatives, such as
waste minimization, source reduction and cleaner production with a focus on waste
reduction in the metal finishing industry. These studies have resulted in significant
improvements in the metal finishing industry. The various cleaner production initiatives
that were undertaken, previously, resulted in significant savings. However, the success of
these cleaner productions studies was found to be limited due to various constraints. These
constraints included data availability, expertise requirements and time taken to conduct
these studies. Cleaner production initiatives could have been significantly enhanced if these

barriers were overcome.

This study was initiated based on the above limitations encountered during an
attempt to conduct cleaner production audits in the metal finishing sector in South Africa.
The key aim of the study was the development of a comprehensive cleaner production

assessment tool that required minimum time, data and high level skills.
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9.2 Overall approach

This thesis commences by detailing a background to the plating industry including
some of the challenges traditionally encountered in conducting a cleaner production audit at
a surface finishing facility. This thesis then details the development of expert knowledge on
the plating industry. This includes the identification of the most comprehensive existing
tool for cleaner production evaluations in the metal finishing sector. This tool was then
applied to develop a database for the purpose of future model verification. A total of 25
companies were audited for this purpose.

This study then identifies the limitations and difficulties associated with the
application of this cleaner production assessment tool. The tool was critically assessed to
determine the potential of obtaining the equivalent result, but with alternate data and skills
inputs. The aim was to produce equivalent or better quality outputs if compared to

traditional models.

Based on this analysis the approach of this thesis has been to split the proposed
cleaner production assessment tool into two key components. Hence, two models were
developed, which when applied in parallel, produce a comprehensive cleaner production
assessment. These two components of the study are best describes as the qualitative and
guantitative components. The qualitative model was developed using fuzzy logic whilst the
guantitative model was developed using mathematical models based on experimentation.

The key factor to the models being its sole dependency on operator based inputs.

9.3.  Development of the alternate CP evaluation system

The development of the first component of this study i.e. the qualitative evaluation
components is achieved using fuzzy logic. For the fuzzy model the plant was categorised
into different operational units. These included the wastewater treatment plant, the rinse
system etc. Questions were developed to facilitate data acquisition on assessing the cleaner
production status of these operational units. Together with these questions fuzzy alternates
were generated as operator answers (alternates) to these questions. Fuzzy logic multi
variable decision analysis was applied to the ratings of the operator alternates. This

decision analyses generated fuzzy equations, which provided a qualitative status on each
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operational unit. A comparison was conduced with a previous CP tool, in order to ensure
that these outputs were equivalent to the previous CP tool outputs. The fuzzy inputs were
regressed, wherever necessary, in order to generate the equivalent outputs. The key output
of the fuzzy model is a rating on a scale of 0 to 100 on the potential saving in each of the

eight plant categories.

The quantitative component of this study entails the development of three
mathematical models. These models comprise of the plating, degreaser and the acid
cleaning models. The aim of developing these detailed model was that they be used to
model current operation together with the potential cleaner production operation. The
difference between the two would be the projected cleaner production savings.

The models were developed using basic experimentation in a pilot plant that was
specifically constructed. The experimentation entailed detailed literature searches into the
variables that impacted on the operation of these processes. Fractional factorial design was
employed for the experimentation. This ensured that the influence of all the variables and

their interactive effects were considered to determine the operation of each of the processes.

The first mathematical model that was developed was the acid cleaning model. The
major variables affecting acid cleaning were, temperature, iron contamination and acid
concentration. This basic model was then integrated into a holistic acid cleaning model
which included drag-out, cleaning time and the rinse system. This model was then applied
to determine the surface area passing through the acid tank. From previous models the
production (surface area) was always difficult to determine. The surface area was now
obtained by an iterative estimate-programming loop based on the operator weekly acid
dosing. This proved to be the first major success of this study. Armed with this surface area

the chemical consumptions of all the processes could now be modeled.

The basic degreaser model was developed using the major variables that influence
the degreaser operation. The holistic degreaser model was developed using similar
consideration to the acid model. These include reaction time, drag-out, temperature, oil

contamination etc. The degreaser model included the degreaser rinse system.
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The last of the mathematical models was the zinc model. The zinc model was
perhaps the most complex as there were three main reactions to consider together with
determining cathode and anode efficiency. The major variables that were considered for the
zinc system included the zinc concentration, caustic concentration, power inputs and
temperature. These were integrated with a comprehensive rinse system into a holistic zinc

model.

The three mathematical models were programmed into Mat Lab so that they could
be applied to the various case scenarios. The fact that the inputs to these models were to be
obtained from plant operators implied that there was a possibility that some date would not
be as accurate as expected. This uncertainty in inputs was accounted for by illustrating
(simulation) the variations in inputs using the Monte Carlo technique. Here, inputs to the
mathematic models were randomly changed to account for potential operator inaccuracy.

Using the operator based questionnaire the three mathematic models could thus be
used to simulate the current operations of the plating facility. Typical cleaner production
strategies can then be applied to the plant and the cleaner production operation determined.
The differences in chemical and water consumptions can be predicted together with the

potential impact on the wastewater load.

The application of the holistic tool was illustrated by conducting a case study at a
local metal finishing company. In order to reinforce the comparative benefit of the
proposed tool a cleaner production audit was conducted, in parallel, using a traditional

cleaner production evaluation tool.

Comparing the two approaches, the model proposed in this study required less than
an hour of time from a plant supervisor whilst the traditional model required a two-week
period to be completed. The data inputs for the traditional CP tool were obtained from the
plant manager in consultation with the laboratory manager. The auditor had to intervene on
various occasions to clarify data issues. The auditor had to conduct various plant
measurements as required by the audit data sheet. A total of 245 inputs were required for
the traditional model as compared to the 56 inputs required for the model proposed in this

study.
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The outputs from the two CP tools were found to be very comparable. The fuzzy
model generated the equivalent of the traditional model. This included a rating of potential

saving in the major plant categories.

The key challenge of determining the plant surface area required more than a days
work to determine in traditional model but is now obtained by a few simple inputs in a few
minutes. Applying the operator input for dosing of the acid tank generates the surface area.
For the purpose of the case study the initial surface area estimated by the plant manager
was also found to be incorrect. The model generated a surface area that was 4.3% less that
the plant managers estimate.

The CP tool was found to be superior to the traditional cleaner production
evaluation systems as various details were generated that were never available using the
traditional models. These include the instantaneous predictions of individual chemical and

water consumption, tank efficiencies, wastewater load etc.

In summary the CP tool proposed in this study was found to produce a cleaner

production evaluation that was better than rigid traditional models.

9.4 Recommendations and future work

It can be seen that the difference in outputs from CP tools developed and previous
well-reputed models is rather insignificant. It can thus be stated that the aims of this study
to provide a user-friendly CP tool based on operator level inputs were fully achieved. There
is however certain details that needs to be addressed. These need to be part of a potential
implementation phase of the above CP tool and can be considered as future work. This
includes the application of the CP tool to various metal plating companies and conducting

the necessary improvements so as to improve the confidence levels in such a CP tool.

The other consideration for future improvements includes the stand-alone use of
the CP tool i.e. the use of the CP tool outside of the control of the developer. This would

probably result in various improvements and fine-tuning of the CP tool.
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More detailed kinetics based models, for process tank operations can be developed
and compared to the current factorial models. The factorial models proved useful under the
constraints of the limited time, complexity of the reactions due to various supplier chemical
additives, availability of supplier data on chemicals and the need to obtain an operational

model for the purpose of this study.

Cleaner production evaluations for various sectors have proven to be a significant
challenge. The methodology described in this study can be used to justify research into the
development of similar models for various other industrial sectors. It would thus be
considered ideal to follow the methodology of this study for cleaner production evaluations

in other industrial sectors.



Appendix A

Appendix Al: General instructions for completing guestionnaires.

+ The questionnaire is prepared to fit with the PC-tool we are using for environmental reviews in
electroplating companies. You should try to answer the questions as exactly as possible, and it is
important that you fill in the information required and in the form specified.

Try to fill in as much data possible. If you are missing some information to make 2 complete
answer, try to get the information before returning the questionnaire. You may add additional
information if relevant. If it is not possible to answer all questions correct, try to give as much
information you are able to do.

If you cannot fill in data, please make an estimate and explain in a footnote the criteria or conditions
under which yon made the estimate. We can then discuss it during the review. This will give us a
more complete platform of information to work from

Please do not give us the answets in a separate letter or report. We need the answers to be filled into
the questionnaire.

Please notice, that the review will cover;

- One electroplating line N N
Total amount of hazardous waste from the electroplating shop or department
Total wastewater treatment plant (WWTP) for electroplating wastewater
Occupational health and safety (OHS) for the electroplating line

If you have no wastewater you can skip the table covering this topic.

Start to fill in the basic information of the company:

Name of the company
No + Street

Town and area

Pottal code

Contact 1. Responsible persons for questionnaire:
persons 2. General manager (CEO):

3. Electroplating manager:

Phone
Cell
Fax
E-mail

Number of employees of the total company

Number of employees working with electroplating




Please include a flow-sheet of the process line and a flow-sheet of the wastewater treatment plant in
YOUur answer.

1. Information about production and process chemicals for the selected line.

General production figures:

You should use the most actual figure. If possible take figures from the last 12 months (or from the
last 6 months and multiply by 2} or from last year (1999).

Name of the process and the line

Production in m*/year (if you cannot give the
m?/yr try to give kg/yr or something else)
Layer thickness of coating in p (if you don't
know, try to cstimate for all layes)
Production time, h/day + h/week + hiyear

Consumption of chemicals:

For pre-treatment baths fill in both main component (always) and additives (if possible). For plating
baths fill in all main components (always), anodes (always), brighteners (as a sum and use only total
price in R/year) and other additives (if consumption is relatively high). For chromating baths fill in
main components (always) + additives (if possible). Use one line in the table for each chemical.
This means that an acid zinc bath need at least 5 lines (anodes, zinc chloride, ammonium chloride,
brighteners, other additives). All columns must be filled in except the chemical formula if it is not
available. We use the chemical formula to avoid mistakes about which chemicals are used.




Name of process
bath

Name of chemical
{always)

Chemical formula
(if possible)

Consumption
kg/year

Unit price
R/kg

Total price
R/year

2. Maintenance of process baths

The table must include all process bath including pre-treatment, plating and post-treatment as well
as other chemical baths. If there are more baths of the same kind (e.g. 3 nickel tanks) you can
collect them in one row {and add the volumes) of the table or you can separate them. All columns
must be filled out for every bath, but if the bath is never dumped you write 0 in the frequency

column.

Bath analysis and chemistry:

Use the following abbreviations:
(you make use more figures for

each bath)

1. Bath chemistry is adjusted at least once a week

2. Bath chemistry is adjusted at least once a month

3. Bath chemistry is only adjusted when we have problems
4. We make the analyses in our own lab
5. We analyse only some parameters in our own Jab
6. The supplier analyse all the parameters
7. We have a record of added chemicals for the bath




Bath purification procedure:




1. Filtration, continuously

2. Filtration, occasionally

3. Treatment with active coal

4, Chemical treatment

5. Selective metal precipitation

6. Crystallisation

7. Membrane electrolysis

8. Other types of purification and regenerant

The dumping frequency you can describe as the following examples:

» Once every month

e Once every 2" week

¢ Two time per year

e 50% dumped every week

The treatment method for dumped baths could be:

CT = Treatment on a central plant (external)

IT = Internal treatment in own wastewater plant
TR = Internal treatment and recycling

ER = External treatment and recycling

OD = Other disposal methods (please specify)

Name of bath Tank Bath analysis Bath Dumping Total dumping Treatment
volume and chemistry j purification frequency ' fyear method for
litres procedure dumped baths




3. Rinsing processes.

In the first column you may write a2 number of each rinsing tank referring to your flow-
sheet. You may skip this column if you don't have a number.

Name of rinse:

The name of the rinse must refer to the process bath you drag into the rinse. Use names as
pickling rinse, cleaner rinse, chromating rinse, cyanide zinc rinse etc.

Type of rinsing system:
The type of rinse system could be (you can yourself add more to this list):

1 running rinse

2 running rinses

1 drag-out rinse (static rinse) with reuse

2 static rinses with counter current reuse
1 static rinse (dumping)

1 static + | running

2-step counter current rinse

3-step counter current rinse

1 static + 2-step counter current rinse, etc.

Raw water quality:

T-water = tap water

I-water = ion-exchanged water

C-water = chemical treated water

R-water = rense water from another rinse tank
Dl-water=  de-ionised water

Water flow:

If possible we will ask you to measure the watet flow inlet in each rinsing system. If you
already have installed a separate flow meter on each inlet it is easy for you to get these
figures. If you don't have these figures it is normally easy to make a flow measurement
using a small container and a stop watch. You can par example measure how many
seconds it will take to collect 1, 2 or 5 litres water from the water inlet pipe or from the
outlet, if it is easier. If you use a static rinse that is regularly dumped you can calculate
the yearly water consumption by multiplication of tank volume by the number of dumps
per year. If you finally divide by the number of working hours per year you get the flow
in I/h. To assess your measurement it will be very useful to have other figures from total
water consumption of the line. We have included two possibilities in the below table.




No.

Name of rinse

Type of rinse

Inlet water
quality

Inlet flow
litre/h

Sum for total line (calculated form individual measurements above)

4, Hazardous waste.

| Sum for total line estimated (from account or total water meter)

| Sum for total line measures by separate water meter

This table shall only include hazardous waste disposec{ of for external freatment,
dumping, processing or recovery. Use names as thin sludge from WWTP, filter cakes

from WWTP, spent pickling bath, etc.

It is important that all columns are filled in. If there is no fee for disposal, then write zero
in the price-column.

Name and type of waste ton/year Disposal and treatment methods | Unit price for | Total price for
{must always be specified) disposal disposal
R/ton Riyear

Please write name and contact person at the waste collection

company:




5, Wastewater treatment plant (WWTP).

Consumption of chemicals for wastewater treatment:

All columns in the below table should be filled in as far as possible for all individual
chemicals used for wastewater treatment. These could be caustic soda, soda lye, lime,
sodium hypochlorite, hydrochloric acid, sodium metabisulphite, polymer, etc. For pure
solids the concentration is 100%. For solutions we must know the exact concentration.
Write the chemical formula if possible. Write the purpose for using the specific chemical
(NaOH for neutralisation and precipitation, sodium hypochlorite for cyanide oxidation,
polymer for flocculation, etc.).

Name of chemical | Chemical Concentrate Used for Consumptio | Unit price | Total price
formula tion, % n R/kg or Riyear
{wiw or whv) kg/yr or iyr R/litre

Operation of wastewater treatment plant:

Control procedures are collected in the next table. If you don't use the mentioned process
you shall write "no" in 2™ column and no more information is filled in this row. For the
frequency in column 4 and 5 write the time interval between two cleanings/calibrations or
the number per time unit.

Exist: Control Probe cleaning | Probe calibration | Additional check nsed Yes orno
yes/no | parameter | frequency frequency
Neutralisation pH Transportable pH-meter
Cyanide oxidation pH Transportable pH-meter
mV Monitor excess chlorine
Cr-6 reduction pH Transportable pH-meter
mV Monitor residue Cr-6
Monitor excess sulphite
Qutlet monitor pH : Transportable pH-meter
Flow




Wastewater analysis:

Fill in actual values from a period of 6-12 months from samples taken by the authorities

or arranged by yourself

Parameter

Period:

Minimum

Maximum

Average

Discharge limits

Water, m/day

Water, m'/year

pH

Chromium, total, mg/l

Chromium-6, mg/l

Copper, mg/1

Nickel, mg/1

Zine, mg/l

Cadmium, mg/l

Cyanide, mg/]




Tool for Environmental Review
of Electroplating Processes

Copenhagen, 02.10.2000
Flemming Dahl, M.Sc. - chem.eng.
Ejnar A. Wilson A/S




Table of Content

INTRODUCTION

TABLE 2 - CONSUMPTION OF PROCESS CHEMICALS
TABLE 3 - MAINTENANCE OF PROCESS BATH

TABLE 4 - STATE OF RINSING WATER

TABLE 5 - CHEMICAL WASTE

TABLE 6 - WASTEWATER TREATMENT PLANT (WWTP)
TABEL 7 - WASTEWATER TREATMENT EFFICIENCY
TABLE 8 - OCCUPATIONAL HEALTH AND SAFETY (OHS)
TABLE 9 - CLEANER TECHNOLOGY

TABLE 1 - TOTAL ENVIRONMENTAL STATUS

1

15

18

20

22

24

26



Introduction

The review tool is an excel based tool specially developed to identify and highlight all
important process figures and environmental data by electroplating production. The tool
is developed to assist a consultant in making reviews. The tool can be used completely or
partly in the review work what is most convenient in each case. The tool is especially
suitable for electroplating lines and less suitable for manual processes where some tanks
are used for more purposes.

The tool use a scoring system to rank the individual issues. The scores can be 1, 2, 3,4
and 5. We use 1 when the situation is acceptable, and we cannot make any improvements.
We use 5, when the situation is completely unacceptable and there are a lot of
possibilities to improve by implementation of CP-methods. Even high scores are
unacceptable they offer the company opportunities to improve and to save money by
implementation of cleaner production.

As far as possible key figures are calculated based on consumption per 1000 m* surface
area. This way you can compate figures from one company to another or to branch
standards. You can even use the key figures only for one company to follow the
improvements in a relevant and quantitative way.

The consultant must fill in the blank white cells of the tables. The yellow cells are used
for calculations and fixed values and should only very seldom be changed. The yellow
cells are locked and can therefore be protected, if the spread-sheet or workbook is
protected by a password. We have found out that it is most adequate to fill in the tables
on site based on pre-filled questionnaires. This way the calculated key-figures
immediately and discuss them with the company and adjust the figures if necessary.

The scoring system is described in the support tables to each principal table. Furthermore

we have below described comments for each table to assist the consultant in
understanding the tool.

Table 2 - Consumption of Process Chemicals

This table describes the production rate as well as the chemical consumption. For pre-
treatment baths fill in both main component (always) and additives (if possible). For
plating baths fill in all main components (always), anodes (always), brighteners (as a sum
and use only total price in R/year) and other additives (if consumption s relatively high).
For chromating baths fill in main components (always) + additives (if possible). Use one
line in the table for each chemical. This mean that an acid zinc bath need at least 5 rows
(anodes, zinc chloride, ammonium chloride, brighteners, other additives).




1. Select the table aimed at the particular process line and fill in the name of the process
line. Each process line must have its own table.

; 2. Fill in the estimated layer thickness. The treated surface area is automatically
calculated on the basis of layer thickness and consumption of anodes, chromic acid,
etc. The information is necessary, as all other calculations are related to treated
surfaces area. By anodising, chromating, degreasing and pickling the surface must be
either calculated or estimated.

3. Another possibility is to calculate or estimate the m” in another way. Fill in this figure
in column H in the same row as anodes for the plating bath, Then the program will
calculate a layer thickness you can compare with the estimated thickness. This will
give an idea of which estimate is the most reliable.

i 4, Key figures are calculated on the basis of the correlation between consumption and

' surface area. The goal values, listed in the table, are realistic goals for companies
using the technology of today. It should be noted that a very large variation cccurs
within the various processes. The goals therefore could be adjusted, if this can be
justified. The goals should be defined from case to case.

5. The environmental assessment score for each individual bath is a measure for over-
consurnption of chemicals in each individual bath as well as the over-consumpticn in
relation to the total over-consumption of chemicals of the entire process line. Thus, it
would not be so critical to use 5 kg of chemicals too much for one single bath even
though it equals a 50% over-consumption in this bath, if the total over-consumption
of the entire line is 500 kg.

6. The score of the line is calculated in the support table. Here all over-consumption
figures are summarised and for each bath the over-consumption of the bath is divided
with the total over-consumption for the line. This figure is transformed to a score
from 1 to 5.

7. When the table is completed you should hide rows with chemicals not being used and
also columns (G and J) not being used to obtain a more clear presentation of the table.

‘ You must never delete lines or rows in a table, because this will damage the

| calculations

\

Table 3 - Maintenance of Process Bath

According to practical experience the dumping of process baths is often the biggest
source of heavy metal waste from electroplating. Therefore the too! focus very much on
how to reduce the dumping of process baths. If the baths are maintained proper it is often
possible to keep the bath alive for a long time, but often you need to use some advanced




purification technology to purify and regenerate the bath. The procedures for controlling
bath chemistry are also important to prolong the life time.

In table 3 we calculate the total price for the baths.
Total costs = costs for new chemicals + costs for disposal of spent baths

If the dumped baths are treated in the company wastewater treatment plant the treatment
costs should not be included in table 3. The total wastewater treatment costs you will find
in table 6. Only if the treatment is done in a separate plant or by an external waste
collection company the costs should be included in table 3. Notice, that the name of the
baths and costs of new chemicals for the baths is automatically transferred from table 2 to
table 3.

1. In column F you fill in the volume in litres of each process tank

2. In column G you fill in the maintenance procedure-for each bath (use code number
from maintenance table)

3. In column H you fill in the disposal method for each bath (use code number from
disposal table)

4. In colurmn I you fill in how many m’ are dumped per year. Use information from the
company about dumping frequency and multiply the number of dumps by the tank
volume.

5. In column J you fill in the cost of dumping (fees for transport and external treatment
at waste companies)

6. The total bath costs for the baths (buying of new chemicals + disposal of spent baths)
is automatically calculated in column K.

7. Key figures are calculated on the basis of the correlation between rejected bath
volumes and surface area of the production. Even there are some realistic goals for
the branch the goals should be adjusted and specified from case to case according to
the pre-conditions for the individual companies.

8. The score for each individual bath is a kind of measure for bath economy. It uncover
if the company is dumping unnecessary big amounts of baths compared to the
standard of today. The score is relative and weighted for the total line as for table 2.



Table 4 - State of Rinsing Water

This table is applied for description and assessment of the existing rinse water systems
used in the electroplating line to be reviewed. In column F to K is focused on
construction and lay-out of the particular rinse system. A good score in this table is not
equivalent with an acceptable low water consumption. In column L to P is focused on the
water consumption, where the actual water volumes are compared with key figures for
the branch in general or with regulations.

The columns A, B, C, D and E are filled-in for each rinsing stage of each process line. By
calculation of the score for each rinsing stage the 6 independent parameters, which effect
the effectiveness of the rinsing stage, are considered. These 6 parameters are:

Dripping

By dripping is understood the length of time where the items are placed
above the process bath before being moved to the next bath. If the time of
dripping is too short, the liquid will notreach to drip off completely before
the item is moved on.

A score for dripping is, therefore, determined by the length of time where
the items are dripping above the bath, before being send on to the next
bath.

The scores in table A below are acceptable for racked goods but for barrel
goods a more individual assessment can be necessary.

Table A: Scoring by dripping (Racks or jigs)

Score

Time

s W=

>20s
15-19s
10 - 14s
5-9s
0-4s

Hanging

By hanging (suspension) we understand the physical way in which the
items are placed on the rack or jig. By tilting the items in order to avoid as
many entrapments as possible, drag-out volume is minimised. For example
must a cup-shaped item always be racked upside-down, hollow tubes
should be racked vertically with a slight slope.



The scote for hanging therefore depends on the efficiency of the liguid to
drip off the item, before the items are lead to the next process. For barrel
items the score should always be 1.

Table B: Scoring by hanging (Racks or jigs)

Scere Procedure
1 All water drips off immediately
2 All water drips off gradually
3 Moderats dripping
4 Slow dripping
5 Slow dripping + entrapments
Agitation By agitation we understand the physical motion of the liquid. If the liquid

is not in motion or being agitated the replacement of the liquid film on the
itern surface will be very slow, and there is a risk to drag-out the chemicals
before they have been exchanged from the surface layer. By heavy
agitation and liquid motion the liquid film physically is replaced much
faster. The agitation and liquid motion thus have high influence on the
speed of the replacement of the liquid film.

Table C: Scoring of Agitation (Liguid Motion)

Score Procedure
1 Agitation and liquid motion
2 Agitation and no liquid motion
3 Heavy liquid motion, no agitation
4 Light liquid motion, no agitation
5 No liquid motion, no agitation

Inlet/Outlet By inlet/outlet we understand the way in which the rinse water physically

are let in and out of each rinse tank. The inlet/cutlet has major influence on
the physical passage of water in the rinse tank and on the utilisation as
well. If the inlet and outlet physically are placed side by side there can be a
high water consumption but a very low rinsing efficiency.

Table D: Scoring of Inlet/Outlet

Score Procedure
1 Outlet (top) reverse inlet (bottom)
2 Qutlet (top) reverse inlet (immersed)




=Y

Outlet reverse inlet (bottom)
Outlet reverse inlet (top)
Outlet reverse inlet (bottom)

Back-Mixing When two or more rinsing tanks are connected (eg. counter current rinse)

it is important that the water will run from the tank with clean water to the
tank with more dirty water. This is normally controlled by a simple gravity
flow where there is a difference in water height. Under normal conditions
the flow direction is correct, but if a big rack or even worse a big barrel is
submersed in the dirty water, the water level in the dirty tank may increase
above the water level of the clean water tank. In this case the water will
flow in the wrong direction, and the clean water tank will get polluted with
dirty water. In this case there is a very low efficiency of the rinsing process
compared to normal conditions for this kind of rinse systems. The wrong
construction should be repaired to improve rinsing quality and reduce
watetr consumption.

Table E: Scoring of Back-mixing

Score Procedure
1 No back-mixing
2 Minimum back-mixing
3 Moderate back-mixing
4 Some back-mixing
5 Heavy back-mixing

Flow-control Controlling the inlet flow of water to a rinse tank is maybe the most

important factor influencing the water consumption. To control the flow
you need a valve for adjustment and a flow meter to meonitor the flow - but
you also need to know how much watet is needed. The demand of water is
determined by the defined water quality (F = dilution factor) and the drag-
out from the previous process tank. '

The typical situation is a water-valve totally open, and nobody has
considered if less water would be sufficient. Some companies implement
some kind of water restrictors and this is highly recommended, but it is
still very important that the restrictors are allowed to control the water
flow. Too often we see the operation staff increasing the water flow by
further opening the water-valve because they found the rinse water too
dirty. This is an important part of the management task to set up correct
instructions and ensure that these instructions are followed.

A high score assume, that you control rinse water quality and rinse water
flow.




Table F: Scoring of Flow-control

Score Control method and
efficiency

Complete flow-control
Some flow-adjustment
Coarse flow-control
Very little flow-control
Total open valve

[V S - VLR S

The overall shape and functioning of the each actual rinsing process of the line is scored
as a weighted average, as the 6 parameters do no have equal impact. The score of the
actual rinsing system will uncover if you can save rinse water by improving the existing
system, but it don't tell you, if these savings are sufficient. The assessment is exclusively
based on the functioning of the existing rinsing system.

Water consumption:

1. If the water flow of the various rinsing stages is unknown, we cannot compare the
water consumption with goal-values. The water flow must therefore be measured or
estimated.

2. The recommended water flow (goa!l value) is calculated for each rinsing stage as a 3-
stage cascade rinsing is applied (BAT). To carry out the calculation the dilution factor
F must be noted in column S and the drag-out in column V. Water consumption at 3-
stage cascade rinsing is the goal according to the BAT-principle.

The dilution factor is the dilution of the process bath required in the last rinse water tank

before the item is passed on to the next stage of process. Recommended F-values in the
various baths are:

Table G: Recommended F-values for selected rinsing process

F Rinsing Process
100-1.000 After degreasing and pickling
500-2.000 Before electroplating metal finishing
200-2.000 baths
5.000-10,000 After miscellaneous chemical baths
1.000-5.000 Final rinsing after decorative
chromium
Final rinsing after other galvanic baths




Drag-out is defined as concomitant liquid which is left on the item, and thus carried from
one tank to the next as the liquid volume. Empirical figures for drag-out from various
items:

Table H: Typical drag-out values for different items and different suspension

Drag-out, ml/m* |Item and Dripping
25-50 Vertical hanging, good dripping
160 Vertical hanging, bad dripping
50-100 Horizontal hanging, good
200-400 dripping
300-1.000 Horizontal hanging, bad dripping
100-200 Cup-shaped items, bad dripping
200-300 Typical “normal average”
Barrels

When these values have been chosen and inserted in the columns S and V, the columns
N, O, P and Q are calculated automatically.

The possibilities of savings now appears from column Q, if we assume that the
companies follow the recommendations and implement 3-stage counter current rinses or
other low water consuming rinse technique.

Table 5§ - Chemical Waste

This table is applied for describing the present chemical waste produced by the company
as wel! as for describing the potential possibilities of waste minimisation.

1. Fill in the quantities, disposal methods and disposal costs in the columns A-E for each
type of chemical (hazardous) waste. The table shall only include waste that are treated
or deposited external by a waste collection company.

2. Assessment of the possibilities for waste minimisation is very much depending on the
type of waste. Below there is a brief description of the various methods for waste

minimisation:

Column F Reduction of Drag-Out

Reduction of drag-out will normally reduce the chemical
consumption in the process baths and reduce the rinse water volume
and the generation of sludge in the WWTP. When we reduce the
drag-out we will also reduce the drag-out of impurities from the
process bath, Therefore it should often be combined with bath
purification system




Column G

Column H

Column 1

Column J

The net drag-out can also be reduced by implementing static rinse
tanks, where the concentrated rinse water is used for topping up the
plating bath to replace evaporation loss. The static rinse may also be
used as a pre-dip before entering the plating tank, and by this
procedure you can always return 50% of the direct drag-out from the
plating bath. After nickel and chromium plating tanks it will often
pay to use 2 or 3 static rinse tanks with reuse according to the
counter current principle.

When you reduce drag-out you will also reduce the drag-in of
impurities from the previous process.

Optimising bath chemistry

By optimising bath chemistry it is often possible to reduce chemical
waste. You can keep the concentration of active chemicals at a
suitable low level (cleaning baths, chromating baths, plating baths)
which will reduce the drag-out to-rinse water and thereby reduce the
generation of WWTP sludge.

Concentrating of waste

Waste may be concentrated to reduce disposal costs. Liquid waste
may be concentrated by an evaporation technique or by transferring
it to solid waste by chemical methods. Thin sludge may be
dewatered in filter bags or in a filter press. Dewatered sludge may be
further concentrated in a sludge dryer.

Maintenance of process baths

Spent process baths may be collected by a waste company (external
treatment) or treated in the WWTP of the company (internal
treatment) and thereby sludge is generated. If the baths are
maintained better it is possible to prolong the lifetime and thereby
reduce the amount of sludge. More purification methods are
available for treatment of process baths (filtration, UF, MF,
centrifuges, chemical purification etc.).

Internal Recovery of Waste

Recovery of waste often requires a separate process. When waste has
been recovered to usable products, it is sometimes a problem for the
company to sell these products, as they often differentiate strongly
from the “normal” range of products. Examples are: Metal recovery
by electrolysis.



Scoring: When it is not possible to reduce the specific waste by the mentioned technique
you should fill in a score 1. If there are some possibilities you fill in a higher score from
2-5. The bigger possibility for waste reduction, the higher value.

In column K the ranking of waste minimisation opportunities is calculated, and the sum
of these rankings are 100. You can use the result for prioritisation of your effort. The
ranking is a combination of potential for savings and the amount of waste. The highest
priority will be given to the waste where you have the most obvious possibilities to save
more money.

The total score calculated in cell K24 is a kind of total potential for savings as a figure
between 0 and 100. The higher figure, the more money it should be possible to save by
minimisation of chemical waste. Please study the support table to find the way we
calculate K24,



Table 6 - Wastewater Treatment Plant (WWTP)

In table 6 is listed the various possibilities of optimising the present wastewater treatment
plant concerning consumption of chemicals. A number of different chemicals are used for
wastewater treatment. By examination of the treatment plant several optimising options
become evident. Each parameter is briefly described below:

Reduce excess
chemicals

Reuse of spent
baths

It is often possible to reduce the consumption of chemicals by
reducing the excess dosing. By chromate reduction we often use
sodium metabisulphite at low pH (2.0-3.5). Here we can operate
at 3.5 to save acid and also we should use as little excess of
sulphite as possible (5-10 mg/1). Similarly by cyanide oxidation
we operate at high pH (11-13). Here we can operate at 11 to save
NaOH and also we should use as little excess of chlorine as
possible (5-10 mg/1). Also dosing of flocculating chemicals
(FeCls and Aly(SO4);) and polymers should be minimised and
optimised -

If spent baths are to be used for neutralisation or chromate
reduction in connection with wastewater treatment, it is important
to examine the compositions carefully.

Spent pickling baths contain acid and may be used for pH-
adjustment. Spent pickling baths from steel pickling may be used
from chromate reduction instead of sodium metabisulphite.
Alkaline degreasers and cleaners can in some cases substitute
caustic soda but this should be done with caution as they often
contains complexing agents, that may disturb the chemical
precipitation. Instead of flocculating chemicals it is possible to
use spent alkaline etching solutions from aluminium etching, but
also spent anodising baths may be used for this purpose.

In general it is important to make a thorough evaluation of the
consequences by using spent baths before implementing in full
scale.

Optimising treatment By optimising the treatment process it is often possible to reduce

of spent baths

the chemical consumption in the wastewater treatment plant. The
baths which are treated in the internal treatment plant, must be
appraised as regards volumes and dumping frequency. If a
sulphuric acid bath is rejected every fortnight and an alkaline bath
every week, these two types of baths can be used to neutralise
cach other. Storage tanks with dosing pumps are needed for the
storage tanks, and the spent baths are pumped slowly into the
general wastewater stream.




Improved separation It is normally a good idea (and often necessary) to sepatate the of

waste streams

wastewater into a number of sub-streams for treatment in the
WWTP. Chromate containing wastewater should be separated for
the chromate reduction process. Don't mix any other wastewater
with this water. A bigger amount of wastewater for chromate
reduction will consume more chemicals. Similar procedure should
be followed for cyanide containing wastewater. Wastewater with
complexing agents should also be separated and treated in a
separate process.




Procedure for completing table 6:
1. Fill in the columns A, B, C and D with information from the company.

2. For each chemical you shall score the possibilities for reducing chemical
consumption specified in column E, F, G and H.

