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ARTICLE INFO ABSTRACT

Keywords: This study aims to investigate the detoxification of real pharmaceutical manufacturing wastewater by PMS
Ofloxacin activated with perovskite LaMO3 (M = Cu, Co, Fe), synthesized by citric sol-gel method. The textural properties
LaCoOs/PMS system of synthesized perovskite were monitored by BET, FESEM/EDS, TEM, XRD, FTIR, and XPS techniques. The effects
E;;‘z‘(;:ﬁ;emy of key parameters (PMS dose, catalyst, pH and reaction temperature) on ofloxacin degradation along with PMS

utilization efficiency as well as PMS consumption were evaluated in detail. Catalyst LaCoO3 exhibited the
excellent catalytic activity and stability towards the degradation of ofloxacin (97.11 %) and COD (79.41 %) at
optimum operating conditions. Removal of ofloxacin and COD were suppressed by 7 % and 9 % over the fourth
cycle, along with minor leaching of Co were observed. Quenching experiments and EPR results demonstrated
that both ROS species (SO3~ and *OH) were dominant species for ofloxacin degradation in LaCoO3/PMS system.
The treatment cost for ofloxacin degradation in LaCoOs/PMS system was estimated to be 40.78$/m? of real
pharmaceutical wastewater. Six plausible degradation pathways of ofloxacin were proposed based on interme-
diate compounds identified by GC-MS and reported literature.

Pharmaceutical contaminants
Reactive oxygen species

1. Introduction

In the last two decades, the generation of wastewater from phar-
maceutical manufacturing has gained a high pace leading to the enor-
mous generation of emerging pollutants in aquatic media [1,2]. These
emerging pollutants include various drugs groups viz., antibiotics, ste-
roidal hormones, anti-inflammatory agents, and blood-lipid regulators
[3]. The pharmaceutical pollutants enter into aquatic environment by
various routes such as directly from production plant and indirectly
through anthropogenic activity viz., sewage discharge, landfill leachate,
and bleeding, in the presence of surface as well as ground water [1,4].
Prolonged exposure of these pollutants even at low concentration in ng/
L to pg/L leads to irreversible and chronicle changes in the micro-
organism genome and behavior of aquatic organisms [5]. The United
States Environmental Protection Agency (USEPA) reported the average
daily wastewater generated from pharmaceuticals manufacturing is
estimated to be 1.0068 x 10° L [2,6]. Owing to the enormous volume of
wastewater generation from pharmaceuticals manufacturing, Indian
Environment Ministry has classified pharmaceuticals manufacturing as

a red category activity [7]. India is the third largest producer of phar-
maceutical in the word after North America and Europe [2]. Among the
antibiotics, ofloxacin (OFLX) (Ci8H29FN304), is one of the most
frequently used synthetic fluorinated quinolone-type antibiotic, which
has been widely used to treat various kind of bacterial infections [8,9].
Due to high antibacterial activity, OFLX is known as bio-recalcitrant
which stay in aquatic media for a long-time [10]. Various researchers
have reported the high concentration of OFLX in water environment,
such as urban wastewater treatment plant (1.8 pg/L), hospital waste-
water (35 pg/L), sewage water (0.89-31.7 pg/L) and surface water (0.5
pg/L) and others work reported in Table 1 [8,11]. Due to potential
toxicity, high persistency and low biodegradability, the conventional
biological treatment is ineffective for treating such type of pollutants
[12,13]. During the last decade, pharmaceuticals manufacturing
wastewater and their contaminants particularly OFLX have been treated
by various conventional processes including photodegradation [8,11],
ozonation, electrochemical degradation [10], sono-photocatalysis [14],
adsorption, biological methods [15], and advanced oxidation processes
[16], among others work have been reported in Table S6 (supporting
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file). However, they have some drawback, for example, adsorption and
electrochemical produce a large volume of sludge which causes sec-
ondary pollution, and biological processes are very slow in nature
[17,18]. Therefore, considering the aforementioned approaches, PMS
based AOP’s with perovskite catalysts have been proposed for the
detoxification of ofloxacin in pharmaceutical wastewater. PMS based
AOPs have attracted enormous attention in environmental remediation
specially for the degradation of toxic pollutants from aquatic media due
to their attractive features such as high oxidation potential of sulfate
radical and longer half-life (SO3~, 2.5-3.1 eV; half-life, 30-40 ps) than
hydroxyl radical (*OH, 1.8-2.7 eV; half-life 20 us) along with higher
selectivity under wide range of pH [19,20]. Sulfate radicals are mainly
generated from PMS or peroxydisulfate (PDS) activation [21]. PMS is
more susceptible than PDS to the activation of transition metals due to
asymmetric structure (HO-O-SO3) and longer bond length 1.326 A°
[22]. PMS could be easily activated by transition metal ions [23,24],
thermolysis [25], ultrasound [26], photocatalysis [27,28] and carbon
materials [29]. The use of catalysts can further enhance the efficiency of
PMS activation. Perovskite emerged as an attractive materials of mixed
oxide family, have been reported to exhibited excellent catalytic activity
when activated by PMS for efficient removal of toxic pollutant from
wastewater owing to their attractive properties including high electrical
conductivity, structural stability and excellent redox property [30-32].
ABOj3 is the general formula of perovskite structure, where A-site
occupied by ions of lanthanum or alkaline earth metals and B-site ions
occupied by transition metals [33,34]. Perovskite catalysts exhibited
outstanding catalytic activity in various areas viz., catalysis with PMS
activation, chemical sensor, fuel cell materials and electrochemical etc.,
[18,23,35-37]. Recently, different types of perovskite like catalyst have
demonstrated excellent catalytic activity for the degradation of re-
fractory and highly toxic pollutants in aqueous media such as phenol
treated with ACoO3(A = La, Sr, Ce, and Ba) [31], atrazine treated with
LaFe; xCuyOs o perovskite [24], Hydroxybenzoic acid treated with
LnMO3 (M = Fe, Co; Ln = La, Pr) [38], and acrylonitrile treated with
LagsCepsMOs [18] among others reported in supplementary file
(Table S7). Various transition metals (Cu, Fe, Co, Ni, Mn) have been
employed in B-site cations of lanthanum-based perovskite catalyst and
have shown excellent catalytic activity and stability towards PMS acti-
vation for addressing the organic contaminants in wastewater. There-
fore, to enhance the catalytic activity and stability of catalyst,
heterogeneous catalysis with perovskite catalyst LaMO3; (M = Cu, Co,
Fe) activated by PMS has been proposed for efficient degradation of
ofloxacin in pharmaceutical manufacturing wastewater. To our knowl-
edge, there has been no investigation to date of the degradation of OFLX
by heterogeneous catalysis with perovskite catalyst LaMO3 (M = Cu, Co,
Fe) activated by PMS so far.

The present study assessed the effects of B site substituted metal ions
on PMS activation performance for ofloxacin degradation from real
pharmaceuticals manufacturing wastewater utilizing LaMOs (M = Cu,
Co, Fe) perovskites synthesized using a citric sol-gel method. The
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textural properties of catalyst were monitored by different analytical
techniques e.g., BET, FESEM/EDAX, TEM, XRD, FTIR, and XPS. More-
over, the influences of some key parameters such as, PMS dose, catalyst
dose, pH and reaction temperature were analyzed for the removal of
ofloxacin and COD from pharmaceutical wastewater along with evalu-
ated the PMS utilization efficiency as well as PMS consumption were
systematically elucidated in LaMO3/PMS system. In addition, a phyto-
toxicological study was conducted to assess the toxicity of pharmaceu-
tical manufacturing wastewater on various plant species. Using scav-
enger and EPR studies, the process of radical generation and evolution
were further investigated. Lastly, reusability and stability of the catalyst
were evaluated as well as the economic assessment of treatment process.

2. Experimental section
2.1. Chemical reagents used and wastewater collection

All the chemicals used in the study were of analytical reagent grade
and detailed discussion available on the supplementary file (Text S1).
The wastewater sample were collected from the equalization tank of the
effluent treatment plant (ETP) of bulk pharmaceutical manufacturing
plant near Saharanpur region Utter Pradesh, India. The collected sample
was stored at 4 °C in dark place to prevent the prevent microbial growth
and biodegradation. In this study, pure Milli-Q water was used
throughout.

