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Abstract

In this study, copper-loaded activated alumina (Cu/AA) was synthesized and used for the CWPO of catechol (a representa-
tive refractory organic pollutant). Various characterization techniques were deployed to characterize the catalysts, e.g., acti-
vated alumina (AA), as well as pristine and spent 1% Cu/AA. The innovative 1% Cu/AA catalyst exhibited good thermal
stability up to 1173 K with a marginal weight loss of 13%. The Cu species were well dispersed on the activated alumina
framework with no significant cluster formation. Typically, the average copper particle size of 5 nm was dispersed on the
AA framework. Catechol removal was observed to be 92% with 87% mineralization at optimized conditions (initial catechol
concentration =200 mg/L, catalyst dose of 1% Cu/AA =2 g/L; temperature =323 K; pH=6; and H,O,/catechol stoichio-
metric ratio=0.5). The mineralization of catechol was analyzed using mass spectroscopy, with the associated mechanism
has been elucidated. Results of this study indicated that synthesized catalyst has phenomenal advantages in terms of simple
separation and high removal efficiency of catechol, suggesting the feasibility of employing Cu/AA as the effective catalyst

for the CWPO of catechol.
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Introduction

Catechol (also named 1,2-dihydroxybenzene or pyrocat-
echol) has been found in the wastewater released from
various industries such as textiles, petrochemicals, rubber,
dyes, pharmaceuticals, plastics, cosmetics, paper, and pulp,
etc. Furthermore, the effluents from coal gasification con-
tain catechol and resorcinol, and their concentrations range
from a few mg/L to 1000 mg/L (Subramanyam and Mishra
2007). Moreover, 5500 mg/L of catechol was identified in
low-temperature coal carbonization effluents (Aghapour
et al. 2015). Catechol is hazardous upon exposure, harmful
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if inhaled, irritates the skin and eyes, affects the respiratory
tract, destroys DNA, and accumulates in the bone marrow
due to its aromatic nature (Kumar et al. 2003). Catechol
is considered carcinogenic to humans and is more toxic
than phenol and resorcinol (Thakur et al. 2017). Numerous
treatment methods have been explored for catechol-bearing
wastewater, including adsorption, chemical oxidation, bio-
logical process, precipitation, and advanced oxidation pro-
cesses (AOPs) (Mukherjee et al. 2007). Of these methods,
several AOPs have been investigated for the treatment of cat-
echol-containing wastewater, including catalytic ozonation
(Moussavi et al. 2014; Aghapour et al. 2015; Kermani et al.
2018), photo-oxidation (Mandal et al. 2004), photocatalysis
(M’hemdi et al. 2012), and Fenton (Lofrano et al. 2009;
Yang et al. 2016). The advantage of using AOPs compared
to the other treatment processes is that AOPs can completely
transform the organic components into simple and harmless
organic and inorganic species.

Among the different AOPs, the catalytic wet-peroxidation
(CWPO) process is considered to be the most cost-effective
process for treatment of industrial and urban wastewater
(Marquez et al. 2018). CWPO operates at atmospheric pres-
sure and moderate temperature (below 373 K) with either
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homogeneous (non-supported) or heterogeneous (supported)
catalysts. CWPO with homogeneous catalysts has signifi-
cant limitations, including pH sensitivity, the likelihood of
secondary contamination, high catalyst use, and difficulty
with catalyst recycling (Subbaramaiah et al. 2013a; Gosu
et al. 2020). Accordingly, CWPO with heterogeneous cata-
lysts (e.g., with the base supporting materials being car-
bon, clay, organics, and metal) is receiving greater atten-
tion. Currently, several heterogeneous catalysts have been
investigated, including various active metals (iron, copper,
cerium, etc.) supported on silica, granular activated carbon
(Gosu et al. 2018c), SBA-15 (Subbaramaiah et al. 2013a, b;
Kim et al. 2021), pillared clay (Kip¢ak and Kurtaran Ersal
2021; Garcia-Mora et al. 2021), MCM-41 (Hachemaoui
et al. 2021), and copper-based catalysts supported on organic
material. Some materials used in CWPO are synthesized
using Cu®*, Mn**, and Co** (Mérquez et al. 2018). CWPO
of catechol degradation have been investigated using vari-
ous heterogeneous catalysts such as Fe**/ H,0, (M hemdi
et al. 2012), Fe supported on clay (Elboughdiri et al. 2015)
Fe;0,-Ce0O, nanocomposite (Gogoi et al. 2017) and ZVI/
Mn-C (Qin et al. 2022). Gogoi et al. (2017) synthesized
the Fe;0,-CeO, metal oxide nanocomposite to evaluate the
catalytic activity for the degradation of catechol. Qin et al.
(2022) employed the ZVI/Mn-C bimetallic catalyst for the
degradation of catechol under neutral conditions using Fen-
ton like process where 100% degradation and 46% COD
removal was achieved at optimum conditions.