3. The program will now calculate the total score of each chemical in column L. This
figure will indicate (from 0-100) the possibility for saving each specific chemical..

4. In column J the program will calculate the saving-index, which is the consumption
multiplied by the 1/100 of the score in column 1. In cell J22 we have the total score
which is a sum of saving indices divided by the total chemical consumption (cell
C22).

Table 7 - Wastewater Treatment Efficiency -

Table 7 concerns operation control of the wastewater treatment. We are focusing on
treatment efficiency and stability demonstrated by chemical analyses and maintenance
procedures. The table is divided into three independent parameters: outlet monitoring,
treatment and calibration procedures and checking methods.

In this model we have no score for out!et monitoring. These figures will give an overall
impression of the quality of outlet water from the WWTP. The figures should be
compared to the actual discharge limits.

The operational control is scored by observing treatment and calibration and control
measurement, respectively. These parameters are scored as illustrated below:

Table Error! Unknown switch argument.: Scoring of operational control of a treatment
plant

Score [Cleaning and Calibration Checking
measurements
1 Once every week or more Once every day
2 Once every second week Once or twice a week
3 Once every month Once every month
4 Once or twice a year Once or twice a year
5 Never Never




Procedure for completing table 7:

1. For discharge control: Fill in analyses results from a suitable peried (6 or 12 months)
and the discharge limits.

2. For operation control: Fill in the frequencies and scores for "electrodes” and
"checking measurements"”.

3. The prograrn will now calculate average score for "electrodes” and "checking
measurements”. The total score is a weighted score with 1/3 for "electrodes” and 2/3
for "checking measurements”.



Table 8 - Occupational Health and Safety (OHS)

Table 8 concerns the state of occupational health and safety issues of the electroplating
process lines. In order to limit the number of parameters to be assessed, only the impact
from chemistry and temperature of the “worst™ baths (1-3 baths) is included together with
the general impact from noise, heavy lift and risk for the whole line. An overall
assessment for noise, heavy lifts and occupational risks are made for each process line.

For every parameter (except risk) we calculate the score from the equation:
Score = quantity * exposure time * effect

Quantity, time and effect may be 1, 2 or 3 - and the maximum score therefore 27. For
each parameter we have special guidelines how to score. The higher impact, the higher
score.

Chemistry The influence of the chemistry is scored concerning concentration,
exposure time and effect. The concentration is compared to TLV
(threshold limit value) and the effect has been categorised by impact on
human beings. For the scoring the “worst” chemical compound should
be selected for each bath.

Table Error! Unknown switch argument.: Scoring of chemical impact

Score | Concentiration, Exposure, |Effect
mg/m’ h/day
1 <0.5*TLV <0.5 Non toxic, but irritant
0.5-1,0*TLV 0.5-2 Corrosive, dangerous to health
3 >TLV >20 Carcinegenic and toxic
compounds

Temperature The impact of the bath temperature is scored concerning level of
temperature, time of exposure and effect. The volume is related to the
temperature fluctuations, which the worker is imposed to at each bath.
These temperature fluctuations are assessed in regard to the temperature
of the surroundings. The effect is related to the degree of which it
causes accidents or discomfort.



| Table Error! Unknown switch argument.: Scoring of Temperature (T = room
temperature)

X Score | Temperature Exposure h/day |Effect

1 <T+5 <0.5 No discomfort
2 T+5 - T+10 0.5-2 Discomfort, tiredness,
3 >T+10 >2.0 ete.

Errors, accidents, etc.

Noise The impact of the noise is scored in regard to noise level, time of
exposure and the effect. The volume is related to the limit values, which
in Denmark is 85 dB(A). Experiences show that approximately 10% of

| all people which has been exposed to 90 dB(A) for 10 years will be

' hearing-impaired .

Table Exror! Unknown switch argument.: Scoring of noise

Score dB(A) Exposure h/day |Effect
i <85 <{.5
2 85-90 0.5-2 Discomfort
3 > 90 >20 Hearing-impairs

Heavy Lifts The impact of the heavy lifts is scored in regard to weight of each item
lifted, time of exposure and the effect. The volume is related to the limit
values, which in Denmark is 20 kg. The first symptoms of heavy lifis is
tiredness of the body and errors are committed. Accidents and illness
occur. The effect is correlated in relation to weight.

Table Error! Unknown switch argument.: Scoring of heavy lifts

Score Kg Exposure h/day |Effect
1 <20 <0.5
2 20-30 0.5-2 Discomfort
3 >30 >2.0 Hearing-impairs
Risks: Occupational risks can not be assessed the same way as the other

working parameters, as this parameter depends on the probability of an
accident and it’s effect. The areas to be examined are:

« the probability of contact with chemicals and the impact of these




« dangerous machinery (shielding, etc.)
o fires and explosions (order and preventive measures)

» other aspects (slippery floors, stairs, etc.)

Table Error! Unknown switch argument.: Scoring of occupational risks

Score Chemistry Machinery Fire Other Aspects
6 low low low low
9 middle middle middle middle
18 high high high high
27 very high very high very high very high

The support table is filled in by means of the above tables concerning occupational health
parameters.

The programme automatically calculates the scores for each parameter and inserts all the
results in table 8 (excel program). Furthermore, it calculates the score of the occupational
health per process line as an average of each parameter and a total score of the entire
occupational health.

In cell C30 and D30 we have the average score (0-100) of chemistry and temperature for
the included lines. Tn cell E30, F30 and G30 the general score for noise, heavy lift and
risk for the whole line. In cell H30 the program calculate the total score for the whole line
combining the contribution from C30, D30, E30, F30 and G30. Here G30 have a weight
of 50% in the total score and C30, D30, E30 and F30 each have a weight of 12.5%.

Table 9 - Cleaner Technology

Table 9 is an overview of the possibilities for implementation of cleaner technology
(cleaner production). The consultant complete this table when all other tables have been
completed and assessed. The table is a kind of long-list where we can check the possible
CT-options. The list will present an overview, but it cannot be used for specifying CT-
solutions.

The term cleaner technology (CT) is interpreted in regard of the technical possibilities of
reducing the environmental impact of the processes, and not just as in table 5 in regard of
methods for waste minimisation. Below the activities of cleaner technology have been
divided into groups in compliance to the production and what measures can be taken.
Before completing the table please notice:

e Tick "not relevant” if the chemical, bath or CT-method are not used or cannot be used
in the future

e Tick "low" if the CT-option is possible but not really interesting (technically and
economically)




e Tick "medium" if the CT-option is interesting (and should be considered) for this

company

e Tick "high" if the CT-option is relevant and very interesting for this company

Purification of
process baths

Substitution of
process baths

There exist a number of different techniques for purification of
process baths. To mention a few; Filtration of impurities, active
carbon filtration, oil removal by skimming, crystallising and
chemical methods. More sophisticated techniques are UF, MF and
dialysis. Purification of process baths is an extremely important CT-
activity and should always be considered very carefully.

Substitution of chemicals is very specifically addressed to each bath.
By the technical evaluation of possible substitutions, it is very
important to consider not only the environmental benefit but also the
consequences on rinse water and other process baths. From an
economical point of view, substituting one compound for another is
not always profitable, but it should improve the environmental
performance. Substitutions often have a great influence on what
other CT-activities to be introduced in the company later on.

Concentration and To concentrate drag-out chemicals several condition must be

recycling

Metal recovery
by electrolysis

fulfilled before-hand. The rinse watet may not contain impurities
that will accumulate and destroy the bath. Furthermore, there must
be a certain evaporation loss in order to give physical room for the
concentrate. Without evaporation 50% reuse can still be obtained by
pre-dipping the items in a drag-out rinse before entering the plating
tank and again after the plating.

Numerous techniques can be applied for concentration of drag-out
chemicals. For example: static tinse, low-flow rinse, multistage
cascade rinsing, membrane filtration, evaporation and ion-
exchanging. Rinsing methods are often more simple and cheaper
while other solutions are complex and costly.

When assessing the options of metal recovery be electrolysis it is
important to determine all present metals and anions in the liquid. If
the content of other metals is too high an alloy will be produced,
which might be either useless or unusable. If the chloride content is
high, chlorine might be generated at the anode, which complicates
the electrolysis process. If the liquid is either too acid or alkaline
there is a risk that the metals are dissolved before they are
precipitated.

There are numerous aspect to consider when assessing the technical
side. The economical assessment is depending on several things:



Rinsing processes

WWTP

Chemical waste

s What is the metal concentration

« is the electrolysis performed in the bath or in a static rinse

« is a separate electrolysis cell available

e is it necessary to use membrane electrolysis instead of ordinary
electrolysis

In table 4 we have assessed the actual rinsing systems and the actual
water consumption. We have assessed the options of water saving
activities by water recycling or water reuse. Many of these solutions
are technically cheap and simple. The linking of several rinsing
processes in the same series in order to use the water several times
requires piping and maybe also a pump, but it may provide a
reduction of water consumption and therefore also financial savings.

A more costly solution is recycling of chemically treated wastewater.
Among the expensive solutions there are techniques as ion-
exchanging and reverse osmosis. Jon-exchangers may be a feasible
solution where you don't have space for more rinsing tanks and
where the ion load from the process bath is relatively low. Reverse
osmosis have until now primary been used for concentrating drag-
out chemicals for reuse. fon-exchanging and reverse osmosis often
prolong the lifetime of the subsequent baths due to a reduced drag-in
of saline solutions.

The wastewater treatment plant is assessed concerning consumption
of treatment chemicals.

Here we assess the possibilities of reducing waste by implementing
various recovery technigques inside the company or by using an
external company for recovery of waste.

Finally, it is assessed (by ticks) as to which extent the various
techniques are already used in the production today (no, partly,
fully).

Table 1 - Total environmental status

The table and graph highlight more than 90 % of all environmental impacts coming from
the chemical and electrolytic metal finishing processes of a company. The shown profile
is thus an expression of the actual environmental situation in the company, and an
indication of where the measures should be taken in order to improve the environmental
performance by implementation of cleaner technology.

To ensure a correct calculation of this table, it is important that all inputs in the support
tables are concerning this specific company. If you use an old excel-file (from another
company) you must remember to delete all figures that have not been overwritten.




The scores on process baths and production conditions, maintenance and disposal of
process baths, rinse water and chemical waste are all calculated by a formula, where
figures are weighted according to consumption and/or over-consumption. If a company
have more lines where tables are completed the contribution from each line will be
included in the total calculation of the profile. The weighing is directly proportional,
meaning that process lines with large consumption and production will count more than
other lines with a small consumption and production.

Table 2 and 3 are referting to separate lines and the score for each line are combined as
mentioned above. The other tables covering the whole company and all production
processes and therefore no combined score is necessary to calculate.




Appendix A2: Data Tables

Bath tables
Chemicals Production Process baths Replaced Process Balhs [Cost of Baths | ey figures: Jitra bath per 1000m2
olumes, ainte-
bath Typa kghys Rir mafyr litre  |nance Disposal mikyr Réyr RAyT [Calculated Goal |Scors, 1-3

[Zine line

T T

BhE] B

TR FEa
] [

1. Filtration, continuously

2. Flliration, occatlonally

3. Treatmeni with carbon

4. Chemical treatment

S, Selectlve melal precipitation

8. Crystallisation

7. Membrans elecirotysis

8, Othar types of pusification and regeneration

0 = No disposal

CT = Treatment on a central plam

IT = Injernai ireatmenl in own wasiewater plant
IR = Internal ireaiment and recycling
ER = treatmnent and recycli
0D = Dther disposal methods

Chemicals tables

Chemicats Thickness in ym Production K ures: kg chemicals/1 0002 Support table
[Procsss bath kohyr Riyr | Calculated | Estimated | m2Ayr m2/h | Colclated |  Goal | Scets, 1-5 1-J [0 I
Zinc line: | 1
azsing bath Dereaser saft 3

Sulfuric acid plckiing |Sutfuric acd, $6% En RN
HCI plkli HCI, 32% [ £
Picklin: reaset _[Sulfuric acld, 6%
Elecirotytic cisansr _|Cleaner sait
|Acid dif HCI, 32%

Pre-traatment, Cthan)

nc bath Zinc anodas
Zinc bath KCI, 100%
Zinc bath H3BO3, 100%
Zing bath ZnCl2, 100%
Zng bath Brightanar
Zinc bath Other)
Caoxldizer Nitrie acid
IChromating, blue Concentrats
Chromating. blus itric acid
Chromati aliow  |Concentrate

Othar) Other)

Othet) Other)
Sum:
Oparation time: hiyr 1700]




Qccupational health and safety tables

= k]
a £
E § 3 g‘ ig g b g g g -1
E E a o [ A3 €l w
3 f | 213]3 HERREEE R LR ERE
3&:1_— [Alkaline cegreaaset Y
" |Zinc bal
g2 [Alkaline degreaser
-—-——"_—____-'Z'_E‘ih_ng_
nc
[Alkaline d B
ranc:; (CN o ne degraaser
[ZincA (S Alkaline degresser
[Zinc bath %
- Nickal bath
Ciicr! m:nm um bath
Cu-Ni-Cr-2 Nickel bath
romiuT Gal
[Aluminfum1 [Alkaline picki]
nodising
[Aluminiurm2 jAlkaline pickling T M S TR
3ing TR
[Phosphating 1 gk;ﬁ:ezﬁlidim VR TS ST R B R
Phosphating2 —_|Aikaline plckli % ML) R PRI R R AT
icepahling
TEum i ORI ‘Booies. a=high, 2=madium, 1=low Risk scoms: from 1 -
Gecupational Haalth and Sait clal scars
WWTP operations tables
Operation monitoring _|Cleaning and calibration |Control Measurement Total
Frequency Score Frequenc Score

pH, neutralisation

pH, chromate reduction
mV, chromate reduction
pH, cyanide oxidation
mV, cyanide oxidation
pH, outlet

Chlorine monitoring
Cr+6 monitoring

S03 menitoring

Metal monitoring

Avarage score
Total score-%

bl B

Score: 1=satisfactory, S=unsatisfactory




Chemicals for WWTP tables

Chemicals Concentration [ Consumption| Cosis Possibilities of savings
kaiyr Rfyear 5=big and 1=small possibilities
el sgl = 2
g E | 2355 g P
o] B & Y toa
s2| BBl €8 22| S| 33
28| =& =gl =22 & 2=z
SE| 22| 2| 3% 8] oE
> @ o o =™ 52 = £ 2
E5|l oZ| EE| 23 ' s@2
@D B m Q.g o T =} [
26l D8 o] [ = [
B $240
T
Sodium hydroxide 100%
Sodium hydroxide 28%
Hydrochlofic acid 30%
Sulfuric acid 98%
Sodium disulfite 100%
Sodium dithionite 100%
Hydrogen peroxide 35%
Polymer 100%
Hron{lii} chioride
Sodium hypochiorite i
Sum 0 [1]
‘Waste tables
mcu():“ :wne“ Wa?:w Disposal mathods Cndlmn - Possibilities for wasts Taduction; 5=big and 1=small suppolthllﬂc . |
g A 5
AR ARARE
] 2 =
g Iig E . %g 5
g §s L E
Liquid siudge
Fikter cakes
ERAMEET HITH
PR R
B
o R
Sum Bl BT T ham

= urmatialack

otal soore REE

Disposal meshodey (codeal:
CT = Treatmert on a cantral plant
ER = Extamnal Recovery

ED = External Destuciion

DL = Disposal at fandtill




Rinse tables

VWater consumplon:
Rinae Ringe [Process bath [Raw water Tank ] Rinae wystem data seore (180K, y) |Total% |  waterfiow, U'h /m2 [Savings
Diipr | Hang- | Agita- | Inlel- | Back-{ Flow-
8k no. systare  |bafore rinss litre ping ing tion | outlet | mhx | control |Max100 myr
3 2435 RS CHOTVIGE
. 35| 4425 ADIVAL
' 9 r 4425 T TR
[ 425 U0 ADIVIDI ¢
3 1 t425 SO0 #DIVIDL
4 1 4425

st
BT
ERTT
[

R B

LR
EiCHERE &
i A
R :
R AR SR R 0

e
T R B
ik

: Agitation and Liauid Motion

14 running rinss [Abbrevistions for raw water tvices; 1 = agitation and motion 1=20. sok

Z = atatio rinae (spare rinse) T-water = tap water 2 = agltation and mofion 2 = 15-19 58k

3= Spray rinss I-water = jon-exchanged water [3 = heavy motion, no wgitation 3 = 10-14 30k

4 astatic + running rinss C-watar = chefical trastsd waler 4 = some motian, no agitation 4 = 59 8k

4 walatic +2-running rinse R-wanter = reuss water from anothar rinse 5 = ng maticn, no egitation 5 = 0-4 ank

6 =static +3-sunning rinse tank

10= Dl-water = de-lonised water |8core for Hanging

11 = 2-stap counter ourrent sinse 1w tnist (top) reverse outiet 1 = A)l water un off Immediately

{2 = 3-step counter cuwrant rirde (bottom) 2= All watat run off after some time

43 = 4-stap counter curent fnse 2 = Inlet {top) reverss outlel 3 = Modarat run off

14 = yiatic + 2-atap counter cumant rinse (dived) 4 = Slow un off

15 = static + J-sisp countes cuirant rinze 3 = Inlet revarsa outlel, boltem 5 w Slow run off + water pookets
4 = [nlet reverss outiet, top

5 = inlat near outiet, top |Seora for fow-control
1 = Complete flow-contral

d 2 = Sama flow adjustment
1 = No back-fiow 3= Coarss flow-cantrol

2 = Minimum back-flow 4 = Very litte Bow-control
3 = Modarat back-flow

5 = Totally opan vaive

4 = Soms back-low




Appendix A3: A Typical Review Report and Feasibility Document




Cleaner Production In the Metal Finishing Industry
Republic of South Africa

Environmental Review
Company Cables

Conducted by
Arnesh Telukdarie
July 2002




Summary of conclusiens and recommendations

This report is a representation of the current status of a company as compared to
best available practice. The report covers a detailed analysis of water and
chemical consumption together with operational practices at Company Cables.

From Figure 1 (A graph representing a summary of the review data) it can be
concluded that the following areas can be Improved:

e+ Operational practice at wastewater treatment plant, No current waste water treatment
exists
Reduction in chemical waste
* Water consumption -
Improvements to the rinsing system
Better maintenance/operation of process baths to prolong their lifetime
Reduction of consumption of process chemical

No scores were recorded for chemical savings at the waste water treatment plant and the
maintenance of the process baths. This is due to the company not currently treat its waste
water leaving the surge tank, so no treatment chemicals are used. The tool does not
consider the use of tin separately and hence does not churn out a key figure for metal
consumption. Calculations and comparisons were made based on plated thickness.

The score for occupational health and safety is low, this is due to the structure of the
plant. All process tanks are contained and none of the processes are at elevated
temperatures. Due to the nature of the material being plated, no heavy lifts etc are
required.




Figure 1: Summary graph of environment review
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The conclusions listed above can be addressed by installing and modifying processes to
facilitate improvements. These modifications would result in a more cost effective and
environmentally friendly facility. The following recommendations can be considered:

e The rinsing system can be improved by introducing three stage counter current rinses
on all process tanks and/or by redirecting rinse waters. This system ensures minimum
water usage and chemical consumption.

e Increasing dripping time(Time for water/ process chemicals to drip/wipe off wire),
this would ensure a reduction in dragout of process chemicals to rinse tanks and
ultimately to the waste water treatment plant. This would also ensure minimal water
usage for rinsing.

¢ Improving the operational practice and management of the waste water treatment
plant. One of the major considerations is the broad band of pH measurements taken
and the non compliance’s.

+ Measurement and dosage of process chemicals be done with greater accuracy. The
company samples the tanks and adjusts process chemicals once / week this needs to
be properly investigated and optimized.

» Control and optimization of the use of rinse water

¢ Recycle polished waste water back to process 50 as to minimize water usage and
waste production

» Introduction of de-ionised water as process feed water




Implementation of the above recommendations would result in a cleaner, more cost
effective production facility. The actual layout and details on equipment required together

with chemical consumption’s and water usage would be done in a comprehensive
feasibility study.
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Introduction

Cleaner production in the metal finishing industry in South Africa is currently being
assisted by a Danish government initiative called The Cleaner Production in the Metal
Finishing industry project (CPMFI). The project is conducted in three steps in order to
achieve companies cleaner production objectives.

The first step is a walk through which entails an overview of the company and
information on problems identified together with some easily achievable solutions. The
second step is a review of the current status of the company. The company’s
consumption’s etc are compared to internationally generated key figures. The last stage is
a feasibility, which entails a comprehensive design and layout together with water and
chemical consumption’s on a cleaner production line. The feasibility also contains
detailed costing with a payback period on investment. The Cleaner Production in the
Metal Finishing Industry project pays twenty percent of the cleaner production
investment up to a maximum of R 75 000, contributiops in kind are also considered.

Other cleaner production projects completed have achieved a ninety percent reduction in
water and almost fifty percent reduction in chemical consumption with final rinses,
before waste water treatment plant, meeting Metro metal effluent specifications.

The CPMFI project is in close collaboration with local Metro’s with regards co-
regulation. These Metro’s currently considers recommendations from the project and
makes allowances based on these recommendations.




Company

Company Cables
Murray Rd
Mkondeni
Pietermaritzburg

3201

Company representatives:  Sipho Ngobo Polymer Technologist

Contact details: Tel (033) 845 3200
Fax (033) 845 0039 -

Sngcobo@aberdere.co.za

1. Company Introduction

Company Cables is a manufacturer specializing in manufacturing and plating of various
sizes(diameter) wire. The company tin plates the wire 4 microns thick. Some wire
products are further drawn after being plated. This review will focus on the activities of
the three wire plating lines and the waste water treatment plant.

The company is in a process of upgrading its production to twice its cutrent capacity. The
company aims at designing this new facility to be more environmentally friendly with
due considerations to production.

1.1 Review Introductien
This Environmental review is the first to be conducted at Company Cables. It is also

intended that this review be used as a base to justify savings in a feasibility study for a
new line with a production rate of two times the combined current production rate.

The review conducted at Company Cables is meant to indicate key figures for their wire
electro-plating process. The figures are related to international best available practice and
accordingly bench marks the environmental performance of the company. These figures
are to assist with waste minimization initiatives for the company. The following report is
a discussion on the different categories investigated and some results obtained.




The review is based on tables, extracted from the excel spreadsheet developed for the
environmental review. The tables cover production and environmental issues for the
production line. The wastewater treatment plant was also evaluated and is reported.

During the course of this report the tables described below will be referred to:

Flow-sheet:  Process sequence, tank lay-out and water flows pre-treatment line

Table 1: Summary table with environmental profile for the company including
graph

Table 2: Data for production and consumption of chemical for chrome line

Table 3: Data for maintenance and disposal of spent process baths

Table 4: Data for rinsing processes and water consumption

Table 5: Data for hazardous waste and potential for waste minimisation

Table 6: Consumption of chemicals for wastewater treatment

Table 7: NA Wastewater treatment: Performance and operational practice

Table 8: Assessment of occupational health and-safety

Table 9: Preliminaty checklist including potential for implementation of cleaner
production

2. Discussion of spreadsheets

2.1 Environmental profile: Table 1 and Graph 1

The graph and table are a summary of the key areas evaluated. The graphs rate the
company on eight key indicators on a scale of 0 to 100.

On this graph a value of:

. Between 0-20 would imply a very low potential for saving
. Between 21-50 would imply a medium potential for saving
. Greater than 50 would imply a high potential for saving

From the graphs it can be clearly seen that the following areas have a medium to high
potential for improvements and for implementation of cleaner production strategies to
improve the environmental performance and obtain further waste and cost reductions:

e Operational practice at wastewater treatment plant, No current waste wastewater
treatment

Reduction in chemical waste

Water consumption

Improvements to the rinsing system

Better maintenance/operation of process baths to prolong their lifetime
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¢ Reduction of consumption of process chemical

This report continues to discusses, in detail and with reference to the relevant tables, the
above conclusions.

Graph 1: Environmental status of company

Environmental profile
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Operational practice of WWTP
Chemical savings for WWTP
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Required water savings
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Score
Environmental parameters Score
Consumption of process chemicals 30
Maintenance of process baths 0.
State of rinsing system 31
Required water savings 46
Possibilities for waste minimisation 55
Chemical savings for WWTP
Operational practice of WWTP 100
Qccupational health and safety 3
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2.2 Production, chemicals and process baths: Table 2 +3

The tables 2 and 3 are used as indicators for the use of process chemicals. The
consumption and production in square meters is used to establish the process chemical
requirements. The consumption is compared to figures of international best available
practice.

The consumption’s are rated on a scale of 1 to 5, a rating of 5 implies greatest room for
improvement and a rating of 1 would imply minimum room for improvements.

The surface area for this report has been an estimate based on the average rate of
production. The average wire thickness was taken as 1.8 mm at a production rate of 100
m /min/line working 21 hours /day, 6.5 days /week.

Diameter: 0.0018 m
Length/min: 100 m

Area /m: 0.018m*(22/7)*1m
= ().00565 m? -
Area/ min: =100* 0.00565
=0.565 m’
Area/day: = (.565*60*21(Effective 21 hours)
=679 m?
Area/year = 529509 m®

This is total for the entire three lines.

Consumption of tin is rated as 4, this is high and a minimum of 10 % of the current
consumption can be saved. This would imply cost savings both for production and a
reduction in cost for sludge generated as this excess of metal has to be treated at the
WWTP and its sludge disposed off. Although the caustic consumption is not flagged as
high in the spreadsheet it is assumed that major cost savings can be achieved if the
caustic is managed properly. With the low oils content of the metal it would be feasible to
install a counter current rinse and close the caustic circuit. This can be properly justified
in a feasibility study. :

The high consumption of can be attributed to:

Too large Drag-out from all process bath

Too short drip times, improper dripping

The ineffective use of Drag-in of the Drag out

Dosing accuracy, Large variances in day to day tank concentrations, Too large a
dosing tolerance band

o Irregular dumping of baths

s Spillage’s due to overfilling of tanks




: The other chemical consumption’s are also high. This over usage can also be attributed to
i the above reasons.

The coating thickness is specified and measured (twice per week), the company samples
and determines the coated thickness in house. The spreadsheet determined a thickness
based on chemical consumption and a plated area of 4 microns for tin. It is estimated that
the actual plated thickness is lower than these values due to chemical losses.

The wipes located on the ends of the tanks are not effective as only a part of the wire is
being wiped. This results in dragout of valuable chemicals. It is envisaged that this
problem would be overcome with air wipes.

An example of dragout losses from the process bath:

i
A bath with a concentration of 100 g/l and a production rate of 85 m?*/ hour

Poor dragout( Short hanging time) Good dragout(Long hanging time)

Poor dragout would imply loss of 400 ml/ m’ Gooed dragicﬂwould imply loss of 200 mV/ m- or less
0.400 V m™ 85 m’/hr*100g/1 0.200 I/ m™*85 m*/hr*100g/]

= 3400 g//hr = 1700 g//hr

=73927 kg/ year = 1964 kg /year

The calculated difference in loss of metal is 1785 kg /year or R 97 431/ year. Since no
drag out tanks are currenily being used this is the actual amount of metal lost to the
WWTP. Financially the losses are : Chemicals* No. of baths /year. This is chemicals
lost just by poor operational practice. These chemicals now have to be treated at the
waste water treatment plant, which consumes even more chemicals which result in a
larger loss to the company. All small improvements add up and have a considerable
impact.




Table 2: Production and chemicals

| rocesbad Type kgiyr Riyr Calculated | Estimated malyr m2/h Y Calculated (>oal | Score, 1-5

Degreaser salt 7.500 17,400
Tin anoties 16,800] 917 280]
Sulfuric acid 3,380 5 683
Diphone V' 242 35,250
PhenaolSulphonic acid 3,404 43231
Stannous Sulphate 3,132 275,773
(Other)

Sum: ‘52941%5

- [oparation time: hiyr 6240 Score: 1 = good, § = unsatisfacto

Table 3: Process baths
Chemicals Production Procass baths Replaced Frocess Baths Cost of Baths Key figures: litre bath per 1000m2
olume, ainie-
Process bath Type kadyr Riyr m2/iyr Jitre Nance Disposal malyr Riyr Riyr [Calculated Goal |Score, 1-5
Cu-Ni-8n linis;
olgb _* [}
[1] (]3] 5

Score: 1= good, 5 = unsatisfaciol

0 = No disposal

CT = Treatment on a caniral plast

IT = Internal trealment In own wastewater piant
IR = Imemal frealmeant and recycling

ER = Extamal freatmant and secycling

OD = Other disposal mathods

4, Chemical treaiment

5. Selactive metak precipitation

5, Crysinllisation

7. Msmbranae slactrolysis

8. Other typas of purification and regensration

2.3 Rinsing and water consumption: Table 4

In table 4 the goal-values for water consumption’s are based on a theoretical calculation
for 3-stage counter current rinse for each rinsing process. Compared to this goal-value the
consumption of water is high and in excess of 45 % of the current water usage can be
saved. Note must be taken of the fact that the water consumption’s are average figures
from measurement conducted on water outlets.

The wire actually misses the spray in the actual rinse vessel, hence rinsing is not properly
carried out. This results in carry over of chemicals which would cause neutralisation of
the plating solution or would be carried over to the waste water treatment plant. Effective
rinsing needs to be carried out.

The existing rinse system is less than ideally laid out and with scope for improvement.
No flowmeters are in place to measure inlet water. Taps are just opened. Some water




lines were partially blocked. The company does not record the water consumption for the
plating plant separately.

The following improvements can be carried out to optimise the present system.

Dripping should be improved

Effective rinsing needs to be carried out

Counter current rinsing needs to be implemented to save water and chemicals
Introduction of drag-in from the drag—out tank.

Recycling of rinse waters

Arrange tanks to minimise dripping losses

Improved removal of liquid from wire surface after process tarik, Wiping, air blades

2 ® ® & & & &

Minimal liquid must be lost from process tanks so as to prevent losses of chemicals
which have to be treated at the waste water treatment facility.

Some recommendations for consideration for this line are:
o Introduction of a low flow counter current rinse system after all tanks

s Reduce the dragout by improving “wire dripping”
e Arranging the tanks so as to minimise losses of water and chemicals

All the above mentioned proposals may be further assessed individually or collectively in
a comprehensive feasibility study.




Table 4: Rinsing and water consuniption

. Water consumption:
inss Rinse  |Processbath |Rawwater | Tank | Rinse system dats scors {1=OK, Saunsatisfactory) [Totah% | water flow, U litm2 Savings
Drip- | Hang- | Agita- | Inlet- | Back- | Flow- Calcu-
Lank re. sysiem  |bafara rinse litre ping ing tion outlet mix | control Actual Goal lated
2]1\3 Caustic 3 1 2 1 4 301
41\ Tin 2 1 2 1 4
7a 112 Caustic 3 1 2 1 4
12 113 Tin 3 1 2 1 4
2b [ Caustic g‘ 1 2 1 4
b 143 Tin 3 1 2 1 4
Sum. |

5 =static *3-ruaning rinse

10=

{1 = 2-step counter current rinse

42 = 3-step counker curtent rinse

13 = d-step counter current rinse

14 = gtafic + 2-step counter currant rinse
15 = static + 3-stap counter current rinss

tank
Di-water = de-ionisad water

1 = Inlet (top) reverse outlet
({bottom)

2 = Inlel (top) reveras outist
(dived)

3 = inlet raverse outlet, bottom
4 = Inlet reverse autlst, top

5 = Inlel near cutlet, top

1 = No back-flow
2 = Minimum back-flow
3 = Moderat back-flow

4 = Some hack-flow

4= running rinse = ggitation snd motion 1m20- sk
2 = static ringe (drag-out rinse) T-water = tap waker 2 = agitation and motion 2 % 15-19 sek
1= Spray finse l.water = jon-exchangad water 3 = heavy motion, no agitation 3= 10-14 sek
4 =slatic + running rinse C-water = chamical treated water 4 = some motion, no agitation 4 = 5-8 56k
5 zatatic +2-running rinse R-water = rause water from ancther rinse 5 = na motian, no agitation 5 = -4 sak

1 = Al water run off immediately
2= All watsr run off after some tima
3 = Moderat run off

4 = Slow run off

5= Show run off + water pockats

1 = Complate flow-control
2 = Some flow adjustmant
3= Coarss flow-control

4 = Very little flow-control
5 = Totally cpen valve

2.4 Waste minimisation: Table 5

The company has only disposed of sludge from its surge tank once in the last three years.
The operator also scoops sludge from the sides and bottom of the tanks and disposes of it
informally. This is a problem as the sludge is high in chemicals and metals. The
companies sludge disposal cost is not a true indication of the amount of sludge generated.
This is an area of potential improvement.

The amount of sludge may be minimised by reducing the drag-out/overspills from
process baths. A filter press may need to be used to ensure effective de-watering of
sludge. The need and operating conditions of the filter press needs to be investigated and
optimised in a feasibility study.

A reduction in chemical losses to the rinse system can reduce the usage of treatment
chemicals in the wastewater treatment plant.

The volume to the waste water treatment plant can be reduced by optimising the rinse
system,




Table 5 : Waste minimisation

Type of wasta Waste Disposal methods Costs Possibilitiss for waste redustion: 5=blg and 1=small
fyrite the types below tondyr Riton Riyr
: ; :
5 B z
o ] @ w|l E .
HE - B $£i8 |2 8
2 2zl B | nEE] % |2 B
3] 22| 5. £EY|E.len
% | £5| fg 228l zglsE%
g 8l c2l a53 §3|334
T £ 8 b S%| EfRl & £l & gl
Liguid sludge 15 Bin i 0! | 3 4 3 1
Filler cakes o]
Sum PR R L i i
Score! 1=good, 5= unsatisfactol
Total score Fakasiol

CT = Treatment on & cantra! plant
ER = External Recovery

ER = External Dastruction

DL = Disposal at landfill

2.5 Wastewater treatment: Table 6 +7
The company is sampled once a month by Umgeni water for effluent management.

However the wastewater treatment plant is an area for great improvement. The entire
plant needs to be optimised. Measurement and control is required to prevent the company
exceeding effluent limits set by the local- municipality.