2.2. LaMO3 (M = Cu, Co, Fe) perovskite synthesis

Perovskite catalysts LaMO3 (M = Cu, Co, Fe) were prepared through
sol-gel method with citric acid (used as a complex agent) employing
high grade metal nitrates according to previous literature [34,39]. In a
typical synthesis, the precursor solution was prepared by mixing of La
(NO3)3'6H20, Fe(N03)3-9H20, CO(N03)2~6H20, Cu(NO3)2~3H20 and
citric in Milli-Q water to form homogeneous solution as shown in the
schematic diagram Fig. 1(a). The molar ratio of total metal nitrates to
citric acid was maintained as unity (citric acid/(La + M) = 1 where, (M
= Cu, Co, Fe)). After stirring vigorously for 12 h with continuous heating
at 55 °C, solution was concentrated and became a viscous gel. The
viscous gel was further dried at 100 °C for 16 h to get the cake. Subse-
quently, cake was grinded and calcined in two step, pre-calcined at
350 °C for 2 h followed by final calcined at 700 °C for 5 h. The obtained
products were store in desiccator in ambient temperature. The resulting
products were designated as LaCoOs, LaCuOs3, and LaFeOs perovskite.

2.3. Catalytic activity measurements

In order to detoxification of pharmaceutical manufacturing waste-
water, all the experiments were conducted in a batch reactor (250 mL
glass reactor) with a magnetic stirrer, water bath, and total reflux
condenser fitted on the top of reactor to preventing the pollutant vapor.

Table 1
Characteristics of the wastewater collected from pharmaceutical drug manufacturing plant.
Parameters References
This Patidar et al., Olevera et al., Changotra et al., Malik et al., Bansal et al. Gosu et al., Melero et al.,
study 2021 2021 2019 2019 2018 2014 2009
pH 7.3 7.6 - 12.8 8 5.07 6.36 5.6
BOD (mg/L) - 250 218 21,560 250 830 700 381
COD (mg/L) 1765 2350 1253.3 37,410 1390 4800 2500 1901
BOD/COD ratio - 0.11 - 0.17 0.18 0.17 0.28 -
TOC (mg/L) 462.2 - 431.5 8250 520 - 771.4 860
TDS (mg/L) 826.3 1102 - 21,340 1550 1320 - -
Nitrate (mg/L) 8.6 0.35 5.65 18 54 20 3.74 500
Sulfate (mg/L) 27.5 - -

3920
Ofloxacin (mg/ 18.64 - - _
L)

102 526 25.68 -
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Fig. 1. (a) Schematic diagram of LaMO3; (M = Cu, Co, Fe) perovskite catalyst synthesis by sol-gel method,(b) XRD spectra, and (c) FTIR spectra of fresh and used

LaCuOs3, LaCoO3, and LaFeOs, catalysts, respectively.

The whole system was placed inside a water bath to maintain the desired
temperature. Prior to start the reaction, pH of the solution was regulated
using 1 N HySO4 or 1 N NaOH, depending on requirements. The
degradation reaction was triggered after introducing the appropriate
amount of catalyst dose and PMS dose into 100 mL of wastewater. At the
designated time intervals, about 2 mL of aliquots were taken out and
quickly filtered using PTFE syringe filter (0.22 pm), immediately equal
volume of ethanol was quenched to stop the further degradation reac-
tion. All the experiments were performed at least triplicates, data shown
in figures representing the average mean of triplicates and error bars
represents the standard deviation of three replicates in all figures.

2.4. Analytical methods and instrumentations

All the instrumentation and analytical techniques used in the study
are discussed in detailed in the supplementary file text S2.

3. Results and discussion

3.1. Physico-chemical characterization of LaMO3 (M = Cu, Co, Fe)
perovskite catalyst

The X-ray diffraction patterns of fresh and used LaMOj3 perovskite
catalysts were recorded from 20° to 90° to determine their crystalline
structure as well as crystalline phases. The diffraction patterns of

catalysts LaFeO3 LaCoOj3, and LaCuOs3 exhibited the perfect perovskite
structure as shown in Fig. 1(b). Diffraction patterns located near 26
values, 22.63°, 32.21°, 39.73°, 46.20°, and 57.45° index to plain (100),
(110),(111),(200), and (211) exhibited the cubic crystalline structure
of LaFeOs pure perovskite phase and excellent accord with JCPDS PDF
#00-37-1493, space group — 221/Pm3m [38,40]. Another diffraction
pattern located near 26 values, 23.23°, 32.88°, 33.29°,40.65°, 47.50°
and 58.98° index to plain (110), (110), (112), (020), (220), and (130)
attributed to the rhombohedral crystalline structure of pure perovskite
phases LaCoOs, (JCPDS PDF #00-34-1296, space group — 167/R3c).
Additionally, the diffraction patterns located near 20 values, 24.3°,
31.11°, 33.16°, and 47.8° corresponding to plain (111), (113), (020),
and (220) exhibited the LapCuO4 phase, resulting in a good agreement
with JCPDS PDF #00-38-0709, space group — 69/Fmmm [32]. Further
the XRD patterns of spent catalysts were similar to those of fresh cata-
lysts. Neither structural changes nor an additional peak was observed in
patterns, but only an increase in intensity of the patterns was observed.
As a result, it was demonstrated that catalysts such as LaFeO3 LaCoOs,
and LaCuOs can be reuse for the detoxification of pollutants in waste-
water. The mean crystallite size of catalysts was determined using
Debye-Scherer equation as discussed in detail in supplementary file text
S3. The mean crystallite size of synthesized catalysts LaFeO3 LaCoOs,
and LaCuOs was 14.60 nm, 16.53 nm, and 15.34 nm, based on the
Scherer equation respectively. Various authors have been reported the
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comparable average crystal sizes for LaFeOs LaCoOs, and LaCuOs3 pe-
rovskites [31,40,41].

FTIR spectra of fresh and spent LaMO3 (M = Cu, Co, Fe) perovskite
catalysts were recorded within the wavenumber ranges 400-4000 cm
for analyzing the occurrence of functional group as well as surface
chemistry of the catalyst. As depicted in Fig. 1(c), FTIR spectral band
near about 3432 cm™! existing in all samples was assigned to O-H
stretching, and the broadness of spectral peak represents the hydrogen
bonding that existed with high strength [42,43]. The spectral band with
wavenumber 2926 cm ™! represent the -CH stretching in (CH and C-Hj
vibration) [44]. Observation of a unique peak at wavenumber 2336
em™! in fresh and used in LaCuOs catalyst has been attributed to COy
molecules adsorbed on the catalyst surface [45]. The spectral band
observed near about 1567 cm™! is attributed to the G=C stretching vi-
bration mode while the other spectral band at wavenumbers 1106 cm ™!
and 1120 cm ! represents the stretching mode of C=0 due to presence
of residual carbon which might be cause of incomplete combustion of
organic species [31,46,47]. As metal ions (i.e., La, Cu, Co, Fe) intro-
duced into the composition, the well-established intense spectral band in
the range of 500-700 em! (533, 569, 573 and 668 cm’l) could be
attributed to a combination of metal and oxygen (M—O—-M, M-O,
M-OH), whereas, M denotes to metals (i.e., La, Cu, Co, Fe) [39,48,49].

The surface morphology and structure of fresh and used LaMO3 (M =
Cu, Co, Fe) perovskite catalysts were analyzed by FE-SEM, elemental
composition and content of sample were illustrated by EDAX, as shown
in Fig. 2(a-c). As indicated in Fig. 2a, the morphology of fresh LaCuO3
perovskite exhibited a porous like structure with interconnected
aggregated particles. There was a small change in morphology of spent
LaCuOs catalyst after treatment, with a roughing of the surface and an
enhancement of the porosity as shown in (Fig. S1) in supplementary file.
Authors Lu et al., Hammouda et al., also noticed the similar morphology
for LaCuOsg catalyst [22,31]. The morphology of fresh LaCoOg3 catalyst
showed closely packed spherical-like irregular particles with hundreds
of nanometers sizes as shown in Fig. 2b [32,50]. Following treatment,
the morphology of LaCoOs catalyst significantly changed, showing that
closely packed nano-particles were broken down and a porous like
morphology was observed with rough surfaces as shown in supporting
file (Fig. S1). As shown in Fig. 2c, catalyst LaFeO3 exhibited agglomer-
ated granular particle with an irregular shape and a broken wall like
structure [31]. After treatment, large lumped particle in the size of few
micrometers were showed as depicted in Fig. S1. The elemental mapping

EHT= 1500V
WD= 68mm
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of the fresh LaMO3 (M = Cu, Co, Fe) perovskite catalysts was carried out
to identify elemental content and their distribution on its surface. Based
on the elemental mapping, the metal ions (Cu, Co, Fe and La) are ho-
mogeneously distributed on the catalyst surface as shown in Fig. S1. In
addition, EDAX spectra of fresh and used LaMO3 (M = Cu, Co, Fe)
perovskite catalyst showed an intense signal of all elements (La, Co, Cu
and Fe). The elemental composition (wt.%) was almost close to stoi-
chiometric composition in catalyst sample as inserted table in EDAX
micrographs in supporting file (Fig. S1, S2).

