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Bicarbonate-Activated Hydrogen Peroxide in Presence of CaCo0.5Fe0.5O3 Perovskite  
for Highly Efficient Carbamazepine Degradation

This study aims to investigate the role of bicarbonate as a co-oxidant towards facile activation of hydrogen peroxide into 
reactive radicals during catalysis. A different set of bicarbonate to hydrogen peroxide dosage ratios (R = 0, 0.5, 1, 5, 10, 15, 20, 
25, and ∞) were varied in the presence of CaCo0.5Fe0.5O3 perovskite during catalysis to enhance the oxidative degradation of car-
bamazepine (CBZ) micropollutants. It was found that only 10-13% of CBZ was degraded in the presence of a single oxidant (R = 0 
and R = ∞). Interestingly, 98% degradation of CBZ was achieved within 45 min of reaction at an R-value of 20. This improvement 
in CBZ degradation was contributed to the facile generation of reactive radicals (•OH and •CO3

–) due to the efficient redox cycle 
during catalysis. The degradation of CBZ in the bicarbonate-activated hydrogen peroxide-CaCo0.5Fe0.5O3 system at R = 20 agrees 
well with the Behnajady-Modirshahla-Ghanbery reaction kinetics model. These results provide new insights into the modulation 
of bicarbonate to hydrogen peroxide dosage ratio (R) for efficient oxidative degradation of recalcitrant micropollutants facilitated 
by CaCo0.5Fe0.5O3 perovskite catalysts in the bicarbonate-activated hydrogen peroxide system.
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1. Introduction

Carbamazepine (CBZ) is an anticonvulsant or anti-epileptic 
drug that attenuates activity in the brain and restores the normal 
balance of neural activity. CBZ is commonly used to treat vari-
ous medical issues including epilepsy, nerve pain, and bipolar 
disorder. Wilkinson et al. [1] reported that CBZ was the most fre-
quently detected active pharmaceutical component in water basin 
up to 62% of sampling sites within 104 countries worldwide 
due to its drug’s efficacy compared to other active compounds. 
The most recent detection revealed that CBZ was detected in 
high concentrations of up to 132 μg/L (132000 ng/L) in the 
wastewater treatment plant (WWTP) of northern Tunisia [2]. 
Due to its widespread occurrence, CBZ has been identified as an 
emerging recalcitrant organic micropollutant in the NORMAN 
list of emerging substances [3] worldwide and classified as an 
endocrine disrupting chemical by the US Environmental Protec-
tion Agency [4]. Hence, the removal of CBZ serves as a crucial 
issue in preventing its entrance into surface and groundwater 
resources due to its potential toxicity impacts [5,6].

Several methods have been utilized to remove CBZ from 
the wastewater plant, such as physicochemical, biological, and 
chemical treatments. The current conventional treatment ap-
proaches do not adequately remove CBZ from treated water. 
Conventional wastewater treatment processes are reported to 
be able in removing only 32-35% of trace pollutants, including 
CBZ, from wastewater [7]. Consequently, the remaining CBZ 
may enter surface water and potentially reach drinking water 
resources [8]. 

Based on these facts, advanced oxidative degradation 
is introduced as an alternative process for the treatment of 
pharmaceutical waste, such as oxidation, ozonation, and photo-
catalysis [9]. For instance, a recent review by Feijoo et al. [10] 
showed that advanced oxidation is more efficient than biological 
and physical treatments in degrading recalcitrant contaminant, 
including CBZ. In fact, Dai et al. [11] reported that chemical 
based advanced oxidation, particularly in Fenton process is 
the most promising technique for CBZ degradation among all 
reported advanced oxidation processes due to its high perfor-
mance (up to 67.8% for CBZ removal) and simplicity of reaction 
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process that ensures a safe and low-cost operation. Moreover, 
Sönmez et al. [12] demonstrated that Fenton process enable to 
remove CBZ, up to 99.77% at effective pH of reaction mixture 
less than 3.5. However, despite the outstanding performance of 
this process, the pitfalls of the H2O2 activation into •OH radicals 
are limited within the specific pH range of the solution (pH: 3-7) 
during catalysis [12,13]. The Fenton or electro-Fenton processes 
tend to become less effective at pH > 3 due to the formation of 
Fe (OH)+ complex ions, which are inactive in the conversion of 
H2O2 to •OH radicals [14].