The test equipment used for testing at the waste water treatment plant is effective, pH
probe. The probe is calibrated once/year this needs to be done more regularly(weekly).

The last 20 weeks pH readings were investigated, only 5 pH compliances were on record
with the lowest value being 3.8 and the highest 12.4. For a continuous process this non
compliance and the fact that the operating band is so wide is cause for concern. The low
pH indicates an excess of acids to the waste water treatment facility, while an excess of
caustic would reflect a high pH. It reflects the need for proper process optimisation and
control especially at the waste water treatment plant. These high values indicate
inconsistent losses of acids and alkali to the waste water treatment plant. If this facility
were run correctly no spikes in pH should be noted.

NB The CPMFI project affords a 30 % discount on Hanna instruments upon purchase and
a further 20 % upon usage. This is to facilitate proper measurement and control of waste
water.




Table 6;: Consumption of chemicals for waste water treatment (WWTP)

Since no treatment of wastewater is currently done there are no figures available.

Table 7: Operational practice for waste water treatment (WWTP)

Dperation monitoring _|Cleaning and calibration |Control Measurement Total
Frequency Score Frequenc Score
H, neutralisation 1/year 5
H, outlet None 5
Metal monitoring None

2.6 Occupational health and safety (OHS) Table 8:“

The total OHS-score is a sum of impact from chemistry, temperature, noise, heavy lifis
and risks. The OHS conditions are in need of drastic changes.

The floors are wet due to waste water run off and spills, the waste water run of area is
bunted. Slippery floors are a problem. The run off onto the floor is also not good
operational practice, waste water needs to be piped to the waste water treatment facility.
Chemicals spills result in wear on floors. If spills are kept to a minimum and if the floor
is not used as a run off then normal concrete floors would be more than adequate.

No fumes are generated from the process , hence no risk associated with fume extraction.

Table 8: Occupational health and safety

Chemistry | Temperature Noise Hi liff JRisk
]
£ % £ 2 i & F: = z
] 4 £ { £ ;
E §. g z 2z 2 5| E 2 5| € P
s 2 g = g & ] I 5| Z s E
5 el a g., 3l E E £ E 2| E &l Al E E 3_
Tin [Caustic BRI DT W 9 1 E1 T I N1 I T Y Y T
in Ba i I 1
Som coras: igh, 2=medium, 1=low Risk score: from 1-2
Cccupational Health and Gajety |Toial score
|




2.7 Cleaner production options Table 9:

The existing rinse system should be improved by improving dripping time. This will
reduce consumption of rinse water, but further reduction may be obtained by
implementation of low flow counter current rinsing with drag-in and drag-out. Better
control of rinse water needs to be introduced such as flow meters on inlet lines.

Effective rinsing, water to wire contact, and overall management of the entire rinsing
process needs to be investigated. The current rinsing system uses too much of water and
is not effective.

It is obvious that sludge can to be reduced and managed properly, current disposal
methods are unacceptable. This entire circuit would be investigated in a feasibility study.

Waste water can be recycled to reduce water consumption’s and reduce running costs.
Once the entire process is optimised the possibility of recycling waste water needs to be
investigated. -



Table 9: Cleaner production Options

[CP methods

o
relevant

Potential for introductian of cleansr production {GP)

Low

g Echnique appn|

Medlurn |High today?

Treatment and purification of process baths:

Oil skimming and sludge removal from cleaners

Purification of cleanars by UF or centrifuges

Substltution of process chemlcals:

Replacing cyanide

Raplacing EDTA

2 [0 | I |

B B A b

Not cost effective

>

Bl Ll el td

B

Counter cusrent rinse

=

Static rinse tanks with reusa (drap-out rinse!

[Counter current rinsi

Water recycling by ion-exchangers

Recyeling of purifiad wastesatar

Cantrol of rinsa water flow

3 P B I

astowater treatment plant (WWTP):

[Saving of chemicals

No curfent treatment

3. Recommendations

The review details many areas for improvement
recommendations can be considered for further investigations. These recommendations if
implemented would result in improvements in the key areas reported in this report.

3.1 The rinsing system

. Stemming from this the following

The key to minimize water usage and reducing process chemicals in any plant is the
rinsing system. By introducing a three stage counter current rinse both these objectives



can be achieved. Process chemicals can also be reduced by dragging in the drag out
solution before a process tank.

The following is recommended:
e Introduction of a fow flow counter current rinse system after one or more tanks

Depending on drag out losses this system can be used to top up the process tank and if
insufficient evaporation occurs from the process tank evaporation can then be induced. It
is recommended that this system be used for the plating tank.

» Explore the possibility of redirecting the rinse water

This might be possible depending on the compatibility of the chemicals. This would
result in a large saving on water and more effective neutralisation of acid and alkali.

Spray rinses are very efficient if used properly. The water can be recycled and the water
needs to be in the form of a fine spray. The implementation of this system would depend
on the company’s production requirements.

3.2 Increasing dripping time

Low dripping times results in wastage of valuable chemicals. These chemicals have to be
treated in the waste water treatment plant and is thus a double wastage. By increasing the
drip time dragout can be drastically reduced. Proper wiping of the wire and air blades
would facilitate proper dripping.

3.3 Separation of waste streams

Different waste streams require different treatment chemicals, by treating the entire
velume of waste at once all chemicals are been treated at the same time.

Acids and alkali can be used to neutralize each other but the process consumption of
these two chemicals are not at the same rate, resulting high and low pH peaks. This can
be overcome by using a storage tank for one of the chemicals and dumping it when the
other is ready 10 be dumped.

The separation of waste streams is going to depend on the companies choice of chemicals
for the new production facility.



3.4 Measurement and dosage of process chemicals

Process chemicals are supplied in bulk but the process requirements are normally in small
quantities. Use of smaller dosing equipment ( e.g. Measuring cylinders and dosing
pumps) would ensure accurate dosing and minimize wastage. Continuous dosing
narrows the operating band, for tank concentration, and would facilitate improved
product quality and lower chemical consumption.

3.5 Health and safety

Health and safety is imperative in ensuring good productivity and the use of personal
protective equipment is essential, especially when dealing with dangerous chemicals.
Operator training needs to be done to ensure protective equipment is worn at all times
and that the hazards of chemicals are known.

The floors needs to be revamped, the current floor is slippery and wet. The waste water
needs to be piped rather than run off onto the floor, as-is the current practice.

3.6 Wastewater treatment

Better measurement and control be carried out at the wastewater treatment plant with
regards all treatment ie

¢ Variables(pH and Concentration) are measured before and after treatment

« Improved dosing accuracy by proper measurement and control

¢ Possibility of automation

¢ Improved agitation after dosing

3.6 Further recommendations

De-ionised water needs to be introduced on the plant to reduce build-up of impurities if a
counter current rinse system is going to be used.

The present process can be rearranged to optimise water flow and process operations.
The above recommendations would result in a cleaner, more cost effective production

facility. The actual layout and details on equipment required together with chemical
consumption’s and water usage can be done in a comprehensive feasibility study.



Action sheet

Recommendation

Agtion

Resource

Low flow counter current rinses

Installation of additional
tanks and piping.

Arrange cascade from tanks
Introduce water at last rinse
tank

To be determined
comprehensively in a
feasibility study

Redirecting of rinse waters

Redirect water between
rinse tanks so as to optimise
water consumption

To be determined
comprehensively in a
feasibility study

Increased dripping time/ air wipes

Increase drip times/ use air
wipes. This would ensure
proper liquid drainage

To be determined
comprehensively in a
feasibility study

Spray rinse system improvements

Spray rinse water be
recycled and reused

To be determined
comprehensively in a
feasibility study

Separation of waste streams

The presence of acid/alkali
with metals in. waste water
dictates that this waste
stream be treated
accordingly

To be determined
comprehensively in a
feasibility study

Improved dripping techniques

Spills into adjacent baths
can be prevented by proper
design

To be determined
comprehensively in a
feasibility study

Use of process chemicals for

neutralisation

Spent process chemicals can
be storage and used for
neutratisation

To be determined
comprehensively in a
feasibility study

Measurement and dosing
process chemicals

of

Proper dosage of chemicals
ensure optimal use of
chemicals

To be determined
comprehensively in a
feasibility study

Health and safety

Floors be revamped and
proper piping be introduced
for waste water run off

To be determined
comprehensively in a
feasibility study

10.

Waste water treatment plant

Proper control and
management with regards,
pH control and dosing-
Automation

Te be determined
comprehensively in a
feasibility study

11.

Management of sludge

Studge generated needs to
be removed and disposed.

To be determined
comprehensively in a
feasibility study




I
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4. Conclusion:

This review highlights the main problem areas where CP-options should be further
assessed. In this report some obvious possibilities are identificd and presented very
briefly. It is recommended that a more detailed study be done on the possibilities for
reduction of chemical consumption and work practice.

A more detailed assessment and feasibility study on the plant is necessary to specify
proposals for actual and detailed solutions for implementation to the process line.

The assessment and cleanet production options are both subsidized by the Cleaner
Production in the Metal Finishing Industry Project. (CPMFI Project)
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Appendix1: Figure 1: Flow sheet for process line

Sequence: Baths Rinse/waste Water:
1 1 Caustic Caustic
140 L  Duel pass 600 L
2 2 ~ Rinse +—>p To surge
_S_;iay f&—— 300 Lihr tap water
3 3 Tin Tin
140 L Duel pass 800 L
4 4 Rinse To surge
Spray 300 L/hr tap water
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EXECUTIVE SUMMARY

An environmental review was carried out by the Cleaner Production in the Metal Finishing
Industry project (CPMFI) reviewing team at Company in July 2002. Based on this report this
feasibility concludes that the suggested changes would result in water savings of 99 % (R 120
514 /year) a chemica) saving of approximately 14 % (R 346 440 /year, based on projected
production) including a reduction of water and chemical for treatment at the wastewater
treatment plant. The projected water consumption would be 0.2 L/ m* as compared to the
current 25 L/ m®. The additional capital investment (tanks, filter and air blades etc) would be
R 617 880 with a payback period of 16 months.

The company has not been fined by the local metro based on any noncompliance of effluent
limits although according to internal log sheets the compahy has had many non compliance’s.
The new plant is to be designed so as to exceed the company’s present environmental
requirements. The company’s aim is to make this facility as environmentally friendly as
possible and hence the request to the Cleaner Production in the Metal Finishing Industry
Project.

A major consideration for the above investment is the potential 20% contribution from The
Cleaner Production in the Metal Finishing Industry Project (CPMFT) on capital cost incurred.
This would significantly impact on capital expenditure of the company, provided the
conditions laid down by the CPMFI project are met. The payback period is reduced to 14
months if the CPMFI funding is considered.

The environmental review conducted generated several potential cleaner production options.

The most relevant considerations are:

« Operational practice at wastewater treatment plant, No current treatment at the waste
water treatment exists

» Reduction in chemical waste

» Water savings on rinse water by optimizing rinse water system

¢ Improvements to the rinsing system

e Better maintenance/operation of process baths to prolong their lifetime

e Reduction in waste-water volume to waste-water treatment plant



. Reduction in chemical consumption in process line by optimizing chemical dosing to

process tanks.

Stemming from this, the feasibility study takes into consideration methods of achieving the

above in the most cost effective way. The following considerations are evaluated:

e The use of low flow rinse tanks after both process tanks to reduce chemical consumption.
o The optimal usage of rinse water to reduce water consumption
« The use of de-ionized water to reduce accumulation of ions in the process tank.

» Optimize the “dripping” process to limit carry over of expensive process chemical.

Improve efficiency of the wastewater treatment plant, by reducing the load
» Optimize the sludge recovery from process tank

f + Water recycling

This feasibility report aims at justifying the above recommendations by compiling the

technical and environmental benefits of the modified plant relative to the existing plant.
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1. Introduction

Company Cables is a producer of tin plated copper wire. The current production facility is to
be upgraded and the company aims to make this facility as cost effective and environmentally

friendly as possible, An environmental review was carried out at Company Cables wire line at

their factory in Mkendeni, Pietermaritzburg in July 2002,




The company plans to upgrade the current wire line in order to increase production together
with improve cost effectiveness by reducing water and chemical usage. This upgrade would

double the current plant capacity from 300 m/min to 600 m/min.

The company has had no major problems with Umgeni Water with regards effluent. The new
plant is to be designed so as to exceed the company’s present environmental requirements.
The company’s aim is to make this facility as environmentally friendly as possible and hence

the request to the Cleaner Production in the Metal Finishing Industry (CPMFT) Project.

The scope of this report is to evaluate and recommend cleaner production options from a
technical, economic and environmental perspective. This report does not consider the capital
costs of the entire line recommended but only the options for cleaner production. The cleaner
production options under consideration would significantly reduce chemical consumption and

wastage, resulting in a reduction on the load to the wastewater treatment facility.

The calculations in this report assume a production rate of twenty one hours / day and does
not consider fluctuations in product markets. The recommendations are based on detailed
calculations and from engineering practice, however non compliance’s to the figures in this
report cannot be justified as the variables for control is beyond the scope of this study. The

implementation and commissioning risk therefore lies with the company.

2. Current status

The present tin plating facility at Company Cables consists of 3 plating lines, each producing
100 m/min, with a total current production of 529 509 m’/year. The current plant has two
water inlet points consuming a total of 13 478 m® of water per year (approximately 43 m’ /
day). None of the rinses are redirected or reused. All rinses have separate inlets and all rinses
exit to the waste water treatment plant surge tank. The line is compact with wire drawn in and
out automatically. The plant compact with the chemical holding tank at the bottom. There is
an air extraction system in place for fume removal on the entire three lines. No filter press is

currently nsed to dewater sludge. The sludge is currently disposed off informally by the plant

operator.




2.1. Waste water treatment

Wastewater from all tanks are sent to a common holding tank(surge), located next to the lines,
outside the building. No treatment or of waste water is currently carried out. Weekly analysis
of wastewater is done, pH measurements only. Sladge has only been removed once in the last

three years from the surge tank. The plant is sampled once per month by Umgeni Water.

The company has had no fines or non compliance to effluent specifications.

3. Possible cleaner production technologies

The basis for cleaner production application is the environmental review tool used by the
Cleaner Production in the Metal Finishing Industry ( CPMFI ) project to highlight potential
process improvements. A number of possibly applicablf; cleaner production options were
generated from this tool and is reported in the environmental review, ( see environmental

review, July 2002). These options are listed below together with recommendations.

NRB: Recommended would imply the option been considered in this feasibility study but not
necessarily finally selected.

Table 1: Cleaner production options

Purification of cleaners by membranes, Not recommended
Optimize rinse system. Recommended.
Counter current rinse. Recommended.
Improved chemical dosing Recommended.
Control of rinse water flow. Recommended
DI feed water Recommended.
“Pre dipping” Recommended.
Introduction of multiple air blades Recommended
Purification of process baths Recommended,

3.1 Description of recommended operations



3.1.1 Three stage counter current rinse

The three stage countercurrent rinses, also known as the low flow rinse, located after the

process tanks reduce the loss of expensive process chemicals and reduce the amount of rinse

water used whilst saving on treatment at the waste water treatment plant. The three tanks are

arranged in a three stage counter current cascade. The losses due to evaporation from the

process tank is made up by fresh water (de-ionized water) on the last rinse tank and is pumped
through to the first rinse tank. The first rinse tank is used to top up the process tank.

Wire
Dragout . l l
Process Rinse 1 N T Rinse 2 4| | Rinse3 « DI Water
Recycling of water
3.1.2. Pre dipping(Sprayin,

The dipping(spraying) sequence for material passing through the rinse section will be

changed to provide pre-dipping. Pre dipping reduces the loss of high value chemicals to the

WWTP. The dipping sequence for the plant is changed as follows:

Pre spray from tank | Process tank Post spray Tank spray sequence
2 1 2 2,1,2
6 5 6 46,56

Current dipping sequence:

From




i 2 Rinse
Tin
i 4 Rinse
I
I Dipping Sequence
2 Rinse 3 4 Rinse

Proposed dripping sequence:

Tank

4 Rinse )

6 Low flow rinse 1
5 Tin

6 Low flow rinse 1
7 Low flow rinse 2

| ] ML

4 Rinse 5 Tin Tank 6 Rinse 1 7 Rinse 2

Typical saving by the above system is 50% of the chemicals dragged out from the process
tank.

3.1.4 Water reuse

It is envisaged that the amount of chemicals lost to evaporation would be high due to the use
of air blades. This vapor would be removed by the air extractor system and would be scrubbed
in a scrubber. If the chemicals are to be recovered, the extractor for the cleaner and plating

solution has to be kept separate. An investigation would have to be carried out on recovering

of this solution.




4. Description of proposed cleaner production options

It is proposed to increase the number of rinse tanks, install new equipment and change certain

operating procedures to reduce raw material waste and environmental impact.

The option presented (Appendix 1, Figure 2- Proposed flow sheet) this is based on an
gvaporation rate on the process tanks specified in the flowsheets, this would occur by normal
evaporative losses from the process tanks ( online evaporators are installed). The evaporation
required is low and would be achieved due to the heating of the tanks. The chemical supplier
specifies up to 50 deg C on the tin and up to 70 deg C on the cleaner. The rates of

evaporation would have to be optimized based on operational practice,
4.1 Suggested changes:

¢ Rinses for the tin and cleaner process tank be arranged in a closed countercurrent
cascade, see appended flowsheet, otherwise known as a low flow rinse. This implies that
the process liquid carried as a result of dragout out is used to top up the process tank thus
minimizing losses while ensuring no metals are wasted to the waste water treatment plant.

e The evaporation required from the process tank would be made up by introducing de-
jonized water into the last low flow tank. The final rinse has a calculated content
depending on the dragout and evaporation rate. ( This is calculated at varying dragout
rates, see appendix 1) . All calculations are tabulated in Appendix 1, Tables 2 to 5.

¢ Rinse water is to enter the bottom of one end of the tank and leave at the top of the other
end, this would ensure optimum mixing.

o Measurement and control of all water inlets, introduction of flowmeters

* Introduction of de-ionized water

+ Multiple air blades on all wire exit from process liquid

4.1.1 Bath and process management

In the options proposed an important criterion for consideration is the rate of evaporation

from the process tanks. A rate of 250 L/day , tin, and 200 L/day, cleaner, is imperative to




ensure the material balance is correct and the dragged out chemicals is recovered { process

tank evaporation rate is specified in Appendix 1).

This feasibility allows for options of different evaporation rates (Table of values attached in
Appendix 1, Tables 2-5). Evaporation rates were obtained can be adjusted to optimize

process, this would be done by the online evaporator.

A concern over the possibility of heating losses form the process tanks can be addressed by
keeping the temperature constant and optimizing the dragout. The energy consumption
associated with this heating would be negligible as heating would be carried out during
plating. The low flow rinse would be pumped via pumps from tank to tank. This would
ensure minimum tin content in the final rinse and the dilution factors in these rinse tanks are
met, ensuring effective rinsing. The inlet water flow rate must be kept at a constant rate to

ensure the calculated specification in the final rinse are met.

A key factor in determining water consumption and rinsing is dragout, good dragout would
imply a carry over of 160 mL/m?. However, this is wire and it is envisaged that the dragout is
currently 4 mL/m?, this is from using an analysis of a sample taken ( 20 mg/L caustic). Based
on this together with the use of air blades the projected dragout is assumed to be 16 ml/m’.
This assumption is justified in terms of the use of a double air wipe to ensure minimum losses
from the process baths. If this dragout figure is not achieved the plant has been designed so as

to increase the evaporation rate so as to achieve the dilution factors required.

The chemical content at the waste water treatment facility would be zero as no rinse water
would be sent to this treatment plant. This plant would now become redundant except for
spills and emergencies. The equipment used for this facility is satisfactory to deal with this
loading.

4.1.2 Sludge reduction

The sludge currently generated has not been quantified . Due to the change in chemicals used
it would be difficult to predict the sludge volume generated, specification sheet only discusses

organic contamination. This would be dealt with by the use of an online filter from the

chemical supplier.




5. Environmental evaluation

5.1 Raw Water Usage

From the suggested process layout it can be seen that the number of water inlets to the system

has been unchanged, but the total volume of water leaving the system is now zero.

The raw water usage is reduced by more than 99% from 13 478 m*/yr to 88 m*/yr. The
contribution of each of the water saving systems is compared in Table 1, Appendix 1. This is
a significant reduction in water consumption and would imply, subject to good management,
significant reduction in waste water volume. The total cost associated with the water saving is
R 60 257 R/year.

The feed water to all the low flow rinses is first de-ionized to prevent salt buildup in the
process tanks. The use of de-ionized water is critical to the low flow rinse system. The

introduction of an Reverse Osmosis/ de-ionized unit would improve the quality of water.

Table 2-5, Appendix 1 has detailed calculation for water flows to the process rinse tanks.
Different options are generated. The table displays different flow rates together with the
different dilution factors. The flowsheet given (Appendix 1, Figure 2) uses the optimum

water flow rates.
The flow of water to the rinse after the degreaser is 300 L/hr with a dilution factor of 60. The

flow of water to the rinse after the tin plating tank is 250 L/hr with a dilution factor of almost
110.

5.2, Chemical usage

The present chemical usage is high and proper management of this raw material would result

in cost savings both in process chemicals and wastewater treatment chemicals. Dosing




systems need to be considered allowing for accurate chemical dosing. Overdosing and
underdosing of valuable chemicals must be prevented. Daily sampling and control needs to be

done to optimize the dosing of chemicals.

A major consideration for the chemical bill is the changes in chemicals and equipment to be

used, The flourborate system has an efficiency, subject to operating conditions, of 100 %.

This is an important factor in terms of chemical usage.
A detailed costing based on consumption’s is done in Appendix 1, Table 1.

There is currently no treatment of waste water at the surge tank. The new facility would
consist of closed loop counter current rinses which would result in no effluent to the surge

i tank. Thus no chemicals would be required for the waste water treatment plant.
|

Zero chemical losses would be achieved by the introduction of counter current rinsing,

improved dosing and by improving drip times ie the effectiveness of the air blades.
Chemical consumption would be reduced in all tanks based on improved dripping times.

An example of dragout using the degreaser bath:

A bath with a concentration of 60 g/l and a production rate of 300 m?/ hour

Poor dragout{ Short hanging time) Good dragout(Long hanging time)
Poor dragout would imply loss of 160 ml/ m Good dragout would imply loss of 16 ml/ m” or less
0.160 1/ m* 300 m’/hr* 60g/1 0.016 I/ m**300 m*/hr* 60g/]
= 2880 g//hr = 288 g//hr
= 18869 kg/ vear = 1887 kg /year

For the tin bath the losses would be reduced significantly. This was established from the
review tool by using the surface area treated. The tool calculates a consumption of 32 kg
Tin/1000m? plated and rates this consumption as a 5 which is very high. The figure generated
by the tool is 20 kg/1000m?® . This would imply a reduction in chemicals of 62 %. With the
counter current rinsing process in place this is highly achievable. For the purpose of this study

a conservative saving of 20 % by mass of tin would be assumed. It is justified in terms of the

management of the rinses, reduced contamination and low flow rinsing . A further




consideration is the excess use of stannous sulfate. This has been used as a substitute for
anodes. This is a very expensive source of Tin as it cost twice the price as compared to
anodes. With proper anode ratios and bath management this loss would be reduced. A figure

of 30% of the previous consumption is considered, this is a very conservative value.

All other chemical additions to the baths have been reduced by 20 %. This would be savings

achieved due to reduced dragout. This is also a conservative estimate.
5.3. Environment

In upgrading any production facility the most importent consideration, next to cost
effectiveness and productivity is the environmental impact. This combined with the trend
from local metro’s in reducing the heavy metals limits in wastewater sent to drain is reason
enough to ensure that any modern plant is as environ}nentally friendly as possible. An
additional reason is the cost of both purchasing and disposing of the most important raw

material for metal finishing , water, which is rapidly becoming expensive and scarce.

Thus the plant designed is aimed at zero losses of heavy metals together with a very low water

consumption. The final rinse for tin would have a concentration of 1.4 g/l. All process .~

chemicals, circuit would now be a closed loop and thus no metals would be going to the waste
water treatment plant. It is envisaged that the metal content at the waste water treatment plant

would be zero.

5.3.1. Health and safety
An air extraction system has to be introduced to extract the fumes from the process tank, this
would be to remove the toxic air from the environment of the employees thus reducing

potential health risks. It is envisaged that with good air circulation and proper ventilation,

combined with the extraction system the air quality would be sufficient.

5.3.2 . Company image

Company cables has had no problems with Umgeni water and a green image would stand the

company in good stead for the future. If the company is to operate as recommended in this




report it would have no problems Umgeni water. The company could also market itself as a
green company and this would position the company well in terms of the export markets as all

products could be considered greener and environmentally friendly.
6. Capital costs

The construction of the new line allows for the implementation of the cleaner production
options as discussed in this report. The capital cost for the entire new line is not considered.

Only capital based on the cleaner production options suggested will be considered.

The cost of capital equipment are considered as follows:

¢ De-ionized water can be supplied with a reverse osmosis plant. If the company chooses to
go for a reverse osmosis unit it would cost R 12 880.
e In line carbon filter R 26 000
e Operator training at R 1000 a day, total R 3000
¢ Further consultation R 3000 .
s Additional 2 stage rinse Degreaser, with air blade R 73 000 4
s Spray system for dragin of dragout R 37 000
s Carbon filter R 26 000
e A budget price from VIL for the scrubber system: R90 000
e A budget price for caustic and Florbourate recovery R140 000

All prices provided are from company quotes attached in appendix 1

Table 3: Cleaner production equipment cost

Description _ Number of units Unit Cost Total cost
| (Costs Rands)

R O unit 1 12 880 12 880

Additional 2 stage tinse Degreaser, with air blade 1 73 000 73 000

Additional 2 stage rinse Plating, with air blade 1 92 000 92 000

Measuring and control i 42 000 42 000

Spray system for dragin of dragout 1 37 000 37 000

Carbon filter 1 26 000 26 000
Evaporator: Degreaser 1 42 000 42 000




Evaporator: Plating 1 57 000 57 000
Scrubber system 1 90 000 90 000
C'austic and flouroborate recovery 1 140 000 140 000
Operator training + Operating Procedures 1 3 000 3 000
Consulting 1 3 000 3 000
L’l"ial Capital Cost 617 880

From Table 3 it can bee seen that the total capital cost would be R 617 880.
6.1 Equipment cost

Prices for the RO/ De-ionization unit were obtained from two companies the following tables

provide the specification and further information.

Table 4; Suppliers for RO / DI units

Supplier Unit cost Specification Contact person | Contact No.

True water Solutions | R 9 500 500 l/day S Moss 033 3424000
Water  Purification | R 12 800 950 I/day A Du Toit 031 564 4403
equipment

Price exclude piping and installation. The unit has to be sourced based on water requirements.

Table 5: Suppliers for flow meters

Supplier Unit cost Specification Contact person Contact No.
East Coast R 998 10-100 I/hr Shaun 031 3054918
5-50 Vhr
3.24 V/hr

City plastics R 696 10-100 1/hr D Hammond 031 2061512
5-50 V/hr
3-24 l/hr




Flow meter prices are independent of throughput. Flow meters must be properly sourced to

ensure operation within flow range.

Since the equipment being built is specialized the prices supplied is from the manufacturer.

7. Economical evaluation

A detailed costing of the various options are detailed in Table 1, appendix 1. The
consumption of chemicals are based on goal values from Table 2, environmental review
report, and on dragout calculations. Table 1, Appendix 1 contains details on the water and
chemical usage together with costs for each of the options. Table 1 can be summarized as ‘
follows.

Table 9: Water savings

| Current New Line
I:Cost in Rands 60 653 396

Thus the total savings in water amounts to R 60 257, or 99 % of the current usage.
The chemical consumption’s can be summarized as follows.

Table 10: Chemical consumption

Consumpticn Unit Today New plant
with current
production
Water R/yr. o B
Process Chemicals Riyr
Chemicals WWTP R/ ay
Total Costs in Rands Riyr 1 355 569 1113 082

Process chemicals can be reduced by 14 % if managed properly.

The overall savings in chemicals and water etc adds up to R 242 487. Considering that the
total capital investment required would be R 617 880 the payback period would be 19 months.

The new plant would be designed to double production so the total savings can be doubled to




R 484 974 giving a pay back period of 16 months. Considering the 20 % from the CPMFI the

payback is reduced to 14 months. This excludes labor savings and other indirect costs.

8. Conclusion and recommendations

The above discusses the details involved in the option proposed and lays the foundation for
construction of a cleaner facility. The option presented has to be considered for
implementation as an integral part of the proposal prepared for improvements to the
production line being constructed.

The feasibility concludes that the company should invest in the additional cleaner production
equipment together with the recommended plant modifications. This would ensure the current
facility is optimized in the most cost effective way. This upgrade would ensure Umgeni

Watet’s limits are met for now and for the foreseeable future.

also suggested that the waste water treatment facility be designed based on the flow rates

recommended in this report, forecast as zero.

It is further recommended that the design of the new line be a consultative one and expertise

from CPMFI consulted for any further changes.




Appendix 1

Figure 1: Flow sheet: Present plant

Sequence: Baths Rinse/waste Water:
1 1 Caustic Caustic
140 L. Duel pass ﬁ-SOO L
2 2 Rinse To surge
Spray B 300 Lihr tap water
3 3 Tin Tin
140 L  Duel pass 600 L
4 4 Rinse To surge
Spray 300 L/hr tap water




. gaguence:

Figure 2: Flow sheet: New plant
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Baths Rinse/waste Water:
1 Degreaser
Duel pass: 60 g/L
2 Low flow spray rinse 1 Y .,
250 L 14 g/L Caustic = -
3 Low flow sprayrinse 2 1500L Il kel
250L  4.1g/L
4 Low flow spray rinse 3
250L 4o/l 4—— 300 L/Day DI water
5 Tin —® Fume exiraction

[¥[ ¥ [+[¥

3 Tow fiow spray finse 1 v <
IESO L 401 g/L Tin Evaporater
7 Low flow sprayrinse 2 1500LC

250L  13.7g/L

] Low flow spray rinse 3

250L 3891

] Low flow spray rinse 4

250L 149/l 250 L/Day DI watar




Table 1: Total costing

| vater h 1800 25
i [Water m3/yr 13478.4 88
| I/m2}] 25.45452485] 0.166191698
. Riyr| 60652.8 396
60256.8
Chemical cost/ kg |
Negreaser salt ka/yr 7500
Poge FgUyr 17400
HP 16 kgfyr 6000 13.40
T Riyr §0400
 [fin anodes kglyr 16800 13440 Tin anodes
i Riyr 917280 733824
; [Bulfuric acid kglyr 3380 2704 Fiouroboric Acid 45.30
; Riyr 5982.6 122491.2 —
" [Diphone V kglyr 242 750] M&T.Additive 221 A 49.70
35250 37500
750/ MA&T Additive 221 B 48.30
36750
PhenaolSulphonic acid Riyr 3404 2723.2 Boric acid 10.13
43230.8 27586.016
Stannous Sulphate 3132 ___939.6| Stannous flouroborate 78.90
275772.6 74134.44
i |Sub Total 1294916 1112686
 [Savings 182230]
fotal 1355569 1113082
Total Saving | 242487




Table 2: Tin rinse Table: Table of values for rinse water flow 250/300 L/day with varying dragout

volumes
275m hr at 0.016 V/m2
Florborate rinsing syatem with pre-dip in 1 st rinse Florborate rinsing system without pre-dip in 1 8t rinse
Case 1 [Case 1
[Evaporation: 250.0|litre/day Evaporation: 250,0[htre/day
Drag-out; Dyag-out: 4.5 |litre/h
Drag-out: Drag-out: i CH s litre/da
Production: Production; 21.0{h/day
Florborate in bath: Florborate in bath: 156.0
Florborate in 135t rinse Florborate ins 13t rinse
Florborate in 2nd rinse |Etorborate in 2nd rinse
Flarborate i 31d rinse |Florborate in 3rd rinse
Florborate in 4th rinse [Florbosate in 4th rinse
Los3 of Florborate to Loss of Florbarate to wastewater
Recovery of Florborate Recovery of Flotborate
[casez Case 2
|Evaporation: [Evaporation:
Drag-out: Drag-out:
Drag-out: Drag-out;
Production: . Production:
Florborate in bath: 150,0|gn |Florborate in bath:
[Florborate in 15t tinse Florborate i 15t rinse ey
[Florborate in 2nd rinse Florborate in 2nd rinse iEiiis
Florborate in 3rd rinse Florborate in 3rd rinse [t
Florborate in 4th rinse Florborate in 4th rinse g/l
Loss of Flarbarate to wastewater Loss of Florborate to wastewater |i1044196:8| o/day
Recovery of Florborate [Recovery of Florborate |
Case 3 Case 3
[Evaporation: 250.0}lire/day [Evaporation: 1 250.0[fitre/
Drag-out: 4,0{litre/h Drag-cut: 4,0litre/h
Drag-out: Drag-out: i gt litre/da
Production: Production: 21.0{l/day
Florborate in bath: Florborate in bath: 150.0{g1
Florborate in 1st rinse Florborate in 1st rinse
Florborate in 2nd rinse Florborate in 2nd rinse
Florborate in 3rd rinse [Florborate in 31d rinse
Florborate in 4th rinse Florborate it 4th rinse
Loss of Florborate to wastewater 1058 of Florborate to wastewater
Recovery of Florborate Recovery of Florhorate
Case 4 Case 4
Evaporation: 300,0] litre/day Evaporation.
Drag-out: 4.,0]litre/h Drag-out:
Drag-out: litre/day Drag-out:
[Production: 2}.0[h/day Production:
[Florborate in bath: 150.0]g/1 Florborate in bath;
Florborate in 13t rinse Florborate in 15t rinse
Florborate in 2nd rinse Florborate in 2nd rinse
Florbocate in 3rd rinse Florborate in 3rd rinse
Florborate in 4th rinse Florborate in 4th rinse
Loss of Florborate to wastewater Loss of Florborate to wastewater
Recovery of Flarborate Recovery of Florborate

Table 3: Tin rinse: Table of values for rinse water flow at 300-400L/hr with varying dragout volumes