Among the various supporting materials, alumina has
been extensively used as an adsorbent and catalyst support
in water and wastewater treatment. It has good adsorptive
properties and has been widely deployed to remove vari-
ous organic contaminants and inorganic contaminants from
aqueous solutions (Srivastav and Srivastava 2009). It has
also been used as an adsorbent in the adsorptive desulfuriza-
tion of liquid fuels. Activated alumina (AA) has been used
for various industrial applications such as AA supported
Cu and Ni employed to synthesize metal-phthalocyanine
(Sanchez-De La Torre et al. 2013), Fe/Al,O; catalyst used
for catalytic oxidation of phenol (di Luca et al. 2018),
mesoporous alumina catalyst utilized for methane-CO,

reformation (Bian et al. 2021), and nano-porous aluminum
employed for hydrogen production. On the other hand, cop-
per oxide catalysts have been reported to be efficient for deep
oxidation of carbon monoxide, methane, methanol, ethanol,
and acetaldehyde (Cordi et al. 1997). CuO/activated carbon
is efficient in degrading organic pollutants (Hu et al. 1999;
Gosu et al. 2018b), and copper nitrate is the most effective
catalyst for the catalytic oxidation of dye and printing waste-
water (Hu et al. 1999).

In light of the aforementioned analysis, AA appears to
have potential for the CWPO of catechol because AA is
cheaper, easier preparation, and environmentally benign.
However, no studies were found in the literature on using
AA or AA-supported Cu for the CWPO of catechol. There-
fore, we hypothesized that AA-supported catalysts with
copper as the active element (Cu/AA) would increase the
catalytic activity with high metal dispersion, and thus, can
be used to treat catechol-bearing wastewater in the CWPO
process. To test these hypotheses, we did this study with
the following specific purposes: (a) synthesizing the 1% Cu
loaded AA (1% Cu/AA) by the impregnation technique; (b)
determining the physico-chemical parameters of 1% Cu/AA
by various characterization techniques; (c) optimizing the
catalytic performance of 1% Cu/AA for CWPO of catechol
in a batch process; and (d) elucidating the catalytic mecha-
nism of catechol degradation/mineralization.

Materials and methods

Materials

Only analytical reagent (AR) grade chemicals were used in
this work, and their purity and supplier details are listed in
Table 1.

Synthesis of Cu/AA catalysts

The incipient wet impregnation approach was adopted to

synthesize the copper-loaded activated alumina (Cu/AA)
catalyst (Priyanka et al. 2014). The required amount of

Table 1 Purity and supplier

) Chemical Purity CAS number Source

details
Catechol >98% 120-80-9 Loba Chemie Pvt. Ltd, India
Hydrochloric acid >98% 7647-01-0 CDH Pvt. Ltd, India
Activate alumina >99% 1344-28-1 ASES chemical works, India
Sodium hydroxide >99% 1310-73-2 Fisher Scientific, India
Copper nitrate tri-hydrate >98% 10,031-43-3 Merck Specialties Pvt. Ltd, India
H,0, (30 wt%) >99% 7722-84-1 Rankem Pvt. Ltd, India

Deionized (DI) water

18 MQ-cm resis-
tivity

SM laboratories, India
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Cu(NO;),-3H,0 (0.3825 gm for 1, 0.7650 gm for 2, and
1.9126 gm for 5 wt. % Cu/AA) was dissolved in deionized
water. Thereafter, 9.9 gm, 9.8, and 9.5 gm of AA balls were
added into the copper dissolved solution of 1%, 2%, and 5
wt.%, respectively with continuous stirring at 500 revolu-
tions per minute (RPM) for 30 min using a magnetic stirrer.
The resulting mixture was dried in a vacuum oven for 12 h at
353 K. The dried samples were calcined in a muffle furnace
for 4 h at 623 K. The final calcined samples were labeled as
1% Cu/AA, 2% Cu/AA, and 5% Cu/AA.

