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ABSTRACT 

Racemic lactic acid (2-hydroxypropanoic acid) has gained interest in the food and non-food 

industries and in producing biodegradable and biocompatible lactic acid polymers. Although 

racemic lactic acid is conveniently synthesised by chemical synthesis via the DL-lactonitrile 

route, it can also be produced by the fermentation process provided that suitable micro- 

organisms and substrates are used. However, regardless of the sustainability issues associated 

with the fermentation process, it is the preferred production method since the chemical process 

relies on fossil fuel resources. In this context, this study aims to extract hydrogen cyanide 

(HCN) from cassava (Manihot esculenta Crantz) leaves and then use it to chemically produce 

racemic lactic acid. 

Cassava leaves were chosen as a natural source of HCN since they release 20 times more HCN 

than the tubers. HCN is produced by endogenous enzymes (linamarase and hydroxynitrile 

lyase) hydrolysing the cyanogenic glucosides (linamarin and lotaustralin). Following 120 

minutes of maceration at 30 °C, the released HCN was extracted for 45 minutes under vacuum 

at 35 °C – 45 °C and collected in 400 mL of 5.104 mol/L sodium hydroxide (NaOH) solution 

(absorbing solution) to give sodium cyanide (NaCN) solution. The extraction process was 

repeated until saturation of the absorbing solution was achieved. The final concentration of 

NaCN solution determined by the alkaline picrate method was found to be 4.0421 mol/L. 

Furthermore, the sodium carbonate (Na2CO3) and residual NaOH content in control and sample 

sodium cyanide solutions were also determined. The Na2CO3 content was 0.72 % in the control 

NaCN solution and 2.49 % in the sample NaCN solution. The residual sodium hydroxide 

content was 2.61 % in the control sodium cyanide solution and 4.20 % in the prepared sodium 

cyanide solution. 

79.241 g of NaCN crystals (0.19 % yield, green NaCN) were obtained from 42.750 kg of fresh 

cassava leaves. The suggested approach was successful in preparing NaCN, as evidenced by 

X-Ray Diffraction (XRD), Attenuated Total Reflectance-Fourier Transform Infrared 

Spectroscopy (ATR-FTIR), and Scanning Electron Microscopy with Energy Dispersive X-Ray 

Spectroscopy (SEM-EDS) results. Control and green NaCN both contained sodium carbonate 

impurities, as shown by these spectral techniques. Titration tests revealed that the latter was 

0.61 % and 2.29 % in control and green NaCN, respectively. In addition, titration studies 

indicated that the residual NaOH content in control NaCN was 1.63 % and 4.68 % in green 



xx  

NaCN. The high carbonate content can be explained by the reaction between residual sodium 

hydroxide and atmospheric CO2. Reproducibility and repeatability tests were done to evaluate 

the reliability of the hydrogen cyanide extraction method. 

Racemic lactic acid was synthesised using a four-step process. 73 mL of DL-lactonitrile (2- 

hydroxypropanenitrile) (81.1 % yield, 59.7 % pure) was prepared by reacting 75 mL of 

acetaldehyde with hydrogen cyanide generated in-situ from green sodium cyanide (62.190 g in 

150 mL of Milli-Q water) in the presence of 37 % hydrochloric acid (100 mL). 35 mL of crude 

racemic lactic acid (84.1 % yield, 14.9 % pure) was prepared by hydrolysing 40 mL of DL- 

lactonitrile with 8 mol/L hydrochloric acid (40 mL). Crude racemic lactic acid underwent a 

two-step purification process in the presence of concentrated sulphuric acid (5 mL), used as 

the catalyst. 35 mL of crude lactic acid was first esterified with excess methanol (50 mL) to 

produce 32 mL of methyl DL-lactate (methyl 2-hydroxypropanoate) (71.6 % yield, 46.1 % 

pure). The ester was then hydrolysed with excess water (20 mL) to give 22 mL of purified 

racemic lactic acid (88.0 % yield, 56.0 % pure). The identity of the synthesised products was 

confirmed by comparing them against control samples using 1H Quantitative Nuclear Magnetic 

Resonance (1H QNMR) and ATR-FTIR. Their purity was determined by 1H QNMR, using 

dimethylformamide as the internal standard. The overall yield of synthesised racemic lactic 

acid was 43.0 %. 
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CHAPTER 1: INTRODUCTION 

1.1 Background information 

Cassava (Manihot esculenta Crantz) is a perennial crop that originated in Latin America and 

was later introduced into Africa and Asia by European traders between the 16th and 19th 

centuries (Burns et al., 2010, Omomowo et al., 2015, Wilberforce and Ngele, 2016). Even 

though almost 100 species of Manihot genus are reported, Manihot esculenta Crantz is the only 

commercially cultivated (Wangari, 2013). Cassava is the third most important source of energy 

in the tropics after rice and maise, and the fifth most important food source after maise, rice, 

wheat and potato (Guédé et al., 2013). It is a staple food for more than half of a billion people 

in tropical regions of Africa, Asia and Latin America (Burns et al., 2010, Diallo et al., 2014, 

Omotayo et al., 2015). Globally, according to the Food and Agriculture Organization of the 

United Nations publications catalogue ((FAO), November 2018), approximately 276 million 

tonnes of cassava were produced in 2017; which is a 0.3 % decrease from 2016, with Africa, 

Asia and Latin America producing 57 %, 32 %, and 11 % of the total, respectively. The top 

five national producers are Nigeria, followed by Thailand, Brazil, Ghana and Indonesia. These 

data of cassava production show the importance of cassava in the African continent, where it 

is primarily cultivated for consumption as a human foodstuff. 

 
Cassava is admirably tolerant to drought and nutrient-deficient soil; hence it is often referred 

to as "the drought, war and famine crop" in most developing countries (Burns et al., 2010). 

Cassava is primarily cultivated for its enlarged starch-filled roots (tubers) rich in carbohydrates 

and minerals. The leaves, which provide an inexpensive and rich source of proteins, omega-3 

fatty acids, fibres, minerals and vitamins, are also consumed in some regions. (Burns et al., 

2010, Pereira et al., 2016, FRI, 2012). Nevertheless, cassava has attracted attention as a raw 

material for a wide range of industrial applications such as the production of bioethanol, textile, 

bioplastics, pharmaceuticals, paper and animal feed (Omomowo et al., 2015, Wilberforce and 

Ngele, 2016). The cassava production in South Africa is a relatively recent development, with 

the commercial exploitation only starting in 1948 (Nuwamanya et al., 2016). Cassava is 

commercially grown for its high-quality starch in the provinces of Limpopo, Mpumalanga and 

Northern KwaZulu-Natal, where it is called Mutumbula (Tshivenda), Muthupula (Xitsonga) or 

Unjumbula (isiZulu) ((DAFF), 2010). It is also grown as a secondary crop by subsistence 



2  

farmers (Amelework et al., 2021). However, its versatility is limited by its toxicity (Amelework 

et al., 2021). 

 
Cassava (also called manioc, manihot, tapioca or yucca) is an essential food crop for humans 

whose toxicity is associated with cyanogenic glycosides (CNGs) presence in all edible parts. 

These CNGs are molecules of sugar attached to a cyanide group (Wangari, 2013). They are 

secondary metabolites produced by at least 2650 plants species (Cho et al., 2013, Saunders, 

2012, Ubwa et al., 2015), where they act as defence mechanisms against herbivore and 

pathogen attack (FRI, 2012). Cassava contains two cyanogenic glycosides called cyanogenic 

glucosides (cyanogens) since glucose is the sugar molecule. They are namely linamarin and 

small amounts of lotaustralin. When the plant tissue is damaged, they release toxic hydrogen 

cyanide gas (HCN) in cyanogenesis. Upon disruption of the plant tissue, the cyanogens come 

into contact with linamarase, an endogenous enzyme that breaks them into glucose and 

cyanohydrins. The cyanohydrins are subsequently hydrolysed in a second reaction to release 

HCN, acetone (from linamarin) and a small amount of butanone (from lotaustralin) (Burns et 

al., 2010, Wilberforce and Ngele, 2016, Guédé et al., 2013, Diallo et al., 2014, Pereira et al., 

2016, Ngugi et al., 2015, Zidenga et al., 2017). These cyanogens are distributed throughout the 

cassava plant except the seed, with the highest concentrations accumulating in the leaves 

(Burns et al., 2010, FRI, 2012, Ubwa et al., 2015, Lambri et al., 2013, Montagnac et al., 2009, 

Umuhozariho M et al., 2014) where they are synthesised before being transported to the root 

(Wangari, 2013). 

 
The different cassava varieties are distinguished by their cyanide content. This difference in 

cyanide concentration can be caused by the location, plant age, or environment. The variety of 

species with low cyanide content is sweet cassava. They contain a high concentration of free 

sugars, and those with high cyanide content are referred to as bitter cassava (Burns et al., 2010, 

Ubwa et al., 2015). A variety without cyanide has never been naturally observed (Nhassico et 

al., 2008). Environmental factors such as drought, low soil fertility and pest attack can affect 

the bitterness of cassava (Ubwa et al., 2015, Tivana, 2012), resulting in this variety being more 

readily available and cheaper (Wangari, 2013). 

 
The consumption of unprocessed cassava is toxic to humans since the fatal dose of ingested 

HCN is relatively low, ranging from 0.5 to 3.5 mg/kg body weight (Burns et al., 2010). Cassava 
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intoxication can either be acute or chronic. The symptoms observed from acute intoxication 

include death, rapid respiration, drop in blood pressure, rapid pulse, dizziness, stomach pains, 

vomiting, and mental confusion (Nyirenda, 2021). The symptoms associated with chronic 

intoxication include goitre, the swelling of the neck or larynx resulting from enlargement of 

the thyroid gland, and cretinism, dwarfism, mental retardation and also konzo, an irreversible 

paralysis of the legs, which occurs mainly in children (Nhassico et al., 2008, Nyirenda, 2021). 

 
From environmental management and sustainable perspective, the processing of non-dried 

cassava plants into different products generates large volumes of wastewater. The particularity 

of this wastewater is its cyanide content, which makes it highly poisonous. Therefore, if 

allowed to flow freely, this contaminated water will pollute the soil and subsequently poison 

the receiving water (Omomowo et al., 2015, Eletta et al., 2016). Given the serious threat posed 

by this contaminated wastewater on human livelihood, environment and aquatic life 

(Omomowo et al., 2015, Chibueze Izah et al., 2018); and the increasing demand for the cassava; 

there is a compelling need for removing the cyanide prior to releasing it in the environment. 

 
Concerns over the escalating global and environmental problems have incited researchers to 

develop greener production methods (Abdel-Rahman et al., 2013). The main attraction of these 

greener methods is the use of renewable raw materials during the production processes. 

Consequently, cassava could be used as a raw material for producing any product that requires 

HCN in its production process since it releases HCN ranging from 1 to 2000 mg/Kg HCN 

equivalent (Nyirenda, 2021, Burns et al., 2010). As a result, adding value to the cyanide 

produced by processing the cassava plant is beneficial, particularly in terms of environmental 

sustainability. Of these products, racemic lactic acid (DL-LA) is one of the most important 

owing to its extensive use in the food, pharmaceutical, cosmetic and chemical industries 

(Sitompul et al., 2016). 

1.2 Statement of the problem and justification 

The chemical synthesis of the DL-LA monomer was prevalent until 1990 when the 

fermentation process was developed due to the increased costs of global energy and 

environmental problems associated with carbon emission (Komesu et al., 2017b, Lasprilla et 

al., 2012). However, owing to the disadvantages associated with the fermentation method, such 

as the use of food carbohydrates as substrates, contamination problems and end-product 
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inhibition (Abdel-Rahman and Sonomoto, 2016), there is urgency in using cheap renewable 

raw materials that do not compete with food security during the chemical synthesis of DL-LA. 

Hence, this will allow us to overcome the lack of interest associated with the chemical synthesis 

of DL-LA. 

 
Moreover, since the starting materials of the chemical synthesis route, namely acetaldehyde 

and HCN, are typically derived from petroleum or natural gas, it is crucial to find an alternative 

route for their production to reduce the global energy environmental problems (Akoetey, 2015). 

Currently, acetaldehyde can be produced at an industrial scale from bio-ethanol (Sekab, 2021). 

It is possible to transform the fossil fuel-based chemical process into a cost-effective and 

environmentally friendly process if HCN is also produced from inexpensive renewable 

resources. Therefore, due to the increasing interest in DL-LA over the last few years and its 

application in the medical field for drug delivery (Borandeh et al., 2021), there is an urgency 

in using materials derived from renewable sources in its production process. The principal 

renewable sources of HCN are the plants where it occurs as cyanogenic glycosides. 

 
The cassava plant, known to contain HCN in all parts, produces a relatively high concentration 

of HCN ranging from 1 to 2000 mg/Kg HCN equivalent (Nyirenda, 2021, Burns et al., 2010) 

from the enzymatic hydrolysis of cyanogenic glucosides (linamarin and lotaustralin), is a good 

candidate for cheap renewable HCN source. The status of the cassava plant as an inexpensive 

source of HCN is further supported by the fact that it is the staple food of approximately 800 

million people in tropical countries and is a raw material in many industries (Burns et al., 2010, 

Diallo et al., 2014, Omotayo et al., 2015). These industries need to process cassava to remove 

the toxic cyanogenic glucosides. Thus producing large amounts of cyanide-rich wastewater, 

which instead of being discharged as effluent into waterways, where it creates environmental 

problems, can instead be collected and used to synthesise valuable products. This research work 

reports on the removal of HCN from cassava leaves and its subsequent use for DL-LA 

production using a chemical synthesis method. 

1.3 Research hypothesis 

Cassava leaves contain cyanogenic glucosides, which, when hydrolysed, produce a 

considerable amount of HCN. The latter was extracted and used to synthesise DL-LA. 
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1.4 Research objectives 

The research was carried out to investigate the possibility of using cassava leaves as a natural 

source of HCN for the chemical synthesis of DL-LA. An extraction method was developed by 

optimising extraction parameters (maceration temperature and time and HCN recovery time) 

for the complete release of HCN from cassava leaves by autolysis. The concentration of HCN 

liberated from cassava leaves and collected in an aqueous sodium hydroxide (NaOH) solution 

(absorbing solution) was determined using the most effective cyanide determination method. 

This method was identified after comparing titrimetric (alkaline titration) and 

spectrophotometric (alkaline picrate solution) methods. 

1.5 Research Methodology 

This section only outlines a brief methodology that was used throughout this research. HCN 

released from cassava leaves using the optimum extraction parameters and extracted under 

vacuum between 35 °C and 40 °C was collected in the absorbing solution to be converted to 

sodium cyanide (NaCN). The NaCN crystals (green NaCN) were obtained after drying the 

prepared cyanide solution. The identity, the crystal structure and purity of green NaCN was 

confirmed against control NaCN salt by attenuated total reflectance-fourier transform infrared 

spectroscopy (ATR-FTIR), x-ray diffraction analysis (XRD) and scanning electron microscopy 

with energy dispersive x-ray spectroscopy (SEM-EDS). HCN generated in-situ from green 

NaCN was reacted with acetaldehyde in the presence of concentrated hydrochloric acid (HCl) 

to produce DL-lactonitrile. Crude DL-LA was prepared by hydrolysing DL-lactonitrile with 

dilute HCl. The crude DL-LA was purified by esterification with methanol, then hydrolysis 

using water acidified with concentrated sulphuric acid (H2SO4) (Komesu et al., 2017b). The 

reliability of the HCN extraction method was determined by reproducibility and repeatability 

tests. In contrast, the validity of the DL-LA synthesis method was achieved by comparing the 

structure of the synthesised products against control samples using 1H-NMR and ATR-FTIR. 

The former spectral technique was also used to determine their purity. 

1.6 Significance of the study 

The information in this research on the extraction of HCN from cassava leaves will be crucial 

for synthesising other valuable chemicals. The HCN extraction method developed can be 

applied to any cyanogenic plant. The use of naturally produced HCN allows converting the 

once unsustainable chemical synthesis method of LA into a green method. In addition, such 
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information will be critical towards informing farmers on the potential of cassava wastewater 

as a secondary source of income. 

1.7 Scope and limitations of the study 

This work involved investigating DL-LA production by chemical synthesis process using HCN 

extracted from cassava leaves bought from local markets. This study was only limited to 

cassava leaves, although the cassava root (tuber) and other plant materials could have been 

used since about 2600 plant species are known to produce HCN. Other cyanogenic plant 

species that could have been used are lima bean, bitter almond, sorghum, linseed and bamboo 

shoots. 

1.8 Outline of the thesis 

The thesis is divided into five chapters. Chapter one will include the background information, 

statement of the problem and justification of the research, research hypothesis, and research 

objectives, brief description of the research methodology, the significance of the research, and 

the research's scope and limitations. Chapter two will include a comprehensive literature 

review comprising definitions, other synthesis routes and cyanide removal treatment methods. 

The literature review was crucial in providing the guidelines for the research project. In chapter 

three, materials and significant factors affecting HCN extraction from cassava leaves needed 

in the DL-LA production by a chemical process and the detailed methodology used will be 

discussed. The research findings for optimum HCN extraction and its subsequent use in DL- 

LA production by the chemical process will be presented in chapter four. Parameters such as 

maceration temperature and time, HCN recovery time, and the most effective method for 

cyanide determination will be investigated in detail and discussed in chapter four. The findings 

of the research projects will be concluded in chapter five, and some recommendations for future 

studies will also be included. 
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CHAPTER 2: LITERATURE REVIEW 

 

2.1 LACTIC ACID 

2.1.1 Introduction 

Lactic acid (intended as the two L and D isomers together with the racemic mixture), or 2- 

hydroxypropionic acid, is the most widely occurring hydroxycarboxylic acid (Komesu et al., 

2017b, Ameen and Caruso, 2017). It is a natural organic acid that has mainly gained interest in 

the food and non-food industries, including producing biodegradable and biocompatible lactic 

acid polymers (PLA) (Komesu et al., 2017b, Abdel-Rahman et al., 2013, Sobrun et al., 2012). 

PLA uses range from packaging to foams and fibres (Abdel-Rahman et al., 2013) and 

manufacturing of biomedical devices (Acosta et al., 2005, Lasprilla et al., 2012, Narayanan et 

al., 2016). Lactic acid, also known as milk acid, was first discovered in 1780 by the Swedish 

chemist Carl Wilhelm Scheele, but Charles E. Avery achieved its first commercial production 

in 1881 at Littleton, Massachusetts, USA (Komesu et al., 2017b, Narayanan et al., 2004, 

Boontawan, 2010). 

The global lactic acid market was estimated to be USD 2.9 billion in 2018 and is expected to 

reach USD 10.06 billion by 2025, growing at 19.43 % from 2019 to 2025. Increasing petroleum 

prices and the development of new uses and products, such as reinforcement of PLA with other 

materials, positively drive the expansion of the lactic acid market. The three largest regional 

markets for lactic acid are North America, the Asia Pacific and Europe (Research, 2019). 

2.1.2 Lactic Acid Properties 

These two functional groups, alcohol and acid, allow lactic acid to undergo various chemical 

reactions. The main classes of these reactions are condensation, oxidation, substitution, and 

reduction (Rashid, 2008). Lactic acid (LA) can be found as a white crystalline solid when 

anhydrous or as a clear to yellowish liquid when melted or dissolved in water (Komesu et al., 

2017b, Rashid, 2008). It is odourless, sour in taste, soluble in water, ether, and alcohol, but 

insoluble in chloroform (Komesu et al., 2017b, Rashid, 2008). LA exists in two optically active 

isomeric forms (Figure 2.1), L (+)-lactic acid (L-LA) and D (-)-lactic acid (D-LA), and in 

racemic form (DL-LA), which is a mixture of L (+)-lactic acid and D (-)-lactic acid (Komesu 

et al., 2017b, Ameen and Caruso, 2017, Abdel-Rahman and Sonomoto, 2016). 
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LA was first industrially produced by the chemical process in 1963 by the company Monsanto 

based in Texas, USA (Komesu et al., 2017b). Two other companies, namely, Sterling 

Chemicals Inc. (USA), which stopped production in the early 1990s, and Musashino Chemical 

(Japan), also used the DL-lactonitrile route to produce LA. They changed their production 

process to fermentation to overcome the drawbacks such as dependence on fossil fuels, price 

of raw materials, and the impurity of the product associated with the chemical process (Komesu 

et al., 2017b). 