Florborate rinsing system with pre-dip in 1 st rinse

275m hr at 0.016 L/m2

Florborate ringing system without pre-dip in 1 st rinse

Easel

Eﬂse 1

IEvaporation: 300.0[litre/day Evaporation: 300.0{litre/day |
Drag-out: G.Qlﬁhuh Drag-out! .0 litre'h
Drag-cut: 12610 litre/day Drag-out: 6:0] litre/day
[Production; 721.0[h/day Production:

[Fiorborate in bath; Florborate in bath:

150.%@

Flosborate in 151 rinze

[Florborate in 2nd rinse

Florborate in 1st rinse

[Florborate in 2nd rinse

|Florborate in 3rd rinse ’ [Fiarborate in 31d rinse
[Florborate in 4th rinse 2/l Florborate in dth rinse
Loss of Florborate to wastewater 23| g/day Loss of Florborate to wastewater
Recovery of Florborate },Si% Recovery of Florborate
Case 2 Case 2
Evaporation: 350.0|litre/day Evaporation; 350.0|litre/day
Drag-out: 6.0|lire’'h Drag-out: 6.0|litre/h
Drag-out: 11260 litre/day [Drag-out: [1Z6.0)]litre/day
Production: 21.0]w/day Production: 21,0 b/day
Florborate in bath: 150.0]g Florborate in bath: g

Florborate in 15t rinse -

Florborate in 2nd rinse

Florborate in 1st rinse

Florborate it 3rd rinse

Florborate in 2nd rinse

Florborate in 3rd rinse

Florborate in 15t rinse

Florborate in 2nd rinse

Florborate in 3rd rinse

Florborate in 4th rinse

Loss of Florborate to wastewater

Recovery of Florborate

Florborate in 4th rinse Florborate in 4th rinse

Loss of Florborate to wastewater Loss of Florborate to wastewnter

Recovery of Florborate [Recovery of Florborate

Case 3 Case 3

Evaporation; 400.0]litre/day Evaporation: 400,0]litre/day
Drag-out: 7.0}litre/h Drag-out: 7.01litre/h
Drag-out: 0] litre/day Drag-out: R0 lire/ da
Production: 21.0h/day IProduction: 21.0]h/day
f__lo_rborate in bath: ISO.OIE{! Florborate in bath: 150,0)
[Florborate in 15t rinse Florborate in Ist rinse s s )
[Florborate in 2nd rinse Florborate in 2nd rinse BTG
Florborate in 3rd rinse Florborate in 3rd rinse : 418
Florborate in 4th rinse Florborate in 4th rinse

Loss of Florborate to Loss of Florborate to wasiewnter

Recovery of Florborate Recovery of Florborate

Case 4 Case 4

Evaporation: 400,0[litre/day [Evaporation; [ 400.0]litre/day
Drag-out: 6.0{itre/h Drag-out: i
Drag-out: 113126, 0] livre/day Drag-out:

Production: [Production;

Florborate in bath; Florborate in bath:

Florhorate in st rinse

Florborate in 2nd rinse

Florborate in 3rd rinse

Florborate in 4th rinse

Loss of Florborate to wastewater

|Recovery of Florborate




Table 4: Degreaser rinse: Table of values for rinse water flow at 300/250 L/day with varying dragout
volumes

Plating 275 m2/hr with a dragout of 0.016 L/m2
Degreaser rinsing system with pre-dip in 1 st rinse

Degreaser rinsing system without pre-dip in 1 st rinse

|
i
|

(Case 1 Case 1

[Evaporation: 300.0]litre/day [Evaporation; 300.0{titre/day
Crag-out: \4..5 litre/h [Drag-out,

Drag-out: :3]litre/day Drag-out;

Production: 21.0]h/day Production:

Degreaser in bath: 60.01g/1 Degreaser in bath;

Degreaser in 1st rinse

Degreaser in 13t rinse

Degreaser in 2nd rinse

Degreaset in Zndg rinse

Degreaser in 3rd rinse

Degreaser in 3rd rinse

Loss of Degreaser to wastewater

Loss of Degreaser to wastewater

Recovery of Degreaser R.ecovery of Degreaser

Case 2 [Case 2

[Evaporation: Evaporation; 300.0litre/day
Drag-out: Drag-out: 10.0jlire/h
Drng-out: Drag-out: I M litre/da
Production: Production: 21,0]bvday
Degreaser in bath: 60.01g/1 Degreaser in bath: 60,0

Degreaser in 1st rinse

Degreaser in 15t rinse

Degreaser in 2nd rinse
Degreaser in 3rd rinse

Degreaser in 2nd rinse
Degreaser in 3rd rinse

Loss of Degreaser to wastewater

Loss of Degreaser to wagtewater

Recovery of Degreaser Recovery of Degreaser
Case 3 Case 3

[Evaporation: [Evaporation:
Drag-cut: Drag-out:

Drag-out: Drag-out:

Production: Production;

Degreaser in bath: Degreaser in bath:

Depreaser in 1st rinse

|Degreaser in 1st rinse

Degreaser in 2nd rinse

Degreaser in 3rd rinse

[ch.rcam’ in 2nd rinse
Degreaser in 3rd rinse

Loss of Depreaser to wastewater

Loss of Degreaser to wastewater

Recovery of Degreaser Recovery of Degreaser

Case 4 Case 4

Evaporation: Evaporation: 250.0]litre/day
Drag-out: Drag-out: ]0.9 litre/h
Drag-out: Drag-out: Lzl litre/da
Production: Production: 21.0|l/day
Degreaser in bath: Depreaser in bath: 60.0{g/1

Degreaser in 15t rinse

Degreaser in 2nd rinse
Degreaser in 3rd rinse

Loss of Degreaser to wastewater

Recovery of Degreaser

Degreaser in ]st rinse
Degreaser in 2nd rinse
Degreaser in 3rd rinse
Loss of Degreaser to wastewater
Recovery of Degreaser 81.2|%




Appendix Ad; Visual Basic Screens

Detailed database on Disc
See Attached disc for programs, Folder “VB Database”

D:/Database
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Appendix AS: VB Program Monte Carlo for categories

See Attached disc for programs, Folder “Mat Lab Monte Inputs”




Appendix B: Fuzzy Logic
Appendix B1: Approach

Development of a single fuzzy logic system for the entire plant would be an
almost impossible task hence the plant can be categorized into subsections. For

the purpose of this system the plant was categorized into the following sections:

¢ Sludge-Sludge generated plant-wide and handled at the wastewater
treatment facility. The amount of sludge is proportional to plating

chemical losses.

o Waste water treatment plant chemicals-Chemicals used for treatment of
wastewater at the wastewater treatment facility. This is an indication of the
chemical losses from the plant.

o Wastewater treatment plant equipment- The equipment used at the
wastewater treatment plant must be effective in measurement and control.
Calibration is also a key factor.

o Process Chemical-Process chemicals must be used for the plating process
and not contribute to waste generation. Optimum management is required.

e Occupational health and safety-The employee’s health is a major concern

especially since such hazardous chemicals are being used.
o State of the rinsing system- The configuration of the rinsing system at a
surface finishing plant could result in low or very high water consumption.
¢ Water consumption- The actual water flow is an important factor in an
audit of a plating plant. Excessive water could result in an oversized
treatment process.

¢ Production-The way things are done. Good operational practices imply a

reduction in rejects and waste thus ensuring optimal use of resources.




The final output from the model would represent these categories of the company

as key focus areas.

Multiobjective decision-making

The scope of this paper would include all of the above categories but the rinse
tables would be used to illustrate fuzzy logic multi-objective decision function
procedure. The objective of the rinse tables being, determining the water

consumption rating of the company.

The key objectives for the effective rinsing and water consumption at a surface
finishing facility would be those factors that impact on water consumption and
effective rinsing off, of chemicals. The output has to be a function representing all
the objectives with consideration to their levels of importance. The fuzzy logic
multi-objective decision function would assist in determining the weighing of
each objective. This shall be used to determine the water consumption rating for

the company.

The key variables (A), which contribute to water consumption, are:

¢ Drip times (DT)- The time the components are allowed to drip above the
tank before being moved to the next tank

¢ Hanging (HG)- The orientation of the components on a jig.

e Agitation (AG)-The liquid movement created in a tank by air or jig
movement.

» Inlet (IN)- The water flow inlet and outlet of a rinse tank

e Back mix (BM)- The mixing of process rinses due to connections of the
tanks




e Flow control (FC)- The regulation of water to a rinse tank

Hence defining set A:
A ={DT,HG, AG, IN, BM, FC}

The fuzzy logic multi-objective decision function is tasked with determining the
weighted importance of each variable in {A}. This would be done using a set of
criteria, say {O} that is important in the decision-making. The decision function
essentially represents a mapping of the alternates in A to a set of ranks. This
process would require subjective information from the decision authority

concerning the importance of each objective {O}.

The objectives for the rinse water problem are:

s Production (P)- The impact of rinsing on the rate of production, e.g. a
longer drip time would result in increased production time.

o Cost(C)- The cost implications of the variables e.g. a longer drip time
would result in a reduction in dragout chemicals and hence reduced
chemical cost.

o Chemical Consumption (CC)- The impact the variables would have on the
consumption of chemicals. The reduction in dragout would result in a
reduction of chemical consumption.

s Water consumption (WC)- The water consumption is directly dependent

on the rinsing required.

The set for the objective function can be defined as:




0 = {P,C,CC,WC)

Let the degree of membership of DT in {O} be denoted as poi (DT) and is the
degree to which DT satisfies the criteria specified for this objective. The decision
function D must satisfy all the decision objectives. The decision function is hence

the intersection off all the objective sets.
D=P~CnNCCNWC

And hence the grade of membership that the decision function, D, has for each

alternate in {A}, is given by:

up (2) = min [up(DT), pcD@T), pec@T), pwc®D)]

The optimum decision, a', will then be the alternate that satisfies:

up (a) = max (up(2))
Where acA

The set of preferences {P}, which are values, which can be described as linguistic
or intuitive with values in the interval [0,1]. These preferences are attached to
each of the objectives to quantify the decision maker’s feelings about the
influence that each objective should have on the chose alternate. Let the
parameter, b;, be contained on the set of preferences, {P}, where i =1,2,3,4. Hence
we have the level of importance of each objective to the decision maker for each

decision.



The form of the decision function, D, now changes to represent a combination of

the weight and the objective function.
D=M(P,b;) N M(C,b;) N M(CC,b)) n M(WC,by)
The decision measure for a particular alternative, a, can be replaced with:

M(P;(a),b;) = bi—> Pi(@)=bi VP; (a)

The statement “b;implies P;,” indicates a unique relationship between a preference
and its associated objective function. Hence a reasonable decision model will be

the joint interaction of r decision measures:
.-
D= n(bl w0)
i=l

And the optimum solution, a', is the alternate that maximizes D. If we define:

Hence

i (a) = max [pni—(), po (a)]

This implies that the optimium solution, expressed in membership form, is:

Wa (a*)=max[min{}i (a), He2 (@)........ ur(a)}]




T

The model is intuitive in that as the ith object becomes more important in the final

decision, b; increases, causing l_); to decrease which in turn causes C; (a) to
decrease, thereby increasing the likelihood that C; (a) =0O; (a), where O; (a) will be
the value of the decision function, D, representing alternate a. This process is

repeated and a choice optimum a* is found.

Appendix B1.1: Application of Multiobjective decision making to the rinse

tables

The rinse tables determine the state of the rinsing system. The variables that

would be considered would be:
First the alternatives had to be defined. For rinsing the alternatives are:

A = {Drip times (DT), Hanging (HG), Agitation (AG), Inlet (IN), Back mix
(BM), Flow control (FC)}

Then the main objectives in evaluating and controlling the rinses were

determined:

O = {Production, Cost, Chemical consumption, Water consumption}

The ranking for each of the above objectives will be rated as preferences:

P={bi, bz, b3, b4} —» [0,1]

So inputting the relationship between each one of the alternatives and the

objectives.




025 02 015 015 01 02
0, = + + + + +
DI HG AG IN BM FC

03 015 02 015 01 0.l
0, =—+ +——+ + +
DT HG AG IN BM FC

025 02 01 015 01 02
0, = 1+ + +
Dr HG AG IN BM FC

02 02 01 01 01 015
0, =——+ + — =
DT HG AG IN BM FC

Now each of the preferences has to be rated on a scale of 0-1.

e b;=0.75 : The production rate is among the most important preference
as this is the main objective of the business. But in the rinsing system it
would not be as important as water consumption.

¢ b,=1 Water consumption is the key for the rinse tables. The objective
being to achieve effective rinsing with minimum water consumption.

e by=107 Costis always a key variable and enjoys a medium to high
rating. |

e b= 0.6 Chemical consumption is a key objectives as losses implies

greater water consumption

A graph can be plotted of each membership with respect to the preferences.
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Fig B1: Graph of membership and preferences
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The complement of the preferences is required for the calculations so they are

determined and substituted into the Decision making equation:

The decision-making equations:

D(a,) = D(DT) = (BVO)A(B,VO,)A(BVO)A BV O,)

Now substituting into the above for each alternative:

D(a,) = D(DT) = (0.25V'0.7)A(0.37 0.75)A(0.25V A (0.270.7)
D(a,) = D(HG) = (0.2V'0.7)A(0.5V 0.75)A(0.2V )A(0.2V 0.7)




D(a,) = D(AG) = (0.3V0.7)A(0.2570.75)A(0.1V)A(0.370.7)
D(a,) = DUN) = (0.370.7)A(0.257 0.75)A(0.15V 1) A(0.3V0.7)
D(a,) = D(BM) = (0.3V0.7)A(0.25V0.75)A(0. 1V )A(0.370.7)
D(a) = D(FC) = (0.3¥0.7)A(0.25¥ 0.75)A(0.2V )A(0.3V 0.7)

Solving:

D(a;)= 0.25
D(a)= 0.2
D(as)=0.1
D(as)=0.15
D(as)=0.1
D(ag)=0.2

With a2 maximum D (a;)= 0.25. These values can now be used to determine the
rinsing system environmental status. The final outcome indicates dripping times

to be the highest priority. So to configure the output.

We consider the weighing in proportion to the output from the decision making

Process.

So:
State of the rinsing system
=100*(0.25*DT+0.2*HG+0.1* AG+0.15*IN+0.1 *BM+0.2*FC )...... Equation 1

Thus a rating on the scale of 0-100 would be generated this can be used to
determine the potential water savings that can be achieved with changes to the

rinsing system. The alternates for the fuzzy model need to be inputted by the

operator and fuzzy questions needs to be generated for this purpose.




e e

Fuzzy Alternates

The alternates need to be presented in a user friendly and easily identifiable
format for the operator. This implies determining the appropriate questions and

options for the operator under each of the alternates.

Dripping

Dripping is understood to be the length of time where the items are placed above
the process bath before being moved to the next bath. If the time of dripping is t00
short, the liquid will not drip off completely before the item is moved on to the

next tank.

A score for dripping is, therefore determined by the length of time for which the
items are dripping above the bath, before being send on to the next bath.

The scores in Table B1,1 below are acceptable for racked goods but for barrel

goods a more individual assessment can be necessary.




Table B1.1: Scoring by dripping (Racks or jigs)

Initial Fuzzy Operator options
association

Jigs hangs for 0-4 seconds above tank before moving to next
tank

0.4 Jigs hangs for 5-9 seconds above tank before moving to next
tank

0.6 Jigs hangs for 10-14—seconds above tank before moving to
next tank

0.8 Jigs hangs for 15-19 seconds above tank before moving to
next tank

1 Jigs hangs for >20 seconds above tank before moving to next
tank

Hanging

By hanging (suspension) we understand the physical way in, which the items are
placed on the rack or jig. By tilting the items in order to avoid as many
entrapments as possible, drag-out volume is minimised. For example, a cup-
shaped item must always is racked upside-down; hollow tubes should be racked

vertically with a slight slope.

The score for hanging therefore depends on the efficiency of the liquid to drip off

the item, before the items are lead to the next process. For barrel items the score

should always be 1.




Table B1.2: Scoring by hanging (Racks or jigs)

Initial Fuzzy

association

0.2

Operator options

Pieces are hung so that there is no cup shaped sections
entraining liquid. All flat sheets are hung with one corner

facing down. Most liquid drains off in less than 3 seconds.

0.4

Pieces are hung so that there is some entrapment of liquid by
cup shaped sections. All sheets are hung with one of the
shortest end facing downwards. Most liquid drains off in less

than 8 seconds.

0.6

Pieces are hung so that there is a large entrapment of liquid by
cup shaped sections. All sheets are hung with one the shortest
end facing downwards. Most liquid drains off in less than 12

seconds.

0.8

Pieces are hung so that cup shaped sections entraining liquid.
All flat sheets are hung with the longer side facing down. Most
liquid drains off once the jig is tilted and takes less than 15

seconds.

Pieces are hung so that cup shaped sections entraining liquid.
All flat sheets are hung with the longer side facing down. Most
liquid drains off in once the jig is tilted and takes greater than

15 seconds.

Agitation




By agitation we understand the physical motion of the liquid. If the liquid is ot in
motion or being agitated the replacement of the liquid film on the item surface
will be very slow, and there is a risk to drag-out the chemicals before they have
been exchanged from the surface layer. By heavy agitation and liquid motion the
liquid film physically is replaced much faster. The agitation and liquid motion

thus have high influence on the speed of the replacement of the liquid film.

Table B1.3: Scoring of Agitation (Liquid Motion)

Fuzzy Opcrator options

association

0.2 There is no agitation or liquid motion on any tanks.

0.4 There exists visible agitation or jig motion on some tanks.

Either by air or jig motion.

0.6 There exists visible agitation or jig motion on all tanks. Either

by air or jig motion.

0.8 There exists visible agitation and liquid motion on all process

tanks. Either by air or jig motion.

1 There exists heavy agitation and liquid motion on all process

tanks. Either by air or jig motion.

Inlet/Outlet

By inlet/outlet we understand the way in which the rinse water is physically let in
and out of each rinse tank. The inlet/outlet has major influence on the physical
passage of water in the rinse tank and on the utilisation as well. If the inlet and

outlet physically are placed side by side there can be high water consumption but

a very low rinsing efficiency.
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Table B1.4: Scoring of Inlet/Outlet

Initial Fuzzy Opcerator options

association

0.2 Rinse tank inlet is located at the top of the tank and the outlet
is located next to it on the top of the tank.

0.4 Rinse tank inlet is located at the top of the tank and the outlet
is located on the top of the tank, on the opposite end.

0.6 Rinse tank inlet is locéted at the top of the tank and the outlet
is locéted on the bottom of the tank, on the opposite end.

0.8 Rinse tank inlet is located at the bottom of the tank and the
outlet is located at the top of the tank on the opposite end.
Tank is not agitated.

1 Rinse tank inlet is located at the bottom of the tank and the

outlet is located at the top of the tank on the opposite end.
Tank is agitated.

Back-Mixing

When two or more rinsing tanks are connected (e.g. counter current rinse), it is
important that the water will run from the tank with clean water to the tank with
more dirty water. This is normally controlled by a simple gravity flow where there
is a difference in water height. Under normal conditions the flow direction is
correct, but if a big rack or even worse a big barrel is submersed in the dirty
water, the water level in the dirty tank may increase above the water level of the

clean water tank. In this case the water will flow in the wrong direction, and the

clean water tank will get polluted with dirty water. In this case there is a very low




efficiency of the rinsing process compared to normal conditions for this kind of
rinse systems. The wrong construction should be repaired to improve rinsing

quality and reduce water consumption.

Table B1.5: Scoring of Back-mixing

Initial Fuzzy Operator options

association

Rinse tanks are linked across the bottom and /or top allowing

continuous flow of water.

0.4 Small pipes link rinse tanks resulting in continuous back
mixing. Spills between rinse tanks are high during jig

submersion.

0.6 Rinse tanks are linked across the bottom and /or top allowing
moderate flow of water during jig submersion or Rinse tank
overflows very small amounts of water to the next rinse tank

during jig submersion.

0.8 Rinse tanks are linked across the bottom and /or top allowing
very little flow of watér during jig submersion or Rinse tank
overflows some water to the next rinse tank during jig
submersion.

1 No back mixing. Tanks are not linked.




Flow-control

Controlling the inlet flow of water to a rinse tank is maybe the most important
factor influencing the water consumption. To control the flow you need a valve
for adjustment and a flow meter to monitor the flow - but you also need to know
how much water is needed. The demand of water is determined by the defined
water quality (F = dilution factor) and the drag-out from the previous process
tank.’ .

The typical situation is a water-valve totally open, and nobody has considered if
less water would be sufficient. Some companies implement some kind of water
restrictors and this is highly recommended, but it is still very important that the
restrictors are allowed to control the water flow. Too often we see the operation
staff increasing the water flow by further opening the water-valve because they
found the rinse water too dirty. This is an important part of the management task

to set up correct instructions and ensure that these instructions are followed.

A high score assume, that you control rinse water quality and rinse water flow.




Table B1.6: Scoring of Flow-conirol

Initial Fuzzy Operator options

association

0.2 Rinse water supplied by non-restricted pipe. Each rinse tank
has a separate inlet.

0.4 Rinse water supplied by valve on the end of a pipe with some
control.

0.6 Static tanks, dumped 1:egularly or moderate flow control with

no rinse recovery system. No redirecting of rinse water occurs.

0.8 Static tanks, dumped regularly or moderate flow control with

no rinse recovery system. Redirecting of rinse water occurs.

1 Flow control to rinse tank via predetermined rinse water
requirements. Flow is continuously controlled and stops when

no tank operations occur. All water is recovered via low flow

rinse back into plating tank.

The overall shape and functioning of the each actual rinsing process of the line 1s
scored as a weighted average, as the 6 parameters do no have equal impact. The
score of the actual rinsing system will uncover if you can save rinse water by
improving the existing system. The assessment is exclusively based on the

functioning of the existing rinsing system.

Rinse tables

The application of regression can now be systematically applied to the Rinse
tables




The fuzzy allocations under each sub category in the rinse tables B1.1-B1.6) can

be summarized in a single table.

Table B1.7
General
segregation Drip times Hanging Aggitation Inlet Back mix Flow control
Low 0.2 0.2 0.2 0.2 0.2 0.2
0.4 0.4 0.4 0.4 0.4 0.4

These values are then used as inputs into the fuzzy model. Example if the operator

selects a low rating under Drip times, lets say 0.2, then the drip times (DT) value

in equation 1 is multiplied by this value. This would be done for each of the

categories in the rinse section. Table B1.7 contains a set of input values for the

five different categories in the rinse section.

Table B1.8
—summ of

Drip times Hanglng Aggltatlon Inlet Back mix Flow control New Model sqares

0.2 0.2 0.4 0.4 0.2 336.1

0.8 0.4 0.6 0.4 0.4 106.8

0.8 0.8 0.6 0.8 0.6 36.0

1 08 1 1 1 0.4

479.3

As can be seen from table B1.8 above the fuzzy model needs to be streamlined so

as to generate equivalent results as the [Flemming model. The fuzzy allocation

values, Table B1.8, can be assumed to be raw estimate values. These values are

partially crude and are aimed at being initial estimated of the potential fuzzy

allocation. These values enjoy a low confidence level due to the nature in which
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they are obtained i.e. they are purely subjective. It would be ideal to regress these

values so as to try and replicate vales from the database.

Using the excel solver and defining the sum of squares as the main objective to
minimize the estimates of the fuzzy allocations can be streamlined. The limits for
each of the ranges has to be defining i.e. the regression have to be conducted
within the limits of low, medium and high as defined in table B1.8. Table B1.9

contains the limits for each category.

Table B1.9
Fuzzy allocation estimate Regression range
0.2 0.1-0.3
0.4 0.3-0.5
0.6 0.5-0.7
0.8 0.7-0.9
1 0.8-1

The solver is then run with the above ranges and the output would minimize the

difference between the database results and the fuzzy outputs.

The regression results are in table B1.10.
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Table B1.10: Regression results

Regressed
segregation Drip times Hanging _Agagitation Inlet Back mix Flow control
Low 0.05 0.05 0.18 0.20 0.05 0.05
0.30 0.30 0.30 0.30 0.30 0.30

From table B1.11 it can be seen that the regression has resulted in some changes
to the fuzzy allocations. These values are all within the initial estimated range. It
| can also be seen that if the database values are used that the sum of square

differences is considerable reduced.

Table B1.11
‘ Sum of |
i Drip times Hanging Aggitation Infet Back mix Flow control New valuas | Database squares
0.05 0.05 0.30 0.30 0.05 0.05 11.25 5.67 21.01
0.70 0.30 0.50 0.30 0.30 0.30 42,00 41.67 0.11
0.51 0.83 0.50 0.70 0.56 0.72 65.00 65.00 0.00
1.00 0.83 1.00 1.00 4.00 1.00 95.67 98.67 0.00

Tt can be seen that the regressed values have a very small difference as compared
to the database outputs. Hence the regressed fuzzy outputs are used as fuzzy

allocation in the tables B1.1-B1.6.
The regressed values for the fuzzy association are now inputted into the fuzzy

operator input tables and these values are used in the visual basic program. The

tables are listed together with the fuzzy inputs

s



Table B1.1: Scoring by dripping (Racks or jigs)

Initial Fuzzy  Operator options

association

0.05 0.2 Jigs hangs for 0-4 seconds above tank before
moving to next tank
0.3 0.4 Jigs hangs for 5-9 seconds above tank before

moving to next tank

0.51 0.6 Jigs hangs for 10-14 seconds above tank before

moving to next tank

0.7 0.8 Jigs hangs for 15-19 seconds above tank before

moving to next tank

1 1 Jigs hangs for >20 seconds above tank before

moving to next tank

Table B1.2: Scoring by hanging (Racks or jigs)

Initial Fuzzy  Operator options

association

0.05 0.2 Pieces are hung so that there is no cup shaped
sections entraining liquid. All flat sheets are hung
with one corner facing down. Most liquid drains off

in less than 3 seconds.

0.3 0.4 Pieces are hung so that there is some entrapment of
liquid by cup shaped sections. All sheets are hung
with one of the shortest end facing downwards. Most

liquid drains off in less than 8 seconds.

0.5 0.6 Pieces are hung so that there is a large entrapment of

liquid by cup shaped sections. All sheets are hung




‘ with one the shortest end facing downwards. Most

‘} liquid drains off in less than 12 seconds.

| 0.83 0.8 Pieces are hung so that cup shaped sections entraining
liquid. All flat sheets are hung with the longer side
facing down. Most liquid drains off once the jig is

tilted and takes less than 15 seconds.

1 1 Pieces are hung so that cup shaped sections entraining
liquid. All flat sheets are hung with the longer side
facing down. Most liquid drains off in once the jig is

tilted and takes greater than 15 seconds.

Table B1.3: Scoring of Agitation (Liquid Motion)
Fuzzy Operator options

asseciation

There is no agitation or liquid motion on any
tanks.

0.3 0.4 There exists visible agitation or jig motion on

some tanks. Either by air or jig motion.

0.5 0.6 There exists visible agitation or jig motion on all

tanks. Either by air or jig motion.

0.81 0.8 There exists visible agitation and liquid motion

on all process tanks. Either by air or jig motion.

1 1 There exists heavy agitation and liquid motion on

all process tanks. Either by air or jig motion.




Table B1.4: Scoring of Inlet/Outlet

Initial Fuzzy Operator options
association

0.2 0.2 Rinse tank inlet is located at the top of the tank
and the outlet is located next to it on the top of
the tank.

0.3 0.4 Rinse tank inlet is located at the top of the tank
and the outlet is located on the top of the tank, on
the opposite end.

0.6 0.6 Rinse tank inlet is located at the top of the tank
and the outlet is located on the bottom of the
tank, on the opposite end.

0.7 0.8 Rinse tank inlet is located at the bottom of the

tank and the outlet is located at the top of the
tank on the opposite end. Tank is not agitated.

1 1 Rinse tank inlet is located at the bottom of the
tank and the outlet is located at the top of the
tank on the opposite end. Tank is agitated.

Table B1.5: Scoring of Back-mixing

Initial Fuzzy  Operator options

association

0.05 0.2 Rinse tanks are linked across the bottom and /or

top allowing continuous flow of water.

0.3 0.4 Small pipes link rinse tanks resulting in
continuous back mixing. Spills between rinse

tanks are high during jig submersion.




0.56 0.6 Rinse tanks are linked across the bottom and /or
top allowing moderate flow of water during jig
submersion or Rinse tank overflows very small
amounts of water to the next rinse tank during jig

submersion.

0.8 0.8 Rinse tanks are linked across the bottom and /or
top allowing very littie flow of water during jig
submersion or Rinse tank overflows some water

to the next rinse tank during jig submersion.

1 1 No back mixing. Tanks are not linked.

Table B1.6: Scoring of Flow-control

[nitial Fuzzy  Operator options

association

0.05 0.2 Rinse water supplied by non-restricted pipe. Each
rinse tank has a separate inlet.
0.3 0.4 Rinse water supplied by valve on the end of a

pipe with some control.

0.6 0.6 Static tanks, dumped regularly or moderate flow
control with no rinse recovery system. No

redirecting of rinse water occurs.

0.72 0.8 Static tanks, dumped regularly or moderate flow
contro! with no rinse recovery system.

Redirecting of rinse water occurs.

1 1 Flow control to rinse tank via predetermined rinse
water requirements. Flow is continuously

controlled and stops when no tank operations




occur. All water is recovered via low flow rinse

back into plating tank.

Dripping is understood to be the length of time where the items are placed above
the process bath before being moved to the next bath. If the time of dripping is too
short, the liquid will not drip off completely before the item is moved on to the
next tank.

A score for dripping is, therefore determined by the length of time for which the

items are dripping above the bath, before being send on to the next bath.

Plant wide Application of Multi-objective decision-making

The inputs from Table 1-6 are then used in equation 1. The output is a rating of
the rinse system of the company under review. The output is on a scale of 0-100.
Where 0 would indicate no scope for improvement whilst 100 would indicate a

very poorly operated plant.

The above methodology can then be applied to the rest of the plant under the

categories:

Appendix B1.2: The Sludge Tables

The procedure the rinse table was followed for the sludge tables.

The regression analysis of the tables is critical for the credibility of the models.
The approach taken is that the tables would be looked at individually so as to

minimize the differences between the two models.




The sludge tables

The fuzzy allocations under each sub category for the sludge system can be

summarized in table B2.6.

Table B2.6
[T General Reduction of —Optimum bath _[Concentration of] _ Improved maint of Recovery from
segragation dragin/dragout chemistry waste process bath waste
Low 0.2 0.2 0.2 0.2 0.2
0.4 0.4 0.4 0.4 0.4

These values are then used as inputs into the fuzzy model. Example if the operator

selects a low rating under Dragin/Dragout of chemicals, lets say 0.2, then the

dragin (DR) value in equation 2 is multiplied by this value. This would be done

for each of the categories in the sludge section. Table B2.6 contains a set of input

values for the five different categories in the sludge section.

Table B2.7

Keductlon of Dptimum bath ~ [Concentration of Tmproved maint of Recovery from Fuzzy moGe
dragin/dragout chemistry waste process bath ) waste Databass Output output Sum of squares
£.75 .6 0.8 0.4 0.2 40 56.25 264.0825
0.75 0.4 0.6 0.4 0.4 40 56.25 232.8625
0.5 0.4 0.6 .8 0.2 35 48.5 210,25
1 0.8 1 1 1 95 96 1
Sum 707.875

As can be seen from Table B2.7 above the fuzzy model needs to be streamlined so

as to generate equivalent results as the [Flemming model. The fuzzy allocation

values, Table B2.7, can be assumed to be raw estimate values. These values are

partially crude and are aimed at being initial estimated of the potential fuzzy

allocation. These values enjoy a low confidence level due to the nature in which

they are obtained i.e. they are purely subjective. It would be ideal to regress these

values so as to try and replicate vales from the database.



Using the excel solver and defining the sum of squares as the main objective to
minimize the estimates of the fuzzy allocations can be streamlined. The limits for
! each of the ranges has to be define i.e. the regression has to be conducted within
| the limits of low, medium and high. Table B2.8 contains the limits for each

category.

Table B2.8: Regression range

Fuzzy allocation estimate Regression range
0.2 0.1-0.3
0.4 0.3-0.5
0.6 . 0.5-0.7
0.8 0.7-0.9
1 0.8-1

The solver is then run with the above ranges and the output would minimize the

difference between the database results and the fuzzy outputs.

The regression results are in Table B2.9.

Table B2.9: Regression results

Reduction of | Optimum bath | Concentration of | Improved maint of Recovery
dragin/dragout chemistry waste process bath from waste

0.05 0.20 0.20 0.20 0.10
0.10 0.30 0.41 0.30 0.30
0.08 0.50 - 0.50 0.60 0.60
0.45 0.77 0.81 0.70 0.80
0.15 1.00 1.00 1.00 1.00
0.15

0.08

0.1

0.15

U



From Table B2.10 it can be seen that the regression has resulted in some changes

to the fuzzy allocations. These values are all within the initial estimated range. It

can also be seen that if the database.values are used that the sum of square

differences is considerable reduced.

Table B2.10
I Teduchon of | Uplimum Rath | Concentration of| Improved maint of | Recovery | Fuzzy model | Database Sum of |
dragin/dragout chemistry waste process bath from waste output Qutput squares

0.15 0.70 0.50 0.30 0.20 34.25 40.00 33.08
0.70 0.30 0.50 0.30 0.30 47.00 40.00 49.00
0.30 0.30 0.50 0.70 0.20 37.50 35.00 6.25
1.00 0.78 0.99 0.98 0.99 95.00 95.00 0.00

88.31

It can be seen that the regressed values have a very small difference as compared

to the database outputs. Hence the regressed fuzzy outputs are used as fuzzy

allocation in the tables B2.1- B2.5.

Table B2.1: Scoring of sludge with regards optimum dragin/dragout

Initial Fuzzy

association

Operator options

0.05 0.05 All plating tanks consist of single rinses with
outlet to waste water treatment plant.

0.1 0.1 All plating tanks consist of two rinses with outlet
to waste water treatment plant.

0.08 0.15 All plating tanks consist of two rinses with outlet
to waste water treatment plant.