Catalyst characterization and analytical methods

A UV/VIS spectrophotometer (UV 1800, Shimadzu, Japan)
was used to determine the concentration of catechol in the
aqueous solution. Catechol concentration before and after
treatment was measured by observing absorbance at a wave-
length of 275 nm (Aghapour et al. 2015). The TOC (total
organic carbon) was measured using a TOC analyzer (Siev-
ers InnovOx TOC Analyzer, SUEZ, USA). A mass spec-
trometer (Xevo G2-S, Waters, USA) was used to understand
the mineralization process in the CWPO process. A 50:50
(v/v) ratio of acetonitrile and water was used as a mobile
phase with a flow rate of 1 ml/min. The physicochemical
characteristics of the potential catalyst (1% Cu/AA), support
(AA), and spent catalyst (1% Cu/AA) were carried out to
acquire a better understanding of the synthesized catalysts.
The samples’ surface functional group and surface chemistry
were evaluated using a Fourier transform infrared spectro-
photometer (FTIR) (Spectrum Two, Perkin Elmer, USA)
with the KBR pellet technique. The surface morphology of
samples was evaluated using a scanning electron microscope

OH

OH

+ Ho, CHalyst

(SEM) (Nova Nano FE-SEM 450, Thermo Fisher Scien-
tific, USA). Thermal stability of samples was determined
using Thermo gravimetric analysis (TGA) (STA 6000, Per-
kin Elmer, USA) at a heating rate of 10 °C/min over the
temperature range of 303—1173 K. The samples’ morphol-
ogy and elemental composition were investigated using a
high-resolution transmission electron microscope HR-TEM
(Tecnai G2 20 S-Twin, FEI, Netherlands). Energy-dispersive
X-ray spectroscopy has been used to evaluate metal disper-
sion on the support (EDS).

Catalytic wet peroxide oxidation of catechol

The CWPO of catechol was performed in a 250 ml round-
bottom flask with three necks. The middle neck contained a
reflux condenser, which was used to condense the vapors that
were produced throughout the reaction. The other two necks
were utilized to collect samples and assess temperature. To
maintain a consistent temperature throughout the process, the
reactor was placed in an oil bath. The entire reactor system
was supported by a magnetic stirrer with a heating element
(2MLH, REMI). The reaction’s desired temperature was
maintained with the aid of a propositional integral controller
(PID). The reaction mixture was homogeneously mixed using
a magnetic stirrer and set to 300 rpm. A reaction mixture of
100 ml was utilized for each experiment run. The initial pH
was adjusted (2—10 pH) using a solution of 0.1 N HCI or
0.1 N NaOH. Once the desired temperature achieved, required
amount of catalyst (1% Cu/AA) and oxidizing agent H,0,
were added to initiate the reaction. The amount of H,O, was
predetermined based on stoichiometry and the assumption
that catechol degrades completely, as shown in Eq. (1).

ey

CO,+ H,0

After 4-h reaction, liquid samples were withdrawn from
the flask, and then filtered using a syringe membrane fil-
ter (0.45 um, PTFE2545, MOXCARE). The filtrates of the
samples were analyzed with the UV spectrophotometer.
Furthermore, the TOC of the filtrates were examined for
the mineralization of catechol at optimum conditions (see
below). Equation (2) was used to calculate the percentage
removal of catechol/TOC

@ Springer

c,-C
Percentage removal of TOC/catechol = < UC t> x 100 (2)
where C, (mg/L) represents the initial concentration of TOC
or catechol, while C, (mg/L) denotes the TOC or catechol
concentrations after time t. All experiments were repeated
three times, and the average of the results was reported.
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Fig.1 FTIR spectra of (a) spent 1% Cu/AA, (b) pristine 1% Cu/AA,
and (c) AA