To account for this problem, a simple yet economical and 
eco-friendly approach is introduced by incorporating bicarbonate 
as an activator to mediate the activation of H2O2 during cataly-
sis. This process is known as a bicarbonate-activated hydrogen 
peroxide (BAP) system. In the presence of a BAP system, the 
activation of H2O2 can be operated at a wider pH range (i.e., neu-
tral or slightly alkaline pH (pH 6-9)) that can efficiently generate 
•OH radicals whilst prolonging the lifetime of the catalysts [15]. 
Such findings are supported by Jawad et al., that found enhanced 
oxidative degradation of methyl orange dye (99% removal) [16] 
and 4-chlorophenol (75% removal) [17] within 60 minutes in 
a BAP system, compared to single H2O2 activation, which only 
exhibited rate of organic pollutant’s degradation within the range 
of 10-15%. 

Moreover, a recent study [18] has proven an excellent or-
ganic pollutants degradation efficiency with the help of cobalt 
(Co) substitution within the structure of perovskite catalyst. 
For instance, Co substitution on the B-site of LaCoxFe1–xO3 
perovskite catalyst exhibited a higher catalytic activity in de-
grading bisphenol A (BPA) by achieving a complete (100%) 
removal within 30 minutes at substituted Co loading of x = 0.5 
substitution. Meanwhile, the pristine LaFeO3 only exhibited 
20% removal. Despite these promising results, comprehensive 
investigations into the catalytic activity of these perovskites in 
the presence of varying concentrations of bicarbonate-activated 
hydrogen peroxide (BAP) have yet to be explored. Additionally, 
in-depth understanding on the functional role of bicarbonate in 
modulating the redox cycle of heterogeneous catalysts during 
catalysis in the BAP system [16,17,19-22] have yet to be ad-
dressed.

Hence, this study aims to investigate the role of bicarbonate 
as a co-oxidizing agent that facilitates the activation of H2O2 
into reactive radicals during the degradation of CBZ in the 
BAP-CaCo0.5Fe0.5O3 perovskite system. The catalytic activity 
of the CaCo0.5Fe0.5O3 perovskite catalyst in the BAP system to 
degrade CBZ was evaluated by modulating the ratio of bicar-
bonate to H2O2 (R). The analogous oxidative degradation was 
further analyzed using electrochemical impedance spectroscopy 
(EIS) analysis to probe in-depth understanding of the redox cycle 
during catalysis. The results of this work provide new insights 
into the functional role of bicarbonate in modulating redox 
cycle of active sites within the structure of perovskite catalyst 
to facilitate the activation of H2O2 into reactive radicals during 
oxidative degradation of CBZ.

2. Methodology

2.1. Chemicals

All chemicals are used as received such as ethylen-
ediaminetetraacetic acid disodium salt dehydrate solution 
(EDTA-2Na, ≥99%), ammonium hydroxide (NH4OH, 25%), 
calcium nitrate tetrahydrate (Ca(NO3)2 . 4H2O, ≥99%), citric 
acid monohydrate (C6H8O7.H2O, ≥99%), cobalt (II) chloride 
hexahydrate (CoCl2. 6H2O, ≥99%), iron (III) nitrate nonahy-
drate, (Fe(NO3)3(H2O)9, ≥99%), hydrogen peroxide (H2O2, 
30% wt./wt.) and carbamazepine (C15H12N2O).