0.45 0.4 All plating tanks are closed circuit i.e. there is a




minimum of three rinses. All top up liquid is
redirected to the plating tank. De-ionised water is

used as top up on last rinse tank.

0.15 0.2 Removing contaminants regenerates the acid
tank. Acid tank lifespan is a minimum of one

year

0.15 0.15 Removing contaminants regenerates the
degreaser tank. Degreaser tank lifespan is a

minimum of one year

0.05 0.05 Passivates have a single rinse
0.1 0.1 Passivate has a double rinse
0.15 0.15 De-ionised water is used on all rinses

Table B2.2: Bath chemistry

Initial Fuzzy Operator options

association
1 1 Bath analysis and testing conducted online or
twice/day. Continuous chemical dosing to plating
tank
0.77 0.8 Bath analysis and testing conducted once in two

days. Chemical dosing to plating tank done

accordingly.

0.5 0.6 Bath analysis and testing conducted once per
week. Chemical dosing to plating tank done

accordingly.

0.3 0.4 Bath analysis and testing conducted once in two

weeks. Chemical dosing to plating tank done




accordingly.

0.2 0.2 Bath analysis and testing conducted once in per

month. Chemical dosing to plating tank done

accordingly.

Table B2.3: Waste concentration

Initial Fuzzy  Operator options

association
1 1 Filter press is used after sludge settling together
with bed/solar drying.

0.81 0.8 Filter press is used after sludge settling or

bed/solar dewatering.

0.5 0.6 Wastewater is pH adjusted, flocculated and

settled before sludge removal.

0.41 04 Sludge is allowed to settle in settling tanks and is
disposed of. |

0.2 0.2 No systems exist to concentrate waste

Table B2.4: Maintenance of process baths

Initial Fuzzy  Operator options

association
1 1 Online filters continuously clean process baths.

0.7 0.8 Tanks are desludgeded once/ week. Process baths

are purified every two days.

0.6 0.6 Tanks are desludgeded once/ month. Process

baths are purified once in two days.




0.3 0.4 Tanks are desludgeded once/ year. Process baths

are purified once per week.

0.2 0.2 No systems exist to purify process baths

Table B2.5: Internal waste recovery

Initial Fuzzy Operator options

association

1 1 Process bath metal losses are recovered by onsite
metal recovery systems and recycled into

process.

0.8 0.8 Process bath recovery is done offsite and

returned 1o site for reuse.

0.6 0.6 Process bath metal losses are recovered by metal

recovery systems and not reused.

03 0.4 Process bath recovery is done of site and not

returned to site

0.1 0.2 Process bath waste is disposed to outside

contractor as a raw material.

0 0 No systems exist to recover waste process baths

The regression analysis of the tables is critical for the credibility of the models.
The approach taken is that the tables would be looked at individually so as to

minimize the differences between the two models.

The limits of low, medium and high as defined in table B2.11. Table B2.8

contains the limits for each category.
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Table B2.11: Limits

Fuzzy allocation estimate

Regression range

0 0
0.2 0.1-0.3
0.4 0.3-0.5
0.6 0.5-0.7
0.8 0.7-0.9

1 0.8-1

The solver is then run with the above ranges and the output would minimize the

difference between the database results and the fuzzy outputs.

The regression results are in table B2.12.

Table B2.12: Regression results

Regressed Reduction of Optimum bath  [Concentration of |[Improved maint of [Recovery

sogregation  |dragin/dragout |chemistry waste process bath from waste
Low 0.15 0.20 0.20 0.20 0.20
0.30 0.30 0.41 0.30 0.30

From table B2.12 it can be seen that the regression has resulted in some changes

to the fuzzy allocations. These values are all within the initial estimated range. It

can also be seen that if the database values are used that the sum of square

differences is considerable reduced Table B2.13




Tabje B2.13

Heduction of | Uptimum bath | Concentration of| Improved maintoi | Recovery Fuzzy model Database Sumof |
dragin/dragout chemistry waste process bath from waste output Output Squares
0.15 0.70 0.50 0.30 0.20 34.25 40.00 33.06
0.70 0.30 0.50 0.30 0.30 47.00 40.00 49.00
0.30 0.30 0.50 0.70 0.20 37.50 35.00 6.25
1.00 0.78 0.99 0.98 0.99 95.00 95.00 0.00
88.31

It can be seen that the regressed values have a very small difference as compared
to the database outputs. Hence the regressed fuzzy outputs are used as fuzzy
allocation in the tables B2.1- B2.5.

Appendix B1.3: Wastewater treatment plant chemicals

The procedure the rinse table was followed for the waste water treatment plant
chemicals tables. The application of regression can now be systematically applied

to the wastewater treatment plant chemicals tables

The fuzzy allocations under each sub category in the rinse tables can be

summarized in a single table.

Table B3.6

Wmmf spant| Bafer saperadon of | [Automatic dosing |
cham instead process baths waste stroams and control
.05 0.05 0.2 0,05 0.05
0.05 0.25 0.4 0.25 0.2
0.25 0.3 0.6 0.25 0,35
0.05 0.3 0.8 0.2 0.2
0.05 0.15 1 0.15 0.3
0.25 0.18 0.2
0.05 0.3
0.25
0,25

Note the allocation of values do not increase from 0.2 to 1 but rather the

summation of maximum allocations sum up to one.

g




These values are then used as inputs into the fuzzy model. Example if the operator
selects a low rating under less excess of chemicals, lets say 0.05, then the less
excess (LE) value in equation 3 is multiplied by this vatue. This would be done
for each of the categories in the wastewater treatment plant section. Table B3.7

contains a set of input values for the five different categories in the wastewater

treatment plant section.

Table B3.7

mmnﬁmmﬁm (lomalic doaing  [Fuzzy  [Dalabase [Sum ol |

of chem baths instead apent process baths [wasts streams antl control Qutput  |output squares
0.40 0.40 G, 40 0.40 0.40 40.00 25.00 225.00
0.60 0.60 Q.80 0.60 0.60 €0.00 50.00 100,00
0.80 0.80 0.80 0.80 0.80 80.00 75.00 25.00
1.00 1.00 1.00 1.00 1.00 100.00 100.00 0.00

350.004

Using the excel solver and defining the sum of "squares as the main objective to

minimize the estimates of the fuzzy allocations can be streamlined. The limits for

each of the ranges has to be define i.e. the regression has to be conducted within

the limits of low, medium and high. Table B3.8 contains the limits for each

category.

TableB3.8: Regression range

Fuzzy allocation estimate Regression range
0.05 0.02-0.08
0.15 0.05-0.25
0.2 0.1-0.3
0.25 0.15-0.35
0.3 0.2-0.4




0.35 0.25-0.45
0.4 0.3-0.5
0.6 0.5-0.7
0.8 0.7-0.9

1 0.8-1

The solver is then run with the above ranges and the output would minimize the

difference between the datbase results and the fuzzy outputs.

The regression results are in table B3.9.

Table B3.9: Regression results

Using [esE excess of Uilng spent process baths | opumizing Treatment of spent | Betier seperation of AiGtomatic dosing
chemicals instead of fresh chemicals process baths waste streams and control
0.05 0.05 0.18 0.04 0.05
0.05 0.23 0.48 .23 0.2
0.24 0.32 0.62 0.27 0.38

_ 0.04 025 _ 0.78 0.22 0.2
0.05 0.18 0.99 0.14 0.31
0.28 0.18 0.2
0.05 0.32
0,23
0.22

From table B3.9 it can be seen that the regression has resulted in some changes to

the fuzzy allocations. These values are all within the initial estimated range. It can

also be seen that if the database values are used that the sum of square differences

is considerable reduced.

Table B3.10
W—mm Hetler soperallon of | Afomatic doalng | Fuezy | [Tatabase | Sumof |
chemicals Instead of frash chemicals process baths waaste streams and control Output output squares

0.24 0.23 0.48 0,22 0.2 26,30 25.00 1.68
0.50 0.55 0.62 0.22 0.38 46.20 50,00 14.44
0.73 Q.80 0.78 1 0.6% 78.40 75.00 11,56
1.00 0.98 c.o8 1 1 89.45 100.00 0.30

27.99




Tt can be seen that the regressed values have a very small difference as compared
to the database outputs. Hence the regressed fuzzy outputs are used as fuzzy
allocation in the tables B3.1-B3.5.

The regressed values for the fuzzy association are now inputted into the fuzzy
operator input tables and these values are used in the visual basic program. The

tables are listed together with the fuzzy inputs

Table B3.1: Less excess of chemicals

Initial Fuzzy Operator options

association

Plant operator does wastewater treatment when
time is available. An excess of chemicals is used

to ensure proper treatment of pH, chrome and/or

cyanide.
0.05 0.05 Flocculants is added in excess to ensure treatment
0.24 0.25 Flocculants is only added as per predetermined

requirement. Dosing is done after analysis of

wastewater.

0.04. 0.05 Chrome and cyanide is treated without
measurement of chrome and cyanide

concentration

0.05 0.05 Chrome is treated with more than Smg/l of
metabisulphite when the chrome containing waste

water is at a pH of less than 3.5

0.26 0.25 Chrome is treated with Smg/l of metabisulphite
when the chrome containing waste water is at a

pH of 3.5




- 0.05 0.05 Cyanide is treated with more than 5mg/l of
‘hypoclotide when the cyanide containing waste

water is at a pH of greater than 11.

0.23 0.25 Cyanide is treated with 5Smg/1 of hypocloride
when the cyanide containing waste water is at a
pHof 11.

0.22 0.25 PH, Metals concentration and cyanide

concentration is continuously monitored before

dosing.

Table B3.2: Reuse of spent process baths

Initial Fuzzy Operator options

association

0.05 0.05 Spent acid and degreaser is not stored for waste
water treatment

0.23 0.25 Spent acid is stored for use for pH regulation

0.32 0.3 Spent degreaser is stored for use for pH
regulation

0.25 03 | Chrome and cyamide is stored and treated when
spent acid ore degreaser is available for pH
adjustment.

0.18 0.15 Spent acid is used as a flocculants

"Table B3.3: Treatment of waste baths

Initial Fuzzy  Operator options

association
0.18 0.2 All wastewater is released to WWTP without any

storage and optimum neutralization




0.48 0.4 Acids and alkal is dumped together

0.62 0.6 Streams containing acids and alkali are stored and
treated separately.
0.78 0.8 Streams containing acids and alkali are stored and

treated separately. All other treatment of

chemicals is conducted in a co-ordinated fashion

1 1 The treatment of waste streams is carried out using
stored spent chemicals. Storage facilities exist for

acids/alkali/oily/cyanide rich and all metal waste

separately.

Table B3.4: Separation of waste streams

Initial Fuzzy  Operator opfions

association

0.04 0.05 All waste streams are mixed and treated together
0.23 0.25 Cyanide is stored and treated separately

0.27 0.25 Chrome is stored and treated separately

0.22 0.2 Streams containing acids and alkali are stored

and treated separately

0.14 0.15 Streams containing metals are separated

0.18 0.15 Streams containing complexing agents are stored

and treated separately

Table B3.5: Dosing and control

Initial Fuzzy Operator options

association

0.03 0.05 All treatment processes are done manually




0.2

0.2

pH regulation is done using continuous

| measurement, Dosing is done manually

0.38

0.35

pH regulation is done using continuous

measurement, Dosing is done automatically

0.2

0.2

Chrome/Cyanide monitoring is done using
continuous measurement, Dosing is done

manually

0.31

0.35

Chrome/Cyanide monitoring is done using
continuous measurement, Dosing is done

automatically

0.2

0.2

Metals monitoring is done using continuous

measurement, Dosing is done manually

0.32

03

Metals monitoring is done using continuous

measurement, Dosing is done automatically

Appendix Bl.4: Wastewater treatment plant equipment

The procedure the rinse table was followed for the wastewater treatment plant

equipment tables. The application of regression can now be systematically applied

to the Wastewater treatment plant equipment

The fuzzy allocations under each sub category in the rinse tables can be

summarized in a single table.

Table B4.6
Neufralization _ [Chrome monitoring yanide monitoring ng_
equipment equipment equipment equipment equipment

0.2 0.2 0.2 0.2 0.2

0.4 0.4 0.4 0.4 0.4

0.6 0.6 0.6 0.6 0.6

0.8 0.8 0.8 0.8 0.8

1 1 1 1 1




ey

These values are then used as inputs into the fuzzy model. Example if the operator
selects a low rating under neutralization equipment, lets say 0.2, then the drip
times (NE) value in equation 4 is multiplied by this value. This would be done
for each of the categories in the wastewater treatment plant section. Table B4.7
contains a set of input values for the five different categories in the wastewater

treatment plant section.

Table B4.7
Neutralization | Chrome monitonng Tyanide monltaring Wetals monltoning Tod monltoning | FTuzzy | Dalabase Bum
equlpmsnt sgquipment sguipment aguipment squipment logic values difference

D4 0.4 0.2 0.4 : 0.3 35 25 100
0.6 0.6 0.6 08 C.6 60 50 100

0.8 0.8 0.8 0.8 0.8 80 75 25

1 1 1 1 1 100 100 0
225

¥

As can be seen from table ss above the fuzzy model needs to be streamlined so as
to generate equivalent results as the |Flemming model. The fuzzy allocation
values, Table B4.7, can be assumed to be raw estimate values. These values are
partially crude and are aimed at being initial estimated of the potential fuzzy
allocation. These values enjoy a low confidence level due to the nature in which
they are obtained i.e. they are purely subjective. It would be ideal to regress these

values so as to try and replicate vales from the database.

Using the excel solver and defining the sum of squares as the main objective to
minimize the estimates of the fuzzy allocations can be streamlined. The limits for
each of the ranges has to be define i.e. the regression has to be conducted within

the limits of low, medium and high. Table B4.8 contains the limits for each

category.




TableB4.8: Regression range

Fuzzy allocation estimate Regression range
0.2 0.1-0.3
04 0.3-0.5
0.6 0.5-0.7
0.8 0.7-0.9
1 0.8-1

The solver is then run with the above ranges and the output would minimize the

difference between the database results and the fuzzy outputs.

The regression results are in table B4.9.

Table B4.9: Regression results

Neutralizalion | Chromas monitoring | Cyanide monitoring etale monionng | Cod monitoring |
equipment aquipment equipment equipment equipment
0.20 0.20 0.10 0.20 0.20
0.29 (.30 0.40 0.38 0.29
0.53 0.48 0.48 0.50 0.53
0.76 0.74 0.74 Q.75 0.76
1.00 1.00 1.00 1.00 1.00

From table B4.9 it can be seen that the regression has resulted in some changes to

the fuzzy allocations. These values are all within the initial estimated range. It can

also be seen that if the database values are used that the sum of square differences

is considerable reduced.




Table B4.10

sutralizalion  JChrome monltoring  JGyanide moniioring  [Metals moniionng  |Cod monionng Thzzy | Daiabaze
equipment aquipment squipment aguipment equipment logic values |Sum difference
0,20 0.30 0.10 0.38 0.29 26.25 25.00 1.56
0.53 0.43 0.48 0.50 0.53 50.00 50,00 0,00
0.76 Q.74 0.74 0.75 0,76 75.00 15.00 0.00
1.00 1.00 1.00 1.00 1.00 100.00 100.00 0.00
" .56

It can be seen that the regressed values have a very small difference as compared
to the database outputs. Hence the regressed fuzzy outputs are used as fuzzy
allocation in the tables B4.1-B4.5.

The regressed values for the fuzzy association are now inputted into the fuzzy
operator input tables and these values are used in the visual basic program. The

tables are listed together with the fuzzy inputs

Table B4.1: pH control

Operator options

Initial Fozzy

association
0.2 0.2 The pH probe is never calibrated.
0.33 0.4 The pH probe is calibrated once or twice / year
0.53 0.6 The pH probe is calibrated once / month
0.76 0.8 The pH probe is calibrated once every second
week
1 1 The pH probe is calibrated once / week

Table B4.2 :Chrome monitoring equipment
Initial Fazzy Opcerator options

association

The equipment is never calibrated.




0.3 0.4 The equipment is calibrated once or twice / year
0.48 0.6 The equipment is calibrated once / month
0.74 0.8 The equipment is calibrated once every second
week
1 1 The equipment is calibrated once / week

Table B4.3: cyanide measurement

Initial Fuzzy

assoeciation

Operator aptions

The equipment is never calibrated.
0.4 0.4 The equipment is calibrated once or twice / year
0.48 0.6 The equipment is calibrated once / month
0.74 0.8 The equipment is calibrated once every second
| week
1 1 The equipment is calibrated once / week

Table B4.4: metal monitoring

Initial Fuzzy

assochtion

Operator options

0.2 0.2 The equipment is never calibrated.
0.43 0.4 The equipment is calibrated once or twice / year
0. 0.6 The equipment is calibrated once / month
0.75 0.8 The equipment is calibrated once every second
week
1 1 The equipment is calibrated once / week

TableB4.5: Chemical oxygen demand




Initial Fuzzy  Operator options

association

The equipment is never calibrated.
0.33 0.4 The equipment is calibrated once or twice / year
0.53 0.6 The equipment is calibrated once / month
0.76 0.8 The equipment is calibrated once every second
week
1 1 The equipment is calibrated once / week

Appendix B1.5: Chemical-consumption and monitoring

It is a well-known fact that the main source of heavy metals in wastewater is as a
result of dumping of plating tanks. Similarly the acid tank, if dumped, is known to
have a high impact on the pH as well as the metals content at the wastewater
treatment facility. The dumping of the degreaser would result on a high COD load
to the wastewater treatment facility. The organics and other complexing agents

would cause havoc with the effective treatment of chemicals.

The best way to prevent the unnecessary losses of these chemicals would be the
optimum management of these tanks i.e. ensure their life is extended so as to
minimize dumping. Hence, the plating tank, degreasing and acid cleaning tank
require continuous monitoring and control to ensure optimum operation and

contamination is reduced.
Control and measurement

The control and measurement of chemical concentration and contamination levels

in a process tank is critical to effective plating and bath lifetime management.




Weekly chemical supplier analysis is typical but results are only available a week
later, which implies a turn around time of two weeks before a bath composition is
corrected. This has been the norm in most small to medium size facilities. This is
cost effective in the short term but the long-term objectives needs to be
determined. The ideal would be continuous monitoring and modifications. This is
the ideal and may result in significant costs. The company has to evaluate the
playoff between overall consumptions and long-term maintenance to the cost

implications.

Table B5.1: Scoring of control and measyrement

Initial Fuzzy Operator options

associafion

0 All process tanks are monitored by the chemical supplier once
per month. Results are available within a week or two of

analysis. Bath corrections are done based on these results.

0.2 All process tanks are monitored by the chemical supplier once
per week. Results are available within a week of analysis. Bath

corrections are done based on these results.

0.4 All process tanks are monitored by the chemical supplier twice
per week. Results are available within the week. Bath

corrections are done based on these results.

0.6 All process tanks are monitored by the chemical supplier/ plant
operator, twice per week. Results are available the next day.

Bath corrections are done based on these results.

0.8 All process tanks are monitored by the chemical supplier/ plant
operator, daily. Results are available the daily. Bath

corrections are done based on these results.

1 All process tanks are monitored continuously by automatic




measurement devices. Bath corrections are done automatically.

Purification

It is common at most plating facilities to purify the plating tanks with 10-micron
filters combined with carbon filtration. This system, if properly maintained would
result in optimum maintenance of plating tanks with regards contaminants. It is
uncommon to filter or treat the degreaser and acid tanks. This practices could, if
properly conducted, extend the life of these tanks. The maintenance of the

filtration system is also essential to ensure the integrity of the filtration process.

Table B5.2: Bath chemistry

Initial Fuzzy Operator options

associlation

0 No systems exist for bath purification.

0.2 Purification system on plating tank is used when problems

arise, usually once per month.

0.4 Purification system on plating tank is used as required, usually

once per week.

0.6 Plating tank is continuously filtered. No Acid recovery
/Degreaser oil removal filtration system.
0.8 Plating tank is continuously filtered. Degreaser oil removal

filtration system is operational. Acid recovery system is
currently used.

1 Plating tank is continuously filtered. Degreaser oil removal

filtration system is operational. Acid recovery system is
currently used. All systems are continuously maintained and

monitored.




Chemical Dosing

The dosing of chemical is a key parameter in the control of electroplating. The
optimum chemical concentration is essential in order to achieve optimum
operation. E.g. A too high or too low acid concentration would result in inefficient
surface cleaning or a greater than required metal dissolution. The optimum
chemical concentration is even more critical on a plating tank. This is especially
true since there is usually more than one chemical in each bath. It has been proven
elsewhere in this these the critical impact the chemical concentration would have

on plating optimisation.

Table B5.3: Chemical dosing

Initial Fuzzy Operator options

association

1 There exists an online measurement system and chemical

dosing is done online and continuously.

0.8 Chemical dosing is done online and continuously based on

predetermined chemical consumption calculations.

0.6 Chemical dosing is done weekly after sampling and
measurement.

0.4 Chemical dosing is done monthly after sampling and
measurement.

0.2 No systems exist to measure chemical concentrations.

Chemicals are dosed randomly.




Bath chemistry

The chemistry of all process baths has to be maintained at its optimum levels.
This can only be done if plant personnel are aware of these optimal operating
compositions for the different baths e.g. the contamination of chrome in a nickel
tank is critical to the throwing power of the electrolyte hence it is essential that
the contamination of the nickel tank be monitored over time and contaminants
removed if possible. The impact of these different chemicals has traditionally
been assumed to be negligible but with modern modelling techniques it has been
proven that optimum bath chemistry is essential to ensure optimum efficiency. An
efficiency change of a few percent may seem small but with a large production of

a few thousand square meters this could have a significant impact.

Table B5.4; Process bath chemicals

Initial Fuzzy Operator options

association

1 Process bath chemistry is known a designated technical person
monitors the process baths continuously. Contaminants as

well as top up consumptions are monitored.

0.8 Process bath chemistry is known a designated person monitors
the process baths one/ month. Contaminants as well as top up
consumptions are monitored. Contaminants as well as top up

consumptions are monitored.

0.6 Detailed Process bath chemistry is known to the chemical
supplier. A technical representative monitors the process baths
occasionally (once/month). Contaminants as well as top up

consumptions are monitored.

0.4 Basic Process bath chemistry is known to the chemical




supplier. A technical representative monitors the process baths

regularly (once/week).

0.2 Basic Process bath chemistry is known to the chemical
supplier. A technical representative monitors the process baths
occasionally (once/month). Only top up consumptions are

monitored.

0 No knowledge on the process bath chemistry.

Operations

Operations covers the operating practice at a surface finishing facility. The
operating practices that are covered include the actions by the operator with
regards variables that effect the process tanks as well as the actions of
management to ensure proper staff training so that the impact of operators is

minimal on the process.

Operator work practices can compromise the integrity of the plating process. E.g.
the operator ignores the normal jigging procedure resulting can contamination of

a plating tank or the operator overfills the tank, which results in losses.

The operational practice of the operator is only as good as there training and
hence the operational practice at a surface finishing facility is the direct
responsibility of management. Management has to ensure systems are in place so

as to ensure work is carried out properly.

The main reason for focusing on these inputs is that they have an impact on the

quality of production and on the plating tanks. Poor operational practice can cause




problems on a plating line whilst good operational practice can ensure minimum

problems.

Table B5.5: Operational practice

Initial Fuzzy Opcerator options

association

1 Operator training is ongoing. Standard operating procedures
are in place and updated. No poor operational practices are

observed from operators.

0.8 Some formal operator training exists with operating

procedures. Management ensures regular courses are

presented.

0.6 Operators undergo a formal training program managed by
management. |

0.4 Operators undergo an informal training program managed by

management. Most training is on a needs basis.

0.2 Operators undergo an informal training program managed by

other operators.

0 No systems for operator training or improvements exists.

Operators work and learn.

The proper management of the chemicals for electroplating would imply
significant cost savings directly as chemical savings and indirectly as quality
savings. The impact of chemicals is significant to the sustainability of the

company as well as to the environment.

The chemical tables determine the wastage of chemicals. The variables that would

be considered would be:



First the alternatives had to be defined. For rinsing the alternatives are:

A = {Measurement/control (MC), Bath purification (PR), Chemical dosing
(CD), Chemistry (CH), Operations (OT)}

Then the main objectives in evalvating and controlling the rinses were

determined:

O = {Chemical consumption, Environment/ Water consumption,

production, Cost}
The ranking for each of the above objectives will be rated as preferences:
P={by, by, b3, s} — 5 [0,1]

So inputting the relationship between each one of the alternatives and the

objectives.

025 0.15 025 015 025
= + + + +
-l ¢ PR DO CH OT

02 015 0.15 015 0.25
+ + +
= CM PR DO CH or

025 015 02 0. 25 0.25
+ +——t
=3 CM PR DO CH or

025 02 02 02 025
Q,=——+——+——+——+
CM PR DO CH OT



Now each of the preferences has to be rated on a scale of 0-

1.

e b;=0095 : Chemical consumption is a key objectives as losses implies

greater cost and reductions in efficiencies

e b,=0.75 The main impact of heavy metal sludge is on the environment

hence it is an important preference. It also requires more water for rinsing.

e b; = 0.9 Production is a function of efficiency. If the chemistry impacts on

efficiency the indirectly production depends on the chemical composition.

e by=0.75 Cost is always a key variable and enjoys a medium to high

rating. Cost increase with efficiency losses.

A graph can be plotted of each membership with respect to the preferences.

Fig B5: Graph of membership and preferences

Chemical membership preferences

0.3

0.25 4

0.2 1

0.15

0.1 |

0.05 -
0 —— - , -

control/measure |  Purification Dosing Chemistry operations
—e— Chemical 0.25 0.15 0.25 0.15 0.25
—a— Emdronment 0.2 0.156 0.15 0.15 0.2
e PrOAuction 0.25 0.15 0.2 0.25 0.25
3% COSt 0.256 0.2 0.2 0.2 0.25
Associatioh




D(a,) = D(DR) = (5,70, )A(b,VO,)A(B,VO)A(B,V0,)

Now substituting into the above for each alternative:

D(a,) = D(CM)=(0.05V0.25)A(0.25V 0.2) A(0.1V 0.25)A(0.25V0.25)
D(a,)=D(PR)=(0.05V0.15)A(0.25V0.15)A(0.1V 0.15)A(0.25V°0.2)
D(ay) = D(DO) = (0.05V0.25)A(0.25V 0.15)A(0.1V0.2)A(0.25V7 0.2)

D(a,, )= D(CH) = (0.05V0.15)A(0.25V 0.15)A(0.170.25)A(0.25V°0.2)
D(as) = D(OT) = (0.05V 0.25)A(0.25V 0.2) A(0.17°0.25)A(0.25V 0.25)

Solving:

D(a;)=0.25
D(az)= 0.15
D(ay)= 0.2

D(as)= 0.15
D(as)= 0.25

With a maximum D (a; s)= 0.25. These values can now be used to determine the
chemical system environmental status. The final outcome indicates control and

measurement/ operations to be the highest priority. So to configure the output.

We consider the weighing in proportion to the output from the decision making

process.

So: Chemical consumption and monitoring

=100%(0.25*CM+0.15*PR+0.2*DO+0.15*CH+0.25*0T).......... Equation 5




Thus a rating on the scale of 0-100 would be generated this can be used to
determine the potential sludge reduction that can be achieved with changes to the
sludge system. The alternates for the fuzzy model need to be inputted by the

operator and fuzzy questions needs to be generated for this purpose.

Appendix B1.6: Occupational health and safety

The application of regression can now be systematically applied to the

occupational health and safety tables

The fuzzy allocations under each sub category in the OHS tables can be

summarized in a single table B6.11.

Table B6.11

Lifts

Time of lifts
0.1667
0.333
0.5

ect of ba
{ Temperature

[ 02 ]
T 0s
.

Since these tables involve consolidating three inputs into one variable i.e. the
effect of chemistry is determined by the summation of the impact of time, bath
type and bath chemistry. This implies that the branches under each category have
to be considered as the inputs and the regression done using these values. Hence

the main inputs for the fuzzy model are:

Table B6.12: Inputs for fuzzy model



Effect of Effect of Effect of Effect of Fuzzy Database Sum
Chemistry | Temperature noise heavy lifts Geoneral risk Output outputs Difference
0.33 0.40 0.33 0.33 0.33 34.92 17.30 310.46
0.55 .60 0.33 0.33 0.67 52.07 40.00 145.73
0.66 0.80 0.67 0.67 0.67 69.80 6§2.00 60.84
0.99 1.00 1.00 1.00 1.00 99,75 100.00 0.06
517.100084

These values are then used as inputs into the fuzzy model. Example if the operator
selects a low rating under Effect of chemistry, lets say 0.33, then the Effect of
chemistry (EC) value in equation 6 is multiplied by this value. This would be
done for each of the categoties in the wastewater treatment plant section. Table
B6.12 contains a set of input values for the five different categories in the

wastewater treatment plant section.

As can be seen from table ss above the fuzzy model needs to be streamlined so as
to generate equivalent results as the [Flemming model. The fuzzy allocation
values, T'ablc B6.12, can be assumed to be raw estimate values. These values are
partially crude and are aimed at being initial estimated of the potential fuzzy
allocation. These values enjoy a low confidence level due to the nature in which
they are obtained i.e. they are purely subjective. It would be ideal to regress these

values so as to try and replicate vales from the database.

Using the excel solver and defining the sum of squares as the main objective to
minimize the estimates of the fuzzy allocations can be streamlined. The limits for
each of the ranges has to be defining i.e. the regression have to be conducted
within the limits of low, medium and high as defined in table B6.12. Table B6.13

contains the limits for each category.



Table B6.13: Regression range

Fuzzy allocation estimate Regression range
0.11 0.05-0.18
0.1677 0.07-0.27
0.2 0.1-0.3
0.22 0.12-0.32
0.3 0.2-0.4
0.33 0.23-0.43
0.4 0.3-0.5
0.5 0.4-0.6
0.6 0.5-0.7
0.8 0.7-0.9
1 0.8-1

The solver is then run with the above ranges and the output would minimize the

difference between the database results and the fuzzy outputs.

The regression results are in table B6.14.

Table B6.14: Regression results

Effact of —mm—mm
Effoct of ime | chemicals | bath type Temperature lovals time Weight Tims if lifts  Chemicals | Machinery
0.05 0.11 0.1 0.20 0.10 0.10 0.00 0,10 0147 0.10 0.10
0.20 0.14 0.20 0.30 0.32 0.32 0.00 0.32 0.33 0.26 0.27
.33 0.33 333 {.54 0.50 0.50 0.00 0.50 0.50 0.50 0.50
0.79
1.00




From table B6.15 it can be seen that the regression has resulted in some changes
to the fuzzy allocations. These values are all within the initial estimated range. It

can also be seen that if the database values are used that the sum of square

differences is considerable reduced.

Table B6.15
[ EHect of Effect of Effectof | EHectof Fuzzy Database
Chemistry Temperature noise heavy lifts General risk Qutput outputs % error
0.25 0.30 0.20 0.20 0.20 23.75 17.30 41.60
0.39 0.54 0.20 0.20 0.53 40.00 40.00 .00
0.54 0.79 0.64 0.58 0.53 62.00 62.00 0.00
1.00 1.00 1.00 1.00 1.00 100.09 100.00 0.01
4161

Tt can be seen that the regressed values have a very small difference as compared

to the database outputs. Hence the regressed fuzzy outputs are used as fuzzy

allocation in the tables B6.1- B6.5.

The regressed values for the fuzzy association is now inputted into the fuzzy

operator input tables and these values are used in the visual basic program. The

tables are listed together with the fuzzy inputs

Table B6.1: Exposure time

Initial Fuzzy

association

Opcrator options

0 0 Operators are not exposed to fumes from
chemicals
0.05 0.1 Operators are exposed to fumes for less than 30
minutes per day
0.2 0.15 Operators are exposed to fumes for between 30




RS

minutes and two hours/day

0.33 0.33 Operators are exposed to fumes for more then
two hours/day

Table B6.2: Chemistry concentration

Initial Fuzzy Operator options

association

There exists no smell or fumes throughout the
plant

0.11 0.1 Very mild fumes exist around the process tanks.
Fumes are only notices when working close to
the tank

0.14 0.15 The tank fumes are strong and can be felt a few
meters from the tank

0.33 0.33 The tank fumes are very strong and can be felt

anywhere in the plating shop

Table B6.3: Types of fumes

Initial Fuzzy Opcerator options

association

No toxic fumes exists anywhere on the plant
0.33 0.33 The cyanide tanks fumes heavily and is a major
hindrance.
0.2 0.22 The cyanide tank fumes is a partial hindrance
0.11 0.11 The cyanide tank fumes are seldom noticeable
0.33 0.33 The chrome tank fumes




0.2 022 The chrome tank fumes is a partial hindrance
0.11 0.11 The chrome tank fumes are seldom noticeable
0.33 0.33 The nickel tank fumes

0.2 0.22 The nickel tank fumes is a partial hindrance
0.11 0.11 The nickel tank fumes are seldom noticeable
0.33 0.33 The degreaser tank fumes
0.33 0.33 The acid tank fumes

Table B6.4: Scoring of Temperature (T = room temperature)

Initial Fuzzy Operator options

association

1 1 No elevated tank temperatures exist throughout
_ the plant
0.79 0.8 There exist tanks on the plant where there is a

maximum temperature elevation of less than 5
degree Celsius above room temperature.

0.54 0.6 There exist tanks on the plant where there is a

temperature elevation of greater than 5 degree

Celsius above room temperature.

0.3 0.4 There exist tanks on the plant where there is a
temperature elevation of greater than 5 degree
Celsius above room temperature resulting in

minor worker discomfort.

0.2 0.2 There exist tanks on the plant where there is a

temperature elevation of greater than 5 degree

Celsius above room temperature resulting in




e

major worker discomfort.

0 0 | There exist tanks on the plant where there is a
temperature elevation of greater than 5 degree
Celsius above room temperature resulting in an

environment which is impossible to work in.

Table B6.5: Noise levels
Initial Fuzzy Operator options

association

There exists no noise throughout the plant

0.1 0.16 Very manageable noises exist around the plant.

Noise is not a disturbance

0.32 0.33 Loud noises exist on the plant and/or
surroundings. |
0.5 0.5 Noise levels are very load.