Results and discussion
Characterization of synthesized catalyst

The nature of functional groups present on a catalyst may
affect its surface behavior. The FTIR spectra of AA, 1% Cu/
AA, and spent 1% Cu/AA after CWPO are shown in Fig. 1.
The wavelength in the range of 500-1000 cm™" is attributed

Fig.2 SEM visuals of (a) AA,
(b) pristine 1% Cu/AA, (¢) (a
spent 1% Cu/AA; EDX map-
ping of 1% Cu/AA dispersion
of (d) copper, (e) alumina, (f)
oxygen

to Al-O, Cu-0, and Al-O-Cu bending and stretching vibra-
tions in AA, 1% Cu/AA, and spent 1% Cu/AA (Ahmed and
Siddiqui 2014). All sample spectra exhibit weak vibration
modes in the range 1350-1550 cm™! due to residual organic
compounds, which can be assigned to carbonates or carboxy-
lates, as the result of synthesis method used (Zawadzki et al.
2009). The peak at 3200 and 3600 cm™! is attributed to O—H
vibration due to physically adsorbed water molecules. FTIR
spectra of AA samples show a wide peak 474 and 730 cm™!
ascribe the Al-O stretching vibration. The peak at 998 cm™!
is attributed to asymmetric stretching of alumino-and silico-
oxygen (Mishra et al. 2021). Similarly, the FTIR spectra of
1% Cu/AA showed similar peaks as AA. However, the peak
intensity was slightly altered. A similar trend was reported
for copper-containing ZnAl,O, spinels in the literature
(Zawadzki et al. 2009). In the 1% Cu/AA spectra, the peak
around 998 cm™' shifted the band, and this may be due to
partial dealumination of the framework with copper species.
Furthermore, the peak intensity at 476 cm™! was increased in
the 1% Cu/AA sample. The FTIR spectra of spent 1% Cu/AA
were analyzed, and it was found that there was no significant
change in the functional groups. However, medium to weak
bands noticed around 620 cm™' could be assigned to vibra-
tional frequencies due to changes in the microstructural fea-
tures due to the adsorption/desorption of reactant molecules
on the catalyst surface (Fasanya et al. 2019).

Figure 2 illustrates the morphology of AA, 1% Cu/AA,
and spent 1% Cu/AA. When 1% Cu/AA was compared

@ Springer
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Fig.3 TEM analysis of 1% Cu/
AA

(a) TEM image of 1% Cu/AA
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Fig.4 TGA curves of AA and 1% Cuw/AA

to AA, a film-like structure was observed, which may be
attributed to multi-layer copper deposition on alumina
beads. After CWPO treatment, the surface became rougher
(Fig. 2(c)), and the pores gets widened due to catalytic
adsorption and desorption of reactant and product molecules
within the pore of 1% Cu/AA. Furthermore, as illustrated
in Fig. 2 (c), rough surface was noticed, and the obtained
results are in line with the existing literature (Suresh et al.
2012). The active metal dispersion on the support material
has been confirmed by EDX mapping. It was found that
copper (Fig. 2(d)), alumina (Fig. 2(e)), and oxygen species
(Fig. 2(f)), are the major elements in a 1% Cu/AA catalyst.
Furthermore, on the catalyst surface, copper has been uni-
formly distributed without forming any clusters.
Morphology of 1% Cu/AA catalyst was observed using
TEM analysis. Active copper particle morphology is depicted

@ Springer
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in Fig. 3(a). It was observed that the active metal, copper, dis-
persed with a slight agglomeration on AA. Furthermore, the
copper particle size distribution was calculated using a TEM
image, and the average copper particle size was in the range of
2 to 9 nm. The average particle size was approximately 5 nm,
shown in Fig. 3(b) (Mokrane et al. 2016), confirming the pres-
ence of Cu metal on the surface of AA (Li et al. 2001).