The internal morphology as well as crystallographic information of
LaCoOj3 perovskite was evaluated using TEM micrographs, as shown in
Fig. 2. TEM micrograph captured at 10, 50 and 200 nm scales as shown
in Fig. 2d demonstrate spherical-like nano-sized particles inter-
connected among themselves to form a large network system with
irregular sizes and uniformly well dispersed particles. These particles are
in a rhombohedral shape which was well matched with XRD results and
exhibited the pure perovskite phase of LaCoOs. The lattice fringe having
interplanar d-spacing 2.86 nm corresponding to crystallographic plane
di12 = 2.86 nm attributed to rhombohedral crystalline structure of pure
perovskite phases LaCoOs, and good agreement with JCPDS PDF
#00-34-1296, space group — 167/R-3c). The observed lattice fringes
showed the interplanar d-spacing that indicate that lattice of LaCoOs,
have neither collapsed nor destroyed when B-site cations occupied by
cobalt in perovskite. In addition, the mean average particle size as
shown in Fig. 2(e) was determined using image processing software
(Image J Software). According to histogram plot (Fig. 2e), the mean
average particle size was 9.6 nm, which is consistent with the average
crystal size determined by XRD results.

The texture properties e.g., specific surface area and porosity of fresh
and used LaMOs (M = Cu, Co, Fe) perovskite were evaluated by Ny
adsorption—desorption technique as results shown in Table 2. The BET
surface area of synthesized perovskite catalysts LaCuO3, LaCoOs and
LaFeO3 was 9.16, 11.36 and 15.27 rnz/g; and the pore volumes were
0.094, 0.098 and 0.107 cm®/g, respectively. Notably, specific surface
area and pore volume of all the catalysts were significantly reduced after
oxidation reaction. The surface area of catalysts LaCuOs, LaCoO3, and
LaFeO3 decreased to 7.59, 9.65 and 13.58 m2/g; and pore volume
decreased to 0.079, 0.091 and 0.086 cm®/g, respectively. In several
other studies reported the similar range of specific surface area and pore
volume of LaCuOs, LaCoOs3, and LaFeOgs perovskites [23,31,40]. Various
factors may contribute to the reduction in BET surface area and pore

EHT = 1500V
W= 7.3mm
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Fig. 2. FE-SEM images of catalysts (a) LaCuOs, (b) LaCoOs, and (c¢) LaFeO3; TEM micrographs of LaCoOj3 catalyst at (d) 200 nm,10 nm, and 50 nm, and (e) his-

togram plot of particle size distribution.
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Table 2
Textural property of the catalysts.

FResh catalyst Spent catalyst

Catalyst ~ BET surface area (m?/. 2) Pore volume (cm®/. 2) Pore diameter (nm) Crystal size(nm) BET surface area(m?/; 2) Pore volume (cm®/. ) Pore diameter (nm)
LaCuO3 9.16 0.094 26.59 14.60 7.59 0.079 22.39
LaCoO3 11.36 0.098 31.22 16.53 9.65 0.091 26.36
LaFeO3 15.27 0.107 39.65 15.34 13.58 0.086 34.26

noticed by authors Zhang et al., and Maghsoodi et al., for LaMnOg
perovskite catalyst [53,54] and Mao et al., for LaCeMn catalyst [51]. The
pore diameter of the fresh catalysts LaCuOs, LaCoO3, and LaFeO3 was
26.59 nm, 31.22 nm and 39.65 nm, respectively. After treatment, the

volume of the spent catalysts after treatment. This includes: (a) carbon
deposition inside the catalyst pores (carbon deposited as in the form of
intermediate compounds formed during the reaction) and (b) collapse of
catalyst pore [43,51,52]. The similar type of decreasing trends has been
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Fig. 3. Preliminary experimental study for (a) OFLX and (b) COD degradation (Reaction conditions: catalysts dose 1 g/L, PMS dose 1 g/L, pH 7.3 and temperature
30 °C); Effects of key parameters on ofloxacin and COD removal: (c) effect of PMS dose (catalyst dose 1 g/L, pH 7.3 and temperature 30 °C); (d) effect of catalyst dose
(PMS dose 2 g/L, pH 7.3 and temperature 30 °C); (e) effect of pH (PMS dose 2 g/L, catalyst dose 1 g/L pH 7.3 and temperature 30 °C); and (f) effect of reaction
temperature (PMS dose 2 g/L, catalyst dose 1 g/L, pH 7.3 and temperature 60 °C).
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pore diameter of the spent catalyst was reduced to 22.39 nm, 26.36 nm
and 34.26 nm, respectively for LaCuOs, LaCoO3 and LaFeOs.

3.2. Preliminary experimental study for ofloxacin and COD degradation

In order to evaluate the activity of LaMOs (M = Cu, Co, Fe) catalysts,
some preliminary experimental runs were conducted for the degradation
of ofloxacin and COD removal from pharmaceutical manufacturing
wastewater at room temperature as results depicted in Fig. 3(a, b), and
additional details in Fig. S3 and Table S1 in supplementary file. In the
control experiment without any catalyst dose, maximum removal of
ofloxacin (8.13 %) and COD (6.12 %) were observed while using the 1 g/
L PMS alone. This signifies that ofloxacin and COD were challenging to
be degraded by PMS alone. The adsorption capacity of LaCuOs, LaCoO3
and LaFeOs catalysts were individually testified in the absence of PMS,
and obtained very low removal efficiency of ofloxacin (i.e., 6.34 %, 9.54
% and 8.69 %) and COD (i.e., 5.62 %, 8.17 % and 6.54 %) under similar
reaction conditions (i.e., catalyst dose 1 g/L, natural pH 7.3, tempera-
ture 30 °C and 400 rpm stirring speed). However, the above findings
indicated that the direct oxidation of ofloxacin by PMS and its adsorp-
tion by LaCuOs, LaCoO3 and LaFeOs catalysts were very minimal.
Notably, after adding the catalyst dose and PMS dose into the solution,
the degradation of ofloxacin and COD was significantly enhanced. The
maximum removal of ofloxacin (i.e., 24.34 %, 29.56 % and 25.78 %)
and COD (i.e., 19.17 %, 23.54 % and 21.26 %) achieved under identical
conditions with corresponding catalysts LaCuO3, LaCoO3 and LaFeOs.
Meanwhile, catalyst LaCoOj3 exhibited relatively higher catalytic activ-
ity compared to LaFeO3 and LaCoOj5 catalyst for the removal of ofloxacin
and COD. Therefore, subsequent experiments for ofloxacin and COD
removal were conducting using LaCoO3/PMS system.

3.3. Catalytic performance evaluation on ofloxacin and COD degradation

3.3.1. Influence of PMS dose

The Fig. 3(c) illustrate the effects of PMS dosage (0.5-3 g/L) on the
degradation of ofloxacin and COD. The degradation of ofloxacin
significantly enhanced from 13.57 % to 53.48 % and COD enhanced
from 10.4 % to 46.44 % with raising the PMS dose from 0.5 g/L to 2 g/L,
at operating conditions (i.e., catalysts dose 1 g/L, natural pH 7.3, reac-
tion temperature 30 °C and reaction time 1 h). With an increase in PMS
dose, more ROS species (e.g. SO3~, *OH and O3 ") were generated which
significantly enhanced the degradation of ofloxacin and COD. On con-
trary, while further increase of PMS dose above 2 g/L, no noticeable
changes were observed on ofloxacin and COD removal. This can be
attributed to the self-scavenging effect of ROS species and simultaneous
production of less oxidizing species like SO2~ (E° = 1.1 V) which have
weaker oxidizing potential compared to species (SO3~ and *OH) and not
able to degrade organic pollutants in wastewater as shown via Eq. (1 and
2) [22,24,34].