Table B6.6: Noise levels operators exposed to
Initial Fuzzy Operator options

association

Operators are not exposed to any major noise

0.1 0.16 Operators are exposed to high noise levels for

less than 30 minutes per day

0.32 0.33 Operators are exposed to high noise levels for

between 30 minutes and two hours/day

0.5 0.5 Operators are exposed to high noise levels for

more then two hours/day




Table B6.7: Heavy lifts

Initial Fuzzy Operator options

association

0 0 There exists no heavy lifts throughout the plant
0.1 0.16 All lifts involve light equipment and are not a
strain. All weights are less than 10 kg
0.32 0.33 All weights to be moved around the plant are
between 10 and 20 kg.
0.5 0.5 - | All weights to be moved around the plant are
greater than 20 kg.

Table B6.8: Heavy lifts operators exposed to

Initial Fuzzy Operator oplions

association

0 Operators are not exposed to any major lifts

0.17 0.1 Operators are exposed to lifting objects more

than 20 kg’ s for less than 30 minutes per day

0.33 0.15 Operators are exposed to lifting objects more
than 20 kg’ s for between 30 minutes and two
hours/day

0.5 0.5 Operators are exposed to lifting objects more

than 20 kg’ s for more then two hours/day




Chemicals Risks:

Table B6.9: Chemical Risks

(TITHIR I VAAS

associalion

Operator options

0.5 0.5

There are no potential accidents with chemicals.
Precautions have been taken if there are any

accidents.

0.26 0.33

There is a low risk of accidents with chemicals.
There may have been an accident with chemicals
in the last five years and no corrective measures

have been taken.

0.1 0.16

There is a medium risk of accidents with
chemicals. There has been some near accidents

with chemicals in the last two years.

There is a very high risk of accidents with

chemicals. There are regular near misses.

Machinery

Table B6.10: Machinery risks

Initial Fuzzy

association

Operator options

There are no potential accidents with machinery.

Precautions have been taken.

0.27 0.33

There is a low risk of accidents with machinery.
There may have been an accident with machinery
in the last five years and no corrective measures

have been taken.

0.1 0.16

There is a medium risk of accidents with




machinery. There has been some near accidents

with machinery in the last two years.

0 0 There is a very high risk of accidents with

machinery. There are regular near misses.

Appendix B1.7: Water use and reuse systems

The water usage on a surface finishing facility is dependent on a variety of factors
among these are the dripping, hanging etc which is described in this chapter under
the state of the rinsing system. The other determining factors are the actual path of
the water on an electroplating facility i.e. the use and reuse of water on an
electroplating facility. This lends to the question of Can water be reused? Yes,

within limits. Some water if redirected would result in contamination problems.

The redirecting of water is a separate issue to the recycle of water. The question
that arises is why spend so much of money to treat waste water and then release to
drain? Can this wastewater not be recycled? The answer is yes the water can be
reused and recycled, here again within limits. Its obvious that water still rich in oil
cannot be used for rinsing or metal contaminated rinse water cannot be used for

post plating rinsing.

With these considerations it would possible to evaluate a surface finishing facility

on the effectiveness of its water use and re/use system.
Degreaser acid reuse

Most companies use fresh water for rinsing on the acid tanks and a separate fresh

water for rinsing of the degreaser. This is not optimum as the rinse watet can be




reused. The redirected rinse water is actually more effective in rinsing as a
slightly acidic rinse water can clean off an alkali solution more effectively. Some
challenges may occur with regards Phosphating but this can be easily solved by
reducing the pH shock by cross directing. Cross directing is the directing of the
second post acid rinse to the first acid .rinse. The water is then directed to the first
degreaser rinse and then back to the first acid rinse. This system ensure minimum
pH shock. It is usual to redirect the second degreaser rinse to the second acid rinse

and then to the first rinse.

Table B7.1: Fuzzy membership definition for sludge with regards to optimum
dragin/dragout.

Fuzzy Operator Options

Association

0o The acid and degreaser consists of single rinses each with

individual fresh water feed.

The acid and degreaser consists of double rinses each with

individual fresh water feed.

0.4

The acid and degreaser consists of double rinses each with
0.6 fresh water feed to rinse tank one which is then redirected to
' the other. There is still separate inlets for the degreaser and

acid system.

0.8 The acid and degreaser consists of static tanks which are

dumped on a regular basis.

The acid and degreaser consists of double rinses each with a

1 single fresh water feed to the degreaser tanks which is

redirected to the acid system.




Closed circuit plating rinsing

Tt has been a traditional belief that more is better for dilution and rinsing purposes.
This theory has been successfully followed at most facilities. It has been
successful in achieving one of the primary functions of the rinse systems ie the
effective rinsing off of the plating solution.

This is the main function of the rinse but it is not the optimum in that the plating
chemicals that are dragged out of the plating tank is lost to the waste water
treatment plant.

The ideal would be to achieve effective rinsing and at the same time achieve

recovery of plating chemicals. The reduction of water consumed would be an
added bonus.

With the use of a low flow counter current rinse system this can be easily
achieved ie the rinse water is fed into the last rinse tank and is cascaded into the

first rinse tank. Some calculations are required for optimum operation.

Table B7.2; Fuzzy membership

Fuzzy

definition for closed circuit plating rinsing

Opcerator Options
Association

0o There exists a single rinse tank after the plating tank. The tank

is fed with a single water inlet and the outlet is to drain.

There exists a double rinse tank after the plating tank. The

04 tank is fed with individual water inlets and the outlets are to
drain.

There exists a double rinse tank after the plating tank. The
0.6 tank is fed with a single water inlet and the outlet is to drain.
Water is redirected between the two tanks.




There exists a double rinse tank after the plating tank. The
0.8 tank is fed with a single water inlet and the outlet is to drain.
Water is redirected between the two tanks. Top up of the
plating tank is done from the rinse tanks.

A minimum of a three stage rinse exists. The water is fed

countercutrent back to the plating tank.

Flowmeters

A very popular saying is what you cannot measure you cannot save. The
continuous flow of waste water without any form of measurement is a problem as

the quantification of the water usage is unknown.

This problem needs to be solved at two levels. Holistically the plant needs
sufficient water meters to be able to determine the water consumption at the
different sections of the plant and the flowmeters need to be used to continuously

monitor the individual tank/ inlet consumptions.

Table B7.3: Fuzzy membership definition for flowmeters

Fuzzry

Operator Options
Association

Flow meters exists on all inlets to tanks. A water meter exists

1 in each plant section. Water consumptions are monitored and
regulated.
Flow meters exists on some inlets to tanks. A water meter
08 exists. Water consumptions are sometimes monitored.
06 A water meter exists. Water consumptions are sometimes

monitored.




0.4 Water readings are done via municipal mains. No control of

plant water exists.

0.2 No systems exist to measure or monitor water usage

Waste water treatment plant reuse

Water, once treated has traditionally been disposed off. This is a wastage of
resources. If this water could be used on the plant where high purity water can be
used this could be ideal. This would imply using the water in an area such as

degreaser or acid rinse.

Table B7.4: Fuzzy membership definition for waste water treatment plant reuse

I VVAY

Operator Options

Association
All rinse water once treated is reused on the plant. Only

evaporative losses are required as inlet water.

0.8 Rinse water is segregated and some rinse tater is reused after

treatment. Approximately 50 % reuse occurs.

06 Some of the rinse water is reused after treatment.

Approximately 30 % reuse occurs.

0.4 Some of the rinse water 1s reused after treatment.

Approximately 10 % reuse occurs.

0.2 No reuse of water occurs. Once treated the water is dumped.

De-ionised water use.

The use of municipal water at electroplating facilities is part of the contribution to

waste problems. The salts found in municipal water contributes to the problems.



The ideal would be to remove these salts before they get into the system. This can
be achieved by using De-ionised water. The cost of these systems have
traditionally been a problem but with the onset of small scale units a the ion

exchange unit and the reverse osmosis units have proven cost effective.

Table B7.5: Fuzzy membership

Fuzzy

definition for de-ionised water use

o Operator Options
Association

1 De-ionized water is used on all rinse tanks
0.8 Plating tank rinses use de-ionised water
0.6 Plating tank rinses use de-ionised water when available
04 Make up of plating tanks were done with DI water. All Itop
ups are done with tap water
0.2 All systems are fed with tap water.

Proper water supply quality would imply improved plating efficiency and long

term cost saving.

The proper use of water as a very expensive resource can imply considerable

savings. The variables that would be considered would be:
First the alternatives had to be defined. For rinsing the alternatives are:
A = f{a a .., as} = {DA, CCT, FM, WW, DE}

where
DA: redirecting degreaser/acid
CCT: closed circuit

M: flow meters




WW: waste water treatment recycle

DE: de-ionised

Then the main objectives in evaluating and controlling the rinses were

determined:
0= {O}, 02, ey 04} = {CC, E, WC, C}

where

CC: the chemical consumption
E: the environment

WC: the water consumption

C: the cost for waste water treatment and due to production Joss
The ranking for each of the above objectives will be rated as preferences:
P={b,bybs,bs} —» [0]1]

So inputting the relationship between each one of the alternatives and the

objectives.

025 025 02 02 02
0, = + +—— +—
D4 CC FM WW DI

02 03 0.15 025 02
=——+——+ + +—=
=2 pA CC FM Ww DI

02 02 01 015 015
= + +

Q,=—+ +
DA CC FM WW DI




!q‘ .

025 03 03 025 025
= +——+ + +
=4 DA CC FM WwWw DI

Now each of the preferences has to be rated on a scale of 0-1.

e b=09 : Water consumption is the objective of this section hence it
takes highest priority.
e b,=0.7 : The main impact of overuse of water is on natural resources

which bears on the environment hence it is an important preference
e b; = 0.7 Production is important, if poor water quality reduces cleaning

efficiencies this could impact on production.
e b;=08 Costisalways a key variable, water saving could imply potential
savings. '

A graph can be plotted of each membership with respect to the preferences.

Fig B7: Graph of membership and preferences
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The complement of the preferences is required for the calculations so they are

determined and substituted into the Decision making equation:

The decision-making equations:

D(a,)=D(DA)=(b—lvOI)A(EvOZ)A(E;VOQ/\(b_;v04)

Now substituting into the above for each alternative:

D(a,) = D(DA)y=(025v 0.1 A(0.2v0.3)A(02v0.3)A(0.25V 0.2)
D(a,)=D(CC)=(025v0.1)A(0.3v0.3)A(0.2v 0.3)A(0.3v0.2)
D(a;) = D(FM)=(02v0.)A(0.15v0.3) A(0.1v0.3)A(0.3v 0.2)
D(a,)=D@W)=(02v0.1) A(0.25v 0.3) A(0.15v 0.3) A (0.25 v 0.2)
D(as)=D(DI)=(02v0.1)A(0.2v0.3)A(0.15v 0.3) A(0.25v 0.2)

Solving:

D(a;)= 0.35
D(a)= 0.25
D(az)=0.2
D(as)=0.2
D(as)=0.2

With a maximum D (a)2)= 0.25. These values can now be used to determine the
water reuse/recycle system environmental status. The final outcome indicates

acid/degreaser and closed circuit rinses to be the highest priority. So to configure

the output.



We consider the weighing in propottion to the output from the decision making

process.

So:
State of the rinsing system =100*(0.25*DA + 0.25*CCT + 0.2*FM + 0.2*WW +
02*DE ..o Equation 7

Thus a rating on the scale of 0-100 would be generated this can be used to
determine the potential sludge reduction that can be achieved with changes to the
sludge system. The alternates for the fuzzy model need to be inputted by the

operator and fuzzy questions needs to be generated for this purpose.

Appendix B1.8: Production

The production rate on a surface finishing facility can be considered to be the
surface area treated over a period of time, which may be anything from a day to a
year. Most production figures are either not monitored or is measured in mass.
This is essentially flawed as it is not the true representation of the surface treated.

An accurate measure of production would be the surface area treated or plated.

The plated thickness has a major impact on production time and production cost
ie If a required thickness is 10 microns and 11 microns is plated that would imply
a loss of production time of 10 percent and a loss of chemical usage of 10 percent.
This could imply a potential annual saving of more than 20 percent if production

were to increase by 10 percent whilst saving 10 percent of the chemicals.

The optimum voltage is also a critical factor in electrochemistry. An over voltage

would imply a loss of efficiency which has a snowball effect. Contamination



increases and production decreases. This can also oceur with poor jig/barrel

loading.

Surface area measurement

The accurate measurement of surface area is critical to production. Bath chemistry

changes with production and in order to optimize the bath chemistry the

production rate has to b known. Inline plater usually do not have a problem with

determining their production rates but jobbing shops find this a challenge. One of

the strengths of this thesis is the indirect determination of the rate of production.

Table BR.1: Fuzzy membershi definition for surface area measurement

Fuzzy
Assoeiation

0.1

Operator Options

No determination of production rate is considered.

0.2

Occasional determination of masses is conducted. This is used
as an indicator of production. Less than 10 % of production is

measured.

04

Mass is used as an indication of the rate of production. More

than 50% of incoming material is weighted

0.6

Mass is used as an indication of the rate of production. 100% of

incoming material is weighted

0.8

Surface areas of some components are measured. The rest is

estimated by mass.

Surface area is measured accurately and used as an indication of

production.




Weight measurement

If the surface area is not being measured the next best thing would be the

determination of the mass of the articles to be plated. This would generate some

kind of indication of the production rate at the facility.

Table B8.2: Fuzzy membership definition for weight measurement

Fuzzy

Association

Operator Options

0.2 Mass of components to be plated is not determined

04 Approximately 10% of all components passing through the line
is weighted.

06 Approximately 30% of all components passing through the line
is weighted.

0.8 Approximately 50% of all components passing through the line
is weighted.

. Every component passing through the line is accurately

weighted

Thickness measurement

The determination of the plated thickness is essential to ensure quality. The

surface thickness plated has a direct bearing on the production cost. An optimum

surface thickness coated would imply optimum production cost. It should be the

aim of all surface finishing production facilities to ensure optimum surface

thickness in order to optimise production.




Table B8.3: Fuzzy membership definition for thickness measurement

Furzy

Operator Options

Association

i Surface thickness is regulated hourly and adjustments made.
0.8 Surface thickness is monitored daily and adjustments made
0.6 Chemical supplier monitors surface thickness once/week
0.4 Chemical supplier monitors surface thickness once/month
0.2 No systems exist to conduct surface thickness tests.

Voltage and amperage measurement

The determination of the amperage per meter squared is not normally conducted
on a plating tank. The optimum value is predetermined by the chemical supplier
and it is taken for granted that optimum loading is done so as to achieve this
during plating. The reality is that the operations team overload jigs and barrels
resulting in a distortion of the current ie the amps per square meter is reduced.

Monitoring of this critical variable is essential for optimisation.




Table B8.4: Fuzzy membership definition for voltage and amperage measurement

Furzy

Operator Opfions
Association

. Systems for determining Amperage/voltage is on every jig

exists and adjustments made.
Amperage/voltage is regulated whenever there is a change in

08 components plated.
Chemical supplier monitors Amperage/voltage

0.6 Amperage/voltage once/week

0.4 Chemical supplier monitors Amperage/voltage once/month

0.2 No systems exist to conduct Amperage/voltage tests.
Jig/ barrel loading

The loading of the jig/ barrel is critical for production. Under loading could result
in overplating whilst overloading would result in quality problems. Optimum

loading is essential to ensure long term sustainability of the process and

equipment.




Table B8.5: Fuzzy membershi
Fuzzy

definition for jig/barrel loading

Operator Options

Association

. Jigs/ barrel loads are monitored regularly and regulated to
ensure optimum production
0.8 Operators monitor jig/barrel loading less than 80 % of the time.
0.6 Operators monitor jig/barrel loading less than 50 % of the time.
0.4 Operators monitor jig/barrel loading less than 20 % of the time.
0.2 Jigs/ barrel loading is never a factor. Weights vary considerably
on each load. '

Production is essential in order to be sustainable but optimum production can
improve sustainability. The monitoring of the key input variables would result in

optimum use of resources.

The production tables determine the wastage of raw materials due to poor process

management. The variables that would be considered would be:

First the alternatives had to be defined. For rinsing the alternatives are:

A = {ay ay .., as} ={8M, WM, TM, VA, J/B}
where

SM: surface measurement

WM: weight measurement

TM: thickness measurement

VA: voltage and amperage

J/B:  jig/barrel load



Then the main objectives in evaluating and controlling the rinses were

determined;

0= {04, 02 ..., 04} = {W/E, EFF, P, C}
where '
W/E: the water/environment
EFF: the efficiency

P: the production

C: the cost

The ranking for each of the above objectives will be rated as preferences:
P= {bla bZ: b35 b4} —_— [Oal]

So inputting the relationship between each one of the alternatives and the

objectives.

0 15 015 02 015 0.2
+ +——+ +—=
SUUSM WM ™™ V4 JB

03 025 025 025 0.2
+ + +—=
=27 SM WM TM VA JB

025 02 02 015 02
+——+ +—=
=37 SM WM ™ VA JB

03,03 03 025 02

= + + +
=4 SM WM TM VA JB




Now each of the preferences has to be rated on a scale of 0-1.

e b=05 : Water consumption is a key objectives as losses in production

implies water consumption increases ie ovetproduction

e b=08 :The efficiencies of plating/cleaning if not optimum results in

wastage which can be prevented.

e b; = 0.9 Production is the key as inefficiencies could imply a loss in
production. The objective being to achieve minimum wastage.
e by= 0.5 Cost is always a key variable as inefficiencies cause losses

which could have been prevented.

A graph can be plotted of each membership with respect to the preferences.

Fig BS.1: Graph of membership and preferences
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The complement of the preferences is required for the calculations so they are

determined and substituted into the Decision making equation:

The decision-making equations:

D(a,) = D(SM) =B, v O,) A (B, v O,) A (B, v O) A (B, v O,)

Now substituting into the above for éach alternative:
D(a,)=D(SM)=(0.15v0.5)A(0.3v02)A(0.25v 0.1)A(0.3v 0.2)
D(a,)=D(WM)=(0.15v0.5)A(0.25v 0.2) A(0.2v0.1) A (0.30.2)
D(a,)= D(TM) =(0.2v0.5)A(0.25v0.2)A(02v0.1)A(0.3v0.2)
D(a,)=DFA)=(0.15v0.5) A (0.25v 0.2) A(0.15v 0.1} A (0.25v 0.2)
D(a,)=D{JB)=(02v05)A(02v02)A(0.2Vv0.1)A(0.2v0.2)

Solving:

D(a;=0.25
D(az)= 0.2
D(az)= 0.2
D(ay)=0.15
D(as=0.2

With a maximum D (a,)= 0.25. These values can now be used to determine the
production system environmental status. The final outcome indicates Surface area

measurement to be the highest priority. So to configure the output.



We consider the weighing in proportion to the output from the decision making

process.

So:
State of the rinsing system =100*(0.25*SM + 0.2*WM + 0.2*TM + 0.15*VA +
02*I/B i Equation 8

Thus a rating on the scale of 0-100 would be generated this can be used to
determine the potential sludge reduction that can be achieved with changes to the
sludge system. The alternates for the fuzzy model need to be inputted by the

operator and fuzzy questions need to be generated for this purpose.

The appropriate fuzzy questions are developed to accommodate operator inputs
under these categories. The preferences are appropriately inputted in accordance
with each category. A comprehensive plant wide system is developed that

outputs an environmental status of the company.

The outputs from each section are summarized on a scale of zero to 100. Where a
zero would indicate no room for improvement and a 100 would indicate major

potential savings with system improvements.



Figure B8.2: Graph of plant environmental profile
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Appendix B2: New operator based questionnaire

Cleaner Production Audit

Appendix B2.1: Rinse Tables

1. For how long does the jig stand above the bath for dripping before

moving to the next bath ?

Answer

Operator Options

Jigs hangs for 0-4 seconds above tank before moving to next tank

Jigs hangs for 5-9 seconds above tank before moving to next tank

Jigs hangs for 10-14 seconds above tank before moving to next tank

Jigs hangs for 15-19 seconds above tank before moving to next tank

Jigs hangs for >20 seconds above tank before moving to next tank

2. In what manner (physical way) are the items placed on the jig/barrel ?

Answer

Operator Qptions

Pieces are hung so that there is no cup shaped sections entraining
liquid. All flat sheets are hung with one corner facing down. Most

liquid drains off in less than 3 seconds.

Pieces are hung so that there is some entrapment of liquid by cup
shaped sections. All sheets are hung with one of the shortest end facing

downwards. Most liquid drains off in less than 8 seconds.

Pieces are hung so that there is a large entrapment of liquid by cup
shaped sections. All sheets are hung with one the shortest end facing

downwards. Most liquid drains off in less than 12 seconds.

Pieces are hung so that cup shaped sections entraining liquid. All flat

sheets are hung with the longer side facing down. Most liquid drains off




once the jig is tilted and takes less than 15 seconds.

Pieces are hung so that cup shaped sections entraining liquid. All flat
sheets are hung with the longer side facing down. Most liquid drains off

in once the jig is tilted and takes greater than 15 seconds.

3. Isthere agitation ?

Answer

Operator Options

There is no agitation or liquid motion on any tanks.

There exists visible agitation or jig motion on some tanks. Either by air

or jig motion.

There exists visible agitation or jig motion on all tanks. Either by air or

jig motion.

There exists visible agitation and liquid motion on all process tanks.

Either by air or jig motion.

There exists heavy agitation and liquid motion on all process tanks.

Either by air or jig motion.

4. How is the rinse water let in and out of each rinse tank 7

Answer

Operator Options

Rinse tank inlet is located at the top of the tank and the outlet is located
next to it on the top of the tank.

Rinse tank inlet is located at the top of the tank and the outlet is located
on the top of the tank, on the opposite end.

Rinse tank inlet is located at the top of the tank and the outlet is located
on the bottom of the tank, on the opposite end.

Rinse tank inlet is located at the bottom of the tank and the outlet is
located at the top of the tank on the opposite end. Tank is not agitated.




Rinse tank inlet is located at the bottom of the tank and the outlet is
located at the top of the tank on the opposite end. Tank is agitated.

5. How does the back mixing work ?

Answer

Operator Options

Rinse tanks are linked across the bottom and /or top allowing

continuous flow of water.

Small pipes link rinse tanks resulting in continuous back mixing. Spills

between rinse tanks are high during jig submersion.

Rinse tanks are linked across the bottom and /or top allowing moderate
flow of water during jig submersion or Rinse tank overflows very small

amounts of water to the next rinse tank during jig submersion.

Rinse tanks are linked across the bottom and /or top allowing very little
flow of water during jig submersion or Rinse tank overflows some

water to the next rinse tank during jig submersion.

No back mixing. Tanks are not linked.

6. How is the inlet flow of water into the rinse tanks controtled ?

Apswer

Operator Options

Rinse water supplied by non-restricted pipe. Each rinse tank has a

separate inlet.

Rinse water supplied by valve on the end of a pipe with some control.

Static tanks, dumped regularly or moderate flow control with no rinse

recovery system. No redirecting of rinse water occurs.

Static tanks, dumped regularly or moderate flow control with no rinse

recovery system. Redirecting of rinse water occurs,

Flow control to rinse tank via predetermined rinse water requirements.




Flow is continuously controlled and stops when no tank operations

occur. All water is recovered via low flow rinse back into plating tank.

Appendix B2.2: Sludge Tables

7. How is drag out reduced ?

Answer

Operator Options

All plating tanks consist of single rinses with outlet to waste water

treatment plant.

All plating tanks consist of two rinses with outlet to waste water

treatment plant.

All plating tanks consist of two rinses with outlet to waste water

treatment plant.

All plating tanks are closed circuit i.e. there is a minimum of three
rinses. All top up liquid is redirected to the plating tank. De-ionised

water is used as top up on last rinse tank.

The acid tank is regenerated by removing contaminants. Acid tank

lifespan is a minimum of one year

'The degreaser tank is regenerated by removing contaminants.

Degreaser tank lifespan is a minimum of one year

Passivates have a single rinse

Passivate has a double rinse

De-ionised water is used on all rinses




8. How is the bath chemistry optimised ?

Answer

Operator Options

Bath analysis and testing conducted online or twice/day. Continuous

chemical dosing to plating tank

Bath analysis and testing conducted once in two days. Chemical

dosing to plating tank done accordingly.

Bath analysis and testing conducted once per week. Chemical dosing

to plating tank done accordingly.

Bath analysis and testing conducted once in two weeks. Chemical |-

dosing to plating tank done accordingly.

Bath analysis and testing conducted once in per month. Chemical

dosing to plating tank done accordingly.

9. How is waste concentrated ?

Answer

Operator Options

Filter press is used after sludge settling together with bed/solar drying.

Filter press is used after sludge settling or bed/solar dewatering.

Wastewater is pH adjusted, flocculated and settled before sludge

removal.

Sludge is allowed to settle in settling tanks and is disposed of.

No systems exist to concentrate waste

i




10. How are the process baths maintained ?

Answer

Operator Options

Online filters continuously clean process baths.

Tanks are desludged once/ week. Process baths are purified every two

days.

Tanks are desludged once/ month. Process baths are purified once in

two days.

Tanks are desludged once/ year. Process baths are purified once per

week.

No systems exist to purify process baths

11. How is the waste recovered internally ?

Answer

Operator Options

Process bath metal losses are recovered by onsite metal recovery

systems and recycled into process.

Process bath recovery is done offsite and returned to site for reuse.

Process bath metal losses are recovered by metal recovery systems and

not reused.

Process bath recovery is done of site and not returned to site

Process bath waste is disposed to outside contractor as a raw material.

No systems exist to recover waste process baths




Appendix B2.3: Waste Water Treatment Plant Chemicals

12. How is excess dosing of chemicals reduced ?

Answer

Operator Options

Plant operator does wastewater treatment when time is available. An
excess of chemicals is used to ensure proper treatment of pH, chrome

and/or cyanide.

Flocculants is added in excess to ensure treatment

Flocculants is only added as per predetermined requirement. Dosing is

done after analysis of wastewater.

Chrome and cyanide is treated without measurement of chrome and

cyanide concentration

Chrome is treated with more than 5mg/l of metabisulphite when the

chrome containing waste water is at a pH of less than 3.5

Chrome is treated with 5mg/l of metabisulphite when the chrome

containing waste water is at a pH of 3.5

Cyanide is treated with more than 5mg/l of hypochloride when the

cyanide containing wastewater is at a pH of greater than 11.

Cyanide is treated with 5mg/l of hypocloride when the cyanide

containing waste water is at a pH of 11.

PH, Metals concentration and cyanide concentration is continuously

monitored before dosing.




13. Are spent baths reused ?

Answer

Operator Options

Spent acid and degreaser is not stored for waste water treatment

Spent acid is stored for use for pH regulation

Spent degreaser is stored for use for pH regulation

Chrome and cyanide is stored and treated when spent acid ore

degreaser is available for pH adjustment.

Spent acid is used as a flocculants

14, How are spent baths treated ?

Answer

Operator Options

All wastewater is released to WWTP without any storage and optimum

neutralization

Acids and alkali is dumped together

Streams containing acids and alkali are stored and treated separately.

Streams containing acids and alkali are stored and treated separately.

All other treatment of chemicals is conducted in a co-ordinated fashion

The treatment of waste streams is carried out using stored spent
chemicals. Storage facilities exist for acids/alkali/oily/cyanide rich and

all metal waste separately.




15. How are the waste stream separated ?

Answer

Operator Options

All waste streams are mixed and treated together

Cyanide is stored and treated separately

Chrome is stored and treated separately

Streams containing acids and alkali are stored and treated separately

Streams containing metals are separated

Streams containing complexing agents are stored and treated separately

16. How are the chemicals dosed and controlled ?

Answer

Operator Options

All treatment processes are done manually

pH regulation is done using continuous measurement, Dosing is done

- manually

pH regulation is done using continuous measurement, Dosing is done

automatically

Chrome/Cyanide monitoring is done using continuous measurement,

Dosing is done manually

Chrome/Cyanide monitoring is done using continuous measurement,

Dosing is done automatically

Metals monitoring is done using continuous measurement, Dosing is

done manually

Metals monitoring is done using continuous measurement, Dosing is

done automatically
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Appendix B2.4: Wastewater treatment plant equipment

17. How is pH controlled ?

Answer

Operator Option

The pH probe is never calibrated.

The pH probe is calibrated once or twice / year

The pH probe is calibrated once / month

The pH probe is calibrated once every second week

The pH probe is calibrated once / week

18. How is chrome monitored ?

Answer

Operator Options

The equipment is never calibrated.

The equipment is calibrated once or twice / year

The equipment is calibrated once / month

The equipment is calibrated once every second week

The equipment is calibrated once / week

19. How is cyahide monitored ?

Answer

Operator Options

The equipment is never calibrated.

The equipment is calibrated once or twice / year

The equipment is calibrated once / month

The equipment is calibrated once every second week

The equipment is calibrated once / week




20. How are the metals monitored ?

| Answer Operator Options

The equipment is never calibrated.

The equipment is calibrated once or twice / year

The equipment is calibrated once / month

The equipment is calibrated once every second week

The equipment is calibrated once / week

21. How is chemical oxygen demand monitored ?

Answer Operator Options

The equipment is never calibrated.

The equipment is calibrated once or twice / year

} The equipment is calibrated once / month

The equipment is calibrated once every second week

The equipment is calibrated once / week

Appendix B2.5: Chemical-consumption and monitoring

22. How the chemical concentration levels and contamination levels in a
tank measured and controlled ?

Answer Operator Options

All process tanks are monitored by the chemical supplier once per
month. Results are available within a week or two of analysis. Bath

corrections are done based on these results.

All process tanks are monitored by the chemical supplier once per
week. Results are available within a week of analysis. Bath corrections

are done based on these results.




All process tanks are monitored by the chemical supplier twice per
week. Results are available within the week. Bath corrections are done

based on these results.

All process tanks are monitored by the chemical supplier/ plant
operator, twice per week. Results are available the next day. Bath

corrections are done based on these results.

All process tanks are monitored by the chemical supplier/ plant
operator, daily. Results are available the daily. Bath corrections are

done based on these results,

All process tanks are monitored continuously by automatic

measurement devices. Bath corrections are done automatically.

23. How are the plating tanks purified ?

Answer

Operator Options

No systems exist for bath purification.

Purification system on plating tank is used when problems arise,

usually once per month.

Purification system on plating tank is used as required, usually once per

week.

Plating tank is continuously filtered. No Acid recovery /Degreaser oil

removal filtration system.

Plating tank is continuously filtered. Degreaser oil removal filtration

system is operational. Acid recovery system is currently used.

Plating tapk is continuously filtered. Degreaser oil removal filtration
system is operational. Acid recovery system is currently used. All

systems are continuously maintained and monitored.




24. How is chemical dosing controlled ?

Answer

Operator Options

There exists an online measurement system and chemical dosing is

done online and continuously.

Chemical dosing is done online and continuously based on

predetermined chemical consumption calculations.

Chemical dosing is done weekly after sampling and measurement.

Chemical dosing is done monthly after sampling and measurement.

No systems exist to measure chemical concentrations. Chemicals are

dosed randomly.

25. How is the bath chemistry of the process baths maintained ?

Answer

Operator Options

Process bath chemistry is known a designated technical person
monitors the process baths continuously. Contaminants as well as top

up consumptions are monitored.

Process bath chemistry is known a designated person monitors the
process baths one/ month. Contaminants as well as top up
consumptions are monitored. Contaminants as well as top up

consumptions are monitored.

Detailed Process bath chemistry is known to the chemical supplier. A
technical representative monitors the process baths occasionally
(once/month). Contaminants as well as top up consumptions are

monitored.

Basic Process bath chemistry is known to the chemical supplier. A

technical representative monitors the process baths regularly

o




(once/week).

Basic Process bath chemistry is known to the chemical supplier. A

technical representative monitors the process baths occasionally

‘(once/month). Only top up consumptions are monitored.

No knowledge on the process bath chemistry.

26. What kind of training does the operator undergo ?

Answer

Operator Options

Operator training is ongoing. Standard operating procedures are in
place and updated. No poor operational practices are observed from

operators.

Some formal operator training exists with operating procedures.

Management ensures regular courses are presented.

Operators undergo a formal training program managed by managemeht.

Operators undergo an informal training program managed by

management. Most training is on a needs basis.

Operators undergo an informal training program managed by other

operators.

No systems for operator training or improvements exists. Operators

work and learn.




Appendix B2.6: Occupational health and safety

27. For what time period are operators exposed to fumes ?

Answer

Operator Options

Operators are not exposed to fumes from chemicals

Operators are exposed to fumes for less than 30 minutes per day

Operators are exposed to fumes for between 30 minutes and two

hours/day

Operators are exposed to fumes for more then two hours/day

28. What levels of fumes are the operators exposed to ?

Answer

Operator Options

There exists no smell or fumes throughout the plant

Very mild fumes exist around the process tanks. Fumes are only notices

when working close to the tank

The tank fumes are strong and can be felt a few meters from the tank

The tank fumes are very strong and can be felt anywhere in the plating
shop

29. What type of fumes are the operators exposed to ?

Answer

Operator Options

No toxic fumes exists anywhere on the plant

The cyanide tanks fumes

The chrome tank fumes

The nickel tank fumes

The degreaser tank fumes

The acid tank fumes




30. What temperature levels are the operators exposed to ?

Answer

Operator Options

No elevated tank temperatures exist throughout the plant

There exist tanks on the plant where there is a maximum temperature

elevation of less than 5 degree Celsius above room temperature.

There exist tanks on the plant where there is a temperature elevation of

greater than 5 degree Celsius above room temperature.

There exist tanks on the plant where there is a temperature elevation of
greater than 5 degree Celsius above room temperature resulting in

minor worker discomfort.

There exist tanks on the plant where there is a temperature elevation of
greater than 5 degree Celsius above room temperature resulting in

major worker discomfort.

There exist tanks on the plant where there is a temperature elevation of
greater than 5 degree Celsius above room temperature resulting in an

environment which is impossible to work in.

31. What noise levels are the operators exposed to ?

Answer

Operator Options

There exists no noise throughout the plant

Very manageable noises exist around the plant. Noise is not a

disturbance

Loud noises exist on the plant and/or surroundings.