Since the chemical synthesis always leads to racemic lactic acid (DL-LA), and only one of the 

lactic acid isomers is desired for many specific applications, a chiral resolution must be factored 

in the cost if either D- or L- lactic acid isomers are the intended products. Chromatographic 

methods, chemical resolution and the combination of chemo- and biocatalysis are considered 

the means for chiral resolution of racemic lactic acid (Zhang et al., 2018). However, this can 

be bypassed by using biotechnological processes based on fermentation. 

2.1.3.2 Carbohydrate Fermentation 

Worldwide lactic acid (LA) from the fermentation process accounts for approximately 90 % of 

the total LA production (Komesu et al., 2017b, Lasprilla et al., 2012, Coelho et al., 2011, Lopes 

et al., 2012, Karande et al., 2016). The popularity of this production method is because it is 

eco-friendly, comparatively fast, has superior yields, and can produce stereospecific isomer, 

namely L-lactic acid (L-LA), D-lactic acid (D-LA) and racemic mixture (DL-LA), depending 

on the microorganism used (Reddy et al., 2008, Masutani and Kimura, 2014). 

The biological degradation of a substrate by a population of microorganisms into the desired 

product, such as lactic acid, constitute the basis of any fermentation process (Komesu et al., 

2017b). LA fermentation process is influenced by factors such as raw materials, fermentation 

media, microorganisms and fermentation method (Komesu et al., 2017b, Krishna et al., 2018). 

2.1.3.2.1 Raw materials for lactic acid production 

The choice of raw material depends on its price, availability, purity (Krishna et al., 2018, 

Ghaffar et al., 2014), rapid fermentation rate, high yields and little or no formation of by- 

products (Ghaffar et al., 2014). Some of the renewable raw materials used in LA production 

are refined materials such as carbohydrates (Komesu et al., 2017b, Krishna et al., 2018), starchy 

materials such as rice, cassava and maise (Komesu et al., 2017b), cellulosic materials such as 

wood (Krishna et al., 2018), lignocellulosic materials (Komesu et al., 2017b), agricultural 
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residues such as corn cob, cassava bagasse, beet molasses, sugarcane press mud and carrot 

waste (Krishna et al., 2018) and industrial wastes such as whey and molasses (Komesu et al., 

2017b). 

2.1.3.2.2 Microorganisms for lactic acid production 

Microorganisms are indispensable in the production of lactic acid (LA). Hence, they must 

always be available and cheap (Krishna et al., 2018). Microorganisms used for LA production 

can be classified into bacteria, fungi and yeast (Komesu et al., 2017b, Abdel-Rahman et al., 

2013, Krishna et al., 2018). Each microorganism has one or more advantages over the others, 

such as a wide raw materials range, better yield and productivity, reduction of nutritional 

requirements, or improved optical purity of LA (Abdel-Rahman et al., 2013). Various LA 

manufacturers have utilised genetic engineering methods to improve LA yield and optical 

purity (Abdel-Rahman et al., 2013, Krishna et al., 2018). 

The criteria of selection of the ideal microorganisms to use depends on: 

 
 The type of raw material to be fermented since the microorganisms’ metabolism is 

dependent on the carbon source (Komesu et al., 2017b). 

 The form of the final fermentation product, i.e. L (+)- lactic acid, D (-)- lactic acid or 

DL- lactic acid (racemic form) (Maślanka et al., 2015). 

 

2.1.3.2.3 Fermentation media 

The fermentation media is as essential as the microorganism is in any fermentation process. It 

can account for almost 50 % of the whole production process (Klaic et al., 2014). The type of 

nutrient media depends on the nutritional growth requirements of the specific microorganism 

to be used during lactic acid production (Basu et al., 2015). 

Nutritional requirements are in turn classified as 

 
a) Essential nutrients, when they are indispensable to the growth of bacteria, and no 

growth will be detected in their absence (Hayek and Ibrahim, 2013). 

b) Simulatory nutrients, when they improve bacteria growth and decrease growth is 

measured in their absence (Hayek and Ibrahim, 2013). 
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c) Unessential nutrients, when they do not affect the growth of bacteria, do not influence 

the growth of bacteria, neither improve nor inhibit (Hayek and Ibrahim, 2013). 

2.1.3.2.4 Fermentation methods 

The selection of fermentation methods is governed by the type or nature of the substrate, 

microorganism growth, and viscosity of the fermentation broth (Abdel-Rahman et al., 2013). 

The most common fermentation methods used for lactic acid production are batch, continuous, 

fed-batch (Abdel-Rahman et al., 2013, Krishna et al., 2018, Bayitse, 2015) and repeated 

fermentations (Bayitse, 2015). The choice of fermentation mode also depends on the costs of 

the substrate and the costs involved with each fermentation process (Komesu et al., 2017b). 

About the abovementioned requirements for lactic acid by bio-fermentation process, extensive 

research has been conducted using various raw materials, fermentation media, microorganisms, 

and different methods. For example, Yun et al. (2004) produced 129 g DL-LA/L using a newly 

isolated strain of Lactobacillus Sp. RKY2 by fermenting rice bran supplemented with whole 

rice in batch fermentation at 36 ⁰C and pH 6. Trontel et al. (2010) did a batch fermentation at 

40 ⁰C and pH 5.5 and used amylolytic lactic acid bacterium Lactobacillus amylovorus DSM 

20531T to ferment glucose, sucrose, and starch to DL-LA. They produced DL-LA ranging from 

10.08 g/L to 18.56 g/L. 

 
Calabia and Tokiwa (2007) obtained maximum DL-LA yields of 84 g/L, 107 g/L and 120g/L 

from sugar beet juice, sugarcane molasses, and sugarcane juice, respectively, using the JCM 

1148 strain of L. delbrueckii in batch fermentation. Budsabathip (2013) managed to ferment 

several carbohydrate sources to DL-LA using bacterial strains isolated from soils, plant bark, 

and root. They produced DL-LA ranging from 55.30 g/L to 77.31 g/L and productivity between 

0.76 g/L and 1.07 g/L.h. However, Orozco et al. (2014) utilised lactose from powdered milk to 

produce DL-LA yield ranging from 0.52 g/g to 0.99 g/g using different microorganism strain 

in a batch system. Furthermore, they obtained a final concentration of 80.95 g/L DL-LA 

aqueous solution through microfiltration, nanofiltration and reverse osmosis membranes. 

2.1.3.3 Catalytic conversion 

Although the majority of the chemical catalytic systems (chemocatalytic processes) produce 

DL-LA (Li et al., 2019), they have gained more interest since they use biomass resources as 

raw materials. They also emerge as a promising alternative method for overcoming the 

sustainability issues (such as low productivity and need for high price enzymes) associated 
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with the current fermentation processes (Zhang et al., 2018, Li et al., 2017, Wang et al., 2013). 

The two most important types of biomass are wood and agricultural products or crops such as 

cassava, wheat, maise and rice (Bayitse, 2015). 

Numerous studies have been done on the catalytic conversion of biomass to lactic acid (LA) in 

water or organic solvents, using different homogeneous or heterogeneous catalysts (Zhang et 

al., 2018, Wang et al., 2013, Li et al., 2017, Sánchez et al., 2012). In recent years, the 

hydrothermal conversion of different biomass has been extensively investigated. Kishida et al. 

(2006) conducted 13 experiments on several substrates for 10 minutes using NaOH catalyst 

under different hydrothermal reaction conditions and reported LA yields ranging from 0 % to 

39.9 %. Kong et al. (2008) obtained an LA yield of 9.51 % from glucose using Co(II) catalyst 

while stirring at a speed of 400 rpm at 300 °C for 2 minutes. They also reported a yield of 6.62 

% from microcrystalline cellulose using Ni(II) catalyst under the same conditions. 

 
Several researchers investigated the hydrothermal reaction conditions at 300 °C for 1 minute. 

Jin and Enomoto (2008) and Yan et al. (2010) reported LA yields of 28 % and 20 %, 

respectively, from glucose using 0.32 mol/L calcium hydroxide (Ca(OH)2) catalyst. However, 

Yan's research group only obtained a yield (27 %) closed to the one reported in Jin and 

Enomoto's study when they used 2.5 mol/L NaOH as the catalyst. LA yields of 43.5 % with 

2.5 mol/L NaOH and 46 % with 2 mol/L potassium hydroxide (KOH) from fructose were 

reported by Ma et al. (2010). Duo et al. (2016) reported a LA yield of 30 % from glucose using 

Na2SiO3 catalyst. 

Lei et al. (2014), Wang et al. (2015) and Wang et al. (2016) used the same hydrothermal 

reaction conditions of 240 °C under 2Mpa N2 for 30 minutes in 30 mL of water and produced 

LA of 91.1 %, 67.6 % and 58 % yield, respectively. Lei and co-workers used 0.1 g cellulose 

and 0.05 g ErCl3 catalyst, while both Wang research groups used 0.3 g of cellulose but a 

different catalyst. 0.1 g of Er-K10 catalyst was used in the 2015 study, while 0.1 g of Er/deAlβ- 

2 catalyst was used in the 2016 study. ErCl3 grafted on the mesoporous silica (MCM-41) 

surface was used to produce LA from cellulose with a yield of 64 % (Tallarico et al., 2019). 

They performed an ultrasound pre-treatment to reduce the cellulose crystallinity before 

producing LA by microwave-assisted conversion at 220 °C for 90 minutes. 

Wang et al. (2014) conducted 10 experiments to produce LA using 25 mmol/L glucose over 

100 mmol/L polymer catalysts. The reactions were done under N2 and 50 mmol/L aqueous 
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alkaline solutions at 100 °C for 30 minutes. They reported LA yields ranging from 7 % to 65.5 

%. Orazov and Davis (2015) reported LA yields ranging from 3.9 % to 88.4 % after conducting 

30 experiments using different substrates, catalysts and reaction conditions. 

Yang et al. (2015) achieved a maximum LA yield of 42 % and 30 % by hydrothermal treatment 

of xylose and xylan, respectively, in alkaline water between 160 and 240 °C at 0 to 100 % O2 

pressure, and 0.5 to 4 catalyst to biomass weight ratio with ZrO2 catalyst. Yang et al. (2016) 

reported a LA yield of 94.6 % from 10 mL of 1.4 mol/L glycerol using 0.2g 30 %CuO/ZrO2 

catalyst in alkaline water (1:1 NaOH/glycerol molar ratio) at 180 °C and 1.4 MPa N2 for 8 

hours. 

The use of modified (CuCTAB/MgO) and unmodified magnesium oxide (MgO) as catalysts 

was investigated by Choudhary et al. (2015) and He et al. (2016), respectively. A maximum 

LA yield of 70 % was reported when glucose was reacted with CuCTAB/MgO in the presence 

of NaOH at 120 °C for 1 hour. On the other hand, a maximum LA yield of 79.7 % was obtained 

by treating dissolved hemicelluloses derivatives with 0.5 g of MgO at 220 °C for 1 hour. 

Li et al. (2017) and Kuy and Boonyarattanakalin (2019) investigated the use of barium 

hydroxide (Ba(OH)2) as a catalyst for the production of lactic acid. In the study conducted in 

2017b, LA yields of 95.4 % and 83.5 % were reported from 0.025 mol/L glucose and 0.1 mol/L 

fructose, respectively, in the presence of 0.25 mol/L catalyst under N2 at 1 bar after 48 hours 

of reaction at room temperature. However, only 53.95±0.8 % LA yield was reported in the 

study done in 2019. LA was produced from cassava starch with 0.15 mol/L catalyst at 240 °C 

after 60 minutes. 

Dong et al. (2016) and Shen et al. (2021) investigated the efficiency of modified Sn – Beta to 

catalyse the conversion of biomass to LA. Dong and co-workers reported a LA yield of 54 % 

from the sucrose in water without a base using Zn – Sn – Beta catalyst. The reaction was done 

under ambient air pressure at 190 °C for 2 hours. However, only 37 % LA yield was reported 

by Shen's research group. They used Scenedesmus algae as a substrate. The substrate was pre- 

treated in an ice bath ultrasound before mixing it with 3-aminopropyltrimethoxysilane 

(APTMS)-modified Sn-Beta catalyst. The one-step catalysis reaction was carried out for 5 

hours at 190 °C using 50 µL of APTMS, 240 mg of Sn-Beta zeolite catalyst and 30 mg of 

Scenedesmus /mL. 
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Recently, the use of switchable catalysts has gained momentum. These catalysts are 

characterised by their ability to produce different products under the same reaction conditions 

when used in a different gas atmosphere. Voss et al. (2020) reported a maximum LA yield of 

40 % from glyceraldehyde within 1 hour at 160 °C under N2 in a one reactor setup. The Keggin- 

type polyoxometalate (POM) H6[PV3Mo9O40] switchable catalyst was used. They obtained 

formic acid (FA) at a yield of 42 % when they performed the same experiment under an oxygen 

(O2) atmosphere. They reported a maximum LA yield of 18 % under the N2 atmosphere and a 

maximum FA yield of 16 % under the O2 atmosphere from glyceraldehyde using the Lindqvist- 

type POM K5[V3W3O19] under the same reaction conditions. 

2.1.4 Applications Areas of Lactic Acid 

Over the years, lactic acid has attracted considerable attention as a chemical with many 

potential applications. It has found widespread application in the food, cosmetic, 

pharmaceutical and chemical industries (Komesu et al., 2017b, Abdel-Rahman and Sonomoto, 

2016, Sobrun et al., 2012, Krishna et al., 2018). The ability of lactic acid to yield valuable 

chemicals (Figure 2.2) arises from the presence of two reactive functional groups, namely 

carboxylic and hydroxyl groups (Krishna et al., 2018). Depending on the application, one form 

of lactic acid, meaning L-lactic acid, D-lactic acid or DL-lactic acid, is preferred. 

There has also been an increased demand for lactic acid as a feedstock for the production of 

biopolymer Poly-lactic acid (PLA) (Sobrun et al., 2012, Lasprilla et al., 2012, Krishna et al., 

2018). Since lactic acid is a chiral molecule, the term poly-lactic acid refers to a family of 

polymers: pure Poly-L-lactic acid (PLLA), pure Poly-D-lactic acid (PDLA) or Poly-DL-lactic 

acid (PDLLA) (Lasprilla et al., 2012). Although lactic acid has attracted much interest in 

different fields, its use is still limited by the final production costs arising from the downstream 

processes (Komesu et al., 2017b). 



15  

 

 

(Source: Adapted from Wee et al. (2006), Komesu et al. (2017b)). 

 
Figure 2.2: Common chemicals derived from lactic acid 

2.2 HYDROGEN CYANIDE 

2.2.1 Introduction 

Hydrogen cyanide (HCN), also called prussic acid, is a highly volatile and poisonous 

compound first isolated from a blue pigment (Prussian blue). HCN exists in the form of a toxic 

liquid or colourless gas (Gail et al., 2011). 

Carl Wilhelm Scheele, a Swedish chemist, was the first to prepare HCN from Prussian blue in 

1782 (Gail et al., 2011). HCN is among the most toxic substances known to man. It is lethal to 

humans at 1-2 mg/Kg body weight dosage. It acts by blocking the respiratory chain and 

preventing the aerobic organism from using oxygen (Bruckner et al., 2017). 

Although poisonous, HCN is used in many industrial processes and is an invaluable precursor 

to numerous chemical compounds, including pharmaceuticals and polymers. The mining sector 

uses about 13 % of the total production of manufactured HCN, while the remaining 87 % are 

used in different industrial processes (Woffenden et al., 2008). 
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The global market of HCN is expected to reach a high Compound Annual Growth Rate 

(CAGR) of 1 % by 2028. The major factors driving the HCN market (DataMIntelligence, 2021) 

are: 

 Increase demand for manufacturing sodium cyanide and potassium cyanide, needed in 

organic synthesis to produce nitriles and carboxylic acids, and the mining of silver and 

gold. 

 Increase applications of HCN in Adiponitrile production, which is the precursor to 

manufacture nylon 66. 

The global HCN market is segmented on application, region and production process 

(DataMIntelligence, 2021). 

Currently, HCN is produced in significant quantities through several processes, such as 

Andrussow and Degussa processes, or recovered as a waste product from acrylonitrile 

manufacturing. It is also known to occur naturally in some plants and fruits with a pit 

(Saunders, 2012, Jaszczak et al., 2017) and in some animals (Saunders, 2012) as cyanogenic 

glycosides. 

2.2.2 Hydrogen cyanide properties 

Hydrogen cyanide (HCN), also called prussic acid, hydrocyanic acid or formonitrile, is a 

colourless or pale blue liquid or a colourless gas at higher temperatures. HCN is volatile and 

highly poisonous, with a faint bitter almond odour and a bitter, burning taste (Gail et al., 2011, 

Information, 2020). In the gas phase, it is flammable and potentially explosive. It has a very 

low boiling point of 25.6 °C and can readily be liquefied at room temperature (Information, 

2020). HCN burns in oxygen or air with a blue flame according to the following reaction (Gail 

et al., 2011): 

 

2 HCN  + 1.5 O2 N2 + 2 CO + H2O 
Hydrogen Oxygen Nitrogen  Carbon Water 

Cyanide   monoxide 

 
(1) 

 

 
Pure liquid HCN is known to polymerise into brown-black, amorphous polymers called 

azulmic acid. It is stabilised using a small amount of acid, such as 0.1 wt % orthophosphoric 

acid (H3PO4), 1-5 % formic acid (HCOOH) or acetic acid (CH3COOH). 0.2 wt % Sulphur 
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dioxide (SO2) stabilises gaseous HCN (Gail et al., 2011). HCN is best preserved as a cyanide 

ion (CN-) in aqueous alkaline media ((EFSA), 2007). It is miscible in water in all ratios but is 

often made as a 96 % aqueous solution. It is also miscible with ethyl ether and ethanol 

(Information, 2020). 

2.2.3 Production Technologies 

Hydrogen cyanide originates both from manufactured (industrial) processes and natural 

sources. 

2.2.3.1 Industrial processes 

Hydrogen cyanide can be synthesised when enough energy is supplied to any system containing 

hydrogen, carbon and nitrogen (Gail et al., 2011). It is produced either by the Andrussow, the 

Blausaure Methane Anlage (BMA) or Shawinigan process. Furthermore, it can also be 

produced as a by-product in acrylonitrile manufacturing (Sohio process) (Gail et al., 2011). 

2.2.3.1.1 Andrussow process 

This process was developed around 1930 by L. Andrussow. It is the primary method for directly 

synthesising hydrogen cyanide (HCN). It involves the reaction of ammonia, methane and air 

over a platinum-rhodium or platinum-iridium gauze catalyst as shown in the following reaction 

(Gail et al., 2011) : 
 

Catalyst 
CH + NH + 1.5  O   HCN + 3 H O 

4 3 2 2 

Methane Ammonia Oxygen Hydrogen Water 
Cyanide 

 

 
(2) 

 

 
ΔH = -474 kJ/mol 

 
This is an exothermic reaction taking place at a temperature above 1000 °C and around 

atmospheric pressure, with a gas velocity of 3 m/s going through the catalyst zone. In order to 

avoid decomposition of HCN by polymerisation, the gas produced is quickly cooled in a waste- 

heat boiler, which produces the steam used in the process. The HCN gas from the waste-heat 

boiler is washed with dilute sulphuric acid to remove unreacted ammonia. 