HSO; + 805 —S0; +H' + 505~ @

HSO; + *OH—SO0% +H,0 2

In order to further confirming the ROS species generation in the
LaCoO3/PMS system, residual concentration of PMS was assessed at
different PMS dosage (i.e., 0.5, 1, 1.5, 2, and 3 g/L). It could be seen from
Fig. 3(c), the consumption of PMS significantly dropped from 97.36 % to
63.42 % when the PMS dose increased from 0.5 g/L to 2 g/L. However,
increasing the PMS dosage would enhance the chances of contact be-
tween catalyst dose and PMS molecules. While, further increasing the
PMS dose from 2 g/L to 3 g/L, no significant changes were observed in
PMS consumption, as well as a reduction in ofloxacin and COD level.
However, the degradation of ofloxacin and COD was weakened at low
dosages of PMS, which can be explained by the fact that insufficient
number of SO5~ radicals available for fixed dose of catalyst [55,56].
Despite the extensive study on PMS consumption, only a few attempts
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have been made to evaluate the PMS utilization for the degradation of
ofloxacin and COD. Thus, we evaluated the effectiveness of PMS utili-
zation by employing the utilization efficiency equation at various PMS
dose via Eq. (3). PMS utilization efficiency (i pms) is the ratio of OFLX
degraded (mg/L) to PMS consumed (mg/L) [19,39,57].

A[OFLX] peyrada
— egradation 3
ﬂPMS A[PMS]COIUL(/)X[H[UH ( )

Where, A[OFLX] indicate ofloxacin degradation (%) and A[PMS]
indicate PMS consumed (%). With increase PMS doses up to 2 g/L, PMS
utilization efficiencies for ofloxacin and COD removal gradually
increased; subsequently decreased when PMS doses were increased from
2 g/L to 3 g/L. For ofloxacin and COD degradation, the PMS utilization
efficiencies was 0.010, 0.012, 0.015, 0.016 and 0.013 and for COD
degradation 0.750, 0.904, 1.137, 1.290, and 1.078, respectively at
various PMS dosages 0.5, 1, 1.5, 2 and 3 g/L. In a previous study, Bao
et al., reported PMS utilization efficiencies in the range of i.e., 0.2-0.8
for sulfamethoxazole degradation in PMS/CoFeO; 5 system [57]. Like-
wise, several other authors have reported similar ranges of PMS utili-
zation efficiency for the degradation of various pollutants [19,55,56].

3.3.2. Influence of catalyst dose

Catalyst dose is a crucial parameter and a major source of active sites
to activate the PMS which leads to the generation of more radicals. Over
dose of the catalyst could enhanced the cost of treatment process and
create the secondary pollution by producing a high volume of leachate
which contains the heavy metal ions [34,58]. Hence, it is vital to opti-
mize the catalyst dose for the treatment of pharmaceutical wastewater.
The effects of various catalyst dosages i.e., 0.25, 0.5, 0.75, 1 and 1.25 g/
L were evaluated on the removal of ofloxacin and COD as shown in Fig. 3
(d). The removal of ofloxacin and COD gradually increased from (28.56
% to 61.23 %) and (22.32 % to 51.34 %), respectively with raising the
catalyst dose from 0.25 g/L to 1 g/L, respectively at the reaction con-
ditions (i.e., PMS dose 2 g/L, natural pH 7.3, reaction temperature 30 °C
and reaction time 1 h). By enhancing the catalyst dose, the growing
specific surface area and active sites of the catalysts could facilitate the
activation of PMS to produce more ROS species, which effectively im-
proves the degradation of ofloxacin and COD removal. However, a
further enhancing the catalyst dose from 1 g/L to 1.25 g/L, showed no
significant changes on the removal of ofloxacin and COD. However, the
degradation of ofloxacin and COD was weakened with over catalyst
dosage. This phenomenon may be caused by an over dose of catalyst
dose, which may scavenge the generated more free radicals, which
suppresses the removal efficiencies [22,24,34]. The consumption of PMS
was progressively increased from 38.64 % to 65.31 % with raising the
catalyst dose from 0.25 g/L to 1 g/L. The progressive consumption of
PMS leads to generation of more free radicals (SO3~, HO®) via the
rapidly decomposition of PMS. However, the consumption of PMS was
weakened at high dosage of catalyst above 1 g/L, which leads to sluggish
the production of free radicals. The PMS utilization efficiencies were
observed to be 0.0069, 0.0077, 0.0083, 0.0087, and 0.0076 for oflox-
acin; and 0.506, 0.615, 0.649, 0.693 and 0.697 for COD removal with
catalyst dosage 0.25, 0.5, 0.75, 1 and 1.25 g/L, respectively. Meanwhile,
PMS utilization efficiency increased with an increase in catalyst dose up
to 1 g/L catalyst dose, thereafter, no significant changes in ofloxacin and
COD utilization efficiency were observed while further increasing the
overdose of catalyst above 1 g/L.

3.3.3. Influence of initial pH

Previous studies have reported that the initial pH of the solution
would strongly affect the production of free radicals in heterogeneous
PMS oxidation system [24,31]. Thus, effects of pH on the removal of
ofloxacin and COD were explored with wide range of pH from 2.5 to
12.5 in the LaCoO3/PMS system. As depicted in Fig. 3(e), removal effi-
ciency of ofloxacin and COD rose from pH 2.5 to 7.3 (natural pH), and
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subsequently dropped as pH rose to 12.5. The maximum degradation of
ofloxacin (61.23 %) and COD (51.34 %) were noticed with highest PMS
consumption (65.31 %) at reaction conditions (i.e., 1 g/L catalyst dose,
7.3 natural pH, 2 g/L PMS dose and reaction time 1 h). Meanwhile, the
above results prove that the removal efficiency of ofloxacin and COD
continuously decreased in both strong acidic and alkaline medium and
observed maximum at around neutral pH. The reasons for decreased
removal efficiencies in the acidic medium could be explained from the
following aspects: (a) in the strong acidic medium, a large amount of H"
ions formed the hydrogen bond along with peroxyl bond (- O - O -) which
quench the ROS (SO, *OH) and to form the HSOz and H,0 according
to reaction Egs. (4 and 5), [19,58] (b) the poor activity of the catalyst in
an acidic medium is ascribed to production of COOH™ complex, which
limits the production of SO~ and excessive H" ions stabilized with
HSOj4 as shown via Egs. (6 and 7), which were adversely effects on PMS
activation [59]; (c) cobalt leaching in strong acidic medium leads to
decrease removal efficiency [60,61].

H' 480 +e —HSO, 4
H*+ *OH+e —H,0 (5)
Co™ + H,0~CoOH" +H" (6)
HSO3 + 505" —>S0; + 503" + H* @

Under strong alkaline medium, (a) catalytic activity significantly
decreased at alkaline pH (pH greater than 9) which might be cause of
production of Co(OH); precipitate on the catalyst surface and covered
the active sites [59,62]; (b) Another reason might be self-decomposition
of PMS (HSO3) transform into SO2~ without producing the SO5~ as
shown via Egs., (8-10). However, SO%’ a lower oxidation potential than
SO5™ radical, which potentially inhibited the catalytic activity in strong
alkaline medium [63,64].

HSO3 + H,0—S0%¥ + H;0" €)
HSO; + SO —HSO, + 505" (©)
HSO +S0¥ —HSO; + 803~ (10)

Notably, the results concluded that neither acidic nor alkaline con-
dition were favorable for ofloxacin degradation in the LaCoOs/PMS
system. Herein, PMS utilization efficiency for ofloxacin and COD
degradation was evaluated at various pHs (2.5, 5, 7.3, 10, 12.5) as
depicted in Fig. 3(e). The PMS utilization efficiencies enhanced from
0.006 to 0.009 for ofloxacin and 0.510 to 0.693 for COD by raising the
pH from 2.5 to 7.3, respectively. While further adjusting the pH from 7.3
to 12.5, PMS utilization efficiencies gradually dropped from 0.009 to
0.008 for ofloxacin and 0.693 to 0.574 for COD, respectively. The PMS
utilization efficiency results were found to be in agreement with data
previously reported by different authors [4,19,55,57].