Noise levels are very load.




32. For what time period are the operators exposed to these noise levels ?

Answer

Operator Options

Operators are not exposed to any major noise

Operators are exposed to high noise levels for less than 30 minutes per

day

Operators are exposed to high noise levels for between 30 minutes and

two hours/day

Operators are exposed to high noise levels for more then two hours/day

33. Are the operators exposed to heavy lifts

Answer

Operator Options

There exists no heavy lifts throughout the plant

All lifts involve light equipment and are not a strain. Al weights are
less than 10 kg '

All weights to be moved around the plant are between 10 and 20 kg.

All weights to be moved around the plant are greater than 20 kg.

34, For what time period are the operators exposed to these heavy lifts ?

Answer

Operator Options

Operators are not exposed to any major lifts

Operators are exposed to lifting objects more than 20 kg’ s for less than

30 minutes per day

Operators are exposed to lifting objects more than 20 kg’ s for between

30 minutes and two hours/day

Operators are exposed to lifting objects more than 20 kg’ s for more

then two hours/day




35. What is the probability of accidents occurring with regard to chemicals ?

Answer

Operator Options

There are no potential accidents with chemicals. Precautions have been

taken if there are any accidents.

There is a low risk of accidents with chemicals. There may have been
an accident with chemicals in the last five years and no corrective

measures have been taken.

There is a medium risk of accidents with chemicals. There has been

some near accidents with chemicals in the last two years.

There is a very high risk of accidents with chemicals. There are regular

near misses.

36. What is the probability of accidents occurring with regard to machinery?

Answer

Operator Options

There are no potential accidents with machinery. Precautions have

been taken.

There is a low risk of accidents with machinery. There may have been
an accident with machinery in the last five years and no corrective

measures have been taken.

There is a medium risk of accidents with machinery. There has been

some near accidents with machinery in the last two years.

There is a very high risk of accidents with machinery. There are regular

near misses.




Appendix B2.7: Water use and reuse systems

37. How is the degreaser acid reused ?

Answer

Operator Options

The acid and degreaser consists of single rinses each with individual

fresh water feed.

The acid and degreaser consists of double rinses each with individual

fresh water feed.

The acid and degreaser consists of double rinses each with fresh water
feed to rinse tank one which is then redirected to the other. There is still

separate inlets for the degreaser and acid system.

The acid and degreaser consists of static tanks which are dumped on a
regular basis.

The acid and degreaser consists of double rinses each with a single
fresh water feed to the degreaser tanks which is redirected to the acid

system.

38. How is effective rinsing achieved ?

Answer

Operator Options

There exists a single rinse tank after the plating tank. The tank is fed

with a single water inlet and the outlet is to drain.

There exists a double rinse tank after the plating tank. The tank is fed

with individual water inlets and the outlets are to drain.

There exists a double rinse tank after the plating tank. The tank is fed
with a single water inlet and the outlet is to drain. Water is redirected

between the two tanks.

There exists a double rinse tank after the plating tank. The tank is fed

with a single water inlet and the outlet is to drain. Water is redirected




between the two tanks. Top up of the plating tank is done from the rinse
tanks.

A minimum of a three stage rinse exists. The water is fed counter

current back to the plating tank.

39. Does the plant have flow meters ?

Answer

Operator Options

Flow meters exists on all inlets to tanks. A water meter exists in each

plant section. Water consumptions are monitored and regulated.

Flow meters exists on some inlets to tanks. A water meter exists.

Water consumptions are sometimes monitored.

A water meter exists. Water consumptions are sometimes monitored.

Water readings are done via municipal mains. No control of plant water

exists.

No systems exist to to measure or monitor water usage

40. Is the waste water reused ?

Answer

Operator Options

All rinse water once treated is reused on the plant. Only evaporative

losses are required as inlet water.

Rinse water is segregated and some rinse tater is reused after treatment.

Approximately 50 % reuse occurs.

Some of the rinse water is reused after treatment. Approximately 30 %

reuse occurs.

Some of the rinse water is reused after treatment. Approximately 10 %

reusc OCCurs.




No reuse of water occurs. Once treated the water is dumped.

41. Ts de-ionized water used on the plant ?

Answer

Operator Options

De-ionized water is used on all rinse tanks

Plating tank rinses use de-ionised water

Plating tank rinses use de-ionised water when available

Make up of plating tanks were done with DI water. All top ups are done

with tap water

All systems are fed with tap water.

Appendix B2.8: Production

42. Is surface area measured ?

Answer

Operator Options

No determination of production rate is considered.

Occasional determination of masses is conducted. This is used as an

indicator of production. Less than 10 % of production is measured.

Mass is used as an indication of the rate of production. More than 50%

of incoming material is weighted

Mass is used as an indication of the rate of production. 100% of

incoming material is weighted

Surface areas of some components are measured. The rest is estimated

by mass.

Surface area is measured accurately and used as an indication of

production.




43. Is the mass of the article to be plated measured 7

Answer

Operator Options

Mass of components to be plated is not determined

Approximately 10% of all components passing through the line is
weighted.

Approximately 30% of all components passing through the line is
weighted.

Approximately 50% of all components passing through the line is
weighted.

Every component passing through the line is accurately weighted

44, Ts the plated thickness measured ?

Answer

Operator Options

Surface thickness is regulated hourly and adjustments made.

Surface thickness is monitored daily and adjustments made

Chemical supplier monitors surface thickness once/week

Chemical supplier monitors surface thickness once/month

No systems exist to conduct surface thickness tests.

45. Is the voltage and amperage measured ?

Answer

Operator Options

Systems for determining Amperage/voltage is on every jig exists and

adjustments made.

Amperage/voltage is regulated whenever there is a change in

components plated.

Chemical supplier monitors Amperage/voltage Amperage/voltage




once/week

Chemical supplier monitors Amperage/voltage once/month

No systems exist to conduct Amperage/voltage tests.

46. Is the jig/barrel loading monitored ?

Answer ~ Operator Options
. Jigs/ barrel loads are monitored regularly and regulated to ensure
.| optimum production
0.8 Operators monitor jig/barrel loading less than 80 % of the time.
0.6 Operators monitor jig/barrel loading less than 50 % of the time.
0.4 Operators monitor jig/barrel loading Tess than 20 % of the time.
0.2 Jigs/ barrel loading is never a factor. Weights vary considerably on

each load.

47. Based on the supplier/in-house analysis weekly dosage of acid is carried

out. Please enter the mass in kg of acid that is added per week.

48. Enter the supplier/operation specification for acid concentration in

grams/litre

49, Enter the acid tank operating temperature

50. How often is the acid tank dumped. If weekly then enter 48 times/year.

If monthly enter 12 times/year.

51. Enter the tank volume in liters of the acid tank.




52. Please enter the mass in kg of degreaser that is added per week.

53. Enter the tank volume in liters of the degreaser tank.

54. Please enter the mass in kg of zinc that is added per week.

55. Enter the tank volume in liters of the zinc tank.

b



Appendix B3: Visual Basic Screens

Appendix B3.1: Rinse Tables

Rinse Table - Screen 1




Rinse Table — Screen 2




Rinse Table — Screen 3
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Appendix D2: Experimental Procedure

D2. Experimentation

' D2. 1 Key words

Degreaser, Qil, Mild Steel, temperature, Electroplating, Current, Voltage.

D2.2 Protective equipment and safety measures

Face shield, caustic resistant gloves, safety boots, lab coat, Ensure raw material

and equipment are labeled properly.

The above protective equipment was womn to avoid injury from hazards that might
occur. When conducting the experiment, it was made sure that the electrical coil was

immersed in water to avoid burning of the coil that might lead to electric shock.

D2.3 Experimental Procedure

Qil — Metal preparation

» Cut approximately 28 mm of copper wire and place electric clips on both ends of
the wire such that it reaches the solution in the bath. Ensure that the wire conduct
electricity.

»  Weigh four mild steel plates (75 X 35 mm) and record the mass

= Connect the plates to the 4 different wires on the copper rod that is set on the
retort stand. Label the 4 wires from A-D.

= Add approximately 30 grams of oil into 4 bowls.

*  Weigh the bowl with the oil and record the mass. Label the bowls from A-and
place each bowl under the respective metal.

= Drop the entire metal into each respective bowl by adjusting the clamp that is

holding the copper rod on the retort stand.



Lift the rod up slowly ensuring that the oil does not drip outside the respective
plate.
Let the oil to drip for approximately 5 minutes.

Weigh each plate with the oil and record the mass.

Degreaser solution preparation

Trial A

2.4 kg of degreaser was added to 40 | of deionised water

The solution was heated to 40 °C.

The solution was then split up into four equal volumes (approx 10 liters +) and
was labeled as Experiment 1, 3, 19, and 11.

The rectifier was started in order to warm it up for accurate readings and good
current conductance.

For Experiment 3, 20 grams of oil was added into the solution

A sheet of mild steel with a surface area equivalent to four plates combined was
immersed into the solution and then connected to the anode of the rectifier.

The rod with the 4 plates dipped in oil was placed on top of the bath such that the
metals are submerged into the degreaser solution.

The rod was then connected to the cathode side of the rectifier.

The voltage was set on the rectifier such that in gives a value of 4.2 volts.

Both current and voltage were measured and recorded.

The voltage was kept constant for a period of 1 minute and the experiment was
finished.

The rod with the 4 plates was removed from the bath and air dried for a period of
15 minutes.

Metals were weighed and the mass recorded.

The procedure was repeated 3 times in-order to check the consistency of the

results.

s



» For Experiment 11, the same procedure as for experiment 3 was repeated except
the voltage was changed to 6.2 and time extended to 3 minutes.

» For Experiment 9, the same procedure as for experiment 3 was repeated except
the voltage was changed to 6.2, the time dropped to 1 minute and no oil was
added to the solution.

» For Experiment 1, the same procedure as for experiment 3 was repeated except

the voltage was changed to 4.2, the time was extended to 3 minutes and no oil was

added to the solution.
Trial B

s 4.8 kg of degreaser was added to 40 1 of deionised water

» The solution was heated to 40 °C.

» The solution was then split up into four equal volumes (approx 10 litres +) and
labeled as Experiment 2, 10, 4, and 12.

» The procedure for experiment 1, 3, 9 & 11 was repeated respectively except the
following.

= For Experiment 2, voltagé was set at 4 .8 volts for 1 minute

» For Experiment 10, voltage was set at 6.2 volts for 3 minutes

» For Experiment 4, voltage was set at 4 .8 volts for 3 minutes

» For Experiment 2, voltage was set at 6.2 volts for 1 minute
Trial C

» 2.4 kg of degreaser was added to 40 1 of deionised water

»  The solution was heated to 80 °C.

» The solution was then split up into four equal volumes (approx 10 litres +) and
labeled as Experiment 5, 13, 7, and 15.

» The procedure for experiment 1, 3, 9 & 11 was repeated respectively except the
following.

»  For Experiment 5, voltage was set at 4 .8 volts for 1 minute



» For Experiment 13, voltage was set at 6.2 volts for 3 minutes
» For Experiment 7, voltage was set at 6.2 volts for 3 minutes

» For Experiment 15, voltage was set at 4.8 volts for 1 minute
Trial D

= 4.8 kg of degreaser was added to 40 1 of deionised water

» The solution was heated to 80 °C.
_ » The solution was then split up into four equal volumes (approx 10 litres +} and
| labelled as Experiment 6, 14, 8, and 16.
' » The procedure for experiment 1, 3, 9 & 11 was repeated respectively except for

the following.

» For Experiment 6, voltage was set at 4 .8 volts for 3 minutes

» For Experiment 14, voltage was set at 6.2 volts for 1 minute

» For Experiment 8, voltage was set at 4 .8 volts for 1 minute

= For Experiment 16, voltage was set at 6.2 volts for 3 minutes.

All glassware and apparatus need to be thoroughly washed and left clean after

finishing the experiment.
D2.4 Trial runs setup

Table D2: The limits for the experiment

Minimum Value Maximum Value
Variable
-1 1)

Degreaser 60 g/l 120 g/l
01l 0 20 ¢g/1
Temperature 40°C 80°C
Voltage 48V 62V
Time 1 min 3 min




Table D3: Trial runs setup

Degreaser Oil Temperature | Voltage Time
Trial 1 2 3 4 5
| 1 -1 -1 -1 -1 1
| 9 -1 -1 -1 1 -1
Trial A
3 -1 1 -1 -1 -1
11 -1 1 -1 1 1
2 1 -1 -1 -1 -1
10 i -1 : -1 1 1
Trial B
‘ 4 1 1 -1 -1 1
12 1 1 1 1 1
\
5 -1 1 1 -1 -1
13 -1 1 1 1 1
Trial C
7 -1 1 1 -1 1
15 -1 1 1 1 -1
6 1 i 1 -1 1
14 1 1 1 1 -1
Trial D -
8 1 1 1 -1 -1
16 1 1 1 1 1

D2.5 Difficulties experienced during experimentation

This was not an easy experiment to conduct. Copper wire could not conduct the

electricity and the reason was later discovered to be the insulation on top of the wire. So

the wire had to be scrubbed to remove the insulation to ensure uniform flow of current.




Maintaining the temperature at 40 °C as well as 80°C was a little difficult due to

the fact that the heater being used had no temperature regulator.

When transporting the metals from the dipping stage to the degreaser some drops of oil
might fall which could cause the mass initially placed on the oil not to be equivalent to

the mass of oil removed. The oil was not dissolving to the maximum extent for those

experiments that need oil as contaminant which, affected the degreasing process.
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Appendix D3: Degreaser Control Charts

Trial 1
Table D4: Results obtained from trial 1
Oilen | UCL | LCL O | yoL | LeL
Removed
A 0.3147 | 0.267017 | 0.504549 i 0.2066 | 0.395906 | 0.03881
B 0.3224 10.267017 | 0.504549 2 0.0081 | 0.395906 | 0.03881
C 0.4233 | 0.267017 | 0.504549 3 0.2453 | 0.395906 | 0.03881
D 0.2239 | 0.267017 | 0.504549 4 0.0879 | 0.395906 | 0.03881
q
A 0.3664 | 0.267017 | 0.504549 5 02067 10.395906 | 0.03881
B 0.254 | 0.267017 | 0.504549 6 0.1272 ]0.395906 | 0.03881
C 0.3993 | 0.267017 | 0.504549 7 0.2924 | 0.395906 | 0.03881
D 0.5032 | 0.267017 | 0.504549 8 0.0879 |[0.395906 | 0.03881
A 0.6707 | 0.267017 | 0.504549 9 0.5934 | 0.395906 | 0.03881
B 0.4445 | 0.267017 | 0.504549 10 0.4376 |0.395906 | 0.03881
C 0.3128 | 0.267017 | 0.504549 11 -0.0783 | 0.395906 | 0.03881
D 0.3942 | 0.267017 | 0.504549 12 0.3935 |0.395906 | 0.03881
Figure D1: Graphical representation of results
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Figure D2: Graphical representation of results
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Trial 2
Table D3: Results obtained from trial 2
. 0Oil —
0il On LCL UCL LCL UCL
Removed
A 0.4967 10.293141 | 0.482826 1 0.3648 | 0.011797 | 0.497069
B 0.3765 | 0.293141 | 0.482826 2 0.1944 | 0.011797 | 0.497069
C 0.401 | 0.293141 | 0.482826 3 0.1826 | 0.011797 | 0.497069
D 0.3697 |0.293141 | 0.482826 4 0.2317 | 0.011797 | 0.497065
A 0.4007 | 0.293141 | 0.482826 5 0.1539 | 0.011797 | 0.497069
B 0.4082 | 0.293141 | 0.482826 6 0.262 0.011797 | 0.497069
C 0.1437 | 0.293141 | 0.482826 7 -0.0873 |0.011797 | 0.497069
D 0.3546 |0.293141 | 0.482826 8 0.2317 | 0.011797 | 0.497069
A 0.4319 | 0.293141 | 0.482826 9 0.8255 | 0.011797 ] 0.497069
B 0.3692 10.293141 | 0.482826 10 0.2004 | 0.011797 | 0.497069
C 0.5005 |0.293141 | 0.482826 11 0.2695 | 0.011797 | 0.497069
D 0.4031 | 0.293141 | 0.482826 12 0.224 | 0.011797 | 0.497069
Figure D3: Graphical representation of results
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Figure D4: Graphical representation of results
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! Table D6: Results obtained from trial 3
|
! . 0il
i 0il On LCL UCL LCL UCL
Removed
A 0.355 |0.344812 | 0.465705 1 0.24 0.097518 | 0.278432
B 0.2845 | 0.344812 | 0.465705 2 0.0933 | 0.097518 | 0.278432
C 0.3928 | 0.344812 | 0.465705 3 0.0022 | 0.097518 | 0.278432
D 0.3791 | 0.344812 | 0.465705 4 0.1608 | 0.097518 | 0.278432
A 0.435 | 0.344812 | 0.465705 5 0.1442 | 0.097518 | 0.278432
B 0.4453 | 0.344812 | 0.465705 6 0.2602 | 0.097518 | 0.278432
C 0.4812 {0.344812 | 0.465705 7 02598 |0.097518 | 0.278432
D 0.4563 | 0.344812 | 0.465705 8 02133 | 0.097518 § 0.278432
A 0.3239 1 0.344812 | 0.465705 9 0.1807 | 0.097518 | 0.278432
B 0.5119 | 0.344812 } 0.465705 10 0.3425 | 0.097518 { 0.278432
C 0.3925 | 0.344812 | 0.465705 11 02109 | 0.097518 | 0.278432
D 0.4056 | 0.344812 | 0.465705 12 0.1478 | 0.097518 | 0.278432
Figure D5: Graphical representation of results
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Figure D6: Graphical representation of results
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Table D7: Results obtained form trial 4

Oilen | LCL | UCL Oil LCL | UCL
Removed
A 0.3138 | 0.304231 | 0.360052 1 0.089 0.007068 | 0.255765
B 0.2848 | 0.304231 ) 0.360052 2 0.075 0.007068 | 0.255765
C 0.3217 | 0.304231 | 0.360052 3 0.0555 | 0.007068 | 0.255765
D 0.3898 | 0.304231 | 0.360052 4 0.1891 | 0.007068 | 0.255765
A 0.3501 {0.304231 | 0.360052 5 0.079 0.007068 | 0.255765
B 0.3267 | 0.304231 | 0.360052 6 0.1144 | 0.007068 | 0.255765
C 0.3206 | 0.304231 | 0.360052 7 0.1789 | 0.007068 | 0.255765
D 0.3216 10.304231 | 0.360052 8 0.0185 | 0.007068 | 0.255765
A 0.3266 | 0.304231 | 0.360052 9 0.4863 | 0.007068 | 0.255765
B 0.3435 10.304231 | 0.360052 10 0.0524 | 0.007068 | 0.255765
C 0.3342 | 0.304231 | 0.360052 11 0.1806 | 0.007068 | 0.255765
D 0.3523 | 0.304231 | 0.360052 12 0.0583 | 0.007068 | 0.255765
Figure D7: Graphical representation of results
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.



Experimontd - OilRemoved

oo 0.4 - \
<

202 ___‘_“/ P’,/'\ \/\
1 2 3 4 § b T 8 § 10 11 12

Experiment No

—a—0QilRemoved wssemes LG L —ensanne U G L

Trial 5

Table D8: Results obtained from trial 5

0ilOon | LCL | UCL Oil LCL | UCL
Removed

A 0404 10313075 | 0450608 | 1 02913 | 0.084624 | 0.333426
B 025 0313075 | 0450608 | 2 0.1682 | 0.084624 | 0.333426
C 104581 10313075 | 0.450608 | 3 0.2826 10.084624 | 0.333426
D 0386 10313075 | 0450608 | 4 20,0821 | 0.084624 | 0.333426
X | 04625 | 0313075 | 0.450608 | 5 03853 | 0.084624 | 0.333426
B 0.446 | 0313075 | 0.450608 | 6 02918 | 0.084624 | 0.333426
C 103487 0313075 | 0.450608 | 7 02465 | 0.084624 | 0.333426
D ] 0.5087 10313075 | 0.450608 | 8 03850 | 0.084624 | 0.333426
A | 03308 0313075 | 0450608 | 9 0228 | 0084634 | 0333426
B | 03920 | 0313075 | 0450608 | 10 | 0.2339 |0.084624 | 0.333426
C | 03282 10313075 | 0.450608 | 11 0.079 | 0.084624 | 0.333426
b | 02662 10313075 | 0450608 | 12 | 0.0979 | 0.084624 | 0333426

Figure D9: Graphical representation of results
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Figure D10: Graphical representation of results
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Table D9: Results obtained from trial 6
. Oil
Qil On LCL UCL LCL UCL
Removed
A 0.7454 | 0.362077 | 0.706573 1 0.665 0.167908 | 0.511926
B 0.6768 | 0.362077 | 0.706573 2 0.5258 |0.167908 | 0.511926
C 0.7579 | 0.362077 | 0.706573 3 0.5693 | 0.167908 | 0.511926
D 0.9599 | 0.362077 | 0.706573 4 0.7249 | 0.167908 | 0.511926
A 0.5048 | 0.362077 | 0.706573 5 0.2345 |0.167908 | 0.511926
B 0.4024 | 0.362077 | 0.706573 6 0.2221 | 0.167908 | 0.511926
C 0.5269 ' 0.362077 ; 0.706573 7 0.1728 | 0.167908 | 0.511926
D 0.3119 | 0.362077 | 0.706573 8 0.1575 |0.167908 | 0.511926
A 0.3685 | 0.362077 | 0.706573 9 0.3015 10.167908 | 0.511926
B 0.4009 | 0.362077 | 0.706573 10 0.2242 | 0.167908 | 0.511926
C 0.3865 | 0.362077 | 0.706573 il 0.2036 |0.167908 | 0.511926
D 0.37 0.362077 | 0.706573 12 0.0778 | 0.167908 | 0.511926
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Table D10: Results from trial 7

. Oil
O10n | LCL | UCL Removed | LCL_| UCL
A 0.3548 10.233321 | 0.411896 1 0.1431 | 0.004724 | 0.263043
B 0.3759 |0.233321 | 0.411896 2 0.219 | 0.004724 | 0.263043
C 0.3121 | 0.233321 | 0.411896 3 0.0512 | 0.004724 | 0.263043
D 0.0918 |0.233321 | 0.411896 4 -0.1308 | 0.004724 | 0.263043
A 0.3433 | 0.233321 | 0.411896 5 0.1434 | 0.004724 | 0.263043
B 0.3054 }0.233321 ) 0.411896 6 0.1057 | 0.004724 | 0.263043
C 0.3087 | 0.233321 | 0.411896 7 0.1225 | 0.004724 | 0.263043
D 0.2996 | 0.233321 | 0.411896 8 0.1183 | 0.004724 | 0.263043
A 0.3675 | 0.233321 | 0.411896 9 0.1945 | 0.004724 | 0.263043
B 0.3855 | 0.233321 1 0.411896 10 0.1173 | 0.004724 | 0.263043
C 0.4277 |0.233321 | 0.411896 11 0.3551 | 0.004724 | 0.263043
D 0.299 0.233321 | 0.411896 12 0.1673 0.004724 | 0.263043
Figure D13: Graphical representation of results
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Figure D14: Graphical representation of results
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Table D11: Results obtained from trial 8
. Oil
Qil On LCL UCL LCL UCL
Removed
A 0.307 | 0.294613 | 0.447404 1 0.2427 | 0.057386 | 0.318097
B 0.3205 | 0.294613 | 0.447404 2 0.0999 | 0.057386 | 0.318097
C 0.3067 | 0.294613 | 0.447404 3 0.0747 | 0.057386 | 0.318097
D 0.2887 | 0.294613 | 0.447404 4 0.0883 | 0.057386 | 0.318097
A 0.5307 | 0.294613 | 0.447404 5 0.4756 | 0.057386 ] 0.318097
B 0.4266 | 0.294613 | 0.447404 6 0.1976 | 0.057386 | 0.318097
C 0.4085 | 0.294613 | 0.447404 7 0.2415 | 0.057386 | 0.318097
D 0.5188 | 0.294613 | 0.447404 8 0.2886 | 0.057386 | 0.318097
A 0.2433 | 0.294613 | 0.447404 9 -0.0148 | 0.057386 | 0.318097
B 0.3488 | 0.294613 | (.447404 10 0.1815 | 0.057386 | 0.318097
C 0.3784 | 0.294613 | 0.447404 11 ~0.1296 | 0.057386 | 0.318097
D 0.3741 | 0.294613 | 0.447404 12 0.2477 | 0.057386 | 0.318097
Figure D15: Graphical representation of results
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Figure D16: Graphical representation of results
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Table D12: Results obtained from trial 9

Oilon | UCL | LCL Ol | yeL | LCL
Removed
A 0.3022 | 0.429147 | 0.282736 1 0.1608 | 0.336483 | 0.164767
B 0.4138 |0.429147 | 0.282736 2 0.2455 | 0.336483 | 0.164767
C 0.2926 | 0.429147 | 0.282736 3 0.1407 {0.336483 | 0.164767
D 0.4049 | 0.429147 | 0.282736 4 0.26 0.336483 | 0.164767
A 0.3687 | 0.429147 | 0.282736 5 0.3099 |0.336483 | 0.164767
B 0.2319 | 0.429147 | 0.282736 6 0.1098 | 0.336483 | 0.164767
C 0.5016 |0.429147 | 0.282736 7 0.4328 | 0.336483 | 0.164767
D 0.2262 | 0.429147 | 0.282736 8 0.1539 | 0.336483 | 0.164767
A 0.3644 |0.429147 | 0.282736 9 0.2992 | 0.336483 | 0.164767
B 0.4079 | 0.429147 | 0.282736 10 02738 |0.336483 | 0.164767
C 0.2608 | 0.429147 | 0.282736 11 0.2442 | 0.336483 | 0.164767
D 0.4963 | 0.429147 | 0.282736 12 0.3769 | 0.336483 | 0.164767
Figure D17: Graphical representation of results
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Figure D18: Graphical representation of results
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Table D13: Results obtained from trial 10

OilOn | LCL | UCL Oil LCL | UCL
Removed
A | 04385 | 0258098 | 040738 | 1 0.1603 | 0.042285 | 0.251604
B 1 03427 0258098 | 0.40738 | 2 0.1907 | 0.042285 | 0.251694
C 02082 10258098 | 040738 | 3 0.0273 | 0.042285 | 0.251694
D | 04794 |0.258008 | 040738 | 4 038 | 0.042285 | 0.251694
A | 02918 |0.258098 | 0.40738 | 5 0.0933 | 0.042285 | 0.251694
B 1 02818 10258098 | 0.40738 | 6 0.0679 1 0.042285 | 0.251694
C 104033 [0.258008 | 040738 | 7 0.1817 | 0.042285 | 0.251694
D 0324 10258098 | 0.40738 | 8 0.1473 | 0.042285 | 0.251694
A | 0.1986 |0.258098 | 0.40738 | 9 T0.0130 | 0.042285 | 0251694
B 103629 0258098 | 040738 | 10 | 03078 |0.042285 | 0.251694
C 1 03888 10258008 | 0.40738 | 11 0.1691 10.042285 | 0251694
D 1027287 10258098 | 0.40738 | 12| 0.05237 | 0.042285 | 0.251694

Figure D19: Graphical representation of results
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Figure D20: Graphical representation of results
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Table D14: Results obtained from trial 11

OilOn | LCL | UCL Oil UCL | LcL
Removed
A 0.3967 | 0.283671 | 0.476546 1 0.2648 10.290782 | 0.099501
B 0.3765 | 0.283671 | 0.476546 2 0.1944 | 0.290782 | 0.099501
C 0.401 0.283671 | 0.476546 3 0.1826 | 0.290782 | 0.099501
D 0.3697 | 0.283671 | 0.476546 4 0.2317 | 0.290782 | 0.099501
A 0.4007 | 0.283671 | 0.476546 5 0.1539 | 0.290782 | 0.099501
B 0.4082 | 0.283671 | 0.476546 6 0.262 0.290782 | 0.099501
C 0.1437 | 0.283671 | 0.476546 7 -0.0843 | 0.290782 | 0.099501
D 0.3546 | 0.283671 | 0.476546 8 0.1817 10.290782 | 0.099501
A 0.4319 | 0.283671 | 0.476546 9 0.2555 0.290782 | 0.099501
B 0.3687 | 0.283671 | 0.476546 10 0.1999 | (0.290782 | 0.099501
C 0.5065 | 0.283671 | 0.476546 11 0.2755 | 0.290782 | 0.099501
D 0.4031 | 0.283671 | 0.476546 12 0.224 0.290782 | 0.099501
Figure D21: Graphical representation of results
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Figure D22: Graphical representation of results
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Tahle D15: Results from trial 13

0ilon | LCL UCL Oil LCL
Removed
A 0.3037 0.270683 | 0.384133 1 0.1054 0.130541
B 0.335 0.270683 | 0.384133 2 0.1309 0.130541
C 0.3639 0.270683 | 0.384133 3 0.2913 0.130541
D 0.4197 0.270683 | 0.384133 4 0.3002 0.130541
A 0.4387 0.270683 | 0.384133 5 0.3073 0.130541
B 03213 0.270683 | 0.384133 6 0.1498 0.130541
C 0.3578 0.270683 | 0.384133 7 0.2827 0.130541
D 0.3521 0.270683 | 0.384133 8 0.1729 0.130541
A 0.2501 0.270683 | 0.384133 9 0.1301 0.130541
B 0.2801 0.270683 | 0.384133 10 0.1315 0.130541
C 0.2812 0.270683 | 0.384133 11 0.1051 0.130541
D 0.2253 0.270683 | 0.384133 12 0.1049 0.130541
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Table D16: Results from trial 14

oilon | LCL | UCL Oil LCL | UCL
Removed
A 0.3011 | 0.330895 | 0.408088 1 0.135 0.130426 | 0.269341
B 0.3185 | 0.330895 | 0.408088 2 0.062 0.130426 | 0.269341
C 0.2826 | 0.330895 | 0.408088 3 0.1544 10.130426 | 0.269341
D 0.3498 | 0.330895 | 0.408088 4 0.0862 | 0.130426 | 0.269341
A 0.4097 | 0.330895 | 0.408088 5 02424 10.130426 | 0.269341
B 0.3123 | 0.330895 | 0.408088 6 0.1328 | 0.130426 | 0.269341
C 0.4095 10.330895 | 0.408088 7 0217 0.130426 | 0.269341
D 0.3868 | 0.330895 | 0.408088 8 02511 |0.130426 | 0.269341
A 0.4247 | 0.330895 | 0.408088 9 0.2742 0.130426 | 0.269341
B 0.4278 | 0.330895 | 0.408088 10 0.3233 | 0.130426 | 0.269341
C 0.4121 | 0.330895 | 0.408088 11 0.2125 ]0.130426 ] 0.269341
D 0.399 | 0.330895 | 0.408088 12 0.3077 | 0.130426 | 0.269341
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Table D17: Results from trial 15
. Oil
0il On LCL UCL LCL UCL
Removed
A 0.3774 | 0.302199 | 0.468918 1 0.309 0.09521 | 0.33859
B 0.426 0.302199 | (0.468918 2 0.2595 0.09521 | 0.33859
: C 0.3411 | 0.302199 | 0.468918 3 0.211 0.09521 | 0.33859
D 0.3938 | 0.302199 | 0.468918 4 0.2888 0.09521 | 0.33859
A 0.3979 | 0.302199 | 0.468918 5 0.2221 0.09521 | 0.33859
B 0.2842 | 0.302199 | 0.468918 6 0.1112 0.09521 | 0.33859
C 0.3598 | 0.302199 | 0.468918 7 0.197 0.09521 | 0.33859
D 0.3337 | 0.302199 | 0.468918 8 0.1224 0.09521 | 0.33859
A 0.5191 | 0.302199 | 0.468918 9 0.375 0.09521 | 0.33859
B 0.2341 | 0.302199 | 0.468918 10 -0.0573 | 0.09521 | 0.33859
C 0.5477 10.302199 | 0.468918 11 0.4005 0.09521 | 0.33859
D 0.4119 | 0.302199 | 0.468918 12 0.1636 0.09521 | 0.33859
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Table D18: Results from trial 16

. 0il
OilOn | LCL ucL Removed | LCL UCL
A 0.2876 | 0.263307 | 0.39026 1 0.1777 0.050586 | 0.280197
B 0.2619 | 0.263307 | 0.39026 2 0.192 0.050586 | 0.280197
C 0.2791 | 0.263307 ) 0.39026 3 0.1093 0.050586 | 0.280197
D 0.2396 | 0.263307 | 0.39026 4 0.0702 0.050586 | 0.280197
A 0.449 0.263307 | 0.39026 5 0.2812 | 0.050586 | 0.280197
B 0.3146 | 0.263307 | 0.39026 6 0.2097 0.050586 | 0.280197
C 0.3415 | 0.263307 | 0.39026 7 0.1215 0.050586 | 0.280197
D 0.3018 | 0.263307 | 0.39026 8 0.2216 | 0.050586 | 0.280197
A 02102 |0.263307 | 0.39026 9 -0.0715 §0.050586 | 0.280197
B 0.4405 | 0.263307 | 0.39026 10 0.0994 | 0,050586 0.280197
C 0.3618 | 0.263307 | 0.39026 11 02132 | 0.050586 | 0.280197
D 0.4338 | 0.263307 | 0.39026 12 0.3604 | 0.050586 | 0.280197
Figure D29:
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Appendix E: Zinc

Appendix E1.1: Factorial Table

Table E1: Factorial table

Trial Zinc | Carbonate | Caustic | Temperature | Brightener
1 -1 -1 -1 -1 1
| 2 1 -1 -1 -1 -1
| 3 -1 1 -1 -1 -1
| 4 1 1 -1 -1 1
5 -1 -1 1 -1 -1
i 6 1 -1 1 -1 1
| 7 -1 1 1 -1 1
’ 8 1 1 1 -1 -1
| 9 -1 -1 -1 1 -1
T 10 1 -1 -1 1 1
11 -1 1 -1 1 1
12 1 1 -1 1 -1
13 -1 -1 1 1 1
14 1 -1 1 1 -1
15 -1 1 1 1 -1
16 1 1 1 1 1

E1.2. Experimentation

E1l.2.1. Key words
Zinc, Mild Steel, temperature, Electroplating, Current, Voltage.