The stability of the synthesized catalysts was evaluated
using TGA (Fig. 4) at temperatures ranging from 303 to
1173 K in an air atmosphere at a heating rate of 10 K/min
using a sample weight of 15 mg. Both samples demonstrate
significant weight loss in all three zones. The initial weight
loss zone was noticed below 393 K due to the evaporation
of water molecules in the pore of the AA framework; the
weight loss effects of AA and 1% Cu/AA were found to be
4.9% and 2.9%, respectively. Furthermore, the presence of
volatile substances within the AA pores was found to be the
cause of the second weight loss zone, which was observed
between 393 and 673 K. The weight loss in the second zone
was 3.4% for AA and 2.8% for Cu/AA, respectively. The
third zone of weight loss occurred between 673 and 833 K,
which was credited to the thermal decomposition of AA,
where 5.8 and 5.9% of weight loss were witnessed for AA
and 1% Cu/AA, respectively. Therefore, a temperature of
673 K is suitable for the calcination process during the
synthesis of the catalyst (Cu/AA). The percentage of total
weight loss of 15% and 13% loss was observed AA and Cu/
AA in the range of 303 to 1173 K (Wolanov et al. 2014).

Effect of operating parameters on degradation
of catechol

Preliminary investigation

The preliminary experiments were conducted to determine
the influence of various parameters on degradation rate of
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Fig.5 Preliminary experiments for catechol removal

catechol shown in Fig. 5. In the absence of H,0,, the adsorp-
tion capacity of the synthesized catalyst 1% Cu/AA was
determined. Consequently, approximately 8% removal was
attained using a 1% Cu/AA catalyst at a pH of 7, a catalyst
dose of 1 g/L, a reaction temperature of 323 K, and an initial
concentration of catechol 100 mg/L. The oxidation capacity
of pure H,0, was investigated (as a control) in the absence
of 1% Cu/AA, and 20% catechol removal was attained with
a H,0,/catechol =1.5. Additionally, the CWPO of catechol
was investigated using H,O, with the presence of catalyst
(1% Cu/AA), and significant removal was achieved. The
experimental results demonstrated that H,O, or 1% Cu/AA
alone did not result in significant degradation of catechol
(e.g.,<20%), indicating the substantial degradation of cat-
echol was achieved with a combination of catalyst and oxi-
dant (i.e., via the CWPO process). Effect of active metal on
AA for CWPO of catechol has been investigated using 1%,
2%, and 5% copper loaded AA (1% Cu/AA, 2% Cu/AA and
5% Cu/AA). As shown on Fig. 5, increase in active metal
loading from 1% to 5%, the catechol removal was increased.

However, the degradation was not appreciable quantity, this
may be due to multilayer dispersion of active metal species on
the AA surface; consequently, removal was not appreciable.
Therefore, the further investigation 1% Cu/AA was used in
CWPO process.

Effect of pH on degradation of catechol

Solution pH appears to have an influence on the physico-
chemical properties, surface charge of 1% Cu/AA, and
catechol adsorption and desorption (Gosu et al. 2018a). In
this study, the degradation of catechol was investigated by
altering the initial pH of test solution in the range of 2—10
with a catalyst dose of 10 g/L, 100 mg/L initial concentra-
tion of catechol, a stoichiometric ratio H,0,/catechol of
1.5, reaction time of 4 h, and maintained 323 K thought
out the study. As shown in Fig. 6 (a), catechol removal
increased as the initial pH varied from 2 to 6, and 85% cat-
echol removal was achieved at pH 6. The pKa value of
catechol is 9.48 (Shakir et al. 2008), i.e., at pH <9.48,
catechol is positively charged, while at pH >9.48, it is
negatively charged. The PZC (point of zero charge) of the
pristine 1% Cu/AA was noticed to be ~ 5 (Fig. 6(b)); thus,
the 1% Cu/AA surface acts as electrically neutral when
catechol solution has a pH of 5, a negative one if pH> 5,
and a positive one if pH <5 (Yadav and Srivastava 2017).
Maximum removal of catechol was observed when the pH
was between 5 and 6 (Fig. 6(a)), presumably due to the
attraction of ionic forces between the catechol and Cu/
AA (Al-Degs et al. 2008). Near the PZC, the maximum
removal was achieved, which is in good agreement the lit-
erature (Gulicovski et al. 2008). At a higher pH (pH > 6),
removal efficiency was declined continuously as at higher
pH weak van der Waal forces are predominant between
negative charged Cu/AA and uncharged catechol mol-
ecules, resulting in a decrease in the removal efficiency
of catechol. Thus, pH 6 was revealed to be suitable and
applied in subsequent studies.