3.3.4. Influence of reaction temperature

The elevated reaction temperature played a vital role in promoting
ofloxacin and COD degradation in LaCoO3/PMS system. Accordingly,
the effect of various temperatures ranges 30-70 °C was evaluated on
degradation of ofloxacin and COD as results depicted in Fig. 3(f). On
increasing the reaction temperature from 30 °C to 60 °C, removal effi-
ciency of ofloxacin and COD significantly increased from (65.31 % to
98.87 %) and (51.34 % to 79.41 %), respectively with an elevating the
reaction temperature from 30 °C to 60 °C, along with the consumption of
PMS simultaneously enhanced from 65.31 % to 98.87 % with elevating
reaction temperature from 30 °C to 60 °C. However, further increasing
the reaction temperature above 60 °C, no noticeable change on ofloxacin
and COD removal were observed and PMS was entirely consumed
(99.15 %) at 70 °C. Furthermore, elevating the reaction temperature
may result in the progressive formation of ROS species (SO3~ and *OH)
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as shown in Eq. (11) [39,56]. An asymmetric structure of PMS makes
them unstable at high temperature above greater than 60 °C. At high
temperature, fission of bond O — O in PMS structure could be easily
broken and subsequently accelerate the side reaction Egs. (12-15),
resulting in suppressing the production of ROS (SO3~ and *OH) [65,66].
Additionally, the PMS utilization efficiencies for ofloxacin were
observed 0.0087, 0.0083, 0.0085, 0.0091 and 0.0092; and for COD
degradation 0.693, 0.663, 0.667, 0.701 and 0.706, at several tempera-
tures i.e., 30, 40, 50, 60 and 70 °C, respectively.

HSO,” + Heat—SO, ~ + °OH an
HSO,” + SO;” —HSO:~ + H' + SO, 12)
HSO; + *OH—S0% +H,0 a3)
SO; +H,0-S07 + *OH+H" a4
280; +2 *OH—2HSO; + 0, @s)

3.4. Identification and detection of free radicals

The identification of dominant ROS species for the removal of
ofloxacin and COD in LaCoO3/PMS system were explored by conducting
the different quenching experiments as shown in Fig. 4(a, d). According
to previous literature, in heterogeneous sulfate radical based AOPs
major reactive species namely sulfate radicals (SO3 ), hydroxyl radicals
(*OH), peroxysulfate radicals (SO%7), singlet oxygen (10) were gener-
ated [19,23,61]. The activity of SO%~ can be neglected due to its weaker
oxidizing ability [64]. It has been thoroughly demonstrated in the
literature that ethanol (EtOH) could easily reacts with both SO5~ (k =
1.6 x 107 - 7.7 x 10’ M !s™!) and *OH (k = 1.2 x 10° - 2.8 x 10°
M~ !s71), while tert-butyle alcohol (TBA) quickly react with *OH radicals
and having much higher rate constant value (k = 3.8 x 108 - 7.6 x 108
M~ !s™) compare to SO§~ (k=4 x 10°-9.1 x 10° M~ !s™1). Meanwhile,
the rate constant value for *OH radical is 1000 times higher compare to
SO3~ radical [22,39]. Therefore, TBA was chosen as a *OH radical
scavenger and ethanol (EtOH) was chosen as a scavenger of both SO%~
and °OH radical. In addition, L-histidine is a popular scavenger for
singlet oxygen (102) [39,65]. As shown in Fig. 4(c, d), 97.11 % of
ofloxacin and 79.41 % of COD removal were noticed while no any
quencher dose was utilized. After adding the 10 mM of each concen-
tration LH, TBA and EtOH individually into the LaCoO3/PMS system, the
removal of ofloxacin suddenly dropped from 97.11 % to 89.91 %, 68.46
%, and 61.76 %; and COD from 79.41 % to 73.25 %, 67.68 %, and 64.48
%, at optimum operating conditions and results shown in Table S2 (in
supporting file). Notably, EtOH had a more significant inhibitory effects
on ofloxacin and COD removal compared to TBA and LH. Furthermore,
the effects of high dosage of EtOH in the range of 10-200 mM were
investigated under the same optimum operating conditions. The oflox-
acin removal efficiency was potentially suppressed from 61.76 % to
39.92 %, and for COD 64.48 % to 47.6 %, while raising the EtOH dose
from 10 mM to 200 mM, respectively. Authors Yan et al., noticed the
removal of sulfamethoxazole suppressed more than 52 % and 72 % in
the presence of 500 mM EtOH and 500 mM TBA, respectively. Similar
trend for carbamazepine degradation was noticed, only 84 % and 15 %
of carbamazepine removal efficiency inhibited in the presence of 100
mM TBA and 500 mM EtOH, respectively [21,59]. The value of rate
constants was estimated to be Koprx = 153.3 x 10° ng’ls*1 for OFLX
and 16.6 x 10”7 Lmg~'s™! for COD removal in the absence of any scav-
enger. Furthermore, the values of rate constant for OFLX was estimated
(40.2 x 106, 10.8 x 10% and 8.5 x 10° ng’lsfl) and for COD removal
(15.3 x 107, 10.6 x 107 and 10.2 x 10’ Lmg~'s™!) in the presence of 10
mM of each quencher LH, TBA and EtOH, respectively. However, the
rate of OFLX and COD removal significantly suppressed from 8.5 x 10°
Lmg !s7! to 3.16 x 10® Lmg~!s7!, and 10.2 x 10’ Lmg~'s ™! t0 5.0 x
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Fig.4. Effects of various scavengers on the degradation of (a) ofloxacin, (b) COD, with their corresponding inhibition kinetics for (¢) ofloxacin, (d) COD, at optimum
operating conditions in the LaCoO3/PMS system, and (e) EPR spectra of PMS only and LaCoO3/PMS (Reaction conditions: PMS dose 2 mM, catalyst dose 1 g/L, pH

7.3 and temperature 60 °C).

107 ng_ls_l, while raising the EtOH dosage from 10 mM to 200 mM,
respectively. The aforementioned results demonstrate that both ROS
species i.e., SO~ and *OH played a vital role in ofloxacin and COD
degradation.

To further confirm the ROS species that is responsible for degrada-
tion of ofloxacin, ESR study was conducted with employing the DMPO as
the spin-trapping agent at optimum reaction conditions (e.g., PMS dose
2 g/L, LaCoOg3 dose 1 g/L, pH 7.3, reaction temperature 60°C) with 10
mM of DMPO. Generally, DMPO was used to trap SO3” and *OH radicals
with the formation of DMPO-SO3” and DMPO-*OH. As illustrated in
Fig. 4(e), no noticeable signals of DMPO-SO3~ and DMPO-"OH adducts
were identified while using the PMS dose alone, which reveals that no

radicals were produced with only the PMS in the absence of catalyst.
However, the characteristic signal of DMPO-SO3 adduct with hyperfine
splitting constants (oy = 13.6 G, ay = 9.7 G, ay = 1.48 G, ay = 0.78 G)
and DMPO-*OH (o = ay = 14.9 G) were strongly observed when the
PMS dose and catalyst dose added as depicted in Fig. 4(e), resulting in
generation of SO and *OH radicals. Although, characteristic signal of
DMPO-*0OH is much stronger in comparison with that of DMPO-SO3~
which might be cause of the short life-span of DMPO-SO4~ adduct (t 2 =
95 s in water) and high reaction rate for hydroxyl radical (kpmpo-son =
2.8x10°M s compared to sulfate/sulfide (kpypo- so4e- = 1.2 X 10°
M’ls’l) [4,67]. Adduct DMPO-SO4™ rapidly transformed into DMPO--
*OH through nucleophilic substitution as shown via Egs. (16-17).
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DMPO - SO;~ + H,0—-DMPO - *OH + SO}~ + H* (16)

SO}~ + H,0— °*OH + SO~ + H* 17

Authors Lu et al., also noticed the similar findings and reported that
both radicals SO5” and *OH generated in PMS/LaCog 4Cup O3 system
[22]. All these findings agree with those in aforementioned radical
quenching experiments and indicate that both radicals SO5~ and *OH
were generated in PMS/LaCoOs3 system.