E1.2.2. Protective equipment and safety measures

Face shield, acid and caustic resistant gloves, safety boots, lab coat, Ensure raw

material and equipment are labeled properly.

The above protective equipment was worn to avoid injury from hazards that might

occur. When conducting the experiment, it was made sure that the electrical coil was

immersed in water to avoid burning of the coil that might lead to electric shock.




E1.2

El1.2

.3. Experimental Procedure

Mild steel buttons were cleaned in caustic and acid to remove the oil and dirt
respectively from the metal surface.

The mild steel buttons were air dried and individually weighed using a four digit
laboratory scale. ‘

The mass of the metal pieces were summed up and the barrel mass calculated.

The barrel, with the mild steel buttons, was then degreased and acid cleaned
respectively.

The amperage and voltage of the plating bath was set at its required level.

The barrel was immersed in the plating bath for the stipulated period.

The barrel was removed from the plating bath and the mild steel buttons air dried.

The individual mild steel buttons were reweighed and the individual and total
mass plated was determined.

The procedure was repeated 3 times in-order to check the consistenc'y of the

results.

.4. Limits for Experimentation

Zine(M 0.15 0.27 0.21
Sodium carbonate (Moles/I} 0 0.65 0.32
NaOH (Moles/l) 2.5 4 3.25
Brightener 10 mi/ 20 mi/l 15 mi/]
Temp ('C) 22 28 34




—

atlab Simulation and Program

Appendix E2: M

Model is attached on disc

C:/Models/zinc

Matlab Simulation/Trend
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Appendix F: Case Study

A Case study

1. Company Introduction

Saayman Danks Electroplaters is a jobbing shop plating nickel, zinc and chrome finishes
for a wide range of application. The company has various clients ranging from car component
manufacturers to private customers. The zinc electroplating facility was established in 1971 and is
thus 33 vears old. Due to space constraints very little upgrading has been conducted on the

facility. The chemicals for the alkali zinc plating plant are supplied by Chemserve systems.

The plant operates 24 hours per day, six days per week. There are a total of 11 operators,

working a two-shift cycle, operating the plant. This includes jiggers, plant operators and foreman.
The plant is contained within a complex consisting of +/- 10 electroplating facilities.
These include acid zinc, nickel, chrome, cadmium, silver and gold plating. There are separate

lines for jig and barre] plating.

The wastewater from these facilities is treated at a central wastewater treatment facility.

The wastewater treatment plant operates with automatic control and dosing.




A key factor for consideration for this case study is the fact that the owner of this facility
has been involved in cleaner production initiatives over the past 10 years. He has bad the
privilege of being the provincial chairperson, national chairperson and South African
representative on international funding agencies. It can thus be assumed that information was

reasonably available at this company.

2. Discussion of spreadsheets

The review conducted at Saayman Danks is meant to indicate key figures for their plating
process. The figures are related to international best available practice and accordingly
benchmark the environmental performance of the company. These figures are to assist with

cleaner production initiatives at the company.

The review was based on tables, extracted from the excel spreadsheet developed for the
environmental review. The tables cover production and environmental issues for the production

line. The wastewater treatment plant was also evaluated and is reported.

The conclusions listed, can be addressed by installing and modifying processes to
facilitate cleaner production improvements. These medifications would result in a more cost
effective and environmentally friendly facility. The actual layout and details on equipment
required together with chemical consumptions and water usage would be done in a
comprehensive feasibility study.

Detailed discussions on the individual tables follows:

2.1. Production, chemicals and process baths: Table 2 +3

Table 1 and Tables in appendix F1 were used as indicators for the use of process
chemicals. The consumption and production in square meters is used to establish the process
chemical requirements. The consumption is compared to figures of international best available

practice.

The consumptions are rated on a scale of 1 to 5; a rating of 5 implies greatest room for

improvement and a rating of 1 would imply minimum room for improvements.




The sulphuric acid, caustic and conditioner is rated three or above. This indicates a high

consumption of these chemicals.

Table 1: Production and chemicals-Zinc

E Chemicals Thickness in pm Production |Key figures: kg chemicals/1000m2
" IProcess bath Type kglyr Riyr Calculated j Estimated | m2/yr m2/h Calculated Goal Score, 1-5
Zinc line:
B _Q_gg:easing bath Soak clean 1,749
Sulfurlc acid pickling |Sulfuric acid, 96% 4 547
: [HCI pickling HCI, 32%
Pickling-degreaser _ Sulfuric acid, 96%
Electrolvtic cleaner  [Cleaner salt
Acid dip HCI, 32%
(Pre-treatment) {Qther)
Zinc bath {Zinc anodes 3,724
Zing bath JNaOH 1,023
. [Zinc bath [H3BO3, 100%
" 1Zing bath ZnCl2, 100%
Zin¢ bath NCZ A 181
Zinc bath NCZ B 324
Zinc bath NCZ C 178
Zinc bath Condiioner 1,494
Zinc bath (Other)
Deoxidizer Nitric acid
" |Chromating, Gold FJHCL 178
Chromating, gold ___|Chrome 24
Chromating, blue _JChemoxy 55
Chromating, blue ___Nitric acid 286
Chromating, black Chemoxy 75 77
Chromating, black Chemoxy 768 70
HCL 308 i xf <“’*“°
BTS (Othen) 51 :
Sum; 47 238 : “gﬁgﬁ 32 i*x;g%&
Operation time: hiyr 1700 Score: 1 = good, 5 = unsatisfactory

As discussed in chapter three of this thesis, Flemming’s model contains many tables

similar to Table 1. These tables are attached in appendix F2

2.2. Rinsing and water consumption

In Table 2, Appendix F1, the goal-values for water consumption’s are based on a

theoretical calculation for 3-stage counter current rinse for each rinsing process. Compared to this

goal-value the consumption of water is high and in excess of 75 % of the current water used can

be saved. The potential water saving for the zinc line is 73 %.

The following improvements can be carried out to optimise the present system.




» Dripping time should be prolonged to at least 20 seconds

+ Tilting of jigs after every process and rinse tank

» Introduction of drag-in from the drag—out tank.

s Redirecting rinses

¢ Reusing rinse water from the WWTP

» Reduce contamination of tanks by reducing chemical drag-out

s Introduction of a low flow counter current rinse system after process tanks
Some realistic proposals for the existing line are:

¢ The plating tanks - convert these to a low flow counter current rinse, (zinc)
o Use rinse water to make up new solutions when required
o Increase drip times to 20 seconds

¢ Installation of water flow meter

All the above-mentioned proposals may be further assessed individually or collectively in

a comprehensive feasibility study.
2.3. Waste minimisation

The sludge currently accumulated at the wastewater treatment plant is not an accurate
indication of the amount of sludge generated from the plant. This is clear from the wastewater

analysis.

The most effective way to reduce sludge generation, is to control the flows of chemicals
in the line and return as much as possible to the respective solutions and/or reduce the drag-out of
chemicals to the rinsing system. This will increase the efficiency of chemical utilisation before
they are treated in the WWTP. If the dumping frequency is reduced, less sludge is generated.
Continuous oil and grease removal from degreasers will prolong the lifetime of the solutions and
reduce the need for replacement. Oil and greases in effluent inhibits the precipitation of metal

hydroxides.

if the process baths were run at the optimum operating conditions then their efficiency

would be improved and would result in less waste being generated. Scheduling the dumping of




acids and alkali can reduce consumption of treatment chemicals. Plating rinse tanks should never

be dumped.
2.4. Wastewater treatment: Table E6+ 7

The wastewater treatment plant is a standard neutralisation method where precipitated
sludge particles are separated. The plant consists of a treatment tank, 10 000 1 approximately, here
the pH of the incoming wastewater is measured and adjusted. The tank contains a mechanical
stirrer. The pH probe is located next to the inlet line. This control loop is less than ideal, as the
outlet pH is not regulated. The effluent is treated continuously. The plant is sufficiently sized for
its load, although once sludge builds up in the settling tank the capacity becomes a problem.
Currently, only pH adjustment is done at the WWTP. No separation of waste streams is currently
employed. This is not ideal and more formal tests for metals etc need to be conducted together
with the separation of chemicals. Discharge values for heavy metals in the treated water are
generally high (Metro Wastewater results); some non-compliance’s have been noted. The

company is sampled twice a month by Metro.

Controls for testing wastewater treatment can be improved by:

. Monitoring of metal levels in treated effluent
. Training of personnel to catry out tests
. Installation of outlet monitoring to metro drains

Both caustic and acid, is currently used at the WWTP, this is less than ideal. pH should

only be regulated in one direction.

Separation of waste streams would result in a more cost effective system of wastewater

treatment.

2.5. Occupational health and safety (OHS) Table E8:

The impacts of chemistry, noise, temperature, heavy lifts and risks were assessed for the

process lines. In general the OHS conditions are acceptable but minor improvements can be

initiated.




¢  Chemistry:

Workers are continuously exposed to fumes from the process baths.

+ Noise:

No major noise risk exist

e Temperature:
Workers are exposed to tank heat for prolonged periods, therefore is considered to

cause discomfort.

o Heavy lifts:

Some lifting of jigs are required, Jigs are small

¢ Risks:

The general risk is low but further risk assessments should be conducted.

2.6. Cleaner production options Table E9:

Alkaline cleaners may be purified to prolong the lifetime. Process alkali cleaners/ acids
can be used for neutralisation; this process needs to be streamlined. Some holding tanks would be

required.

The existing rinse system should be improved by prolonging the dripping time. This will
reduce consumption of rinse water, but further reduction may be obtained by implementation of
low flow counter current rinsing with drag-in and drag-out. Better control of rinse water needs to

be introduced i.e. flow meters on inlet lines. A separate inlet flow meter is required

The company can consider the re-use of rinse water to make up process tanks.

2.7. Environmental profile: Graph 8.1

The graph and table is a summary of the key areas evaluated. The graphs rate the

company on eight key indicators on a scale of 0 to 100.




On this graph a value of:

. Between 0-20 would imply a very low potential for saving
. Between 21-50 would imply a medium potential for saving
. Greater than 50 would imply a high potential for saving

From the graphs it can be clearly seen that the following areas have a medium to high
potential for improvement and for implementation of cleaner production strategies to improve the

environmental performance and obtain further waste and cost reductions:

J Better maintenance/operation of process baths to prolong

their lifetime

. Water consumption

. Chemicals savings of waste water treatment plant
. Reduction of consumption of process chemical

. Operational practice at wastewater treatment plant
. Improvements to the rinsing system

. Reduction of chemical waste

The square meterage is a key component in this study and the owner determined this
from production figures. During the andit the owner corrected these figures when it was indicated

that it was extremely low.

This study continues to discuss the above conclusions in detail and with reference to the

relevant tables.

Figure 1: Environmental status of company
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| Cccupational health and safety
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2.8. Recommendations

The review details many areas for improvement. Stemming from this the following
recommendations can be considered for further investigations. These recommendations if

implemented would result in improvements in the key areas reported in this report.
2.8.1. The rinsing system
The key to minimizing water usage and reducing process chemicals consumption in any

plant is the rinsing system. By introducing a three-stage counter current rinse both these

objectives can be achieved. Dragging in the drag out solution before a process tank can also

reduce process chemicals consumption.
The following is recommended:
s Introduction of a low flow counter current rinse system after all plating tanks

¢ Depending on drag out losses this system can be used to top up the process tank

and if insufficient evaporation occurs (Evaporation can be induced) the water can

be redirected to the wastewater treatment plant.




e  Explore the possibility of redirecting the rinse water

This might be possible depending on the compatibility of the chemicals. This would

result in a large saving on water and more effective neutralisation of acid and alkali.
2.8.2. Increasing dripping time

Low dripping times results in wastage of valuable chemicals. These chemicals have to be
treated in the wastewater treatment plant and are thus a double wastage. By increasing the drip

time to twenty seconds drag-out can be drastically reduced.
2.8.3. Using spent process chemicals for neutralization

Although this facilitates fresh solution into the process tanks, large volumes of water are
lost to the wastewater treatment plant. This results in the overloading of this facility. This entire
system needs to be reviewed, with due consideration to the possibility of a 60% reduction in

volume to the wastewater treatment plant.
2.8.4. Measurement and dosage of process chemicals

Process chemicals are supplied in bulk but the process requirements are normally in small
quantities. Use of smaller dosing equipment (e.g. dosing pumps) would ensure accurate dosing
and minimize Wastage. Continuous dosing narrows the operating band and would facilitate

improved product quality and lower chemical consumption.
2.8.5, Health and safety
Health and safety is imperative in ensuring good productivity and the use of personal

protective equipment is essential, especially when dealing with dangerous chemicals. Operator

training needs to be done to ensure protective equipment is worn at all times and the hazards of

chemicals are known.




2.8.6. Wastewater treatment

Better measurement and control should be carried out at the wastewater treatment plant

with regards to all treatment i.e.

» Variables (pH and Concentration} need to be measured before and after treatment
e Improved dosing accuracy by proper measurement and control

¢  Proper flocculation should be carried out

2.9, Review Conclusion

The review highlights the main problem areas where CP-options should be further
assessed. In this report some obvious possibilities are identified and presented very briefly. It is
recommended that a more detailed study be done on the possibilities for reduction of chemical

consumption,

A more detailed assessment and feasibility study on the plant is necessary to specify

proposals for actual and detailed solutions for implementation to the process line.

3. Application of New model

The application of the artificial intelligence based model was also applied at Saayman
Danks electroplaters. The questionnaire is attached in appendix F2. This comprised of 54

questions as detailed in chapters 4-8.

In order to ensure an independent assessment, the questionnaire was completed by an
independent reviewer. The reviewer had no prior knowledge of the plating process and no

experience in conducting reviews.

The company had availed their plant foreman to answer the questions, as the plant
operators did not communicate in English. The foreman was also responsible for day to day

running of the plant, including dosing of chemicals.




The questionnaire was conducted on site and was completed in 34 minutes. The data
gathered was then plugged into the various models and the results analyzed. No further contact

was made with the company for further data.

3.1. Results from Al model

The operator inputs for the fuzzy logic category from the questionnaire was entered into
the visual basic software, that was specifically developed to determine the different ratings for the
eight categories. The eight categories were described in chapter 4. The visual basic program is

attached in Appendix B.

The results are indicated on a scale of 0-100, with zero indicating an excellent facility

with no room for improvement whilst 100 indicates significant room for improvements.

The comments made under each of the categories can be developed as automatic outputs,
based on the operator inputs i.e. the important categories can be highlighted if a high fuzzy rating

is allocated to this question.

The results for the eight categories are:

3.2. Rinse Management

The evaluation results indicate a 66.9% potential as compared to Flemming’s 63%. This
indicates significant room for improvement with regards rinse management at Saayman Danks.
From the fuzzy logic multi variable analysis, drip time was regarded as the key contributor to the
rinse management rating. From the operator inputs, it can be seen that the company obtained the

worst possible rating.

The other key areas that obtained the highest fuzzy ratings were the location of the inlet

and outlet rinse water and agitation of the tanks.

Intermediate ratings were obtained for the hanging and inlet water flow control. It was

noted that there was no back mixing present.




3.3, Sludge reduction

The evaluation results indicate a 55.25 % saving potential as compared to 60% in
Flemming’s waste minimization tables. This indicates that improving on the chemical losses can
reduce the sludge generated at Saayman Danks. The fuzzy decision system highlights dragout as
the most significant variable to consider for sludge reduction. The company obtained the
maximum penalty for having just a single rinse tank after their process tanks. From the operator
feedback, it was noted that Saayman Danks scored in the intermediate range for the rest of the
questions. This indicated that if the dragout was improved then significant sludge reductions

would be encountered.
3.4. Wastewater treatment plant chemicals

The evaluation results indicate a 33.1% potential as compared to 38% in Flemming’s

Wastewater chemical tables.

The potential for improvement, for chemicals used at the wastewater treatment plant can
be considered to be low. The fuzzy system highlights using less excess of treatment chemicals as
the major contributor to the wastewater chemical rating. Although automatic dosing occurs at

Saayman Danks, the chrome is treated manually.

3.5. Wastewater treatment plant equipment

The model generated a 45.5% rating as compared to Flemmings rating of 50%.

This indicates a medium potential for improvement with regards to the operations at the
wastewater treatment plant. Inputs were only received for pH adjustment. It was found that
calibration was conducted once/month. This should be once every two weeks.

The fuzzy decision making system highlights the management of the treatment

equipment for cyanide, chrome and metal monitoring as being most crucial for wastewater

treatment. The company rated badly in the metal monitoring category, as no metal monitoring

was carried out,




3.6. Chemical consumption and management

The company faired fairly well on this category obtaining a score of 29% from the fuzzy
system and a score of 27% via the Flemming system. This indicates a low potential for

improvement.

The fuzzy system indicates the chemical dosing and the monitoring to be of highest
importance for this category. The company scored well in this category as a dedicated chemical
analyst manages the process chemicals in house. Dosing is done in accordance with in house

analysis.
3.7. Occupational health and safety

Here again the fuzzy evaluations system indicated a low potential for improvements, the
company scored 25% on the fuzzy system and 23% via the Flemming system. The major
considerations under the occupational health and safety category are the temperature and the

chemistry of the process tanks.

At Saayman Danks only the degreaser operates at a significantly high temperature. The
plant is semi automatic so the scores for the other questions such as lifts etc were low and thus the

overall score for this category was considered low.
3.8, Water Reuse

There was no equivalent category from the Flemming model. The fuzzy model score for
this category was 49. From the fuzzy decision analysis, the redirecting of the acid and degreaser
rinse together with closed circuit counter current rinsing were rated as the most important factors
for water re-use. The company does redirect the acid rinse water but does not have closed circuit

counter current rinses. This can potentially prove to be a significant sourCe of water saving for the

company. The exact potential water saving is quantified later in this chapter.




3.9. Production

Flemming’s model does not contain an equivalent category so there are no comparative
figures. The fuzzy model generates a score of 62%, which is indicative of a medium to high
potential for improvement. The fuzzy decision analysis indicated that the determination of the
plant production in surface area was the key-determining factor for this category. Saayman Danks
does not measure surface area but rather measures the weight of components as a measure of
production. This creates a problem in predicting the chemical and water consumption of an

electroplating facility.

The determination of the plated thickness by sampling components ensures optimum

operations. This is done once every month at Sazyman Danks, this contributes to the score.

The other areas of improvement are the monitoring of the loading of the jigs as this is

currently done infrequently.

The results from the above categories is graphically represented in figure 8.2.

Figure 2: Model output for eight categories

Key indicators for fuzzy inputs

Production

Waterre-use

CHS

Chem consumption and management
WWTP equipment

WWTP Chem

Sludge reduction

Rinse management
T 1 T ¥ T 1 U U

0 10 20 30 40 50 60 70

Rating




3.10. Determination of the plant production

The acid model was used to determine the plant production in square meters. The mode]
required various inputs that were obtained from the operator questionnaire. The inputs that were
required were: weekly acid dosage, number of jigs plated/hour, acid target concentration,

dumping frequency for acid and time spent in the acid. See Appendix F2 for questionnaire.

The aim of the acid model was to determine the production rate and to determine the

efficiency of the acid usage.

The operator inputs were plugged into the model and the simulation was run. The Monte
Carlo simulation was run 100 times generating a surface area of 1354.3 m’ as the mean weekly
surface area. Multiplying this by 49 weeks a total production in square meters of 66346 m* was

obtained. The surface area supplied by the company was 69300 m’.

The most important aspect of chemical consumption is determining the optimum
dumping of chemicals based on usage. The iron is considered the main contaminant in the acid
and results in the premature dumping of the acid. Saayman Danks dump their acid every two
months. From the Monte Carlo simulation the mean contamination of the acid after a period of

two weeks was 12.16 g/l. This is indicative of premature dumping of the acid.

The acid lost to waste water treatment plant was quantified as (66246 m>*0.3

L/m%)*100g/1.=2266kg/year. Which amounts to almost half the acid consumption.

The surface area determined by the acid model was used for the degreaser and zinc

models.
4. The degreaser model
The operator inputs are entered into the Mathlab simulation and Monte Carlo is used to

complete the simulation 1000 times. The results indicate that the concentration of the caustic

compdnent of the degreaser solution has been reduced by 1.07 g/l, but more importantly that a

high dragout has resulted in a liquid loss of 420 liters over the week.




Thus the total degreaser consumption for Saayman Danks is 46.2 kg degreaser top up
fweek. This is divided into 4.2 kg/week for the reaction and 24 kg/week for the dragout losses.

The oil is considered to be the main contaminant in the degreaser solution. The model is
able to predict the precise amount of oil removed. The model predicts an increase in
oil/contaminant of 6.67 g/l over the period of the week. At this rate the solution saturation point

can be determined and hence the lifespan of the degreaser solution.
5. Zinc plating model

The operator indicated an addition of caustic to the zinc plating tank of approximately 25
kg /week and anode additions at 80kg/week or 300kg/month. This data was used to simulate the
zinc tank operations using the model developed in Chapter 7 of this study.

‘The Monte Carlo simulation results indicate that the concentration of caustic at the end of
the week was 3.9304 mol/l a decrease from 4 mol/l, whilst the zinc had increased to 0.2706 mol/l
from 0.27 mol/l. This increase in zinc concentration is mainly due to the difference in cathode and
anode efficiencies. The actual required weekly top up is thus generated to maintain the solution

as optimum as possible. The model can also generate daily top up figures to improve efficiency.
6.Water consumption

The information received from the operator on water consumption was not considered
accurate, as there was more than a single plant releasing wastewater to the wastewater treatment
plant and there were no water meters for the zinc line. Hence for the purpose of this investigations
the values obtained via the bucket and stopwatch measurements were used as water

consumptions. The water consumption of the zinc section was determined to be 1198 I/hr.

For the acid and degreaser, two rinse tanks, a dragout of 160 ml/m’ and a dilution factor
of 1000 was used to develop the optimum water consumption. This was classified as the cleaning
section of the line. For the acid and degreaser system the optimum water consumption should be

42 V/hr. The company currently uses 4441/hr. The model indicates a potential 90% saving in water

in this section of the plant.




For the zinc plating system, if optimum evaporation was achieved then, for a three tank
low flow counter current system the water consumption would be 12.5 Vhr. Thus the total water
consumption including the Passivate would be 96.5 Vhr. This would result in potential water

saving of 630 L/lir or 85 % of the current water used in this section.

The above figures were obtained from the models developed for the individual systems

and are des_cribed in this thesis.

Table F1: Chemical Consumption

Chemicaly Produgtion Process baths Raplased Proceas Baths Cost of Baths K ures: Bre bath per 1000m2
T [Volume, [Mainie: |
Process bath Type kgiyr RAm mZhr Mra NBRGE Disposal mdfyr Riyr Rir Calculated Goal  |Score, 1-5
Zine lins 1
AT R R T 3,500 0.5 14
e A40) 3,500 [] 21

H

500

3,500

B ETEFEL SR R B :
Score; 1= 5 = unsatisfacto

Table F2: Rinsing and water consumption-Zinc

Water consumption:

Rinse Rinse Process bath |Rawwater | Tank | Rinse systsm data score {1=OK, 5 ory) |Total.% | ‘Water flow, Ih Vm2 |avings
Drig- | Hang- | Agits- | Inlet- | Back- | Flow-
tank na. systam  |bsfore rinse liire ping ing tion | outlet | mix | centrol | Max100
2 1|Degrease |1 3500 £ 2 3 L] 1 3 g) _ 218)nshid
rl 1]Acid T 500 5 2 3 4 1 Y HEEIT E
[ 1| Desmut T 500 5 2 3| 4 1 BESRECE ferali 1 B0
0 4|Zinc T 200 5 2 3 4 B3]  [uiipasl
1 1]Zing T 3600 5 2] 3 4
4 1| Passivaie T 3500 5 2 2 4
E—um: |
Abbraviations for rinse system: Agitation and Llquld Motion Bzors for Dripeing
1= running rinss breviations for aw ™ 1 = agitation and motion 4=20- a8k
Z = glatic rinsa {drag-oul rinse) T-wailar = iap water 2 = aghation and motion 2 = 1519 2k
3 = Spray finse l-water = jon-exchanged water 3 = heavy motion, a0 agitation 3= 10-14 sek
4 =siatic + running rinse C-water = chamical treatad water 4 = some motlon, no agitation 4 = 5.0 sak
5 =ainlic +Z-running <nss R-water = rsuse watar from another rinse 5 = no motion, no agitation 5 = 0-4 5ok
6 =static +3-running rinss ank
0= Dt-watar = do-ienised water Inlefioutiet in Rinsing Tanks Scory for Hanging
11 = 2-stap counter curreni rinse 1 = Inlet (top) revarse cullet 1 = All walar run off immedistely
12 = 3-step counter current finge {bottom) 2= All water run off after some time
13 = 4-siop counter curant rinss 2 = Inlet (o) revares outlsy 3 = Moderat run oft
14 = siatic + 2-siep counier currant rinss (dived) 4 = Slow run off
15 = static + 3-step countfer cument rinse 3 = Inlat raverss outlel, bottom 5 = Slow run off +waler pockals
4 = Inlst reverse outiet, top
5 = [nlet near oullel, tap Score for flow-ontrol
1 = Complats flow-centrol
[Buck-Mix In Rinsing Tank 2 = Some flow adjustmant
1 = No back-flow 3 = Coaras flow-control
2 a Minimum back-flow 4 = Very litle fiow-control
3 = Moderat back-flow 5 = Tolally open vaive
4 = Some back-flow




Support
table
PARCOM Water [Present Water
( Consumption,
F-value hiyr m2/yr Drag-out, IIm2 -
1000 4400 55 440 0.4}
1000 4400 55,440 0.4
1000 4400 55,440 0.4
2000 4400 55,440 0.4
2000 4400 55 440 0.4
1000 4400 55,440 0.4
Pogsibilities for relative savings
[Possibilities for absolute savings
Table F3: Waste minimisation-Zinc
Type of waste Waste Disposal methods Costs [Fossibilties for wasts reduction; 5=big and 1 =small} Support table
[Wiile the lypes balow tonfyr Ron RAr | ] | |
E’ s 5 ;‘3,, gl
k-3 ﬁ 0 5 §
s | 3| £ 35 |F . 3
S% g2l £ [88%| 5 |=_ 2 £
3| £ Esgzé sel5ey -
n _ -
Ec g' ] gplescled|es
Liquid sludge 15 CT 500 7500) 5 3 2] 4 )
Filter cakes R
i R e s pE A OO

Score: 1 = good, 5 = unsatisfactel
Total score R

CT = Treatment on a central plant
ER = External Recovary

ED = External Destruction

DL = Disposal at landfill




Table F4: Consumption of chemicals for wastewater treatment

Chemicals Concentration | Censumption Costs Possibilities of savings
_kghyr Riyear S=big and 1=small possibilities
< o w— I Pl

W 2 NE| CE S
g | 8 | 22 83 <2|,.
52| 83 =§| 85 GlEs
28] £ B gel & = S| B8
2E|l Be B vz 2 = E
o ¢ LY [ o2 g )
£5] v£| E5| %8 Elz €58
2] S8 SEl A3 Fla8e

Sodium hydroxide 100% 400 2 2 2 a5,

Sodium hydroxide 28%

Hydrochloric acid 30%

Sulfuric acid 96% 50 2 2 2

Sodium disulfite 100%

Sodium dithionite 100%

|Hydrogen peroxide 35%

Polymer 100%

Iron(l11} chloride

Sodium hypochlorite 15%

Calcium chloride 100%

Sum 450 0

Table F5: Operational practice for waste water treatment

Operation monitoring _|Cleaning and calibration jControt Measurement Total
Frequency Score Frequenc Score

|pH,_neutralisation 3 3

pH, chromate reduction 3 3

mV, chromate reduction 5 5

pH, cyanide oxidation 5 5

mV, cyanide oxidation 5 5

pH, outlet 5 5

Chlorine maonitoring

Cr+§ monitoring 5 S
$03 monitoring

Metal monitoring 5 5

Avarage score
Total score-%




Table F6: Cleaner production Options

ICP methads

relevant

Low

|Potential for introductien of cleaner preduction !CPz
L] 15 the lechnique apph

Madium |High

today?

Treatment and purification of process baths:

IGiI skimming and sludge ramoval from cleaners
Purification of cleanars by UF or centrifuges

L

Purifikation of pickling acid by dialysis or crystallisation

M

Puification of nickel baths by carbon filtration

Purification of acid zinc baths by carbon filtration

Purification of chromating and chrome bath by membrane slectrolysis

Purificaéion of chromating and chrome bath by jon-exchanging

Removal of carbonate from cyanide plating baths

e ¢ | =

Removal of metal eontaminations from nickel baths

Substitution of process chemicals:

Replacing cyanide

Replacing EDTA

Replacing complexing chemicals

Replacing ammania

B ol LR b

From high to low metal concentration

|Reuse of collected process chemicals from rinse water:

Alkaline cleaners

Bl E bl ol

B o

Lol




Table F7: Occupational health and safety-Zinc

Chemistry | lemperatue Nose Heavy hift {Rask
. w
5| ¢ g1 &2 A :
] - " E ; £ &
-4 5
slo8 | s | | 5 Eletal gl el gl Blelz Elelg] g
2 at = al = <1 W= 1 3 =2 I 3_
Zine [Alkaline degreasar [ R ST LT | Rt 3 3 3 3 3 2l 2 2] 2 2 2 3
[Zinc bath e 2 2
Zinc2 [Alkaline degraaser EH R # SrTR B
nc ba
Zinc3 (CN) Alxaline degraaser U5 SRS (YIRS
Zinc bl Bk
|Zinc4 (CN) Alkaline dagreassr Sy BT ) EEEEUR ERE R AR 2f 2| 2 2] 2] 2 2] 2| 2
e bal 4
[Cu-Ni-Cr-1 Nickel balh TR SE e (P AR
[Chromium Eatfh SHIEY
Cu-N-Cr-2 Nicksl bath ERTRERH) ERHEE RRaR R e
TRmAIM [Eis iy
Cu-RESn-1 ne gsgreasar T T e a has) oML Ay 1 LR
Icke| Dal
Tu-Hi-Sn-2 Alkaline degreaser B SRR e
icke] ba RO
Alyminium1 Alkafine pickliny A fopidiakiaiiet t
pdizing T GRS
Aluminiuma kaline picklin bR R B T R B
odising b
Phosphaling 1 Alkakne picklini A A i EE ] BRRIEEAERE
1ospnating ek IR
Phosphating 2 Atkaline piokling T R
ospahting JTERE i
urm (Seores! S=high, 2 I 1=jow isk score: from
Qecupational Health and Safety ]! otal score




Recommendation Action Resource
Low flow counter Installation of additional tanks To be
current rinses and piping. determined

Arrange cascade from tanks

comprehensively in a

Introduce water at last rinse tank | feasibility study
Redirecting of rinse Redirect water between rinse To be
waters tanks so as to optimise water consumption | determined
comprehensively in a
feasibility study
Increased dripping Increase drip times to 20 seconds. Can be
time This would ensure proper liquid drainage | implemented
immediately
Improved dripping Spills into adjacent baths can be Can be
techniques prevented by proper tilting of cup shaped | implemented
items immediately
Use of process Spent process chemicals can be To be
chemicals for neutralisation | stored and used for neutralisation determined

comprehensively in a

feasibility study
Measurement and Proper dosage of chemicals To be
dosing of process chemicals | ensure optimal use of chemicals determined

comprehensively in a

feasibility study
Health and safety Operator training needs to be Development of
conducted on the chemical hazards hazop procedures
Improved Addition of flocculent to settle Needs to be
floceulation out metals done immediately
Waste water Proper control and management To be
treatment plant with regards, control and dosing determined

comprehensively in a

feasibility study




Installation of flow- Installation of flow meters on all Can be
0. meters water inlets, overall process implemented
immediately
Replacement of Replacement of chemicals such as To be
1. chemicals cyanide determined

comprehensively in a

feasibility study

Figure F1: Flow sheet for process line-Zinc

Sequence: Baths Rinse/waste Water:
1 1 Degreaser
2 2 Soak cleaner +—» To WWTP once /month
11001 4—— Tap water
3 3 Rinse To WWTP
7001 4900 l/day tap water
4 4 Pickel +—» To WWTP once /two months
~ roo1 L Tap water
5 5 Rinse 1—» To WWTP
700 | 49001/day tap water
6 6 Zinc
3805 |
7 7 Zinc
38051
8 8 Rinse To WWTP
7001 14000 l/day tap water
) 9 Passivate To WWTP once/month
500 | Blue Tap water
10 10 Rinse L To WWTP
700 | 5000 liday tap water
11 11 Yellow » To WWTP once/month
Tap water
12 12 Rinse +———» To WWTP
1300 l/day tap water




Figure F2: Flow sheet for process line ~Chrome

Sequence: Baths Rinse/waste Water:
1 1 Vapor degreaser Desludge every two v
2 2 Soak cleaner 1 To WWTP twice/year
1100 | Tap water
3 3 Rinse 1—p To WWTP
7004 1100 i/day tap water
4 4 HCL 1 —p To WWTP once/week
700 | Tap water
5\7 5 Rinse ; To WWTP
7001 3200 l/day tap water
! 6 6 Etch 1 » To WWTP twicefyear
7001 Tap water
8 8 Nickel
1700
8 9 Nickel
| 1700 |
i 8 10 Nickel
‘ 2000 |
: 8 1 Nickel
| 28001
| 9 ) Rinse 1 5 ToWWTP
: 1200 | 900 l/day tap water
| 10 10 Chrome
1 18001 2 tanks
‘ 11 11 Static rinse
: 1200 |
A 12 12 Rinse _ 1 —p To WWTP
. ' 7001 962 \/day Tap water
| 13 13 Neutrachrome 1 To WWTP twice/year
} 700 | Tap water
‘ 14 14 Rinse » To WWTP
| , 700! 514 |/day tap water
| 15 15 Hot rinse 1—» To WWTP
700 | ~ J¢—— 1000 l/day tap water
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