The disadvantage of this method is its dependency on pure methane as raw material. This help 

to avoid the carburisation of the platinum catalyst. Another problem encountered with this 

process is the relatively low yield based on methane (60-70 %) and ammonia (70 %) and the 
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low HCN concentration in the product gas. Therefore, the recovery equipment must handle a 

large volume of gas. 

2.2.3.1.2 The Blausaure Methane Anlage (BMA) process 

This process involves the reaction of ammonia and methane in the absence of oxygen according 

to the following reaction (Gail et al., 2011): 

 

Catalyst 
CH4 + NH3 HCN + 3 H2 

Methane Ammonia Hydrogen Hydrogen 

cyanide 

 

 

(3) 

 

 
ΔH= +252 kJ/mol 

 
This is an endothermic reaction requiring temperatures above 1200 °C and performed in highly 

heated alumina tube bundles. The inside of the tubes is coated with a thin layer of a particular 

platinum catalyst. The HCN gas leaving the alumina tubes is water-cooled to 300 °C in an 

aluminium chamber. 

The main advantage of this process is the high HCN content of the gas produced. Thus allowing 

the reduction of the number of recovery steps, equipment size and cost. Another advantage is 

that 80-87 % of the ammonia and 90-94 % of the methane are used to produce HCN. In the 

event of limited methane supply, it is possible to directly carry out this process with methanol 

in a three-step reaction or with liquefied hydrocarbons or ethanol. 

2.2.3.1.3 Sohio process 

The hydrogen cyanide is produced as a by-product during the synthesis of acrylonitrile, as 

shown in the following reactions(Deepa et al., 2016) : 

Main reaction 
 
 

2 C3H6  + 2 NH3  + 3 O2 2 C3H3N + 6 H2O 
Propene Ammonia Oxygen Acrylonitrile Water 

 

(4) 

 

 
Side reactions 

 
 

2 C3H6  + 3 NH3  + 3 O2 3 C2H3N + 6 H2O 
Propene Ammonia Oxygen Acetonitrile Water 

 

(5) 
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C3H6  + 3 NH3  + 3 O2 3 HCN + 6 H2O 
Propene Ammonia Oxygen Hydrogen Water 

cyanide 

 
(6) 

 

 

 

2 C3H6  + 9 O2 6 CO2 + 6 H2O 

Propene Oxygen Carbon Water 

dioxide 

 
(7) 

 

 

A mixture of acrylonitrile, hydrogen cyanide, acetonitrile and carbon dioxide is formed. 

Hydrogen cyanide, one of the two significant by-products, is removed when the product stream 

is sent to the fractionator. 

2.2.3.1.4 Shawinigan process 

The Shawinigan process, also called the Fluohmic process, was developed in 1960 by 

Shawinigan Chemicals, now part of Gulf Oil Canada. It involves the reaction of hydrocarbon 

gases with ammonia in an electrically heated fluidised bed of coke (Gail et al., 2011). 

The reaction vessel is made of a circular cavity constructed from alumina and silica carbide. 

The reactants, a mixture of ammonia and hydrocarbon (N/C ratio slightly > 1), is passed 

through a fluidised bed of coke heated by electrodes immersed in the bed. 

The only difference between the chemical reaction of the Shawinigan process and the BMA 

process is that the Shawinigan process does not require any catalyst in its process, and the 

operating temperatures are kept above 1500 °C as shown in the following reaction: 

 

NH3 + C3H8 3 HCN +  7 H2 
Ammonia Propane Hydrogen Hydrogen 

cyanide 

 
(8) 

 

 
2.2.3.2 Natural sources of hydrogen cyanide 

The distribution of cyanide compounds is widespread in nature, where it is produced by several 

organisms such as fungi, bacteria, plants, algae (Veselá, 2015, Davis et al., 2017, Bhalla et al., 

2017, Panou and Gkelis, 2020, Nyirenda, 2021, Yu, 2014) and some animals (Veselá, 2015, 

Davis et al., 2017, Bhalla et al., 2017). These cyanide compounds release hydrogen cyanide 

(HCN) through the cyanogenesis process (Veselá, 2015, Panou and Gkelis, 2020, Nyirenda, 

2021). This process serves as a defensive and offensive mechanism (Panou and Gkelis, 2020). 
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The principal natural source of HCN is cyanogenic glycosides. They are produced by more 

than 2000 plants species (Veselá, 2015, Bhalla et al., 2017, Nyirenda, 2021, Yu, 2014, Zuk et 

al., 2020). The cyanogens are derived from amino acid precursors, as shown in the biosynthetic 

pathway depicted in Figure 2.3: 

 
COOH COOH 

H  H   H  H   H  H 

R1 C    R1  C    R1  C 

C NH2 C NHOH C NOH 
 

R2 R2 R2 

Amino acid N-Hydroxy Aldoxime 
amino acid 

 

 
Sugar 

O OH H 

R1 C R1 C R1 C 

C N C N C N 

   R2 R2 R2 
Cyanogenic Hydroxynitrile Nitrile 

glycoside (cyanohydrin) 

 

 

 

 

 

 

 
(9) 

 

 
(Source: Adapted from Nyirenda (2021)). 

 
Figure 2.3: Biosynthetic pathway of cyanogenic glycoside from amino acid 

Many bacterial species produce cyanide. They secrete the cyanogenic compounds for 

antimicrobial purposes (Bhalla et al., 2017). The cyanogens produced by bacteria originate 

from amino acid glycine (Veselá, 2015). Some of the cyanogenic bacteria are: Pseudomonas 

aeruginosa, Pseudomonas aureofaciens, Pseudomonas fluorescens (Bhalla et al., 2017, 

Broderick et al., 2008), Pseudomonas Chlororaphis, Chromobacterium violaceum (Bhalla et 

al., 2017), Anacystis nidulans, Nostoc muscorum (Panou and Gkelis, 2020, Broderick et al., 

2008), Rhizobium leguminosarum, Solanum tuberosum (Broderick et al., 2008) and 

Plectonema (Panou and Gkelis, 2020). 

Glyoxylic acid cyanohydrin, pyruvic acid cyanohydrin (Figure 2.4), and several α- 

aminonitriles have been reported to be produced by several bacteria. They use these cyanide 

compounds to suppress competitive organisms (Veselá, 2015). 
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CN 

Glyoxylic acid 
cyanohydrin 
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H3C  COOH 
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CN 

Pyruvic acid 
cyanohydrin 

 

Figure 2.4: Some cyanogens found in bacteria 

2.2.3.2.1 Fungi 

Cyanogenic fungal species secret cyanogens for antimicrobial purposes (Bhalla et al., 2017). 

The cyanogenic compounds produced by fungi are derived from amino acid glycine (Veselá, 

2015). Several fungi species belonging to Cortinariaceae, Agaricaceae, Rhodophyllaceae, 

Polyporaceae and Tricholomataceae have produced cyanide compounds (Tewe and Iyayi, 

1989). 

Glyoxylic acid cyanohydrin, pyruvic acid cyanohydrin (Figure 2.4), and many α- aminonitriles 

have also been reported in several fungi. They use these cyanogen compounds to hinder 

competitive organisms (Veselá, 2015). Some cyanogenic fungi are Aleurodiscus amorphous 

and Marasmius oreades (Caspar and Spiteller, 2015). 

2.2.3.2.2 Algae 

Green algae Chlorella Vulgaris is the major alga known to undergo cyanogenesis (Veselá, 

2015, Tewe and Iyayi, 1989). Chlorella Vulgaris is the alga in which cyanide production was 

first reported by Gewitz et al. in 1976 (Panou and Gkelis, 2020). Histidine is the amino acid 

precursor for the cyanide compounds produced by alga (Veselá, 2015, Panou and Gkelis, 

2020). The algae produce hydrogen cyanide to deter predators (Davis et al., 2017). 

2.2.3.2.3 Animals 

Some species of centipedes and millipedes can produce hydrogen cyanide (HCN). These 

terrestrial invertebrates produce HCN as a chemical defence to stop predators (Bruckner et al., 

2017, Davis et al., 2017). Arthropods, such as Chilopoda, Diplopoda and Insecta, also produce 

cyanogen glycosides to defend themselves against predators (Veselá, 2015). Sponges 

synthesise cyanogens compounds as antimicrobial agents (Veselá, 2015), while some insects 

synthesise cyanide compounds to help control their breeding behaviour (Bhalla et al., 2017). 
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2.2.3.2.4 Plants 

More than 2000 plant species produce cyanogenic glycosides (Saunders, 2012, Veselá, 2015, 

Bhalla et al., 2017, Nyirenda, 2021, Zuk et al., 2020, Cho et al., 2013, Chaouali et al., 2013, 

Ubwa et al., 2015). These natural toxins of varied structures are secondary metabolites used by 

plants to fight off many threats, including bacteria, insects, fungi, and predators (Nyirenda, 

2021). These cyanogens have been observed in many economically important crops (Veselá, 

2015, Nyirenda, 2021, Abraham et al., 2016), including sorghum, cassava, peaches, cherries, 

butter beans (Chaouali et al., 2013, Nyirenda, 2021), bamboo, linseed and apricots (Chaouali 

et al., 2013). 

Hydrogen cyanide (HCN) is released from cyanogenic compounds through a hydrolysis 

process called cyanogenesis (Figure 2.5) (Veselá, 2015, Panou and Gkelis, 2020, Nyirenda, 

2021). HCN is formed when hydrolytic enzymes are released following the maceration of plant 

tissues or gut microflora after ingestion (Saunders, 2012, Nyirenda, 2021, Chaouali et al., 2013, 

Indrastuti et al., 2018). 

 
Carbohydrate ß 

O OH 
R1 

   ß - glucosidase  Sugar 
R1  alpha-hydroxynitrilase 

R1 
C   O + HCN 

C CN + C CN 

R2 R2 
R2

 

Cyanogenic glycoside Hydroxynitrile Carbonyl Hydrogen 

(Cyanohydrin) compound Cyanide 

 

 

 
(10) 

 
 

Figure 2.5: Hydrolysis of cyanogenic glycosides 

Approximately 75 cyanogenic glycosides (Ndubuisi and Chidiebere, 2018), among which 25 

are known to be synthesised in edible plants (Nyirenda, 2021, Bolarinwa et al., 2016). The 

majority of these toxins are believed to originate from only six amino acids, namely L- 

isoleucine, L-phenylalanine, L-valine, L-tyrosine, or L-leucine, and a nonprotein amino acid 

called cyclopentenyl-glycine (Bolarinwa et al., 2016). These cyanogenic glycosides are O-ß- 

glycosidic derivatives of α-hydroxynitriles, and based on their amino acid precursor, they can 

either be aliphatic, aromatic or cyclopentenoid (Ndubuisi and Chidiebere, 2018). A glycosidic 

linkage stabilises the unstable cyanohydrin portion of these toxins to either a single sugar 

residue (cyanogenic monosaccharides), two sugar residues (cyanogenic disaccharides) or three 

sugar residues (cyanogenic trisaccharides) (Ndubuisi and Chidiebere, 2018). 
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All the HCN used in the world originate from industrial processes that rely on fossil resources. 

Therefore, concerning the decreased availability of fossil fuel reserves and the serious 

environmental concerns caused by their utilisation, it is crucial to find alternative routes for its 

production. In this context the production of HCN as sodium cyanide (NaCN) from renewable 

resources such as cassava was investigated by Attahdaniel et al. (2013) and Attahdaniel et al. 

(2020). NaCN, a hygroscopic white crystalline or granular powder, is known to release HCN 

in the presence of acids (ECETOC, 2007). 

In 2013, Attahdaniel research group prepared NaCN from cassava. The HCN released by acid 

hydrolysis was collected in 3.6 mol/L NaOH absorbing solution. The NaCN solution was dried 

at a temperature between 60 °C and 70 °C to give NaCN crystal with a maximum yield between 

4.27 % and 5.90 %. Two hydrolysis methods for HCN release from cassava, namely direct and 

acid hydrolysis, were compared in the study conducted by Attahdaniel et al. (2020). The 

released HCN was also trapped in a 3.6 mol/L NaOH absorbing solution. They reported a 

NaCN yield ranging from 3.92 % to 5.86 %, and 9.46 % to 10.08 % using direct and acid 

hydrolysis, respectively, after drying the NaCN solution at 100 °C. Interestingly, The HCN 

released in both studies was collected by direct contact between the cassava extracts and the 

absorbing solution. 

2.2.4 Application Areas of Hydrogen cyanide 

Hydrogen cyanide (HCN) is a commercial commodity, widely used in many products such as 

nylon-66, cosmetic products, adhesives, computer electronics, dyes and pharmaceuticals (Yu, 

2014). It is also used to prepare synthetic rubber, plastics and acrylic fibre (Omotayo et al., 

2015). This highly volatile compound can also be used in several processes, including 

electroplating, ores concentration (Yu, 2014, Omotayo et al., 2015), fumigation and case 

hardening of iron and steel (Omotayo et al., 2015). 

2.3 CASSAVA 

2.3.1 Introduction 

Cassava (Manihot esculenta Crantz), also called yuca, manioc or mandioca (Montagnac et al., 

2009, Shackelford et al., 2018), is a domesticated plant amongst some 100 species belonging 

to the genus Manihot (Otekunrin and Sawicka, 2019, Ubwa et al., 2015) from the 

Euphorbiaceae family (Ubwa et al., 2015, Omomowo et al., 2015). This perennial crop is 

believed to have originated from Latin America (Figure 2.6) then introduced in the western 
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part of Africa in the 16th century by Portuguese merchants (Otekunrin and Sawicka, 2019, 

Spencer and Ezedinma, 2017). Before being cultivated in Madagascar and the eastern part of 

Africa, Cassava was first cultivated in the Congo basin and the Gulf of Guinea (Otekunrin and 

Sawicka, 2019). Cassava cultivation has been well established in the Congo basin since the 

early 1650s (Mabasa, 2007). 

Cassava was introduced in South Africa (SA) during the significant tribal movements of 

Tsonga tribe members in the 1830s and 1860s. Tsonga tribe members adopted cassava as a 

food crop after being introduced into Mozambique by the Portuguese in the 17th century. They 

migrated towards the west into Mpumalanga province (old Eastern Transvaal) and Swaziland 

southward into the Northern part of KwaZulu-Natal province (Mabasa, 2007, Mudombi, 2010, 

Makwarela and Rey, 2006). Currently, it is mainly cultivated in KwaZulu-Natal, Mpumalanga 

and Limpopo (Mabasa, 2007, Govender, 2015, Britz, 2019) as a secondary food crop (Mabasa, 

2007, Mudombi, 2010, Govender, 2015, Britz, 2019) by small scale farmers (Mabasa, 2007, 

Mudombi, 2010, Britz, 2019). Large scale cassava production in SA only regained interest in 

the late 1970s. Prior to this period, its production was negatively affected by a preference for 

maise (Makwarela and Rey, 2006). 

 

 
(Source: Adapted from (NHM, 2017)). 

 
Figure 2.6: Worldwide spread of cassava 

Cassava only became a staple food widely cultivated in Africa in the middle of the 19th century 

(Otekunrin and Sawicka, 2019). Cassava is known as "the drought, war and famine crop" since 
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it can grow under marginal conditions and be harvested throughout the year. Hence, supplying 

food during war and famine (Otekunrin and Sawicka, 2019, Shackelford et al., 2018). Cassava 

is considered as a crop contributing toward food security because of the ability of the roots to 

stay in the ground for about three years (Otekunrin and Sawicka, 2019, Ifeabunike et al., 2017), 

allowing it to be left unattended without deterioration during periods of unrest (Burns et al., 

2010). 

The tuberous roots and leaves are essential for humans and animals' usage (Bayitse et al., 2017, 

Pereira et al., 2016, Abdullahi et al., 2014, Guédé et al., 2013). Cassava has also found wide 

applications in many industries (Omomowo et al., 2015, Abdullahi et al., 2014, Eletta et al., 

2016). Despite all the usefulness of Cassava, its use is limited by: 

 The presence of natural toxins, namely Linamarin and lotaustralin (Ubwa et al., 2015, 

Ifeabunike et al., 2017, Guédé et al., 2013, Tivana et al., 2014, Cuvaca et al., 2015, 

Wilberforce and Ngele, 2016), 

 The perishability of the roots (Bayitse et al., 2017, Ubwa et al., 2015, Guédé et al., 2013, 

Kouakou et al., 2016), 

 The low protein content of the roots (Guédé et al., 2013, Wilberforce and Ngele, 2016). 

 
2.3.2 Cassava Production 

Cassava is a staple food for more than 500 million people (Bayitse et al., 2017, Omotayo et al., 

2015, Diallo et al., 2014). It is cultivated mainly in the tropic and sub-tropic regions of Africa, 

Asia and Latin America (Abdullahi et al., 2014, Ding et al., 2016, Chikezie and Ojiako, 2013, 

Itoba-Tombo et al., 2019, Shackelford et al., 2018) for its roots and leaves (Ndam et al., 2019). 

Although seeds are also used to propagate cassava (Abdullahi et al., 2014), it is usually done 

by stem cuttings (Kouakou et al., 2016, Polthanee and Wongpichet, 2017). The cassava cuttings 

can be planted in horizontal, vertical or lean positions (Figure 2.7) (Abass et al., 2014, 

Abdullahi et al., 2014, Buasaengchan et al., 2019). Vertical planting is the principal method 

representing 93 % of all the propagation styles, while the lean and horizontal methods only 

represent 5 % and 2 %, respectively (Buasaengchan et al., 2019). The horizontal planting 

method is recommended in dry areas, while the vertical and lean plantation methods are 

preferable in areas of high rainfall (Abass et al., 2014). The horizontal method is preferred for 

leaf harvesting purposes (Buasaengchan et al., 2019). When planting the cassava cutting either 
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in a vertical or lean position, the knobs must be pointing upwards instead of downwards to 

avoid yield reduction (Kouakou et al., 2016). 

 

 
(Source: Adapted from Abass et al. (2014), Buasaengchan et al. (2019)). 

 
Figure 2.7: Propagation methods of cassava 

Figure 2.8 shows the cassava world production (Figure 2.8a), the primary producers (Figure 

2.8b), importers (Figure 2.8c) and exporters (Figure 2.8d) for 2017. The world cassava 

production stood at more than 291 million tonnes in 2017, with Sub-Saharan Africa (SSA) 

accounting for 60.9 % of the production, and Nigeria remains the major cassava producing 

nation with more than 59 million tonnes or 20.4 % of the global production. Globally, Thailand 

was the significant exporter of cassava flour, starch/chips and pellets in 2017 though it ranks 

third in cassava production. China was the major importer of cassava products, such as flour, 

pellets, starch and chips (Otekunrin and Sawicka, 2019). 
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(Source: Adapted from Otekunrin and Sawicka (2019)) 

 
Figure 2.8: World cassava production (a), major producers (b), major importers (c) and major 

exporters (d) for 2017 

Although SSA was the single largest cassava producing zone in 2017, none of the nations was 

among the leading exporting countries. This discrepancy can be explained because most 

cassava produced in SSA is locally consumed within each producing country (Spencer and 

Ezedinma, 2017, Chuasuwan, 2017). 