Separation and Purification Technology 319 (2023) 123967
3.5. Ofloxacin degradation mechanism in LaCoO3/PMS system

3.5.1. PMS activation mechanism

In order to explore the PMS activation mechanism with LaCoOs3
perovskite, the XPS spectra of LaCoO3 before and after treatment were
recorded as illustrated in Fig. 5(a, d). The full survey scan XPS spectra of
LaCoOj3 perovskite before and after treatment demonstrated that as
synthesized particles are mainly composed of elements i.e., Co (2p), La
(3d) and O (1 s) as depicted in Fig. 5(a). The entire spectrum was cali-
brated using C 1 s peak with binding energy 284.8 eV. As shown in Fig. 5
(b), typical XPS spectra of Co 2p3/2 for fresh LaCoO3 deconvoluted into
two peaks at binding energy 774.9 eV and 772.6 eV, which were
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Fig. 5. XPS spectra of fresh and spent LaCoOj3 catalyst, (a) survey scan spectra, (b) Co 2p spectra, (¢) La 3d spectra, (d) Ols spectra, (e) reusability study of LaCoO3
catalyst and (f) effect of pH with Co leaching, at optimum operating conditions in the LaCoO3/PMS system.
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attributed to Co™ (43.5 %) and Co™ (42.4 %) with corresponding
composition [22]. After oxidation reaction, a significant change in the
composition of Co™2 and Co™ was observed, which accounted for 22.77
% and 60.8 % in spent catalyst, respectively. This is clear indication of
ions Co*? and Co*® involved in PMS activation via the electron transfer
cycle between Co™2 and Co™ and to produces the free radicals for the
degradation of ofloxacin. Meanwhile, Co™ accept the electron from the
system resulting in a redox reaction process i.e., Co™? & Co*® & Cot?
involved in the PMS oxidation as shown in the following equation Eq.
(18) and (19) [22,57,68,69].

= Co*" + HSO; —» = Co** + S0y +OH~ 18)

= Co™ + HSO; —» = Co™ + S0 +H* 19)

XPS spectra of La 3d core level of fresh LaCoOg3 perovskite showed
two characteristic peaks of La 3ds/» at around binding energy with their
corresponding composition i.e., 832.6 eV (35.4 %) and 835.9 eV (20.1
%); and for La 3ds/, at around i.e., 849.7 eV (28.5 %) and 852.7 eV
(16.1 %), which could be assigned to La*® oxidation state in species
Lay0O3 and La(OH)s, respectively [70,71]. Fig. 5(c) showed that after
oxidation reaction, no significant changes were observed in binding
energy, only the composition had changed. The XPS spectra of O1s core
level of fresh catalyst split into three peaks with their corresponding
composition namely, lattice oxygen (O%_/O_) at 526.9 eV (34.8 %),
surface adsorb oxygen (Op) at 528.7 eV (38.3 %), and carbonated oxy-
gen at 530.1 eV (26.9 %), respectively. Notably, lattice oxygen
composition of spent LaCoOs catalyst was significantly decreased, which
is clear indication of consumption of highly oxidative species (SO5~ and
*OH) [24,72]. Moreover, the composition of surface adsorb oxygen
increased from 38.3 % to 49.1 %. This might be caused by — OH group in
H20 molecules participating in the PMS activation process and subse-
quently more — OH groups were formed during the redox process along
with Co — OH group were also formed on the catalyst surface [69,73].
Apart from that, no noticeable changes were observed in carbonated
oxygen composition.

Based on the aforementioned results obtained from the XPS analysis,
quenching experimental study, and EPR tests, we proposed a possible
PMS activation mechanism in LaCoOs/PMS system for ofloxacin
degradation. The redox conversion of metal ions between M™" and
M®+D+ (M represents transition metal) plays a vital role in PMS acti-
vation by fission of -O — O- bond in PMS [22,24]. According to litera-
ture, Co ions act as Lewis acid on the catalyst LaCoOg3 surface, when the
catalyst introduced into the aqueous media, water molecules physically
adsorbed the =Co™? sites of catalyst LaCoOs surface to create =Co*2-
OH™ Eq. (20), which is rate limiting reaction for PMS activation [73,74].
Subsequently, when PMS was introduced into the reaction solution, PMS
(HSOs) was bonded in the form of LaCoO3 — O — H-HSOs through
hydrogen bonding. After PMS introduction, formed complex =Co™2-
OH™ further react with PMS to produce the SO5 via hydrogen bonding
along with SO§™ radical species via Egs. (21-22). Meanwhile, generated
radical SO via Eq. (21, 22) combined with each other produce a small
amount of SO3™ radicals via Eq. (23) [39,69].

= Co*" — OH +HSO; — = Co™ — OH +SO}” + OH~ (20)
= Co®" — OH + HSO5 — = Co*" — OH + SO +H* (21)
= Co’* + HSO; » = Co** + S0;™ + H* (22)
503 + 503 —=280; + 0, (23)

In addition, OH® radicals were also produced in the progressive
oxidation reduction cycle Co? & Co*® & Co™ via equation Eq.
(24-26). The production of OH® radical is also accompanied by the
production of peroxyl radicals (HO3) which have a lower oxidation
potential compared to OHe radical via Eq. (27). Finally, the formed

10

Separation and Purification Technology 319 (2023) 123967

reactive species oxidized the ofloxacin into intermediate compounds
which could be further oxidized into CO2 and H,0 via Eq. (28).

= Co*" + HSO; > = Co®" +S0;” + "OH 29
H,0 + HSO5 —HSO; + H,0, (25)
H,0,-2 °OH (26)
H,0,+ *OH— °*OH, + H,0 27)
Ofloxacin + SO}~/ *OH— Intermediates Mineralization CO, + H,0 (28)

Moreover, the ofloxacin degradation pathways were elucidated
through the intermediate compound generated during the reaction as
detected by GC-MS in LaCoO3/PMS system as well as from the literature.
Overall, thirteen compounds were tentatively identified; details of these
compounds such as elemental formula, proposed structure and molec-
ular ions (m/z ratio) were shown in supplementary data (Table S4 and
Table S5). Basis on GC-MS analysis and previously reported ofloxacin
degradation pathways, six reaction pathways were proposed as shown in
Fig. 8 [10,11,14,75,76]. In the proposed pathways, several major
transformation mechanisms were described e.g., hydroxylation, piper-
azinyl dealkylation, decarboxylation, cleavage of OFX molecule,
defluorination and oxidation of hydroxyl groups, etc., [8,9,14]. In the
first degradation pathways, ofloxacin degradation begins with hydrox-
ylation of the tetrahydropyridine ring and ring cleavage being attacked
by SO5™ and °OH radicals, leading to formation of the product (m/z
—397). Apart from that intermediate products (m/z —282) and (m/z
—117) were formed by strong attacks of SO5~ and *OH radicals on C-C
bond broken in carboxylic acid and benzene ring. Subsequently, product
(m/z —282) could be transformed into the product (m/z — 165) and (m/z
— 87) via cleavage of benzene ring by further attacking the reactive
radicals. In the second pathways, intermediate products (m/z — 101)
and (m/z — 280) were produced through SO3™ and *OH radicals attacked
on C-N bond cleavage between piperazine ring and benzene binding.
Thereafter, an intermediate compound (m/z — 133) was formed by the
cleavage on piperazine ring of product (m/z — 100) which then further
transformed into another product (m/z — 87). Moreover, in 3rd pro-
posed pathway, the cleaved piperazine ring may be attached by reactive
species SO5/°OH to form the product (m/z — 364), which could be
further transformed into product (m/z C 279) via C-N bond cleavage.
Subsequently, cleaved benzine ring attacked by SO3/°OH to produce
product (m/z — 228). In the pathways four, product (m/z — 279) might
be formed via oxidative degradation of N-piperazine ring leaving an
amino group on the ring. Then product (m/z — 279) may further
transform after losing the carbon moiety [11,14]. The products (m/z —
251) and (m/z — 207) were produced after losses of CO and CO» from
corresponding product (m/z — 279) and (m/z — 251), along with
product (m/z — 205) was formed after losing the 2 hydrogen from
product (m/z — 207) which leads to formation of one double bond in
methyl group. In pathway fifth, product (m/z — 175) was formed by
breakdown of parental compound and losing the CgH;3FN2O», subse-
quently, m/z 175 get further transformed by cleavage into product (m/z
— 149). At the end of the pathway six, product (m/z — 395) was formed
via dihydroxylation of ofloxacin as 2-HO-OFLX. Eventually, detected
intermediate products were further oxidized into a smaller compound
and it got mineralized into CO3 and HO.