2.2. Synthesis of CaCo0.5Fe0.5O3 perovskite  
catalyst

CaCo0.5Fe0.5O3 perovskite was synthesized by a combined 
ethylenediaminetetraacetic acid (EDTA)-citric acid complexa-
tion method. Total metal ions, EDTA, citric acid, and ammonium 
hydroxide were preserved at molar ratios of 1:1:2:10 at a fixed 
precursor molar concentration of 0.05 M. Ammonia aqueous 
solution was added slowly to a beaker containing EDTA, con-
stantly stirring until the EDTA was entirely dissolved and a clear 
solution formed. In another beaker, the metal ions and citric acid 
were dissolved in distilled water for 10 minutes. After that, the 
EDTA solution was added to the mixed solution while stirring 
to get the required solution, which then was heated to 100℃ at 
constant stirring to evaporate most of the water until a viscous 
fluid formed. The viscous fluid was dried in the oven at 90℃ 
for 24 hours. The resultant sample was calcinated in the muffle 
furnace at 450°C for 8 hours in air at ramping rate of 5°C min–1. 
The pre-calcinated sample was further calcinated at 800°C for 
4 hours at ramping rate of 5°C min–1. The resultant sample was 
characterized using the X-ray diffraction (XRD, D8 Advance, 
Bruker, USA) with Cu-Ka (λ = 1.5406 Å) at 40 kV and 40 mA. 
The sample was analyzed using Xpert HighScore Software in the 
range of 10° ≤ 2θ ≤ 60° to validate the formation of perovskite 
phase in resultant catalyst. Electrochemical impedance spectros-
copy (EIS) analysis was performed using potentiostat (Autolab 
PGSTAT204) at a frequency within the frequency range from 
1000 kHz to 0.1 Hz using an AC voltage with 5 mV amplitude 
in order to investigate in-depth understanding on the functional 
role of bicarbonate in modulating the redox cycle during catalysis 
in the BAP system.

2.3. Oxidative degradation of CBZ in BAP system

The reaction was performed in a 100 ml beaker shaken 
at a speed of 200 rpm. The reaction mixture was prepared by 
adding 0.8 g/L CaCo0.5Fe0.5O3 into 10 mg/L of CBZ solution. 
Degradation reactions were initiated by adding specified dosage 
of bicarbonate/H2O2 ratio (R) into the reaction mixture at R = 0, 
0.5, 1, 5, 10, 15, 20, 25 and ∞ (H2O2: 0 mM, NaHCO3: 44 mM) 
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to determine the optimum R value in oxidative degradation of 
CBZ. R values can be calculated using Eq. (1).

 2 2H O

bicarbonateC
R value

C
   	 (1)

where 
Cbicarbonate = The concetration of bicarbonate (HCO3

–),
CH2O2 = The concetration of hydrogen peroxide (H2O2).
The samples were withdrawn and filtered through a 0.45 μm 

membrane filter at pre-determined time intervals and the ongoing 
reaction was quenched immediately by adding sodium thiosul-
phate. Each experiment was conducted in duplicate while the 
pH remained unadjusted. The supernatant of degraded solution 
was analyzed using high-performance liquid chromatography 
(HPLC) at λ = 285 nm. The degradation of CBZ was determined 
using the following Eq. (2):
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Where
Co = The initial concentration of CBZ,
Cf = The fina loncentration fo CBZ.

3. Results and discussion

3.1. Characterization

The phase identification for resultant catalyst was analyzed 
by XRD analysis as shown in Fig. 1. Detailed summary of 
analyzed phases is presented in TABLE 1. It was observed that 
the XRD pattern of sample corresponding to perovskite phases 
which attributed to CaFeO3 (COD 96-152-6750), Ca2FeO5 (COD 
96-152-0831), and Ca2FeCoO5 (COD 96-400-0921). Meanwhile, 
impurity phases consist of CaO2 (COD 96-153-0293) and CoO2 
(COD 96-153-1763). Hence, these findings confirm that the re-

sultant CaCo0.5Fe0.5O3 contained mixtures of perovskites (82%) 
and mixed oxides (18%), as shown in Fig. 1. 