2.3.3 Cyanogenic nature of cassava 

The major limitation associated with the use of cassava is the presence of toxic cyanogenic 

glucosides in all parts of the plant (Ubwa et al., 2015, Ndubuisi and Chidiebere, 2018, 

Bolarinwa et al., 2016, Omotayo et al., 2015, Pereira et al., 2016). The ß-glucosidase enzyme, 

or linamarase, which hydrolyses the cyanogenic glucosides, is not located in the same 

compartments as the cyanogens. It is found in the cell and laticifers walls, while the cyanogens 

are inside the vacuoles (Figure 2.9) (Zidenga et al., 2017). 
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(Source: Adapted from Burns et al. (2010)). 

 
Figure 2.12: Synthesis of cyanogenic glucosides in cassava 

The cyanogens content depends on many factors, such as the genotype of the cultivar, age of 

the plant, soil type, seasonal conditions and geographic location (Nyirenda, 2021, Ndam et al., 

2019). 

The highest concentration of cyanogenic glucosides is found in cassava leaves and peels of the 

tubers (900-2000 mg HCN/Kg dry matter), while the pulp of the tubers has approximately 20 

times less toxins levels (Nyirenda, 2021, Ndubuisi and Chidiebere, 2018). Based on the 

concentration of cyanogenic glucosides or HCN released during hydrolysis, cassava cultivars 

are classified as either bitter or sweet (Ndubuisi and Chidiebere, 2018). Bitter cassava is ideal 

for the natural production of HCN since they have a higher cyanogenic glucosides content. 

The consumption of unprocessed or poorly processed cassava is linked to health issues that can 

either be classified as acute intoxication, chronic toxicity or neurological disorders, growth 

retardation, and goitre and cretinism (Nyirenda, 2021, Bolarinwa et al., 2016, Ndam et al., 

2019). These health issues are exacerbated when short cut is taken during cassava processing 

methods, especially during periods of war, famine (Nyirenda, 2021) and drought (Burns et al., 

2010). 
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2.3.4 Factors affecting the cyanide content of cassava 

The variation in cyanide concentration observed within the same cassava plant or among 

different plants (Ndubuisi and Chidiebere, 2018) is dependent on different factors, such as 

seasonal conditions, soil type. Cultivar, altitude and age. 

2.3.4.1 Seasonal conditions 

The cyanide level in cassava has been shown to increase during drought periods or prolonged 

dry weather due to water stress on the plant (Ndubuisi and Chidiebere, 2018, Ndam et al., 2019, 

Mushumbusi, 2018). 

2.3.4.2 Soil type 

The cyanide level of cassava is high when planted on sandy soils as they poorly retain water 

compared to soils with high water retention. Furthermore, the cyanide level is known to 

increase when cassava is grown on soils rich in cyanide as a result of natural processes 

(wildfire, volcanos and microbial activities), human activities (gold mining, electroplating, 

textiles and plastics productions) or both since they act as cyanide reservoir (Mushumbusi, 

2018). 

2.3.4.3 Cassava cultivar 

Several cassava cultivars have varying cyanogens concentrations, ranging from 1 to 2000mg 

HCN/Kg (Ndubuisi and Chidiebere, 2018, Mushumbusi, 2018). There are two general types of 

cassava, sweet (table cassava) and bitter (cassava for industry). This classification is linked to 

the capacity of HCN release if consumed. The variety containing less than 100mg/Kg of 

cyanogens per fresh root is sweet, while the one containing more than 100 mg/Kg of cyanogens 

is bitter (Araújo et al., 2019). However, since cassava is propagated using stem cutting, there 

is minimal variation in cyanide content between individuals from the same cultivar when grown 

under the same environmental conditions (Ndubuisi and Chidiebere, 2018). 

2.3.4.4 Altitude 

Cassava plants grown in low altitude regions have been found to have a higher cyanogens 

content compared to those grown in high altitudes (Bolarinwa et al., 2016, Mushumbusi et al., 

2020). 
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2.3.4.5 Age of cassava crop 

The cyanide level is dependent on the age of cassava. The younger the cassava crop, the higher 

the cyanogenic glucosides content (Mushumbusi et al., 2020). 

2.3.5 Analysis of cyanogenic glucosides 

Cyanogenic glucosides can be directly or indirectly determined (Bolarinwa et al., 2016, Barthet 

and Bacala, 2010, (CONTAM) et al., 2019). 

2.3.5.1 Direct determination of cyanogenic glucosides 

Direct determination of cyanogenic glucosides is based on instrumental techniques (Bolarinwa, 

2013). The intact cyanogen glucosides are analysed after extraction using one of the following 

techniques: 

 Thin-layer chromatography (TLC) (Bolarinwa et al., 2016, Barthet and Bacala, 2010). 

 
 Reversed-phase liquid chromatography (RPLC) (Bolarinwa et al., 2016, Barthet and 

Bacala, 2010). 

 Gas chromatography (Barthet and Bacala, 2010). 

 
 High-performance liquid chromatography with UV-VIS detection (HPLC-UV), diode 

array detection (HPLC-DAD) ((CONTAM) et al., 2019) or refractive index detector 

(HPLC-RI) (Barthet and Bacala, 2010). 

 Solid-phase extraction (SPE) together with liquid chromatography-tandem mass 

spectrometry (LC-MS/MS) for improved sensitivity and selectivity ((CONTAM) et al., 

2019). 

 Gas chromatography-mass spectrometry (GC-MS) (Bolarinwa et al., 2016, (CONTAM) et 

al., 2019). 

 

2.3.5.2 Indirect determination of cyanogenic glucosides 

Various methods have been developed to indirectly quantify cyanogenic glucosides as 

endogenous hydrogen cyanide (HCN) released upon cyanogenesis. The majority of the 

different methods available for the quantitative determination of HCN involve three main steps 

(Cho et al., 2013, Tivana et al., 2014, Ngugi et al., 2015): 
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2.3.5.2.1 Extraction of cyanogens from plant materials 

It is usually carried out in dilute acid, such as 0.1 mol/L of phosphoric acid (Tivana et al., 2014, 

Ndam et al., 2019), to stop endogenous linamarase activity and to stabilise the cyanohydrins 

(Tivana et al., 2014, Ngugi et al., 2015). 

The extraction can also be carried out in water (aqueous extraction) (Attahdaniel et al., 2020, 

Omotayo et al., 2015, Wilberforce and Ngele, 2016, Mushumbusi et al., 2020), preferably kept 

at a temperature lower than the HCN boiling point (25.7 °C) to prevent its loss. 

2.3.5.2.2 Hydrolysis of cyanogenic glucosides to cyanide 

The degradation of cyanogenic glucoside to cyanohydrin and glucose, then HCN in the 

prepared extract can be achieved using one of the following hydrolysis methods: 

1. Acid hydrolysis 

 
Dilute acid solutions, such as 2 mol/L of sulphuric acid (H2SO4) at 100 °C for 50 

minutes (Tivana et al., 2014), 0.8 mol/L of orthophosphoric acid (H3PO4) at room 

temperature for 12 hours (Anhwange et al., 2011) or 4 mol/L of H2SO4 at 100 °C for 

50 minutes (Cho et al., 2013) or 55 minutes (Attahdaniel et al., 2013, Attahdaniel et al., 

2020), are used to release all the bonded cyanide. 

2. Enzymatic hydrolysis 

 
Bonded cyanide is released by the action of exogenous linamarase on cyanogens 

(Tivana et al., 2014, Ngugi et al., 2015). The linamarase enzyme is added to the acid- 

extracted sample after adjusting the pH to 5-6. This hydrolysis process is fast at 

temperatures closer to 30°C and can be completed in under 15 minutes depending on 

the enzymatic activity (Tivana et al., 2014). 

3. Alkaline hydrolysis 

 
The release of HCN from cyanogens is achieved by adding sodium hydroxide (Ngugi 

et al., 2015). 

4. Autolysis hydrolysis 

 
The cyanogens are degraded by an endogenous enzyme, called linamarase, a naturally 

occurring enzyme found in cassava (Tivana et al., 2014, Diallo et al., 2014, 
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Mushumbusi et al., 2020, Attahdaniel et al., 2020, Ngugi et al., 2015). This hydrolysis 

method is suitable mainly for fresh cassava products (Tivana et al., 2014). 

The main disadvantages associated with autolysis hydrolysis are: 

 
 The long reaction time of up to 24 hours for some samples such as sun-dried 

cassava products (Tivana et al., 2014), 

 Inability to be applied to cooked or roasted products because of the permanent 

inactivation of the endogenous linamarase enzyme (Tivana et al., 2014). 

However, regardless of which method is used, total hydrolysis must be achieved to 

allow the complete release of bonded cyanide. In order to avoid loss of HCN released, 

hydrolysis must be performed in sealed containers. 

2.3.5.2.3 Analysis of endogenous cyanide 

Several methods have been developed to quantify endogenous HCN released from cyanogenic 

glucosides. 

1. Titration method 

 
This quantification technique can be divided into two groups based on the detection 

technique of the endpoint. The detection technique can either be visual in the case of 

colour change or instrumental in the case of a potential change in the electrode 

(Mousavi, 2018). 

The titration method can be used after steam distillation of hydrogen cyanide (HCN) 

from autolysed cassava samples (Tivana et al., 2014, Mushumbusi et al., 2020). The 

main disadvantage of the titration method is the loss of HCN during the distillation 

process (Tivana et al., 2014). This method is suitable for determining cyanide levels 

equal to and above 1 mg/L (Diallo et al., 2014, Mousavi, 2018). 

2. Colorimetric methods 

 
These various methods used to quantify hydrogen cyanide (HCN) rely on forming a 

coloured compound. 
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a. The alkaline picrate method 

 
There are two distinct methods under the alkaline picrate method. Sodium isopurpurate 

(sodium 3,5-dicyano-6-hydroxylamino-2,4-dinitrophenolate) is the coloured compound 

formed in this method. 

 Semi-quantitative method 

 
This method relies on the reaction of HCN with alkaline picrate paper (paper 

impregnated with alkaline picrate solution, then dried for later use). The colour 

change is matched against a colour chart (Tivana et al., 2014). 

 Quantitative method 

 
The HCN is analysed using a spectrophotometer either after dissolving the 

resulting chromophore from alkaline picrate paper (Tivana et al., 2014, Ndam et 

al., 2019) or by directly adding the alkaline picrate solution to the sample (Tivana 

et al., 2014). The amount of HCN is estimated against a standard curve. 

b. König reaction 

 
The released HCN is oxidised to a cyanogen halide by reaction with chloramine T. The 

halide formed reacts with either pyridine or a related compound to form a dialdehyde. 

The dialdehyde combines with primary amines or compounds with active methylene 

groups, such as pyrazolone or barbituric acid, to produce a coloured complex (Tivana 

et al., 2014). 

The cyanogen complex can also be reacted with sensor complexes of isonicotinic 

acid/1,3 – dimethylbarbituric acid or isonicotinic acid/barbituric acid to produce a 

coloured complex (Tivana et al., 2014). This method has a lower detection limit of 1 

mg/L (Fukushima et al., 2016). 

c. Resorcinol and picric acid method 

 
Cyanide is reacted with picric acid and resorcinol in the presence of sodium carbonate. 

This method has been shown to detect cyanide levels below 0.01 µg CN-/mL in 

environmental samples (Drochioiu et al., 2003). 
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3. Flow injection analysis (FIA) 

 
This automatic or semi-automatic analytical method emerged in 1975 uses a fixed 

sample volume or zone injected into the carrier stream continuously flowing towards 

the detector. The changes of absorbance monitored by the potential electrode are 

constantly recorded by the detector. Any physical parameter change caused by the 

passage of the sample can be used to determine cyanide (Mousavi, 2018). 

 
The detection techniques used in cyanide determination by flow injection method can 

be amperometry (Mousavi, 2018), flame atomic absorption spectrometry (Lopez 

Gomez and Martinez Calatayud, 1998, Dadfarnia et al., 2006) or fluorimetry (Recalde- 

Ruiz et al., 2000). 

 
Sulphide, which interferes with the cyanide analysis, can be eliminated by adding lead 

salt to the sample before introducing it into the analyser (Mousavi, 2018). Carbonate 

and chlorine are also known to interfere with cyanide determination. The former can be 

eliminated by adding hydrated lime to the sample, while the latter can be eliminated by 

adding sodium arsenite or ascorbic acid to the sample prior to the analysis (Mousavi, 

2018). 

4. Fluorescent probe 

 
This detection technique has many advantages over the other cyanide detection 

techniques, such as 

 Rapid response time (Yahaya and Seferoglu, 2018, La et al., 2016, Long et al., 

2019), 

 Great sensitivity (Yu et al., 2017, Yahaya and Seferoglu, 2018, La et al., 2016, 

Long et al., 2019) 

 Good selectivity (Yu et al., 2017, La et al., 2016), and 

 Easy to use (Yu et al., 2017, Yahaya and Seferoglu, 2018, La et al., 2016, Long et 

al., 2019). 

 
The development of chemo-sensors for the selective detection of cyanide has attracted 

much attention. Four principles mainly govern the strategies designed and developed 

for cyanide detection: 



37  

 Coordination to electron-deficient centre (La et al., 2016, Saha et al., 2010). 

 Nucleophilic addition to the electron-deficient π-system (La et al., 2016). 

 Hydrogen-bonding interaction (Yahaya and Seferoglu, 2018, La et al., 2016, Saha 

et al., 2010, Das et al., 2014). 

 Metal-CN- affinity (Displacement approach) (Yahaya and Seferoglu, 2018, La et 

al., 2016, Saha et al., 2010, Das et al., 2014). 

 
The principle that has gotten the greatest attention is the displacement method (La et 

al., 2016). This strategy works on the idea that cyanide ion (CN-) can extract copper 

ion (Cu2+) from the metal receptor complex to form stable Cu(CN)x which produces 

detectable optical signal attention (La et al., 2016). The special attention attributed to 

this strategy arises from the recovery of the fluorescence of the copper (II) complexes 

chromophores, normally nonfluorescent due to the paramagnetic quenching effect, 

upon addition of CN- (La et al., 2016). 

 
The detection signal or the fluorescence intensity at a single wavelength can be affected 

by many factors, like environmental conditions, probes concentration, and the 

instrument's efficiency (Yu et al., 2017, Long et al., 2019). These limitations observed 

in most fluorescent cyanide sensors are caused by fluorescence quenching or 

enhancement. However, they can be overcome by using ratiometric fluorescent probes 

(Yu et al., 2017, Long et al., 2019). These ratiometric probes use the ratio of two 

different wavelengths, thus providing a built-in correction irrespective of the 

instrumental effects, receptor concentration and environmental conditions (Yu et al., 

2017). 

 
Furthermore, almost all fluorescent probes for cyanide detection can be operated in 

organic solvents (Yu et al., 2017, Saha et al., 2010, Das et al., 2014) or mixed aqueous 

solvents (Das et al., 2014), but not suited for detection in an aqueous medium (Yu et 

al., 2017, Das et al., 2014). Nevertheless, most fluorescent probes used for cyanide 

determination in water samples only exhibit fluorescence turn-on response. This 

specific type of response suffers from the same limitations as the one observed with 

fluorescence intensity at a single wavelength, and they are also overcome by using a 

ratiometric fluorescent probe (Long et al., 2019). 
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5. Ion selective electrode (ISE) 

 
The electrochemical cell can also be used for cyanide determination. This cell 

comprises an ion-selective electrode (ISE), a reference electrode and a potentiometer. 

The ISE is mostly a membrane-based apparatus with an inner filling solution containing 

the ion of interest at the constant activity. The transportation of ions is triggered by the 

immersion of the electrode in the sample solution. The ions move from high ions 

concentrations to low ions concentration areas (Mousavi, 2018). 

 
The cyanide concentration is directly proportional to the potential difference created by 

the selective binding of ions with the specific sites on the membrane. This technique is 

suitable for analysing samples with 0.5 to 10 mg/L cyanide (Mousavi, 2018). Some of 

the advantages observed with ISE (Mousavi, 2018) are 

 fast response, 

 wide linear range, 

 economic aspects, and 

 immunity to turbidity. 

The reduction of the electrode life-span caused by heavy metals, such as mercury and 

lead, is the principal shortcoming associated with ISE (Mousavi, 2018). 

6. Amperometric method 

 
Another electrochemical technique that is used for cyanide determination is the 

Amperometric method. The cell used in this method consists of (Mousavi, 2018): 

 A working electrode 

 
This electrode can either be gold, glassy carbon or silver. Amongst these electrode 

materials, silver is commonly used because of its properties, including a wide linear 

working range of 0.5 µg/L to 1g/L, low cost, long stability and excellent 

reproducibility. 

 A reference electrode or Ag/AgCl electrode 

 
 A counter electrode or steel electrode 
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The cyanide concentration is proportional to the current produced during an anodic 

reaction (Mousavi, 2018). 

The eventual expiration of the electrode surfaces is the main shortcoming associated 

with the amperometric method. The formation of numerous products due to the 

reactions of other compounds besides cyanide with the working electrode and their 

adhesion to the electrode surface hinders other reactions. Thus, suppressing the 

generated current and the height of the recorded peaks. Other drawbacks observed with 

the coated or poisoned electrode surface are increased noise and drift in the cell. These 

limitations can be overcome by adding the appropriate standard, polishing or replacing 

the working electrode (Mousavi, 2018). Thiosulphate, metal-cyanide compounds, 

sulphide, and oxidants have also been known to cause analysis errors. 

Regardless of the analytical method used for direct or indirect cyanogenic glucosides 

determination, care must be taken during the sample handling to limit analyte loss. 

2.3.6Uses of cassava, impact of cyanide in cassava processing effluent and cyanide 

remediation 

Cassava is an important food crop for more than 500 million people worldwide (Bayitse et al., 

2017). It is widely cultivated in many tropical countries (Itoba-Tombo et al., 2019, Shackelford 

et al., 2018, Ndam et al., 2019, Lansche et al., 2020), with an approximate annual production 

of more than 291 million tonnes in 2017 (Otekunrin and Sawicka, 2019, Lansche et al., 2020). 

The crop carbohydrates production is about 40 % higher than rice and 25 % greater than maise 

(Waisundara, 2018). Hence, making it the most important source of carbohydrates in producing 

countries (Lansche et al., 2020). As reported by Ndubuisi and Chidiebere (2018), Pereira et al. 

(2016), and Bolarinwa et al. (2016), cyanogenic glucosides are found in all parts of the cassava 

plant (roots, leaves and stems) in varying concentrations because of different factors, such as 

the age of the plant and plant cultivar (Ndubuisi and Chidiebere, 2018, Mushumbusi, 2018). 

Owing to the suitability of cassava for different applications, it is a valuable feedstock in 

various industries. The detoxification of cassava produces cyanide-rich wastes. If improperly 

discharged, this waste will negatively affect the environment. 
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2.3.6.1 Cassava uses 

The importance of cassava has grown over the years because of its applicability in many sectors 

of the economy. 

2.3.6.1.1 Cassava roots 

Cassava is mainly cultivated for its swollen root (Mombo et al., 2017). The tuber has found 

many applications in different industries where it is used for: 

 Human nutrition (Omomowo et al., 2015, Lansche et al., 2020, Mombo et al., 2017, Obueh 

and Odesiri-Eruteyan, 2016), 

 Livestock feed (Omomowo et al., 2015, Lansche et al., 2020, Izah, 2018), 

 
 Starch (Omomowo et al., 2015, Mombo et al., 2017, Watthier et al., 2019, Izah, 2018, 

Shittu et al., 2016), 

 Pharmaceuticals (Watthier et al., 2019, Okudoh et al., 2014), 

 
 Chemicals and paper (Omomowo et al., 2015, Watthier et al., 2019), 

 
 Biodegradable plastics, glues, biofuels, adhesives, sweeteners and plywood (Mombo et al., 

2017). 