3.6. Recyclability and chemical stability of LaCoO3 perovskite

The recyclability and stability of LaCoO3 perovskite in LaCoO3/PMS
system were assessed over the four consecutive cycles under the same
optimum operating conditions e.g., PMS dose 2 g/L, LaCoOg3 catalyst
dose 1 g/L, pH 7.3, and reaction temperature 60 °C, as results depicted in
Fig. 5(e) and (Table S3 in supporting file). The removal of ofloxacin and
COD was observed 97.11 % and 79.41 % in the first cycle, respectively.
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Fig. 8. Proposed reaction pathways for ofloxacin degradation in LaCoO3/PMS system.

After each cycle of experiments, used catalyst was filtered by centrifugal
separation, and then rinsed several times with Millipore water subse-
quently dried at 120 °C for 12 h. In order to collect the adequate amount
of catalyst used for the next cycle, several parallel runs were conducted.
The regenerated catalyst was further utilized at the same optimum
operating conditions resulting in minor losses of ofloxacin and COD
degradation was observed. The removal efficiency of ofloxacin signifi-
cantly dropped from 97.11 % (1st cycle) to 94.08 %, 91.25 % and 90.12
%; and for COD removal 79.41 % (first cycle) to 76.29 %, 74.62 % and
70.31 %; in 2nd, 3rd and 4th successive cycles. Authors Liu et al.,
noticed the moxifloxacin removal in the five consecutive experiment
cycles as 97.12 %, 97.13 %, 88.72 %, 80.43 %, and 62.63 %, respectively
with CoFey04 catalyst activated with PMS [69]. The removal efficiency
of ofloxacin and COD slightly suppressed in each cycle might be
attributed to various reasons as: (a) leaching of cobalt ion leads to
suppressed the active sites (Cot?/Co™3) from LaCoOs surface, and (b)
carbon adsorbed on the catalyst surface and occupied the active sites
(carbon in the form of intermediate compounds produced during the
reaction) that causes blockage of active sites resulting in suppression of
ROS species (SO5~ and *OH) production [31,34,77]. Furthermore, based
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on the XRD patterns obtained in Fig. 1(b), no significant changes were
observed in spectral peaks of fresh and spent LaCoOs catalyst. This
showed that catalyst LaCoOs is a highly stable structure. Considering the
preceding facts, stability of LaCoOg perovskite was monitoring in term of
cobalt ions leaching over each successive cycle through ICP-MS analysis
as results shown in Fig. 5(e), supplementary file (Table S3). Leaching of
Co ions in first cycle was noticed 1.64 mg/L, subsequently gradually
dropped from 1.64 to 1.56, 1.18, and 0.98 mg/L in 2nd, 3rd and 4th
successive cycle. However, the present values of Co ions leaching in each
cycle were quite low which is in accordance with the permissible
discharge limit in India [78,79]. Metal ions leaching is one of the pri-
mary drawbacks of heterogeneous catalyst, catalyst easily deactivate by
losing the active sites from catalyst surface resulting in deteriorate the
performance of catalyst. However, perovskite is a highly stable structure
that doesn’t lose its catalytic activity easily while using after recycling in
multiple cycles [19,23]. Author Taran et al., tested the catalytic activity
of LaBOs (B = Fe, Cu, Mn, Ni, Co) perovskite catalysts on phenol
degradation and noticed that perovskite LaFeO3 doesn’t lost its catalytic
activity after recycling over the forty cycles [23]. Similarly, authors Nie
et al., tested the stability of LaFeOs perovskite-like catalyst for
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sulfamethoxazole degradation and reported minor effects on sulfa-
methoxazole degradation efficiency after tenth cycle, along with low
metal ions leaching [41]. It is noticeable that solution pH is strongly
affected the chemical stability [23,31,77,80]. Meanwhile, leaching of Co
ions on LaCoOg surface were evaluated at different pHs (i.e., 2.5, 5, 7.3,
10) at the same optimum operating conditions as shown in Fig. 5(f).
Leaching of cobalt ions significantly decreased i.e., 2.33, 2.13, 1.64 and
1.60 mg/L with raising the reaction pHs (2.5, 5, 7.3, 10) with their
corresponding removal efficiency of ofloxacin (56.35 %, 86.25 %, 97.11
% and 78.32 %) and COD (39.26 %, 63.26 %, 79.41 % and 51.36 %),
respectively. Furthermore, the leaching of cobalt ions in a strong acidic
medium was higher compared to pH 2.5, as well as very low removal of
ofloxacin and COD was observed. Our previous study also found similar
results, copper ion leaching gradually decreased 2.78, 2.24, 1.85, and
1.22 mg/L; and for nickel ion decreased gradually 1.65, 1.42, 1.26, and
1.08 mg/L; with raising in corresponding pHs 2, 4, 6.12 and 9, respec-
tively catalysis with SrCug ¢Nig 403 perovskite-like catalyst [39]. Simi-
larly, authors Qin et al. noticed very high leaching of iron ions in strong
acidic medium e.g., 2.12 %, 1.88 %, 1.65 % and 1.28 %, at various pHs
2.1, 3.8, 5.8 and 10.2, respectively in Fe/ACP system for the removal of
benzoic acid [77]. There have been several studies that have demon-
strated very high metal ions leaching in strong acidic medium, which
can be suppressed by raising the pH, along with improved the pollutant
removal efficiency [77,80,81]. Thus, the above results demonstrate that
stability and activity of the catalyst could be enhanced by conducting
the degradation reaction in neutral and mild alkaline pH.

4. Ofloxacin and COD degradation kinetics

The degradation of ofloxacin and COD with LaCoO3/PMS system was
performed by two-stage degradation kinetics i.e., rapid degradation
followed by slower degradation kinetics and well fitted by pseudo first
order kinetic model at temperatures ranging 303 K to 343 K, as shown in
Fig. 6(a, b). Various researchers have earlier explored the two-stage
degradation pseudo first order kinetic model for different types of pol-
lutants viz., pyridine, acrylonitrile, acrylamide and quinoline etc.,
[39,46,58,82]. Ofloxacin and COD degradation model is expressed by
following Eq. (29).
rate = (29)

- =kt

Where, notation C is residual concentration of ofloxacin or COD in
mg/L at time t, Cw is first order reaction rate constant (min~1). Notation,
p and q are the reaction order for ofloxacin catalyst dose. During the
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degradation reaction catalyst was not consumed, therefore term C,,
could be neglected and applied p = 1 (for pseudo first order) and then
Eq. (29) can be integrated and obtained following Eq. (30).

Cu

In— =kt

C (30)

Fig. 6(a), depicted that degradation of ofloxacin with LaCoO3/PMS
system exhibited the bilinear plots, i.e., fast reaction for the initial 40
min duration (fast stage) followed by a slow reaction for the next 20 min
reaction (slow stage). It is noticed that value of rate constants for
ofloxacin and COD degradation increased with increasing the reaction
temperature in both stage (fast stage k; as well as slower k). Meanwhile,
value of rate constant in fast stage k1 was much higher than ko as
tabulated in Table 3. Furthermore, the activation energy for ofloxacin

Table 3
Two-step degradation kinetics for ofloxacin and COD removal at various
temperatures.

Ofloxacin degradation kinetics

Temperature Fast Step Slow Step
x)
ky R? Ea (kJ ko R? E, (kJ
(min™ 1) mol™1) (min ™) mol 1)
303 20.3 x 0.973 28.60 7.3 x 0.909 44.05
1073 1073
313 35.1 x 0.990 11.6 x 0.990
1073 1073
323 48.6 x 0.996 24.8 x 0.983
1073 1072
333 68.9 x 0.997 44.7 x 0.991
1073 1073
343 76.4 x 0.993 47.0 x 0.999
1073 1072
COD degradation kinetics
303 14.7 x 0.984 12.55 5.8 x 0.998 19.37
1073 1073
313 20.5 x 0.997 7.4 x 0.984
1073 1073
323 26.9 x 0.996 8.8 x 0.896
1073 1073
333 33.2 x 0.981 10.3 x 0.961
1073 1073
343 35.2 x 0.995 11.0 x 0.968
1073 1073
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Fig. 6. Two-step degradation kinetics for (a) ofloxacin, and (b) COD removal at optimum operating conditions.
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and COD degradation were estimated through Arrhenius equation by
using rate constants k; and ky. The values of activation energy for
ofloxacin (i.e., 28.60 kJ mol ! for fast stage and 44.05 kJ mol ! for slow
stage) and similarly for COD (i.e., 12.55 kJ mol ! for fast stage and
19.37 kJ mol ! for slow stage) degradation were obtained as shown in
Table 3. Numerous researchers have reported the similar trends of
activation energies for the degradation of various pollutants such as
pyridine, pyrrole and quinoline to be 19.10, 41.29 and 29.40 kJ mol ™},
respectively [82-84].