Fig.6 The influence of pH on 100

CWPO of catechol (dose of (a) (b)
1% Cu/AA =10 g/L; reac- = 80 0-

o <]
tion time=4 h; T=323 K; 5

initial catechol concentra- %
tion = 100 mg/L; H,0,/cat- S 604 =
echol=1.5): (a) Effect of initial ‘_3 T
pH on catechol removal; and 3 40- E_

(b) Point of zero charge of 1% g

Cu/AA x

X 204
24
0 T T
2 4 6 8 10 2 4 6 8 10
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Effect of catalyst dose on degradation of catechol

In the CWPO process, identifying the optimum amount
of catalyst is an essential factor that reduces the over-
all treatment cost. Figure 7 (a) shows that with an
increase in catalyst dose from 2 to 15 g/L, while keep-
ing other parameters as constant. Experimental results
observed that, with an increase in catalyst dose from
2 to 15 g/L, the degradation of catechol was declined
from 95 to 65%. The observed trend was elucidated by
self-scavenging effect of hydroxyl radical at surplus
catalyst dose as shown in Eq. (3). The acquired results
are consistent with the published literature (Yadav and
Srivastava 2017). The author was not conducted below
2 g/L because, conducting experiments below 2 g/L is
difficult (in 100 ml reaction mixture one single granule/
ball of AA contributed 2 g/L). Thus, the optimal catalyst
dose of 2 g/LL was discovered to be effective and was
employed in further tests.

H,0,/catechol

Effect of H,0, concentration on degradation of catechol

Catechol’s CWPO primarily depends on the generation of
hydroxyl radicals, which is proportional to the amount
of hydrogen peroxide used. To investigate the effect of
the H,0, dose, the stoichiometry ratio of H,0,/catechol
was varied from 0.5 to 2 times while all other parameters
remained constant. As shown in the Fig. 7 (b), catechol
degradation increased as the stoichiometry ratio of H,O,/
catechol increased to 0.5, beyond which the improvement
was insignificant. The phenomenon could be because an
excess of formed hydroxyl radicals (*OH) is converted
to hydroperoxyl radicals (HOO®). The oxidation capac-
ity of hydroperoxyl radicals (HOO®) was less than that of
*OH, thereby not making more contribution to the oxi-
dative degradation of the catechol (Priyanka et al. 2014).
Furthermore, the degradation of catechol increased as the
stoichiometric ratio increased up to a critical ratio. The
degradation rate decreases due to the scavenging effect. As
a result, undesirable intermediates can be avoided by using

1+ o 2+ .

Cu"/AA+HO" — Cu™/AA +HO () the optimal amount of H,0,. A similar pattern of picoline
degradation was observed using the Cu/SBA-15 catalyst
in the CWPO process (Subbaramaiah et al. 2013b). In the
following studies, the optimal H,O,/catechol was set to 0.5.

Fig. 8 a Effect of initial 100 100

concentration of catechol (a)

on CWPO (pH =6; catalyst ~ 80

dose of 1% Cu/AA=2 g/L, s 807 = 99

time=4 h, T=323 K, H,0,/ E B

catechol =0.5); (b) Effect of E 601 E 601

temperature on CWPO of cat- ° °

echol (pH =6; catalyst dose of E g

1% Cu/AA=2 g/L, time =4 h, g 409 2 401

initial catechol concentra- & —=—50 ppm &

tion=200 mg/L; and H,0,/ = 20 —e—100 ppm 2 20

catechol=0.5) —4—200 ppm

—— 400 ppm
04 T T T T 0 T T T
0 60 120 180 240 (1} 60 120 180 240
Time (min) Time (min)
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Effect of initial concentration of catechol on degradation
of catechol