 

2.3.6.1.2 Cassava leaves 

Cassava leaves are used for: 

 
 Human consumption (Omomowo et al., 2015, Lansche et al., 2020, Mombo et al., 2017), 

 
 Animal feeding (Lansche et al., 2020, Buasaengchan et al., 2019) and 

 
 Natural fertilisation (Sharif et al., 2015). 

 
The hydrophobic waxy surface of the cassava leaves is exploited in the pulp and paper 

industries to make water repellent food packaging (Sharif et al., 2014). Other application areas 

of cassava leaves are in the manufacturing of biocomposite sheets (Sharif et al., 2015), in the 

pharmaceutical industries (Mustarichie et al., 2020), and in the steel industries, where they can 

be used for pack cyaniding of mild steel (Akinluwade et al., 2018, Adetunji et al., 2015). 
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2.3.6.1.3 Cassava stems 

Cassava stems are used for: 

 
 Plant propagation (Itoba-Tombo et al., 2019, de Oliveira et al., 2020, Martín et al., 2017), 

 
 Animal feeding (Adetunji et al., 2015, Martín et al., 2017), and 

 
 Starch production (Mombo et al., 2017). 

 
The stems can also be used as: 

 
 Natural fertiliser (Nuwamanya et al., 2012, Zhu et al., 2015), 

 
 Fuel for cooking (Zhu et al., 2015), 

 
 Feedstock in biofuels production (Okudoh et al., 2014, Martín et al., 2017, Zhu et al., 

2015), 

 Feedstock in biochemical and biogas production (Zhu et al., 2015). 

 
2.3.6.2 Impact of cyanide in cassava processing effluent 

Cyanide contained in all parts of the plant, except the seeds (Gustafson, 2015), is generally 

removed as waste during processing for food and sometimes feed (Lansche et al., 2020, 

Akinluwade et al., 2018). Cyanide, which is one of the significant components of liquid residues 

(Trevisan et al., 2019, Lawal et al., 2019, Olaoye et al., 2018), produced during cassava 

processing, is hazardous for: 

 The environment (Omomowo et al., 2015, Obueh and Odesiri-Eruteyan, 2016, Izah, 2018, 

Lawal et al., 2020, Achi et al., 2020), 

 Human (Omomowo et al., 2015, Lawal et al., 2020, Chibueze Izah et al., 2018), 

 
 Animals (Omomowo et al., 2015, Obueh and Odesiri-Eruteyan, 2016, Izah, 2018, Chibueze 

Izah et al., 2018) and 

 Plants (Izah, 2018, Chibueze Izah et al., 2018, Afuye and MogajI, 2015). 

 
The liquid residues produced during cassava processing originate from squeezed juice (Lawal 

et al., 2019, Jideofor, 2015) and water from extraction procedures (Oghenejoboh, 2015, 
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Howeler and Oates, 2000). The negative impacts observed with these cyanide-rich wastewaters 

are due to their unregulated disposal into: 

 The nearest available watercourse (Omomowo et al., 2015, Izah, 2018, Lawal et al., 2020, 

Chibueze Izah et al., 2018) and 

 Soils (Omomowo et al., 2015, Obueh and Odesiri-Eruteyan, 2016, Chibueze Izah et al., 

2018) 

Hence, it is crucial to treat the cassava processing effluents before disposal to reduce the 

cyanide concentration. 

2.3.6.3 Cyanide remediation 

During the production of cassava-based goods, unwanted wastewaters containing cyanide as 

one of the major components (Trevisan et al., 2019, Lawal et al., 2019, Olaoye et al., 2018) are 

generated as a result of cassava processing methods. Depending on cyanide concentration in 

the cassava wastewaters, they might represent a risk to the environments, humans, animals and 

plants (Izah, 2018). Therefore, they must be treated prior to being discharged. 

The cyanide level of the cassava processing effluents can be reduced through natural, physical, 

chemical and biological processes. All these processes aim to attain a safe waste quality for the 

environments, humans, flora and fauna (Arévalo, 2019). 

Whichever cyanide treatment process is used, the aim is to degrade the most toxic cyanide 

species at once or degrade free cyanide in the presence of interferences such as metals (Arévalo, 

2019). Besides being cheap, easy and fast, the treatment method must also be capable of 

meeting local requirements for each industry and location, without producing unwanted by- 

products during the remediation process (Arévalo, 2019). 
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CHAPTER 3: MATERIALS AND METHODS 

 

3.1 Materials 

3.1.1 Sample collection 

Fresh cassava leaves were purchased from local vendors in Durban and Johannesburg, South 

Africa. The leaves were first cleaned with tap water to remove dirt, then rinsed with Milli-Q 

water before being stored in a refrigerator at 4 °C awaiting analysis. 

3.1.2 Chemicals and Preparation of reagents 

All chemicals were Analytical grade 

 
3.1.2.1 Absorbing solutions 

a) 0.625 mol/L sodium hydroxide (NaOH) solution (2.5 % w/v) 

12.5 g of NaOH was dissolved in approximately 250 mL of Milli-Q water. The solution 

was made up to 500 mL after cooling. 

b) 5 mol/L NaOH solution (20 % w/v) 

102.128 g of NaOH were dissolved in approximately 300 mL of Milli-Q water. The 

solution was made up to 500 mL after cooling. 

c) 10 mol/L NaOH solution (40 % w/v) 

200 g of NaOH were dissolved in approximately 300 mL of Milli-Q water. The solution 

was made up to 500 mL after cooling. 

3.1.2.2 Sodium cyanide standard solutions 

Caution: Sodium cyanide and all other cyanides are deadly poisons, and extreme care 

must be taken in their use. 

a) Sodium cyanide (NaCN) stock solution (1000 CN- µg/mL) 

1.98 g of NaCN were accurately weighed and dissolved in 1000 mL of Milli-Q water. 

b) Working standard solutions for methods comparison and cyanide recovery studies 

These standards cyanide solutions were prepared by diluting suitable volumes of the 

stock NaCN solution (see Table 3.1) to 1000 mL with 0.01 mol/L sulphuric acid 

(H2SO4) solution. 
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Table 3.1: Preparation of test solutions for method comparison and cyanide recovery studies 
 
 

Flask (1000 mL) Volume of stock 
solution (mL) 

Final HCN concentration 
(µg/mL) 

1 10 10 

2 40 40 

3 100 100 

4 400 400 

 

 
c) Working standards for the spectrophotometric method 

These standards solutions were prepared by diluting appropriate volumes of 100 µg 

HCN/mL (see Table 3.2) to 25 mL with 0.01 mol/L H2SO4. 

Table 3.2: Preparation of standards for the spectrophotometric method 
 

Flask (25 mL) Volume of cyanide standard 
(mL) 

Final HCN 
concentration (µg/mL) 

0 0 Blank 

1 0.250 1 

2 1.25 5 

3 2.50 10 

4 3.75 15 

5 5.00 20 

6 6.25 25 

 

 
3.1.2.3 Reagents for the alkaline titration method 

a) 0.02 mol/L silver nitrate (AgNO3) solution 

3.4317 g of AgNO3 was accurately weighed and dissolved in 1000 mL of Milli-Q water. 

This solution was standardised with 0.02 mol/L sodium chloride (NaCl) solution (see 

section 3.2.2.1 for standardization method). 

b) 0.02 mol/L NaCl solution 

0.3015 g of NaCl was accurately weighed and dissolved in 250 mL of Milli-Q water. 

c) 5 % w/v potassium iodide (KI) solution 

12.5 g of KI was dissolved in 250 mL of Milli-Q water. 

d) 5 % w/v potassium chromate (K2CrO4) solution 

5.05 g of K2CrO4 was dissolved in 100 mL of Milli-Q water. 
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e) 6 mol/L ammonia solution (NH4OH) 

448 mL of 25 % ammonia solution were mixed with Milli-Q water to make 1000 mL 

solution. 

3.1.2.4 Reagent for the spectrophotometric method (alkaline picrate method) 

a) Alkaline picrate solution 

This solution was prepared by mixing equal volumes of 2.56 % w/v picric acid solution 

obtained by dissolving 1.31g of moist picric acid in a minimal amount of warm Milli- 

Q water, then made up to 50 mL mark and 5 % w/v sodium carbonate (Na2CO3) solution 

obtained by dissolving 2.51 g of Na2CO3 in 50 mL of Milli-Q water before the cyanide 

determination. 

Caution: Moist picric acid (2,4,6-Trinitrophenol) - Dangerously explosive if allowed 

to dry out. 

b) 0.01 mol/L sulphuric acid (H2SO4) solution 

5.16 g of 95 % H2SO4 was added to 5000 mL of Milli-Q water. 

d) Concentrated sulphuric acid (H2SO4) 

 

3.1.2.5 Reagents for the determination of sodium carbonate and sodium hydroxide in 

sodium cyanide solution 

a) 0.05 mol/L sodium carbonate (Na2CO3) solution 

1.35-1.40 g of Na2CO3 was accurately weighed and dissolved in 250 mL of Milli-Q 

water. 

b) 0.1 mol/L hydrochloric acid (HCl) solution 

10 mL of 32 % HCl were mixed with Milli-Q water to make 1000 mL solution. This 

solution was standardised with 0.05 mol/L Na2CO3 solution (see section 3.2.3 for 

standardization method). 

c) Phenolphthalein indicator solution 

1 g of the reagent was dissolved in 50 mL of 96 % ethanol, then made to 100 mL mark 

with Milli-Q water. 

d) Methyl orange indicator solution 

0.5 g of the reagent was dissolved in 100 mL of Milli-Q water. 
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3.1.2.6 Reagents for racemic lactic acid synthesis 

a) Reference materials 

DL-lactonitrile, racemic lactic acid (DL-LA) and methyl-DL-lactate purchased from 

Sigma-Aldrich were used to confirm the identity of the compounds synthesised in each 

step. 

b) 8 mol/L hydrochloric acid (HCl) solution 

170 mL of 37 % HCl were added to Milli-Q to make a 250 mL solution. 

e) Methanol (≥99.9 %, HPLC gradient grade) 

f) Concentrated sulphuric acid (95.0-97.0 % H2SO4, ACS reagent grade) 

 

3.2 Methods 

3.2.1 Extraction of hydrogen cyanide from cassava leaves 

3.2.1.1 Optimization of maceration time and temperature, and recovery time 

Selecting the optimum extraction parameters was vital in developing the extraction 

methodology. Cassava samples (20 g of washed leaves grounded in 200 mL of cold Milli-Q 

water) were subjected to different maceration times and temperatures to determine the optimum 

conditions for autolysis, hydrolysis of cyanogenic glucosides by endogenous enzyme, 

producing the maximum amount of hydrogen cyanide (HCN). Cold Milli-Q water was used to 

maintain the temperature of the homogenate below 25 °C to avoid losing HCN gas. The 

liberated HCN was collected in a 2.5 % sodium hydroxide (NaOH) solution. Samples were 

macerated at 18 °C (room temperature), 30 °C and 37 °C. At each maceration temperature, 

samples were left to stand for 60, 120, 180 and 240 minutes. The recovery of released HCN 

done under vacuum at 35 °C – 40 °C was evaluated after 30, 45 and 60 minutes. 

3.2.1.2 Release of hydrogen cyanide from plant material 

Figure 3.1 illustrates the release of hydrogen cyanide gas (HCN) from cassava leaves. 250 g of 

washed cassava leaves were grounded with 1000 mL of cold Milli-Q water in a blender for 3 

minutes. The homogenate was immediately transferred to a stoppered distillation flask and 

macerated for 120 minutes at 30 °C. 
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Figure 3.1: Release of hydrogen cyanide gas (cyanogenesis) from cassava leaves 

3.2.1.3 Recovery of released hydrogen cyanide 

The distillation flask containing the homogenate was quickly connected to a gas-tight system 

as shown in Figure 3.2 to recover the released HCN under vacuum at 35 °C – 40 °C. The flasks 

were connected using Teflon tubing through which atmospheric air was passed to agitate the 

homogenate and carry the liberated HCN. The latter was trapped in 5.0 mol/L NaOH solution 

(HCN absorbing solution) to form sodium cyanide (NaCN) solution. Before reaching the 

homogenate flask, atmospheric air was passed through a carbon dioxide (CO2) remover system. 

The CO2 remover system was built with five absorption vessels connected in series containing 

10 mol/L NaOH (CO2 absorbing solution). The flow was allowed to continue for 45 minutes. 

 

 

Figure 3.2: Hydrogen cyanide recovery under vacuum at 35 °C–40 °C 
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3.2.2 Quantification of extracted hydrogen cyanide 

A comparative study between titrimetric (alkaline titration) and spectrophotometric (alkaline 

picrate solution) methods was conducted in order to determine the most effective method for 

cyanide determination. Four standard solutions of 10, 40, 100 and 400 µg HCN/mL (see Table 

3.1) were considered. 

3.2.2.1 Alkaline titration method (Titrimetric method) 

20 mL of each standard test solution were titrated with standardised 0.02 mol/L silver nitrate 

(AgNO3). The latter was standardised using Mohr's method adapted from Korkmaz (2001). 25 

mL of the AgNO3 solution were titrated against the 0.02 mol/L sodium chloride (NaCl) solution 

using a few drops of 5 % potassium chromate (K2CrO4) solution as an indicator. The endpoint 

was signalled when the colour changed from lemon-yellow to faint red-brown. A blank titration 

was also carried. 

The cyanide concentration was determined using the alkaline titration method described by 

Anhwange et al. (2011). 20 mL of test sample were added into a conical flask containing 40 

mL of Milli-Q water, 8 mL of 6 mol/L ammonia solution and 2 mL of 5 % w/v potassium 

iodide (KI) solution, used as an indicator (Figure 3.3). The resulting solution was slowly titrated 

with standardised 0.02 mol/L AgNO3 to faint but permanent turbidity. 

The cyanide concentration was calculated according to the formula given bellow: 

 
1 mL of 0.02 mol/L AgNO3 = 1.08 mg HCN 

Or 

HCN (mg/L) = Conc. x 54 x V x (dilution/aliquot) 

 

 

(12) 

 

 

 
Where: Conc. is the concentration of standardised 0.02 mol/L AgNO3 and V is the volume of 

0.02 mol/L AgNO3 used in L 
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Figure 3.3: Titration set up 

3.2.2.2 Alkaline picrate method (Spectrophotometric method) 

The alkaline picrate method is based on the reaction between released hydrogen cyanide (HCN) 

and alkaline picrate solution (see section 3.2.2.4), producing sodium 3,5-dicyano-6- 

hydroxylamino-2,4-dinitrophenolate (Figure 3.4) (Oshima et al., 2003). The latter is commonly 

called sodium isopurpurate, and it is responsible for inducing the observed colour change. The 

colour intensity is directly proportional to the amount of cyanide present in the test samples. 

The HCN content of test samples was determined from a standard calibration curve. 

 
OH ONa 

 
O2N NO2 HOHN NO2 

 

+ Na2CO3 +  2 HCN + H2CO3 + NaOH 

Sodium Hydrogen NC CN 
Carbonic  Sodium 

carbonate cyanide   
acid hydroxide

 
(5 % w/v) 

NO2 NO2 

Picric acid 
Sodium 3,5-dicyano-6- 

(2.56 % w/v) 
hydroxylamino-2,4- 
dinitrophenolate 
(Sodium isopurpurate) 

Alkaline picrate solution 

 

 

 

 

 

(13) 

 

 
Figure 3.4: Formation of sodium isopurpurate 

Standard solutions prepared in Table 3.1 were diluted with 0.01 mol/L sulphuric acid (H2SO4) 

(see Table 3.3). Appropriate volumes of these dilute standard solutions and standard solutions 
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prepared in Table 3.2 were transferred into vials and further diluted with alkaline picrate 

solution (See Table 3.4). The method used to treat the test samples (Figure 3.5) was adapted 

from Brito et al. (2009). For colour development, the vials were incubated for 15 minutes in a 

water bath at 37 °C. 15 µL of concentrated H2SO4 were added afterwards to stop the reaction 

and increase the stability of the readings. The absorbance of the resulting coloured solutions 

was measured using a UV-1800 Shimadzu UV-Visible spectrophotometer at 485 nm. The 

blank prepared with 0.01 mol/L H2SO4 was used to adjust the absorbance reading to zero. 

Table 3.3: Dilution of standard test solutions 
 

 
 

Concentration 

of cyanide 

standard 

(µg/mL) 

Volume of 

cyanide 

standard 

(mL) 

Volume of 

0.01 mol/L 
H2SO4 

(mL) 

Final volume 

(mL) 

Final HCN 

concentration 

(µg/mL) 

10 2 0 2.00 10 

40 1 1.00 2.00 20 

100 0.400 1.60 2.00 20 

400 0.100 1.90 2.00 20 
 

 

 

 

 

Table 3.4: Preparation of cyanide solutions for UV analysis 
 

Standard solutions for the calibration curve 

 
Vial 

Concentration of 

cyanide standard 

(µg/mL) 

Volume of 

cyanide standard 

(ml) 

Volume of 

alkaline picrate 

solution (mL) 

Final HCN 

concentration 

(µg/mL) 

1 1 2 2 0.5 

2 5 2 2 2.5 

3 10 2 2 5.0 

4 15 2 2 7.5 

5 20 2 2 10.0 

6 25 2 2 12.5 
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Table 3.4: Preparation of cyanide solutions for UV analysis (cont’d) 

 
Test standard solutions 

 
Vial 

Concentration of 

cyanide standard 

(µg/mL) 

Volume of 

cyanide standard 

(ml) 

Volume of 

alkaline picrate 

solution (mL) 

Final HCN 

concentration 

(µg/mL) 

7 10 2 2 5.0 

8 20 2 2 10.0 

9 20 2 2 10.0 

10 20 2 2 10.0 
 

 
 

 

 
Figure 3.5: Samples preparation for UV analysis 

3.2.3 Determination of sodium carbonate and sodium hydroxide in sodium cyanide 

Solutions 

The amount of sodium carbonate (Na2CO3), formed by the reaction between atmospheric 

carbon dioxide (CO2) and NaOH absorbing solution, need to be quantified and removed before 

drying the sodium cyanide (NaCN) solution since it will affect the yield of the starting material 

needed to synthesise racemic lactic acid (DL-LA) if present in a significant amount. Na2CO3 

was removed by the freezing out carbonates method described by Asterion (2016). The NaCN 

solution (distillate) was cooled to a temperature close to zero (1 °C – 4 °C) to remove Na2CO3 
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by precipitation. The carbonate thus removed could be used in the alkaline picrate method (see 

section 3.2.2.2). Residual sodium hydroxide (NaOH) was also determined since it influences 

the amount of Na2CO3 formed during the drying process. 

Na2CO3 and residual NaOH content in the NaCN solution was determined by the indicator 

method against standardised 0.1 mol/L hydrochloric acid (HCl) solution (eGyanKosh, 2017). 

The latter was standardised by titrating 25 mL against a primary solution of 0.05 mol/L Na2CO3 

using methyl orange indicator. The endpoint was signalled when the colour changed from 

yellow to orange. The concentration of HCl solution was calculated based on the following 

equation: 

 

𝑀 = 
2 𝑀𝑁𝑎₂𝐶𝑂₃ × 𝑉𝑁𝑎₂𝐶𝑂₃ 

𝐻𝐶𝑙 𝑉𝐻𝐶𝑙
 

 
(14) 

 
 

There were two equivalence points associated with the determination of Na2CO3 and NaOH in 

the NaCN solution. The first equivalence point, which indicates complete neutralisation of 

NaOH and half neutralisation of Na2CO3 or its conversion to the bicarbonate, was detected 

with phenolphthalein. 25 mL of sample was titrated against standardised 0.1 mol/L 

hydrochloric acid (HCl) solution until the indicator colour changed from pink to colourless. 