Table 1
Composition of phase analysis in the CaCo0.5Fe0.5O3 perovskite 

catalyst

COD No Chemical Formula Phase Percentage
96-152-6750 CaFeO3 Perovskite 25%
96-152-0831 Ca2FeO5 Perovskite 19%
96-400-0921 Ca2FeCoO5 Perovskite 38%
96-153-0293 CaO2 Mixed oxide 17%
96-153-1763 CoO2 Mixed oxide 1%

3.2. Catalytic performance of BAP-CaCo0.5Fe0.5O3 system

Fig. 2 shows the catalytic performance of the BAP system 
on CBZ removal in the presence of CaCo0.5Fe0.5O3 perovskite 
catalyst at unadjusted pH. The CBZ degradation efficiency is 
approximately 13% within 45 minutes of reaction time in the 
absence of bicarbonate (R = 0) as a co-oxidant. Meanwhile, the 
removal rate of CBZ dropped to 10% in the absence of H2O2 at 
a fixed 44 mM of bicarbonate (R = ∞). Interestingly, the CBZ 
degradation efficiency improved significantly once the bicarbo-
nate (co-oxidant) was added to the reaction mixture as a BAP 
system. In the presence of both oxidants at R = 20 (880 mM 
bicarbonate, 44 mM H2O2), the overall catalytic activity of the 
oxidation reaction was enhanced by achieving 98% removal of 
CBZ within 45 minutes. This can be supported by the HPLC 
chromatogram as presented in Fig. 3. Interestingly, findings 
of this work (TABLE 2) had surpassed the previous reported 
works [17,19-22] and comparable to Jawad et al. [16] which 
showed similar degradation performance of macro-pollutant 
(99% removal of methyl orange dye) within the same reaction 
time in the BAP system.

Fig. 2. The CBZ degradation profiles at different dosage of bicarbonate/
H2O2 ratio (R). Experimental condition: 10 mg/L CBZ, 44 mM H2O2, 
0.8 g/L of CaCo0.5Fe0.5O3 perovskite catalyst, room temperature, and 
unadjusted pHFig. 1. XRD pattern of CaCo0.5Fe0.5O3 perovskite catalyst
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Fig. 3. HPLC chromatogram of CBZ’s degradation at R = 20 

The increased degradation of CBZ suggests that bicarbonate 
facilitates the activation of H2O2 due to the efficient redox cycle 
of active sites within the structure of perovskite catalyst which 
subsequently leads to facile generation of reactive radicals (•OH 
and •CO3

–). Such enhanced redox cycle was attributed to fast 
charge transfer during catalysis as evidenced by EIS analysis, 
as shown in Fig. 4. The lowest electron transfer resistance (ap-
proximately 153 Ω) was found in the presence of both oxidants 
(R = 20). The low resistance leads to faster charge transfer [23] 
and higher surface reaction rate [24,25] within the surface of 
CaCo0.5Fe0.5O3 perovskite catalyst to effectively generate •OH 
and •CO3

– radicals during catalysis. 
These findings are consistent with the research conducted 

by Zhou et al. [26], who reported that the presence of bicar-

bonate resulted in the formation of oxidant active complexes 
on the catalyst’s active sites (°Co2+/°Co3+), thereby promoting 
the generation of reactive radicals (•OH and •CO3

–). The higher 
formation of these active oxidant complexes during catalysis can 
enhance the overall catalytic activity of the perovskite catalyst, 
resulting in improved degradation efficiency. As a result, a syn-
ergistic activation of oxidant active complexes to form reactive 
radicals (•OH and •CO3

–) from R = 0 to R = 20 was observed 
which subsequently enhances the overall degradation of CBZ.