Figure 8 (a) shows that the percentage removal of catechol
was increased with an increase in time for all the initial con-
centrations of catechol. Besides, the degradation of catechol
was decreased with an increase in the initial concentration
of catechol due to availability of the sufficient amount of
hydroxyl radical. Furthermore, for the fixed catalyst dose
as the concentration of catechol increases the availability of
number of active sites decreases, thereby the generation of
hydroxyl radicals decreases resulting in a decrease in the
percentage removal of catechol. The removal percentage of
catechol for the initial catechol concentration of 50, 100,
200, and 400 ppm were 95.33%, 96%, 91.33%, and 71.72%,
respectively in a 4-h duration. Thereafter 4 h, the insignifi-
cant removal was perceived (data not shown); as a result, the
optimal initial catechol concentration of 200 ppm was chosen
for further investigation.

Effect of temperature on degradation of catechol

The reaction temperature is a very significant factor which
influence the CWPO process and controls the formation of
*OH radical during the course of reaction. Figure 8 (b) shows
that as the temperature increases, the % removal of catechol
increases as increasing temperature would accelerate the reac-
tion rate by increasing the formation of hydroxyl radicals and
a decrease in their scavenging; furthermore, the generated
hydroxyl radical reacts with catechol, degrading it non-selec-
tively and converting it to non-toxic organic compounds. At
313 K, only 10% degradation efficiency was observed, while
90% removal was noticed at 323 K, beyond which an addi-
tional increase in temperature did not increase the removal
efficiency significantly, which may be attributed to the self-
scavenging of hydroxyl radical at a higher temperature. There-
fore, 323 K was taken as optimum.

TOC measurements were used to describe catechol min-
eralization. At optimum conditions (catechol initial con-
centration =200 mg/L; 1% Cu/AA dose=2 g/L; tempera-
ture=323 K; pH=6; and H,O,/catechol =0.5), the total TOC
removal was 87%.

Reusability study

Recyclability is one of the important criteria to ensure stability
and commercial applicability of the catalyst. The reusability
test was conducted at optimized condition without using any
regeneration technique. 1% Cu/AA catalyst has been reused
up to five cycles and results are depicted in Fig. 9. It observed
that around ~ 15% decline in removal efficiency from the first
cycle to the fifth cycle. The catechol removal was declined
from 93 to 79% for the 1 cycle to 5™ cycle. The obtained
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Fig.9 Reusability study of 1% Cu/AA for mineralization of catechol

results concluded that the synthesized catalyst exhibited stable
catalytic activity with marginal decrease in catalytic activity
(Gosu et al. 2018a; Sikarwar et al. 2023).

Kinetics

Kinetic studies were conducted at various temperatures while
maintaining other reaction parameters constant, such as pH 6,
catalyst dose 2 g/L, initial concentration of catechol 200 mg/L,
and H,0,/catechol 0.5. The observed catechol degradation
data were fitted using pseudo-first- (Eq. (4)) and pseudo-sec-
ond-order kinetics (Eq. (5)) as follows:

G
ln(Ff) =kt 4)
1 1
Ef = a + kzl‘ (3)

where C,; denotes the catechol initial concentration; C;
implies the concentration of catechol at any time t; k; rep-
resents the rate constant for pseudo-first-order (1/min); and
k, for pseudo-second-order (1/mg-min).

The values of the rate constants for the two models are
compared and summarized in Table 2. Pseudo-first-order
kinetics exhibited greater correlation values (R?>0.90)
with the experimental data when compared to second-
order kinetics. In addition, the apparent rate constant
increased with increasing temperature, which is evidenced
that the catechol degradation process follows pseudo-first-
order kinetics (Subbaramaiah et al. 2013a). The apparent
activation energy (E) was estimated using the Arrhenius
equation by plotting In k vs 1/T. The activation energy
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Table 2 Kinetic and