The second equivalence point indicating neutralisation of the bicarbonate was detected with 

methyl orange. Two drops of the latter were added to the above sample, and the titration was 

continued till the colour changed from yellow to orange. The corresponding chemical reactions 

associated with this method are summarised as: 

 

OH- +  H+   H2O 

(NaOH)  (HCl) 

CO 2- + H+   HCO - 
3 3 

 

 
Equivalence point detected 
with phenolphthalein 

(Na2CO3) (HCl) (15) 

 

 

HCO3
- +  H+   H2CO3 

(HCl) 

Equivalence point detected 
with methyl orange 
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The concentration and strength of Na2CO3 and NaOH in the NaCN solution were calculated 

based on the equations shown below and displayed in Table 3.5: 

a) Estimation of the concentration of Na2CO3 in the NaCN solution in mol/L 
 

𝑀𝐻𝐶𝑙 × 𝑉𝐻𝐶𝑙 
𝑀

𝑁𝑎₂𝐶𝑂₃ 
= 

2𝑉 
𝑁𝑎₂𝐶𝑂₃ 

 

(16) 

 

 
b) Estimation of the strength of NaCO3 in the NaCN solution in g/L 

 

𝑀𝑁𝑎₂𝐶𝑂₃  × 𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠𝑁𝑎₂𝐶𝑂₃ (17) 

 

c) Estimation of the concentration of NaOH in the NaCN solution in mol/L 
 

𝑀 = 
𝑀𝐻𝐶𝑙 × 𝑉𝐻𝐶𝑙 

𝑁𝑎𝑂𝐻 𝑉𝑁𝑎𝑂𝐻
 

 

(18) 

 

 
d) Estimation of the strength of NaOH in the NaCN solution in g/L 

 

𝑀𝑁𝑎𝑂𝐻  × 𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠𝑁𝑎𝑂𝐻 (19) 

 
 

Table 3.5: Volumes of HCl solution used to titrate Na2CO3 and NaOH in the NaCN solution 
 
 

Sample Burette reading Titrant used Titrant Titrant used 

for HCO - 
3 

(mL) 

Titrant Titrant used 

Aliquot  (mL)  for NaOH used for used for for NaOH 

(mL)    and half of NaOH and Na2CO3 (mL) 

 Initial 
1st 2nd 

Na2CO3 Na2CO3 (mL)  

 volume endpoint endpoint (mL) (mL)   

25 V1 V2 V3 V4 = (V2-V1) V5 = (V3-V1) V6 = (V5-V4) Va=2V6 Vb= (V5-2V6) 

(Source: adapted from eGyanKosh (2017)). 

 
3.2.4 Drying of sodium cyanide solution 

Figure 3.6 illustrates the drying process. The volume of the sodium cyanide solution (NaCN) 

prepared using hydrogen cyanide (HCN) extracted from cassava leaves was reduced on a 

hotplate prior to drying. The concentrated solution was then tested for residual sodium 

hydroxide (NaOH) and sodium carbonate (Na2CO3) according to the method described in 

section 3.2.3. The purified cyanide concentrate was further dried on a rotary evaporator before 

being placed in the oven at 100 °C to obtain the NaCN salt (green NaCN). The yield of NaCN 

produced was calculated based on the following formula: 
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𝑚𝑎𝑠𝑠 𝑜𝑓 𝑁𝑎𝐶𝑁 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 
% 𝑦𝑖𝑒𝑙𝑑 𝑁𝑎𝐶𝑁 =  × 100 % 

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑐𝑎𝑠𝑠𝑎𝑣𝑎 𝑙𝑒𝑎𝑣𝑒𝑠 

 

(20) 

 

 
 

 

Figure 3.6: Steps of drying process 

3.2.5 Synthesis of racemic lactic acid 

The chemical synthesis process used to prepare racemic lactic acid (DL-LA) is a four-step 

process (Ghaffar et al., 2014, Komesu et al., 2017b). The yield of product synthesised at each 

step was calculated using the following formula: 

 

𝑎𝑐𝑡𝑢𝑎𝑙 𝑦𝑖𝑒𝑙𝑑 
% 𝑦𝑖𝑒𝑙𝑑 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 =  × 100 % 

𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑦𝑖𝑒𝑙𝑑 

 

(21) 

 

 
3.2.5.1 Addition of hydrogen cyanide/Preparation of DL-lactonitrile 

DL-lactonitrile (2-hydroxypropanenitrile) was prepared by the addition of hydrogen cyanide 

(HCN), generated in situ from synthesised sodium cyanide (NaCN) salt (see section 3.2.4), to 

acetaldehyde according to the method adapted from Chan (1985). 

a) 58 mL (1.03 mole) of acetaldehyde was slowly added to a stirred aqueous sodium 

cyanide solution (48 g or 0.98 mole in 116 mL of Milli-Q water) for 1 hour at a 

temperature kept at 0 °C – 5 °C. The reaction mixture was stirred at the same 

temperature for an additional hour after completing the addition step. 

b) 80 mL (0.98 mole) of 37 % hydrochloric acid (HCl) was then fed into the reaction 

vessel at 0 °C – 5 °C temperature for two and a half hours. The reaction mixture was 
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stirred for an additional 30 minutes at the same temperature before being extracted with 

3 x 50 mL of diethyl ether. 

c) The ethereal extracts were dried with magnesium sulphate, then concentrated by rotary 

evaporation to give DL-lactonitrile. The chemical reaction associated with this step can 

be summarised as: 

CH3CHO + NaCN + HCl 
0 - 5°C 

CH3CH(OH)CN + NaCl 

 
Acetaldehyde 48 g in 80 mL DL-lactonitrile 

58 mL 116 mL 

 

 

(22) 

 

 
3.2.5.2 Hydrolysis by hydrochloric acid 

DL-lactonitrile was hydrolysed with dilute HCl to produce DL-LA (2-hydroxypropanoic acid) 

based on the following method: 

The reaction mixture prepared by adding 8 M HCL to DL-lactonitrile was refluxed for six hours 

at 100 °C. The chemical reaction associated with the hydrolysis step can be summarised as: 

 

Reflux at 100°C 
CH3CH(OH)CN + 2H2O  + HCl CH3CH(OH)COOH  + NH4Cl 

6 hours 

DL-lactonitrile  Dilute HCl crude DL-lactic acid 
(8.0000 mol/L) 

 

 
(23) 

 

 
3.2.5.3 Esterification (Fischer esterification) 

Crude DL-LA was isolated and purified by esterification with methanol to produce methyl- 

DL-lactate (methyl (±)-2-hydroxypropanoate) according to the following method: 

2.5 moles of methanol and 5 mL of concentrated sulphuric acid (H2SO4) were added to crude 

DL-LA. The reaction mixture was then refluxed for six hours at 100 °C. Methyl-DL-lactate 

was isolated and purified from the reaction mixture by rotary evaporation. The chemical 

reaction associated with this step can be summarised as: 

 

Catalyst 

CH CH(OH)COOH + CH OH 
 (5 mL conc. H2SO4) 

CH CH(OH)COOCH + H O 
3 3 3 3 2 

Reflux at 100°C 
Crude DL-lactic acid 2.5 moles 6 hours Methyl-DL-lactate 

(exess) 

 

 
(24) 
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3.2.5.4 Hydrolysis by acidified water 

Methyl-DL-lactate was hydrolysed with acidified Milli-Q water to produce pure DL-LA. The 

methanol produced was removed and recycled back in the synthesis process. The method used 

to prepare purified DL-LA is as follow: 

2.5 moles of Milli-Q water and 5 mL of concentrated H2SO4 were added to methyl-DL-lactate. 

The reaction mixture was refluxed for six hours at 100 °C. The chemical reaction associated 

with this hydrolysis step can be summarised as: 

 

Catalyst 
(5 mL conc. H2SO4) 

CH3CH(OH)COOCH3 + H2O 
Reflux at 100°C 

CH3CH(OH)COOH + CH3OH 

Methyl-DL-lactate 2.5 moles 6 hours Pure DL-lactic acid 
(exess) 

 

 
(25) 

 
The overall yield of this multistep synthesis process was calculated using the partial yields 

(yield from each synthesis step) expressed to decimals: 

 
𝑂𝑣𝑒𝑟𝑎𝑙𝑙 % 𝑦𝑖𝑒𝑙𝑑 = (𝑦𝑖𝑒𝑙𝑑 1 × 𝑦𝑖𝑒𝑙𝑑 2 × 𝑦𝑖𝑒𝑙𝑑 3 × 𝑦𝑖𝑒𝑙𝑑 4) × 100% (26) 

 

 

3.2.6 Structural confirmation of synthesised products 

ATR-FTIR, XRD, and SEM-EDS were used to determine the identity, crystal structure, and 

purity of the green NaCN, obtained as described in section 3.2.4 against a control NaCN 

sample. On the other hand, the products isolated during the synthesis process of racemic lactic 

acid (see section 3.2.5) were identified by ATR-FTIR and 1H-QNMR. The latter technique was 

also used to evaluate the purity of products. 

3.2.6.1 Attenuated Total Reflectance - Fourier Transform Infrared Spectroscopy (ATR- 

FTIR) 

On a Shimadzu QART-S single reflectance ATR accessory linked to an IR Spirit Shimadzu 

Spectrophotometer, the ATR-FTIR spectra of both control and green NaCN were recorded in 

the wavenumber range of 4000–400 cm-1. The same settings were used to investigate control 

and precipitated Na2CO3. 

3.2.6.2 X-ray diffraction analysis (XRD) 

The crystal structure and phase purity of finely crushed and homogenous green NaCN and 

precipitated Na2CO3 were investigated using this technique. The XRD patterns were obtained 

on a PANalytical X'Pert PRO X-Ray Diffractometer at 25 °C and an angle of 2θ using CuKα 
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radiation (wavelength (λ) = 1.5406 Armstrong (Å)). All the samples were analysed using the 

PANalytical program X’Pert Highscore in a range of 4.0124 to 89.9814°2θ using a step size of 

0.0170°/step. 

3.2.6.3 Scanning Electron Microscopy with Energy Dispersive X-Ray spectroscopy 

(SEM-EDS) 

This technique was utilised to analyse the morphology and determine the elemental 

composition of finely crushed green NaCN and precipitated Na2CO3. SEM-EDS spectra were 

recorded on JEOL 7800F Field Emission Scanning Electron Microscope (FE-SEM). Control 

NaCN and Na2CO3 were studied on the same instrument 

3.2.6.4 1H Quantitative nuclear magnetic resonance (1H QNMR) 

 
The acquisition was carried out using a Bruker Avance III HD spectrometer, operating at a 

proton frequency equal to 500 MHz. This technique was chosen for quantitative analysis since 

the NMR peak area (integral) is proportional to the number of nuclei (Choi et al., 2021). This 

relation will be used to determine the concentration or purity of the isolated products by 

comparing peak areas. Control and synthesised DL-lactonitrile were prepared in dimethyl 

sulfoxide-d6 (DMSO-d6, ≥ 99.9 %), while the other samples were prepared in deuterium oxide 

(D2O, 99.95 %). Dimethylformamide (DMF, ≥ 99.8 %) was used as an internal standard (IS) 

to evaluate the purity of the isolated products. The NMR samples were prepared by transferring 

50 µL of the analyte and 5 µL of DMF to 500 µL of solvent. The resulting solutions were 

vigorously shaken then transferred to the NMR tubes for analysis. The number of scans was 

32. All NMR spectra were processed using the MestReNova software. The first step in using 

the information provided by the NMR spectrum was to identify the chemical shift signal(s) 

arising from the target analyte. In this study, the signal(s) identification was achieved by 

comparing the target analyte spectrum to that of the control sample. The chemical shifts were 

referenced to 2.50 ppm for DMSO-d6 and 4.65 ppm for D2O. The next step was to determine 

the integral of the signal peak. When dealing with a target analyte giving rise to one chemical 

shift signal, its integral and the number of protons causing the signal must be used to determine 

the purity of the target analyte. However, when dealing with multiple chemical shift signals, 

the integral of the target analyte is the average of its normalised integrals. The number of 

protons taken as one was used to determine the purity (Pauli et al., 2014). The integral of a 

target analyte giving rise to multiple signals was calculated as follows: 
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𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 = 1 + 2 + ⋯ 𝑥) ÷ 𝑁 
(      
𝑛1 𝑛2 𝑛𝑥 

(27) 

 

Where Int is the integral, n is the number of protons giving rise to the signal and N is the number 

of signal within the target analyte. 

 

The purity of the target analyte was determined using the following equation: 
 

𝐴𝑡 𝑛𝑠𝑡𝑑 𝑀𝑤𝑡 𝑊𝑠𝑡𝑑 

𝑃𝑡 = 
𝐴𝑠𝑡𝑑 

×  
𝑛𝑡 

× 
𝑀𝑤𝑠𝑡𝑑 

×  
𝑊𝑡  

× 𝑃𝑠𝑡𝑑 

 
(28) 

 

Where P is the purity, A is the NMR peak area, n is the number of 1H atoms contributing to the 

signal, Mw is the molecular weight, W is the weight, and subscripts “t” and “std” refer to target 

analyte and the internal standard, respectively. 

 

The weight of the target analyte was determined from the measured density as follows: 
 

 
 

𝑊𝑒𝑖𝑔ℎ𝑡 = 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 × 𝑣𝑜𝑙𝑢𝑚𝑒 𝑢𝑠𝑒𝑑 (29) 
 

 
 

3.2.7 Statistical analysis 

Four replicates were performed in all analyses, except where otherwise specified. Statistical 

analyses were performed in excel (Microsoft office 2016). Results were expressed as the mean 

± standard error of the mean (SEMstat.), except for optimization of maceration time and 

temperature. 
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CHAPTER 4: RESULTS AND DISCUSSION 

4.1 Comparative study using two different analytical methods 

 
In order to determine the most effective method to quantify hydrogen cyanide (HCN), the 

alkaline picrate method (spectrophotometric method) and alkaline titration method (titrimetric 

method) were compared. Four standard test solutions of 10, 40, 100 and 400 µg HCN/mL were 

considered (see Table 3.1). The results of the analysis are summarised in Table 4.1. 

 

Table 4.1: Hydrogen cyanide concentration in standard solutions as determined by two 

different methods 

 

 

Concentration (µg/mL) 

   

Expected 

 

Determined±SEM 
 

Method n   tcalculated 

Alkaline picrate method 4 10 9.79±0.07 -3.184 

Alkaline titration method 4 10 12.81±0.52 5.380 

 

Concentration (µg/mL) 

   

Expected 

 

Determined±SEM 
 

Method n   tcalculated 

Alkaline picrate method 4 40 40.40±0.22 1.796 

Alkaline titration method 4 40 43.60±0.44 8.090 

 

tcritical (95 % CL, 3 degrees of freedom) = 3.182 
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Table 4.1: Hydrogen cyanide concentration in standard solutions as determined by two 

different method (cont’d) 

 

 

Concentration (µg/mL) 

   

Expected 

 

Determined±SEM 
 

Method n   tcalculated 

Alkaline picrate method 4 100 100.85±0.30 2.786 

Alkaline titration method 4 100 103.82±0.52 7.326 

 

Concentration (µg/mL) 

   

Expected 

 

Determined±SEM 
 

Method n   tcalculated 

Alkaline picrate method 4 400 400.95±0.38 2.479 

Alkaline titration method 4 400 404.94±0.70 7.014 

 

tcritical (95 % CL, 3 degrees of freedom) = 3.182 

 
The expected and determined HCN concentrations were significantly different (tcalculated > tcritical 

at 95 % confidence level) with the titrimetric method. This discrepancy in HCN concentration 

could be attributed to the analyst's arbitrary determination of the endpoint signalled by faint 

but permanent turbidity. Hence, the visual endpoint detection technique was replaced with the 

instrumental technique for an accurate endpoint determination (Mousavi, 2018). 

 

The HCN concentrations determined by the spectrophotometric method (see Table 4.1), 

interpolated from the standard calibration curve shown in Figure 4.1, were found to be not 

significantly different from the standards (tcalculated < tcritical at 95 % confidence level). 
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Figure 4.1: Typical standard calibration curve for the spectrophotometric determination of 

HCN 

 

The above curve was generated using absorbance values given in Table 4.2. Although this 

method's determination of higher concentrations relied on dilution (see Table 3.3), the 

measured absorbance values (see Table 4.2) were close to the expected values. These results 

show the high reproducibility and reliability of the spectrophotometric method. A new 

calibration curve was generated for each cyanide determination since the analysis was done 

overtime during the saturation process (see section 4.3). 

 

Table 4.2: Absorbance values 
 

Standard solutions for the calibration curve 

Vials HCN concentration 
(µg/mL) 

Absorbance 

1 0.5 0.038 

2 2.5 0.278 

3 5.0 0.609 

4 7.5 0.958 

5 10.0 1.308 

6 12.5 1.648 
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Table 4.2: Absorbance values (cont’d) 
 

Test standard solutions 

 HCN concentration 

(µg/mL) 

 Absorbance  

Vials Expected Measured 

7 5.0 0.609 0.612 

8 10.0 1.308 1.316 

9 10.0 1.308 1.314 

10 10.0 1.308 1.306 

 

4.2 Optimization of hydrogen cyanide extraction from cassava leaves 

 
An attempt was made to find the optimum conditions (maceration time, maceration temperature 

and recovery time of liberated hydrogen cyanide gas) for maximum hydrogen cyanide (HCN) 

generation from cassava leaves via autolysis of the main cyanogenic glucoside Linamarin and 

the small amount of lotaustralin. 

 

Identifying these conditions was helpful in the processing of cassava leaves to ensure complete 

hydrolysis of cyanogenic glucosides for the complete release and volatilisation of HCN gas. 

 

4.2.1 Optimization of maceration time 

 
Figure 4.2 shows the hydrogen cyanide (HCN) concentration from cassava leaves macerated 

for 60, 120, 180 and 240 minutes. HCN concentrations increased from 60 to 240 minutes for 

all the replicate analyses. However, while minimal from 120 to 240 minutes, it was rather 

abrupt from 60 to 120 minutes. 
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Figure 4.2: HCN concentration (mg/Kg) at different maceration times 
 

Therefore, based on these results, it is safe to say that autolysis can be carried out for 120 to 

240 minutes. This finding corroborates the earlier reports by Dusica et al. (2012), who 

macerated linseed for 120 to 240 minutes, while Omotayo et al. (2015); Gervason A et al. 

(2017) and Wangari (2013) left the cassava samples to stand for 180 minutes before trapping 

the liberated HCN gas in an absorption solution. Thus, 120 minutes of maceration time was 

used throughout this work to generate HCN gas from cassava leaves. 

 

4.2.2 Optimization of maceration temperature 

 
Figure 4.3 shows the HCN concentrations extracted from cassava leaves macerated at 18 °C 

(room temperature), 30 °C, 37 °C for 120 minutes. The concentration of extracted HCN 

increased from 18 to 30 °C and decreased beyond 30 °C. These results suggest that the optimum 

temperature for the enzymatic activity of linamarase and α-hydroxynitrile lyase enzymes, both 

found in cassava leaves, is 30 °C. The decrease in HCN concentrations beyond 30 °C could be 

caused by the decrease in enzymatic activity (Castada et al., 2020, Adeleke et al., 2017) or 

enzymes inactivation (Castada et al., 2020). From these results, the optimum maceration 

temperature was 30 °C. This temperature was used in further HCN extraction. 
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Figure 4.3: HCN concentration (mg/Kg) at different maceration temperatures 

4.2.3 Optimization of recovery time 

 
Figure 4.4 shows that the percentage of HCN gas recovered at different times, from cassava 

leaves macerated at 30°C for 120 minutes and extracted under vacuum at 35 °C – 40 °C, were 

97.68±0.51 %; 98.28±0.52 % and 96.55±0.53 % after 30, 45 and 60 minutes of extraction, 

respectively. Although all the % HCN recovered at different times fall within the accepted 

range of 95 % - 105 %, we can see from these results that the highest recovery was achieved 

after 45 minutes of extraction. 
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Figure 4.4: % HCN recovered at different times under vacuum at 35 °C – 40 °C 
 

From the obtained results, the optimum conditions for maximum generation of HCN gas from 

cassava leaves via autolysis were determined to be maceration at 30 °C for 120 minutes with 

an extraction time of 45 minutes under vacuum at 35 °C – 40 °C. 