5. Phytotoxicity study

Water generated from the industries contains the highly toxic and
recalcitrant pollutants, which may adversely affect the growth of agri-
cultural crops, either inhibited the growth of crops or delaying the
germination of seeds [34,85,86]. As shown in Fig. 7 and supplementary
file (Fig. S4), phytotoxicity experiments were conducted along with seed
germination indices (G.I.) to evaluate the toxicity assessment of phar-
maceutical wastewater on various plant species of Vigna radiatus L., Cicer

Tap
Water

Untreated
Water
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arietinum and Hordeum vulgare L., respectively. Various researchers have
performed the phytotoxicity study and assessed the toxicity of industrial
wastewater on various agricultural crops i.e., black chickpea [34],
mustard [87], wheat, moong [34,88], some vegetables crops (e.g., to-
mato, chilli, onion and cucumber) [89], and subsequently results were
reported that while using the high concentration toxic water in irriga-
tion causes to detrimental impacts viz., crop growth inhibition, seed
damaged and delaying in seed germination [90]. Therefore, considering
the aforementioned facts, phytotoxicity tests were conducted with three
species viz., Vigna radiatus L., Cicer arietinum and Hordeum vulgare L.,
germinating in control sample (tap water), untreated pharmaceutical
wastewater and treated pharmaceutical wastewater, respectively. Prior
to phytotoxicity test, seeds of each species were sterilized b soaking of 3
% H302 solution for 2 min and then rinsed several times in Millipore
water [91]. All the experiments were carried out in duplicate and results
were reported as mean average data. Duplicate samples of 10 seeds were
utilized for each test. After 10 days of seeds germination, the germina-
tion index G.I. (%) was estimated through the following Eq. (31).

Treated
Water

Fig. 7. Phytotoxicity assessment study with tap water, treated pharmaceutical manufacturing wastewater and untreated pharmaceutical manufacturing wastewater
on species Row (1) Vigna radiatus L., Row (2) Cicer arietinum, and Row (3) Hordeum vulgare L.
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GS LS
G.I1.(%) = G XL 100

c c

(31)

Where, notation Gs and Gc expressed as number of seeds germinated
in sample water and control sample (tap water), Ls and Lc are value of
root elongation (radical length) in sample water control sample. How-
ever, the values of G.I. (%) in pharmaceutical wastewater were assessed
i.e., 20.24 %, 3.8 % and 0 % for species e.g., Vigna radiatus L., Cicer
arietinum and Hordeum vulgare L., respectively. Moreover, the values of
G.I. (%) for Vigna radiatus L., Cicer arietinum and Hordeum vulgare L.,
were estimated i.e., 63.24 %, 24.6 % and 80.36 % while germination of
seed in treated pharmaceutical wastewater. However, G.I. (%) value
lower than 50 % represent the highly phytotoxicity, intermediate values
falling in the range 50-80 % represent the moderate phytotoxicity and
values more than 80 % point out that material is non-toxic in nature for
plant species. Similar ranges of G.I. (%) have been reported by authors
Moradi and Ghanbari for plant species i.e., Lycopersicum esculentum,
Lepidium sativum and Raphanus sativus, germinating in treated water
from coagulation and Fenton process [86]. Additionally, the above re-
sults demonstrated that pharmaceutical wastewater strongly affects the
growth of all plant species, but with a greater effect on Hordeum vulgare
L. It might be cause of phytotoxins present in the wastewater [34,86,91].
As a result of the phytotoxicity results from our study, it was observed
that a treatment with LaCoO3/PMS system produced highly productive
wastewater for Vigna radiatus L., Cicer arietinum and Hordeum vulgare
L., respectively, despite having little impact on the above species.

6. Economic assessment of the treatment process

Implementing innovative technologies on a large scale has always
been difficult due to the high cost of the treatment process. It is generally
accepted that the total cost of the treatment process is the sum of the
operating costs, capital costs, and investment costs [34,82]. The oper-
ating cost of heterogeneous catalysis with LaCoO3/PMS system were
estimated at lab scale for the real pharmaceutical manufacturing
wastewater. The operating cost (in $/m?) included the chemical reagent
cost and energy cost as shown in Table 4 [39,82]. The overall operating
cost for pharmaceutical manufacturing wastewater was estimated to be
40.78$/m® wastewater with catalyst used in single cycle. The overall
operating cost could be decreased in large scale operation and catalyst
recycled in multiple cycles. In our previous research, treatment cost for
real ABS resin wastewater was estimated 75.60$,/m> with LaCuyxFe; xOs/
PMS system [34]. A study by Patidar and Srivastava, reported 209$,/m?
wastewater for electrochemical treatment of bulk drug pharmaceutical
wastewater, which is a very high cost for real industrial wastewater
treatment. The total cost of ofloxacin containing wastewater was re-
ported 217.36$/m° by the sono-electrochemical process [7]. Similarly,
other authors have reported the operating cost for real industrial
wastewater as 436$/m> for highly acidic wastewater [92], 248$/m? for
actual sugar industry wastewater [93], 217.36$/m> for cosmetic in-
dustry wastewater [85] and others have reported as given in Table S8
(supporting file). Thus, the above results concluded that the overall
operating cost for pharmaceutical manufacturing wastewater with
LaCoO3/PMS system is very cost effective among the previously re-
ported processes.

7. Conclusions

This study developed a highly efficient catalytic oxidation system to
degrade ofloxacin and COD from pharmaceutical manufacturing
wastewater. Catalyst LaCoO3 exhibited excellent catalytic activity and
stability toward PMS activation for ofloxacin degradation (97.11 %) and
COD (79.41 %) under optimum operating conditions (LaCoOs dose 1 g/
L, PMS 2 g/L, pH 7.32, and reaction temperature 60 °C). The two-stage
degradation kinetics for ofloxacin and COD were performed by first
order kinetic model at various temperatures 303-343 K. The activation
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Table 4
Operating cost estimation for pharmaceutical manufacturing wastewater in
LaCoO3/PMS system.

Reagent Chemical reagent cost for catalyst synthesis
Per unit Reagent cost for per g of
price catalyst

Lanthanum (III) nitrate hexahydrate =~ 1110 X/kg 0.555%/0.5 g

Cobalt (III) nitrate trihydrate 615%/kg 0.307%/0.5 g

Polyvinylpyrrolidone 350%/kg 0.003%/0.01 g

Citric acid 85%/kg 0.085%/1.0 g

Catalyst cost per g 0.950%/g or 0.011$/g

Catalyst cost for optimum dose (1 g/ 0.950%/g or 0.011$/g

L)
Running cost of catalytic oxidation process

Reagent Price per Cost for each Cost for 1L

unit run

Peroxymonosulfate (PMS) 760%/kg 0.152% 1.52%3/2 g

Power consumption 5.653/kWh 0.086% 0.860%/h

Total operating cost per liter 3.33kor

solution 0.0407$

Total operating cost per m® 3330 or

solution 40.78%

Note: 1$ = 81.65 Indian Rupee as on November 11, 2022.

energy for ofloxacin and COD degradation were estimated in fast stage
28.60 kJ/mol and 12.55 kJ/mol; and for slow stage 44.05 kJ/mol and
19.37 kJ/mol, respectively. Reusability and chemical stability studies of
the catalyst revealed that ofloxacin and COD removal efficiency were
only reduced by 7 % and 9 % over the fourth cycle, respectively.
Furthermore, minor leaching of cobalt was observed i.e.,1.64,1.54,1.18
and 0.98 mg/L in 1st, 2nd, 3rd and 4th consecutive cycles, which was
well below their respective possible limit prescribed by CBCB India,
indicating that no secondary pollution is generated. The results of the
quenching tests and EPR analysis confirmed the generation of massive
ROS in LaCoO3/PMS system, which provides superior performance in
the removal of ofloxacin and COD. Six major reaction pathways for
ofloxacin degradation were elucidated by intermediates and final
products detected by GC-MS analysis. Phytotoxicity study demonstrated
that the toxicity of pharmaceutical wastewater was significantly reduced
and rate of seed germination highly improved after treatment.
Furthermore, the treatment cost for ofloxacin degradation in LaCoO3/
PMS system was estimated to be very cost effective at 40.78$/m> of
wastewater.
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