Table 2

Oxidative degradation of organic pollutants in BAP system in presence of heterogeneous catalysts

Catalysts Model pollutant Reaction conditions Percentage of Degradation (%) References

CoFeO4 Acid Orange II dye
6 mM H2O2,

1.19 mM NaHCO3,
g/L catalyst

20% (45 minutes) [19]

Diatomite-supported cobalt Methylene Blue
60 mM H2O2,

25 mM NaHCO3,
 1 g/L catalyst

80% (45 minutes) [20]

Co/Cu/Zeolite Rhodamine B
20 mM H2O2,

30 mM NaHCO3, 
0.2 g/L catalyst

20% (45 minutes) [21]

Co-Mg-Al Layered Double 
Hydroxides 4-Chlorophenol

20 Mm H2O2, 
40 mM NaHCO3, 
1.2 g/L catalyst

70% (1 hour) [17]

Carbon nanotube AO7
20 mM H2O2, 

5 mM NaHCO3, 
0.2 g/L catalyst

20% (40 minutes) [22]

Co-Mg-Al Layered Double 
Hydroxides Methyl Orange

50 mM H2O2, 
25 mM NaHCO3, 
0.6 g/L catalyst

99% (45 minutes) [16]

CaCo0.5Fe0.5O3 Carbamazepine
44 mM H2O2,

880 mM NaHCO3, 
0.8 g/L catalyst

98% (45 minutes) Current work

Fig. 4. Nyquist plot of CBZ oxidative degradation in the presence with 
and without CaCo0.5Fe0.5O3 perovskite catalyst at single and both oxi-
dants. Experimental conditions: 10 ppm CBZ, 44 mM H2O2, 880 mM 
NaHCO3 (R = 20), unadjusted pH, and room temperature
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3.3. Kinetic model for degradation of CBZ

The degradation profile of the experimental data within 
45 minutes of reaction time at the optimum R value of 20 was 
fitted to the zero-order, first-order, second-order, and Behnajady-
Modirshahla-Ghanbery (BMG) reaction kinetics model, respec-
tively. The BMG kinetic model was adopted to comprehend 
the limitations of previous models by integrating oxidation 
capacity into the reaction kinetics [27]. In fact, this model has 

been well-adopted to elucidate the reaction kinetic models for 
oxidative degradation of recalcitrant organic macropollutants, 
such as acid orange 8 [28], acid red 44 [28], direct blue 71 azo 
dye [29], reactive yellow 17 [30] and C.I. Acid Yellow 23 [27], 
particularly in Fenton/Fenton-like reaction processes. The equa-
tions of the linear forms of each kinetics model were summarized 
in TABLE 3.

According to the detailed fittings of each kinetics model as 
shown in Fig. 5, the BMG kinetics model provide the highest 

Table 3

Linear forms equation of the zero-order, first-order, second-order, and BMG reaction kinetics

Reaction Order Zero-order First order Second order BMG model

Differential rate equation 0
tdC

k
dt

   1
t

t
dC

k C
dt

   2
2

t
t

dC
k C
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b
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Integrated rate equation 0t oC C k t   1k t
t oC C e  2

1 1

t o
k t
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   1

b
t

o

t m k t
C
C

 


 

Units of Rate Constant mg.L–1.min–1 min–1 L.mg–1.min–1 unitless
Notes: Ct is the average concentration of CBZ at any time (t, min), Co is the initial concentration of CBZ at time t = 0, k represents the apparent kinetic rate 
constants of reaction order, t is the reaction time, and kb and m are two characteristic constants relating to the reaction kinetics and oxidation capacities.