 

4.3 Saturation of absorbing solution with naturally produced hydrogen 

cyanide 

The saturation of the absorbing solutions with HCN gas extracted from cassava leaves was 

done using the optimum HCN extraction conditions described in section 4.2. Figure 4.5 shows 

the results for the saturation of the absorbing solution used in this study, which consisted of 

400 ml of 5.1064 mol/L NaOH. According to the result, 42.75 Kg of fresh cassava leaves were 

needed to saturate the absorbing solution. Hence, the amount of cassava leaves required for the 

saturation process solely depends on their HCN content. The saturation process done using the 

optimum extraction conditions was continued until the concentration of the prepared NaCN 

solution, determined by the spectrophotometric method, plateaued. 



66  

 

 

Figure 4.5: Saturation of 5.1064 mol/L NaOH absorbing solution over time with HCN gas 

extracted from cassava leaves 

 

In addition, the NaCN concentration at the end of the saturation process (4.0421 mol/L) was 

found to be lower than that of the original absorbing solution (5.1064 mol/L). Based on this 

result, the NaCN's final concentration is affected by the concentration of the absorbing solution, 

and the amount of CO2 absorbed from the atmosphere. The reaction between CN- ions and CO2 

with Na+ ions forming NaCN and Na2CO3 causes the decrease in NaCN's concentration. Hence, 

the concentration of absorbing solution must always be higher than the intended NaCN 

concentration, and care must be taken to limit the exposure of absorbing solution to 

atmospheric air. 

 

4.4 Determination of sodium carbonate and residual sodium hydroxide in 

sodium cyanide salt 

Table 4.3 shows the titration results and the Na2CO3 and the residual NaOH contents in sodium 

cyanide salts as determined by the indicator method against standardised 0.1 mol/L HCl 

solution. Na2CO3 is formed by the reaction between atmospheric CO2 and the NaOH absorbing 

solution. 
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the NaCN concentration. This unreacted NaOH can react with atmospheric CO2 to form more 

Na2CO3 impurities during the drying process. Therefore, it is preferable to carry on with the 

saturation process long after the onset of plateauing of NaCN concentration to reduce the 

amount of residual NaOH and dry the distillate concentrate in an inert oven. The reaction 

between atmospheric CO2 and the absorbing solution during its preparation and handling also 

adds to the amount of Na2CO3. 

 

4.5 Characterization of sodium cyanide prepared using HCN gas extracted 

from cassava leaves 

The NaCN salt prepared according to the method described in section 4.3 (green NaCN) and 

dried as per the method described in section 3.2.4 was characterised against NaCN standard 

salt to confirm its identity and crystal structure and determine its purity. After drying the thus 

prepared NaCN solution, 79.241 g of NaCN salt were obtained, representing a percentage yield 

of 0.19 %. The latter was calculated using equation 20: 

 

 

% yield NaCN = 
79.241g 

 
 

42.75 × 10³ g 

 

× 100 % = 0.19 % 

 

This low yield further confirms that the cassava leaves used in this study had a low HCN 

content. Therefore, it can be improved by using cassava variety or different cyanogenic plants 

with a higher HCN content. 

 

4.5.1 Attenuated total reflectance- Fourier transform infrared spectroscopy (ATR-FTIR) 

 
Figure 4.6 shows the ATR-FTIR spectra of control and green NaCN. Due to water absorption, 

the small, sharp O-H stretching peak at 2970 cm-1. They exhibited a characteristic sharp, high- 

intensity peak at 2090 cm-1 corresponding to C≡N stretching vibration, observed with inorganic 

cyanide (Nandiyanto et al., 2019). Next to this, an absorption band occurred at 1738 cm-1, 

followed by another band at 1594 cm-1 (control NaCN) and 1607 cm-1 (green NaCN). These 

peaks appeared due to vapour phase water. 

Since NaCN prepared from the neutralisation method is always known to contain Na2CO3 as 

its major impurity, the characteristic IR absorption bands known for the carbonate group were 

found in both the control and synthesised sample. The IR spectrum of control NaCN showed 

C-O stretching peak at 1449 cm-1 and C-O in-plane and out of plane bending peaks at 863 cm- 
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1 and 686 cm-1, respectively. The spectrum of green NaCN showed an intense, broad band at 

1438 cm-1 attributed to C-O stretching and narrow, sharp bands at 879 cm-1 and 702 cm-1 

corresponding to C-O in-plane and out of plane bending, respectively. The high intensities of 

the carbonate group observed in green NaCN further confirm the titration findings shown in 

Table 4.3. 

 

 
Figure 4.6: ATR-FTIR spectra of sodium cyanide 

Figure 4.7 shows the ATR-FTIR spectra of control and precipitated Na2CO3. The spectrum of 

the control sample showed a small, broad peak at 1738 cm-1 resulting from vapour phase water. 

The intense, broad absorption band at 1421 cm-1 was attributed to C-O stretching. The narrow, 

sharp bands at 878 cm-1 and 702 cm-1 appeared due to C-O in-plane and out of plane bending, 

respectively. The spectrum of precipitated Na2CO3 showed similar peaks except for the small, 

broad peak at 3575 cm-1 caused by vapour phase water and the narrow peak at 2970 cm-1 caused 

by water absorption by the sample. 
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Figure 4.7: ATR-FTIR spectra of sodium carbonate 

4.5.2 X-ray diffraction analysis (XRD) 

 
Figure 4.8 shows the XRD pattern for control and green NaCN. From the patterns, the two 

samples showed similar XRD patterns at 2θ angles of (30.3622°, 30.4557°); (34.1697°, 

34.3051°); (38.6422°, 38.5661°); (43.4601°, 43.5524°); (51.4398°, 51.5940°); (53.9323°, 

54.0450°); (63.1456°, 63.2228°) and (71.6529°, 71.,7345°), respectively. The control NaCN 

phase was matched to sodium cyanide reference phase ICDD 00-030-1187, while the green 

NaCN phase was matched to sodium cyanide reference phase ICDD 00-037-1490. Further 

analysis of the XRD pattern of the synthesised sample revealed the presence of Na2CO3. The 

phase of the latter was matched to sodium carbonate reference phase ICDD 00-037-0451. 

These results are in accordance with NaCN ATR-FTIR and titration findings, as shown in 

Figure 4.6 and Table 4.3, respectively. Both techniques showed that green NaCN had a high 

Na2CO3 level (2.49 %) than control NaCN (0.72 %). The discrepancy in Na2CO3 level can be 

explained by the reaction between residual NaOH (4.20 % in green NaCN) and atmospheric 

CO2 during the drying process, done in an air oven. 
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Figure 4.8: X-ray diffraction patterns of sodium cyanide 
 

The XRD patterns of control and precipitated Na2CO3 as shown in Figure 4.9 had great 

similarities at 2θ angles, with the following peaks having noticeable intensities: (26.0488°, 

26.1171°); (27.6403°, 27.6929°); (30.1267°, 30.2095°); (33.0273°, 33.1090°); (34.1899°, 

34.2551°); (34.5083°, 34.5967°); (35.2238°, 35.2897°); (37.9650°, 38.0721°); (41.0923°, 

41.1613°); (41.4807°, 41.5597°); (46.5246°, 46.6025°); (48.2568°, 48.3199°); (53.5670°, 

53.6561°); (72.2691°, 72.0894°); (74.4908°, 74.5749°) and (80.3060°, 80.4246°), respectively. 

The control and green NaCN phases were strongly matched to the sodium carbonate reference 

phase ICDD 04-011-4108 and ICDD 05-001-0022. 

 

Based on the results, green NaCN and precipitated Na2CO3 were crystalline. Green NaCN had 

a cubic crystal structure (experimental values: a=b=c=5.8894 Å and α=β=γ=90°) (Tesleva et 

al., 2016), while precipitated Na2CO3 had a monoclinic crystal structure (experimental values: 

a=8.9040 Å, b=5.2390 Å, c=6.0420 Å and α=γ=90°, β=101.35°). 
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Figure 4.9: X-ray diffraction patterns of sodium carbonate 

4.5.3 Scanning electron microscopy with energy dispersive x-ray spectroscopy 

(SEM/EDS) 

The morphology of control samples (NaCN (a) and Na2CO3 (c)), green NaCN (b) and 

precipitated Na2CO3 (d) are shown in Figure 4.10. Based on the SEM images, the monoclinic 

shape of Na2CO3 was also observed in control NaCN sample, which appeared cubic in structure 

(Figure 4.10a). A similar observation was made with the synthesised sample (green NaCN) 

(Figure 4.10b). The SEM images of control Na2CO3 (Figure 4.10c) and precipitated Na2CO3 

(Figure 4.10d) showed an identical monoclinic structure. These results agree with the ones 

obtained from ATR-FTIR and XRD analysis. 

In order to confirm the formation of NaCN by the proposed method, EDS analysis was 

performed on the synthesised salt. From the EDS spectrum in Figure 4.10b, both NaCN and 

Na2CO3 can be seen in the synthesised sample. The same results were also observed in the 

control sample. The quantity of sodium (Na), carbon (C), nitrogen (N) and oxygen (O) were 

25.8, 32.3, 7.2 and 34.7 in atomic %, respectively, in green NaCN. Their quantities were 12.2, 

59.0, 16.3 and 12.5 in atomic %, respectively, in control NaCN (Figure 4.10a). The latter also 

contained a small amount of aluminium impurities (0.1 % in atomic %). EDS spectrum of 

precipitated Na2CO3 (Figure 4.10d) showed Na, C and O in 28.3, 31.9 and 39.8 atomic %, 

respectively. EDS spectrum of control Na2CO3 (Figure 4.10c) revealed 24.0, 37.5 and 38.5 in 
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3 

(see Table 4.4) used in 1H QNMR were calculated from the measured densities. These densities 

were close to the expected values. 

Table 4.4: Density and weight of synthesised compounds 
 

 
Analyte 

Molecular 

weight 

(g/mol) 

Expected 

density 

(g/mL) 

Measured 

density 

(g/mL) 

Volume used 

for 1H 

QNMR (µL) 

 

Weight 

(mg) 

DMF (IS) 73.09 0.944 - 5 4.72 

DL- 

lactonitrile 
71.08 0.991 0.980 50 49.0 

Crude DL- 

lactic acid 

 
 

90.08 

 
 

1.209 

1.020 50 51.0 

Purified DL- 

lactic acid 
1.198 50 59.9 

Impure 
Methyl-DL- 

lactate 

 

 
104.10 

 

 
1.093 

 

1.123 
 

50 
 

56.1 

Purified 
Methyl-DL- 

lactate 

 

1.111 
 

50 
 

55.6 

 
 

4.6.1 Addition of hydrogen cyanide/Preparation of DL-lactonitrile (Step 1) 

 
Hydrogen cyanide (HCN) used to prepare DL-lactonitrile (2-hydroxypropanenitrile) was 

generated in situ from the synthesised NaCN (green NaCN). DL-lactonitrile was synthesised 

according to the method described in section 3.2.5.1 and Figure 4.11. The amount of reactants 

used and product obtained are shown below with equation 22: 

 

CH CHO + NaCN + 37% HCl 0oC - 5oC CH3CH(OH)CN 

Acetaldehyde 

75 mL 

Solution prepared using 
green NaCN 

8.4600 mol/L 
(62.190 g dissolved in 150 mL of 

deionised water) 

Hydrochloric 
acid 

100 mL 

DL-lactonitrile 
(Extracted with 
diethyl ether) 

73 mL 

(Yellow solution) 
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Figure 4.11: Synthesis of DL-lactonitrile 
 

Based on the volume of the product obtained at the end of this first step, the percentage yield 

was calculated using equation 21: 

 

 

% 𝑦𝑖𝑒𝑙𝑑 𝑜𝑓 𝐷𝐿 − 𝑙𝑎𝑐𝑡𝑜𝑛𝑖𝑡𝑟𝑖𝑙𝑒 = 
73 𝑚𝐿 

90 𝑚𝐿 

 

× 100 % = 81.1 % 

 

The product was isolated in 81.1 % yield and identified as DL-lactonitrile against a control 

sample using the following spectral techniques: 

 

4.6.1.1 Attenuated total reflectance- Fourier transform infrared spectroscopy (ATR- 

FTIR) 

Figure 4.12 illustrates the ATR-FTIR spectra of control and DL-lactonitrile samples. The 

spectrum of the control sample showed characteristic bands at 3419, 2995, 2942 and 2251 

cm-1 that were caused by OH, CH3, C-H and C≡N stretching, respectively. The synthesised 

DL-lactonitrile spectrum showed similar bands, except for the OH stretch peaking at 3382 

cm-1. Further analysis of the spectra revealed extra peaks at (1744 cm-1, 1763 cm-1); (1660 

cm-1, 1654 cm-1) and (1194 cm-1, 1206 cm-1) for control and synthesised sample, respectively. 

These peaks suggest that the NaCN salt used to synthesis of both DL-lactonitrile samples 

contained Na2CO3 impurities. Furthermore, based on the carbonate peak intensities, we can see 

that the green NaCN salt contained more Na2CO3 impurities than the NaCN salt used to 

synthesise the control DL-lactonitrile. These results further support the findings of the titration 

analysis and the other spectral analysis of NaCN salts. 
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Figure 4.12: ATR-FTIR spectra of control and synthesised DL-lactonitrile 

4.6.1.2 1H Quantitative nuclear magnetic resonance (1H QNMR) 

Figure 4.13a shows the 1H QNMR spectrum of control DL-lactonitrile (Sigma-Aldrich, 69830), 

while Figure 4.13b shows the 1H QNMR of synthesised DL-lactonitrile. Figure 13c shows the 

spectrum of the DMSO-d6 only and Figure 13d shows the spectrum of 37 % HCl. From visual 

inspection, when comparing Figures 13a and 13b, we can confirm that the isolated product was 

DL-lactonitrile. The insets show the J-splitting within each of the two chemically shifted 

signals of DL-lactonitrile. The CH3 protons appeared around 1.38 ppm in both samples as a 

doublet after coupling with the adjacent CH proton. The quartet at about 4.54 ppm observed 

in both samples results from the 1H nucleus of the CH group after coupling with the CH3 

protons. The number of protons responsible for the chemical shift signals within the DL- 

lactonitrile sample was calculated using the peak areas in Figure 4.13b. The peak area ratios of 

the CH and CH3 groups were 1:3, respectively. These ratios agreed with those from the control 

sample. Interestingly, we noticed singlets around 3.5 ppm and 6.3 ppm in both DL- 

lactonitrile samples. These signals arose from water and one of the reactants, 37 % HCl, 

respectively. They were identified against the DMSO-d6 (Figure 13c) and 37% HCl (Figure 

13d) spectra. The water peak is due to moisture absorbed by DMSO-d6 during its handling. 

Based on the intensity of the water peak in Figure 13b, we can see that the synthesised DL- 

lactonitrile contained water, which can be removed by drying. 
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Equation 27 was used to calculate the integral of DMF and DL-lactonitrile. 

 

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙𝐷𝑀𝐹 = [(1.00 ÷ 1) + (3.48 ÷ 3) + (3.39 ÷ 3)] ÷ 3 = 1.10 
 

and 

 

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙𝐷𝐿−𝑙𝑎𝑐𝑡𝑜𝑛𝑖𝑡𝑟𝑖𝑙𝑒 = [(7.05 ÷ 1) + (20.95 ÷ 3)] ÷ 2 = 7.02 
 

The purity of synthesised DL-lactonitrile was determined using data provided in Table 4.4 and 

equation 28: 

𝑃𝐷𝐿−𝑙𝑎𝑐𝑡𝑜𝑛𝑖𝑡𝑟𝑖𝑙𝑒 = 
7.02 × 

 

1 × 71.08 
 

4.72 
× 

 

× 99.8 % = 59.7 % 
1.10 1 73.09 49.0 

 

 
Figure 4.13: 1H QNMR (500 MHz, DMSO-d6) spectra of (a) control DL-lactonitrile, (b) 

synthesised DL-lactonitrile, (c) solvent only and (d) 37% HCl 

4.6.2 Hydrolysis by hydrochloric acid (Step 2) 

 
DL-lactonitrile prepared in step 1 was hydrolysed with 8 mol/L of hydrochloric acid (HCl) to 

produce crude racemic lactic acid (crude DL-LA) according to the method described in section 
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3.2.5.2 and Figure 4.14. The amount of reactants used and product obtained are shown below 

in equation 23: 

Reflux at 100°C 
CH3CH(OH)CN + 2H2O  + HCl CH3CH(OH)COOH + NH4Cl 

6 hours 

DL-Lactonitrile 

40 mL 

Dilute HCl 

(8.0000 mol/L) 

40 mL 

crude DL-lactic acid 

35 mL 
(Brown solution) 

 

 

 

 

Figure 4.14: Hydrolysis of synthesised DL-lactonitrile 
 

After cooling the resulting solution, crystallised ammonium chloride (NH4Cl) was removed by 

decantation. 35 mL of DL-LA was collected, and the percentage yield was calculated using 

equation 21: 

 

 

% 𝑦𝑖𝑒𝑙𝑑 𝑜𝑓 𝐷𝐿 − 𝐿𝐴 = 
35 𝑚𝐿 

41.6 𝑚𝐿 

 

× 100 % = 84.1 % 

 

The product was isolated in 84.1 % yield and identified against a control sample bought from 

Sigma-Aldrich to confirm conversion of the nitrile group to the carboxylic group. The 

techniques used for structure confirmation were: 

 

4.6.2.1 Attenuated total reflectance- Fourier transform infrared spectroscopy (ATR- 

FTIR) 

The ATR-FTIR spectra of the control and crude DL-LA are shown in Figure 4.15. The control 

sample spectrum exhibits a single broad peak at 3385 cm-1, while the synthesised sample shows 

two bands at 3385 and 3216 cm-1. These broad bands can be attributed to OH stretching modes. 

In the region below 3000 cm-1, both samples exhibit peaks at 2988, 2970 and 1717, 1209 and 
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912 cm-1, respectively attributed to CH3, CH, C=O and C-O stretches, and OH out-of-plane 

bend. However, some peaks were missing from the synthesised sample. Hence, it is called 

crude DL-LA. 

 

 
Figure 4.15: ATR-FTIR spectra of control and crude racemic lactic acid 

4.6.2.2 1H Quantitative nuclear magnetic resonance (1H QNMR) 

Figures 4.16a and 4.16b illustrate the 1H QNMR spectra of control racemic lactic acid (Sigma- 

Aldrich, 69785) and crude racemic lactic acid. We can say that the nitrile was successfully 

converted to carboxylic acid upon studying the spectra. The J-splitting of the two chemical 

shifts within both samples are shown in the insets. The doublet around 1.2 ppm ensues from 

the CH3 group, while the quartet around 4.2 ppm arises from the CH group. The peak area 

ratios obtained from crude DL-lactic acid determined the number of protons giving rise to the 

chemical shift signals. These ratios were 1:3 for CH and CH3 groups, respectively. These values 

were in agreement with the ratios from the control sample. 