. . Pseudo-first order
thermodynamic properties of

Pseudo-second order

catechol oxidation Temperature K; (1/min) R? E, (kJ/mol) k, (1/mg.min) R? E, (kJ/mol)
X
313 0.0006 0.9761 67 0.000002 0.9202 120
323 0.0137 0.9004 0.0002 0.7662
333 0.0154 0.9078 0.0003 0.7313
343 0.0176 0.9027 0.0005 0.6651
for catechol degradation by 1% Cu/AA was estimated to 2+ +H,0, - Cu'* + H* + HOO® (6)
be 67 kJ/mole and 120 kJ/mole for pseudo-first-order and
pseudo-second-order reaction respectively. Inchaurrondo . - B .
et al. (2012) examined the kinetics of phenol degradation =~ €4~ +H;O0, = Cu™ + OH™ + HO D
in the presence of a CuO/Al,0O; catalyst using hydrogen
peroxide, and the activation energy was determined to  Cu?* + HOO" — Cu't + H* + 0, (8)

be 56.8 kJ/mol (Inchaurrondo et al. 2012). The obtained
results are consistent with the current literature.

Reaction mechanism for catechol

The 1% Cu/AA catalyst was used for catechol degrada-
tion at optimum conditions (initial concentration of cat-
echol =200 mg/L; pH=6; H,0,/catechol stoichiom-
etry ratio=0.5; catalyst dose of 1% Cu/AA=2 g/L; and
T =323 K), and mass spectroscopy (UPLC-MS) was used to
investigate the mechanism of the catechol CWPO reaction.
Figure 10 shows catechol before reaction and after degrada-
tion using LC-MS. Accordingly, Fig. 11 depicts the proposed
mechanism for catechol degradation into various intermedi-
ates during the course of the reaction. Hydrogen peroxide
was used as an oxidizing agent, which generates HO- radicals
in the presence of catalyst Cu(II)/Cu(l) (Eq. 4-6).

G-11 510,101} AM (Top 4, H119300.0 0.0 70 G (47-22:31)
109 103468

(a)

TOF M5 E5+
Sa4er
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il
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VIR Y A sk i jichibby
75

% 2 2 W I 4 4 0 © 0 65 10 0 85 %

The catechol molecules in the solution react with gener-
ated HO- radicals and convert into intermediate compounds
(Eq. (7)) such as pyrogallol, 2-hydroxy-O-quinone, benzal-
dehyde, 1-cyclohexane 1-ol. Furthermore, these compounds
were further reacted with hydroxyl radicals, producing sim-
ple organic acids such as cis-cis muconic acid, maleinalde-
hydic acid, maleic acid, and glutaconic acid. Henceforth,
these organic acids transform into light acids and aldehydes
(acetaldehyde, crotonic acid, formic acid, oxalic acid, gly-
oxal, and 3-oxopropanoic acid) in the presence of hydroxyl
radicals (M’hemdi et al. 2012). As a result, these intermedi-
ate products are finally mineralized into simple, harmless
compounds (CO, and water).

HOO' /HO . . HOO" /HO

Catechol ————— Intermediate organic compounds—— CO, + H,0, (9)
4 5.(0.101) AM (Top 4, M1,10000.0.,0.00,0.70); Cm (3:3-18:26) TOF MS E5+
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Fig. 10 LC-MS evidence of CWPO of catechol under the optimal conditions (initial concentration of catechol=200 mg/L; pH=6; H,O,/cat-
echol stoichiometry ratio=0.5; catalyst dose of 1% Cu/AA =2 g/L; and T=2323 K) (a) Before CWPO reaction; (b) After CWPO reaction
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Fig. 11 Proposed reaction mechanism for catechol oxidation

Conclusion

Catechol mineralization was investigated by employing 1% Cu/
AA in CWPO process. From the characterization study, it was
confirmed that 1% Cu was successfully incorporated into the
AA framework with the copper particle size of 2-9 nm. Further-
more, catechol degradation using 1% Cu/AA was optimized at
conditions of initial catechol concentration =200 mg/L; catalyst
dose=2 g/L; temperature =323 K; pH=6; and H,O,/catechol
stoichiometric ratio=0.5. The percentage removal of catechol
and TOC at the optimum conditions were 94% and 87%, respec-
tively. The MS analysis provided the information of generated

organic compounds during the CWPO of catechol. The degrada-
tion of catechol follows the pseudo-first-order kinetics. The syn-
thesized catalyst showed a stable performance up to five cycles.
Therefore, this study showed that 1% Cu/AA effective for the
degradation of the catechol.
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