Fig. 5. (a) Zeroth-order, (b) first-order, (c) second-order, and (d) BMG reaction kinetics for the CBZ degradation by Fenton’s oxidation within 
45 minutes of reaction time (R = 20, 10 mg/L CBZ, 44 mM H2O2, 0.8 g/L of CaCo0.5Fe0.5O3 perovskite catalyst, room temperature, and unadjusted pH
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regression correlation coefficient (R2) of 0.9979 compared to 
the zero-order (0.4135), first-order (0.4797) and second- order 
(0.0914) models. Based on these data, the overall catalysis in 
BAP system can be well represented by the BMG kinetics model. 
The corresponding parameters involved in this model elucidate 
the potential activation of H2O2 by bicarbonate in facilitating 
H2O2 activation in the oxidative degradation of CBZ. Such 
findings corroborate that the BMG kinetics was the optimum 
kinetics model to describe the oxidative degradation of CBZ 
in the presence of CaCo0.5Fe0.5O3 perovskite catalysts in the  
BAP system.

The BMG reaction kinetics model was further employed 
to conduct a detailed analysis of the experimental data points 
derived from the degradation of CBZ at varying R values (R = 0, 
0.5, 1, 5, 10, 15, 20, 25, and ∞) within 45 minutes of reaction 
time. The reciprocal value of kb (1/kb) in BMG reaction kinet-
ics represents the maximum theoretical degradation of CBZ; 
hence a high degradation rate is favoured at lower kb. Fig. 6. 
shows the maximum oxidation capacity (1/kb) profiling for 
CBZ degradation using the BMG kinetics model at different 
R values. The analysis of the oxidation capacity (1/kb) revealed 
an exponential increase in the 1/kb value as R increased from 
0 to 20. At R = 20, the 1/kb value reached its highest value of 
0.97, indicating a high degradation rate. Based on this data, the 
oxidation capacity to degrade the CBZ micropollutant improves 
by nearly 870% in the presence of both oxidants, compared to 
a single oxidant. However, as R approached ꝏ, the 1/kb value 
declines significantly to 0.1. This observation can be attributed 
to the presence of free HCO3

– molecules in the reaction mix-
ture at higher concentrations, which potentially scavenge •OH 
radicals during catalysis [31]. The scavenging effect reduces the 
formation of •OH radicals and subsequently lowers the degrada-
tion efficiency of CBZ. Hence, these results confirmed that the 
optimum R was achieved at R = 20. 

Fig. 6. BMG kinetics for the CBZ degradation at different R at 
45 minutes. Experimental condition: 10 mg/L CBZ, 44 mM H2O2, 
0.8 g/L of CaCo0.5Fe0.5O3 perovskite catalyst, room temperature, and 
unadjusted pH

4. Conclusion

In summary, this study confirms the synergistic role of 
bicarbonate as co-oxidant towards facile activation of H2O2 
into the efficient generation of reactive radicals in the pres-
ence of CaCo0.5Fe0.5O3 perovskite catalyst during oxidative 
degradation of CBZ. At the optimum dosage of R = 20 (880 mM 
bicarbonate, 44 mM H2O2), an almost complete degradation 
up to 98% was achieved within 45 minutes of reaction time. 
These results show a significant improvement over the use of 
either H2O2 or bicarbonate alone (10-13%) under comparable 
conditions. The improved overall catalytic performance was 
attributed to efficient redox cycle of catalysts’ active sites 
in presence of both oxidants to effectively generate higher 
reactive radicals (•OH and •CO3

–) in degrading CBZ during 
catalysis. The oxidative degradation of CBZ in the presence of 
BAP-CaCo0.5Fe0.5O3 system is well-fitted to a BMG reaction 
kinetics model. The model shows a progressive increase trend 
in the oxidation capacity (1/kb) from R = 0 to the highest value 
of 0.97 at R = 20, indicating the highest degradation capacity 
compared to other R values. However, despite the promising 
results of this study, further investigations are warranted as this 
work is still at the fundamental phase. For instance, the leach-
ing and analysis of the intermediate by-products need to be 
confirmed to ensure the safety of BAP-CaCo0.5Fe0.5O3 system 
for large-scale applications. These tests help to assess the pos-
sible release of intermediates or undesirable substances from 
the reaction system as to ensure that the quality of the treated 
water is safe and complies with the regulatory standards and 
guidelines for water treatment.
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