The integral of DMF and crude DL-lactic acid were determined using equation 27: 

 

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙𝑐𝑟𝑢𝑑𝑒 𝐷𝐿−𝑙𝑎𝑐𝑡𝑖𝑐 𝑎𝑐𝑖𝑑 = [(1.31 ÷ 1) + (4.44 ÷ 3)] ÷ 2 = 1.40 
 

and 

 

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙𝐷𝑀𝐹 = [(1.00 ÷ 1) + (3.33 ÷ 3) + (3.28 ÷ 3)] ÷ 3 = 1.07 
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Using equation 28 and the values in Table 4.4, the purity of crude DL-lactic acid was 

determined as follows: 

1.40 1 90.08 4.72 
𝑃𝑐𝑟𝑢𝑑𝑒 𝑙𝑎𝑐𝑡𝑖𝑐 𝑎𝑐𝑖𝑑 = × × 

1.07 1 73.09 
× 

51.0 × 99.8 % = 14.9 % 

 

 
 

Figure 4.16: 1H QNMR (500 MHz, D2O) spectra of (a) control racemic lactic acid and (b) 

crude racemic lactic acid 

 

4.6.3 Esterification (Step 3) 

 
Crude DL-LA was purified by esterification to produce methyl-DL-lactate (methyl (±)-2- 

hydroxypropanoate) using the method described in section 3.2.5.3 and as shown in Figure 4.17. 

The amount of reactants used and product obtained are shown below in equation 24: 

 
Catalyst 

(5 mL conc. H2SO4) 
CH3CH(OH)COOH +  CH3OH CH3CH(OH)COOCH3 + H2O 

Reflux at 100°C 

Crude DL-lactic acid 

35 mL 

2.5 moles 
(exess) 

50 mL 

6 hours Impure 
methyl-DL-lactate 

34 mL 
(Brown solution) 
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Figure 4.17: Esterification of crude racemic lactic acid 
 

34 mL of sample was collected, representing a percentage yield of 76.1 %. The latter was 

calculated using equation 21: 

 

 

% 𝑦𝑖𝑒𝑙𝑑 𝑜𝑓 𝑚𝑒𝑡ℎ𝑦𝑙 − 𝐷𝐿 − 𝑙𝑎𝑐𝑡𝑎𝑡𝑒 = 
34 𝑚𝐿 

44.7 𝑚𝐿 

 

× 100 % = 76.1 % 

 

ATR-FTIR and 1H QNMR were used to confirm the conversion of the carboxylic acid group 

to the ester group. 

 

4.6.3.1 Attenuated total reflectance- Fourier transform infrared spectroscopy (ATR- 

FTIR) 

Figure 4.18 displays the ATR-FTIR spectra of control and synthesised methyl-DL-lactate 

samples. The spectrum of the control sample shows a broad band at 3442 cm-1 and sharp peaks 

at 2985, 2955, 1732 (C=O), 1211 (OC=O) and 1124 (C-OH) cm-1. The synthesised sample also 

had similar spectral features observed at the same wavenumbers, except for the broad band 

peaking at 3369 cm-1. Besides these characteristic ester group peaks, the synthesised sample 

also exhibited small peaks at 1644, 1023 and 821 cm-1. 
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Figure 4.18: ATR-FTIR spectra of control and impure methyl-DL-lactate 
 

This sample was purified by triple extraction with 50 mL of diethyl ether and 50 mL of Milli- 

Q water, followed by triple washing of the organic layer with 25 mL of saturated sodium 

bicarbonate solution (NaHCO3) to neutralise the catalyst, sulphuric acid (H2SO4) (Figure 4.19). 

 
 

 
Figure 4.19: Purification of impure methyl-DL-lactate 

 

The percentage yield of the purified methyl-DL-lactate sample, determined to be 71,6 %, was 

also calculated using equation 21: 

 

 

% 𝑦𝑖𝑒𝑙𝑑 𝑜𝑓 𝑚𝑒𝑡ℎ𝑦𝑙 − 𝐷𝐿 − 𝑙𝑎𝑐𝑡𝑎𝑡𝑒 = 
32 𝑚𝐿 

44.7 𝑚𝐿 

 

× 100 % = 71.6 % 
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There was a 4.5 % decrease in the yield of the methyl-DL-lactate sample after its purification. 

This problem can be overcome by using an extraction solvent with a better distribution 

coefficient. 

 

ATR-FTIR and 1H QNMR verified the purity of the resulting solution against the control 

methyl-DL-lactate, and their spectra are shown in Figure 4.20 and Figure 4.21c, respectively. 

From the results observed in the former Figure, only the band peaking at 1638 cm-1 still 

appeared on the synthesised sample as opposed to the additional three peaks observed in Figure 

4.18. 

 

 
Figure 4.20: ATR-FTIR spectra of control and purified methyl-DL-lactate 

4.6.3.2 1H Quantitative nuclear magnetic resonance (1H QNMR) 

The 1H NMR spectra of control, impure and purified methyl-DL-lactate are shown in Figures 

4.21a, 4.21b and 4.21c, respectively. Figure 4.21 clearly shows formation of a new signal 

around 3.6 ppm. This chemical shift confirms the conversion of the carboxylic group to ester. 

The doublet around 1.2 ppm arises from the CH3 (1) group adjacent to the CH group, while the 

singlet around 3.6 ppm arises from the methoxy group (OCH3) within the methyl-DL-lactate 

molecule. The quartet around 4.2 ppm emanates from the CH group. This split was caused by 

the neighbouring CH3 (1) group. However, the singlet around 3.2 ppm arises from methanol, 
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one of the reactants in the synthesis process. This major impurity was observed in the NMR of 

all three methyl-DL-lactate samples. Its highest concentration was observed in the impure 

sample (5.1 %), followed by the purified sample (3.4 %), and the lowest content was in the 

control sample (1.6 %). The methanol content in the purified sample can be distilled off to 

reduce its concentration. The peak areas in Figures 4.21b and 4.21c were used to calculate the 

number of protons causing the chemical shift signals within the respective methyl-DL-lactate 

sample. The peak area ratios between CH, CH3 (1) and CH3 (8) groups from the impure sample 

were 1:3:2, respectively. These peak ratios do not agree with the expected ratio of 1:3:3. This 

discrepancy can be due to impurities. On the other hand, the peak area ratios between the groups 

from the purified sample agreed with the expected values. 

The integral of DMF and purified methyl-DL-lactate were determined using equation 27: 

 
𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙𝑝𝑢𝑟𝑖𝑓𝑖𝑒𝑑 𝑚𝑒𝑡ℎ𝑦𝑙−𝐷𝐿−𝑙𝑎𝑐𝑡𝑎𝑡𝑒 = [(3.95 ÷ 1) + (10.87 ÷ 3) + (13.76 ÷ 3)] ÷ 3 = 4.05 

and 

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙𝐷𝑀𝐹 = [(1.00 ÷ 1) + (3.36 ÷ 3) + (3.18 ÷ 3)] ÷ 3 = 1.06 

The purity of purified methyl-DL-lactate was calculated based on the data displayed in Table 

4.4 using equation 28: 
 

𝑃𝑝𝑢𝑟𝑖𝑓𝑖𝑒𝑑 𝑚𝑒𝑡ℎ𝑦𝑙−𝐷𝐿−𝑙𝑎𝑐𝑡𝑎𝑡𝑒  = 
4.05 × 

 

1 × 104.10 
 

4.72 
× 

 

× 99.8 % = 46.1 % 
1.06 1 73.09 55.6 
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Figure 4.21: 1H QNMR (500 MHz, D2O) Spectra of (a) control methyl-DL-lactate, (b) impure 

methyl-DL-lactate and (c) purified methyl-DL-lactate 

 

4.6.4 Hydrolysis by acidified water (Step 4) 

 
The method described in section 3.5.2.4 and Figure 4.22 was used to hydrolyse the purified 

methyl-DL-lactate with acidified Milli-Q water to produce pure racemic lactic acid (pure DL- 

LA) and methanol. The latter was removed and recycled back in the synthesis process. The 

amount of reactants used and product obtained are shown below in equation 25: 

 

 

 
CH3CH(OH)COOCH3 + H2O 

Catalyst 
(5 mL conc. H2SO4) 

Reflux at 100°C CH3CH(OH)COOH + CH3OH 

Purified 
methyl-DL-lactate 

32 mL 

2.5 moles 
(exess) 

20 mL 

6 hours Pure DL-lactic acid 

22 mL 
(Light brown solution) 
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Figure 4.22: Hydrolysis of purified methyl-DL-lactate with acidified water 
 

22 mL of pure racemic lactic acid, representing a percentage yield of 88.0 %, was collected. 

The latter was calculated from equation 21: 

 

 

% 𝑦𝑖𝑒𝑙𝑑 𝑜𝑓 𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠𝑒𝑑 𝑟𝑎𝑐𝑒𝑚𝑖𝑐 𝑙𝑎𝑐𝑡𝑖𝑐 𝑎𝑐𝑖𝑑 = 
22 𝑚𝐿 

25.0 𝑚𝐿 

 

× 100 % = 88.0 % 

 

The overall % yield associated with this four-step synthesis process was determined using 

equation 26: 

 

𝑜𝑣𝑒𝑟𝑎𝑙𝑙 % 𝑦𝑖𝑒𝑙𝑑 = (0.811 × 0.841 × 0.716 × 0.880) × 100 % = 43.0 % 

 
4.6.4.1 Attenuated total reflectance- Fourier transform infrared spectroscopy (ATR- 

FTIR) 

Figure 4.23 illustrates the ATR-FTIR spectra of control and purified DL-LA. The purified DL- 

LA spectrum displays similar spectral features as the control sample at 3385, 2986, 2970, 1717, 

1216 and 916 cm-1 as opposed to the spectrum of crude DL-LA showed in Figure 4.17, which 

had an extra broad band above 3000 cm-1 and some missing peaks below 1450 cm-1. Therefore, 

it can be concluded that the crude DL-LA sample was successfully purified after synthesis with 

sodium cyanide prepared using hydrogen cyanide extracted from cassava leaves. 
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Figure 4.23: ATR-FTIR spectra of control and pure racemic lactic acid 
 

The ATR-FTIR spectra of control and recovered methanol are shown in Figure 4.24. The 

spectrum of control methanol shows OH stretching and bending vibrations at 3309 and 625 

cm-1, respectively. It also displayed bands peaking at 2942 and 1022 cm-1, attributed to CH3 

and C-O stretches. The recovered methanol exhibited similar spectral features, with the OH 

bend peaking at 613 cm-1. 

 

 
Figure 4.24: ATR-FTIR spectra of control and recovered methanol 
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4.6.4.2 1H Quantitative nuclear magnetic resonance (1H QNMR) 

Figure 4.25 shows the 1H NMR spectrum of synthesised racemic lactic acid. The disappearance 

of the singlet observed around 3.6 ppm in Figure 4.21 confirms the conversion of the ester 

group to carboxylic acid. However, the small amount of methyl-DL-lactate present in 

synthesised racemic lactic acid was identified by the small singlet observed at 3.55 ppm 

arising from the methoxy group (OCH3). The peak areas ratios of CH and CH3 groups within 

the target analyte were 1:3, respectively. 

The integral of DMF and synthesised DL-lactic acid were determined using equation 27: 

 

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠𝑒𝑑 𝐷𝐿−𝑙𝑎𝑐𝑡𝑖𝑐 𝑎𝑐𝑖𝑑 = [(5.96 ÷ 1) + (18.91 ÷ 3)] ÷ 2 = 6.13 

 
and 

 

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙𝐷𝑀𝐹 = [(1.00 ÷ 1) + (3.30 ÷ 3) + (3.22 ÷ 3)] ÷ 3 = 1.06 
 

Using equation 28 and the data in Table 4.4, the purity of synthesised DL-lactic acid was 

calculated: 

𝑃𝑆𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠𝑒𝑑 𝑟𝑎𝑐𝑒𝑚𝑖𝑐 𝑙𝑎𝑐𝑡𝑖𝑐 𝑎𝑐𝑖𝑑 = 
6.13 × 1 × 

  

90.08 4.72 
× 

 

× 99.8 % = 56.0 % 
1.06 1 73.09 59.9 

 

From the calculated purity values from steps 2 and 4, we can see that we successfully purified 

the crude racemic lactic acid produced using the methods described in sections 3.5.2.3 and 

3.5.2.4. 

 

 
Figure 4.25: 1H QNMR (500 MHz, D2O) spectrum of synthesised racemic lactic acid 
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Methanol extracted from step 4 was also analysed by 1H NMR (Figure 4.26b) to determine its 

suitability for reuse in the esterification process (step 3). We could see that it contained trace 

level of methyl-DL-lactate, identifiable from the doublet around 1.2 ppm and the singlet 

around 3.6 ppm. The chemical shift arising from the CH3 group within extracted methanol 

was identified by comparing its spectrum to that of control methanol (Figure 4.26a). This group 

gave rise to a singlet around 3.2 ppm. 

The integral of DMF was determined using equation 27: 

 

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙𝐷𝑀𝐹 = [(1.00 ÷ 1) + (3.43 ÷ 3) + (3.24 ÷ 3)] ÷ 3 = 1.07 
 

The purity of extracted methanol was determined using equation 28: 

36.08 1 32.04 4.72 
𝑃𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙 = 

1.07 
×  ×  ×  × 99.8% = 53.4 % 

3  73.09  43.5 
 

Therefore, based on the above information, we can say that extracted methanol can be safely 

reused in the racemic lactic acid synthesis process without worrying about cross- 

contamination. 

 

 
Figure 4.26: 1H QNMR (500 MHz, D2O) spectra of (a) control methanol and (b) extracted 

methanol 
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

 
Hydrogen cyanide (HCN), a clear poisonous liquid or gas, can either be synthetically prepared 

or naturally produced. All the hydrogen cyanide used is synthetically manufactured and relies 

on diminishing fossil fuel resources for its preparation. Hence, this study aimed to produce 

HCN from a natural resource, such as cassava leaves and then use it to prepare racemic lactic 

acid through the chemical process. 

 

Due to the importance of the extraction process, an attempt was made to identify the optimum 

extraction conditions for the complete release of HCN from cassava leaves. For this purpose, 

three parameters studied in quadruplicate were considered. For the first parameter, four 

maceration times (60, 120, 180 and 240 minutes) were studied. The second parameter to be 

investigated was maceration temperature, and three different temperatures (30 °C, 37 °C and 

40 °C) were considered. The last parameter to be studied was the recovery time of the released 

hydrogen cyanide under a vacuum at 35 °C – 40 °C. Three different times (30, 45 and 60 

minutes) were investigated. From the obtained results, the optimum conditions for achieving 

the complete release and volatilisation of HCN extracted from cassava leaves were maceration 

for 120 minutes at 30 °C, followed by 45 minutes of HCN recovery at 35 °C – 40 °C under 

vacuum. These optimum extraction parameters were used in this research to saturate the NaOH 

absorbing solution with released HCN and prepare a NaCN solution with a final concentration 

of 4.0421 mol/L. 

 

The determination of HCN concentration during the saturation process necessitated this 

compound's precise detection and quantification. Among different analysis methods, alkaline 

titration and alkaline picrate methods were compared. Based on the reproducibility and 

reliability results of four standard samples (10, 40, 100 and 400 µg/mL) tested in quadruplicate, 

alkaline picrate method was selected to quantify HCN in the NaOH absorbing solution. The 

alkaline picrate method was chosen as the most effective method for the determination of HCN 

because its tcalculated values (-3.184(10µg/mL), 1.796(40µg/mL), 2.786(100µg/mL) and 2.479(400µg/mL)) 

were found to be smaller than tcritical value (3.182) at 95 % confidence level and 3 degrees of 

freedom. On the other hand, the alkaline titration method was rejected for cyanide 
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determination because its tcalculated values (5.380(10µg/mL), 8.090(40µg/mL), 7.326(100µg/mL) and 

7.014(400µg/mL)) were found to be greater than tcritical value. 

 

In addition, the amounts of sodium carbonate (Na2CO3) and residual sodium hydroxide 

(NaOH) present in control and green NaCN salt were determined by the indicator method 

against standardised 0.01 mol/L hydrochloric acid (HCl). Na2CO3 and residual NaOH 

concentrations were 0.72 % and 2.61 % in the control sample and 2.49 % and 4.20 % in the 

green NaCN sample. The reported amount of Na2CO3 in green NaCN solution (distillate 

solution) was determined after reducing its concentration by the freezing out carbonates 

method. This method involves cooling the sample to temperatures close to 0 °C (1 °C – 4 °C) 

to crystallise Na2CO3. 

 

79.241 g of NaCN crystals (0.19 % yield, green NaCN) were obtained after drying the prepared 

NaCN solution at 100 °C. This amount was prepared from 42.750 Kg of fresh cassava leaves. 

A comparative study was done between green NaCN and control NaCN to confirm the identity, 

purity, and crystal structure of the synthesised sample. The purity and identity of green NaCN 

were verified using XRD, ATR-FTIR and EDS techniques, while its cubic crystal form was 

corroborated by SEM analysis. All four techniques revealed the presence of Na2CO3 as an 

impurity in both samples, as is the case with NaCN prepared by the neutralisation method. EDS 

of the standard sample also revealed the presence of aluminium as an impurity, while ATR- 

FTIR of green NaCN showed that it contained more Na2CO3 (2.49 %) than the control sample 

(0.72 %). The high residual NaOH content of green NaCN (4.20 %) could have favoured the 

formation of more carbonates by reacting with atmospheric air during the drying process, done 

in an air oven. 

 

Green NaCN (62.190 g in 150 mL of Milli-Q water) was used to generate HCN in situ. The 

released HCN was reacted with acetaldehyde (75 mL) in the presence of 37 % HCl (100 mL) 

to give DL-lactonitrile (73 mL, 81.1 % yield, 59.7 % pure). Crude racemic lactic acid (35 mL, 

84.1 % yield, 14.9 % pure) was obtained by hydrolysing DL-lactonitrile (40 mL) with 8 mol/L 

HCl (40 mL). Esterification of crude racemic lactic acid (35 mL) with excess methanol (50 

mL) gave methyl-DL- lactate (32 mL, 71.6 % yield, 46.1 % pure). Concentrated sulphuric acid 

(5 mL) was used as a catalyst. The lactate (32 mL) was hydrolysed with excess water (20 mL) 

in the presence of concentrated sulphuric acid (5 mL) to give pure racemic lactic acid (22 mL, 

88.0 % yield, 56.0 % pure). Hence, the overall yield of this multistep synthesis process was 
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43.0 %. ATR-FTIR and 1H QNMR techniques were used to determine the product's identity 

obtained at each synthesis step. 1H QNMR was also used to determine their purity with DMF 

as the internal standard. 

 

In conclusion, albeit the poor yield associated with green NaCN production, HCN was 

successfully extracted from cassava leaves with minimal impurities using the extraction 

protocol established in this research. Hence, allowing its use in the chemical synthesis of 

racemic lactic acid. 

 

5.2 Recommendations 

 
In future work, it will be necessary to use cassava variety high in HCN (bitter cassava) or 

another cyanogenic plant with high HCN content, such as bamboo shoot (1000 to 8000 mg 

HCN/Kg), apricot kernel (49 to 4000 mg HCN/Kg) to improve NaCN yield. Furthermore, since 

NaCN was prepared by the neutralisation method, care must be taken to limit the contact time 

between the absorbing solution and atmospheric air to avoid the formation of more carbonate 

impurities. The formation of carbonate impurities can also be curbed by continuing the 

saturation process well past the first plateauing of the NaCN concentration, thus considerably 

reducing the amount of residual NaOH. This research also suggests that it is possible to 

transform the once fossil fuel-based chemical process into a cost-effective and environmentally 

friendly process if bioacetaldehyde, now produced at an industrial scale by Sekab, is used. This 

research will also provide an avenue to use naturally produced HCN as green NaCN to 

manufacture other valuable chemicals. 
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