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A B S T R A C T   

Background: Substitution of different types of B-site metal cations in the perovskite structure led to a significant 
change in the catalytic reactivity of the resulting catalysts. In this work, the functional role of B-site substitution 
on the catalytic reactivity of mixed oxides containing B-site substituted CaMFeO3 (M = Cu, Mo and Co) 
perovskite catalysts is investigated. 
Methods: The catalysts were synthesized via a modified EDTA-citric acid complexation method and tested for the 
heterogeneous Fenton-like reaction for oxidative degradation of acid orange II (AOII) dye in the presence of 
H2O2. 
Significant findings: CaCuFeO3 exhibited the highest AOII degradation (97%) followed by CaMoFeO3 (90%), 
CaFeO3 (64%) and CaCoFeO3 (40%) within 60 min of reaction, and the reaction followed a pseudo-second-order 
kinetics model. Interestingly, the partial substitution of Cu in the B-site of CaFeO3 enhanced the reaction rate 
constant achieving a k value of 1.9 × 10− 2 L mg− 1 min− 1, approximately twenty-one times higher than that of the 
blank catalyst CaFeO3. The enhanced catalytic reactivity of CaCuFeO3 is associated with the high reducibility of 
copper/iron ions within the B-site structure in the presence of oxidant which facilitated fast redox cycling of the 
active sites during catalysis. The fast redox cycling is attributed to the decent electron mobility due to low 
electron transfer resistance between the active sites.   

1. Introduction 

Synthetic dyes are a prominent source of industrial pollution and 
water contamination [1,2]. The residual dyes are not readily biode
gradable and can be found in wastewater effluents originated from 
textile, paper, leather, cosmetics and other industries. The most common 

type of synthetic dye used in the textile industry is azo dyes, accounting 
for half of all the commercial dyes [3]. These dyes are characterized by 
the existence of one or more azo (-N = N-) bonds. Despite its versatile use 
and chemical stability, azo dyes have been reported to be carcinogenic 
and mutagenic contaminants with poor environmental biodegradability 
[4]. In fact, the dissolution of azo dyes in water can caused discoloration 
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of the surface water, which hinders light penetration. As a result, the 
photosynthesis activities of marine flora will be affected and thus 
negatively impacting the aquatic marine organism’s food source. Hence, 
untreated dyes pose a significant threat to human health and marine 
ecosystems. Various physical, biological and chemical treatment 
methods [5,6] have been developed and applied to overcome this issue. 
The physical treatments such as adsorption, membrane filtration and 
coagulation-flocculation typically require additional treatment as they 
are seriously affected by secondary pollution whilst the complete 
degradation of dye pollutant remain unsolved [7]. On the other hand, 
biological treatments have several drawbacks, including the need for 
longer retention time [8], and wastewater treatment plants with large 
footprint. 

Advanced oxidation processes (AOPs) have been broadly used as 
water/wastewater treatment methods due to the generation of hydroxyl 
radicals (•OH), which can rapidly and non-selectively degrade a wide 
range of organic pollutants. Fenton’s reagent [9,10] and ultra
violet/hydrogen peroxide (UV/H2O2) [11,12] are the most common 
type of AOPs. In principle, the •OH is generated when H2O2 is activated 
by iron ions or UV during catalysis. For instance, the Fe2+/H2O2 process 
degraded >98% of AO7 dye solution within 1 h [13], while UV/H2O2 
exhibited complete degradation of AO7 after 30 min of reaction [14]. 
However, homogeneous oxidation processes have several disadvan
tages, including a narrow pH range of catalytic oxidation, catalyst 
deactivation, the need for catalyst regeneration, and the removal of iron 
compounds from the treated water [15]. Moreover, irradiation of UV 
light during reaction requires high energy consumption [16,17] and 
photocatalytic reactivity depends on UV light source availability and 
intensity [18]. Hence, there is a great benefit to develop heterogeneous 
catalysts that can initiate oxidation reactions without the need for 
illumination. 

Modification of compounds containing iron oxides have been studied 
for the degradation of dyes, using graphene oxide [19,20], 
metal-organic frameworks (MOF) [21,22] and mixed oxides such as 
perovskites [23–25], whereas the latter is generally considered desirable 
for heterogeneous catalytic applications. Perovskites are crystalline ce
ramics that belong to the class of mixed oxides with a general formula of 
ABO3. A-site cation is commonly occupied by alkali metals, 
alkaline-earth metals or rare-earth metals. The B-site cation could be 
filled by transition metals. Perovskite can be formulated into binary 
(ABO), ternary (AA’BO or ABB’O) or quaternary (AA’BB’O) compounds. 
Interestingly, the perovskite’s catalytic reactivity can be modulated by 
substituting different A and/or B cation types within the structure to 
control the overall physicochemical properties of the perovskites. In 
addition, it was reported that the catalytic reactivity of the perovskite is 
affected by the partial substitution of the B-site with different transition 
metal cations [26]. For instance, the partially substituted Cu in LaCoO3 
in the B-site formed a tertiary LaCoCuO3 perovskite for the degradation 
of phenol that boosted the catalytic performance of by approximately 
99% within 12 min [27]. Quaternary perovskites also proved to be 
efficient heterogeneous catalyst for organic dye degradation. For 
example, Ca0.5Sr0.5NixCu1-xO3-δ  degraded 95% of AOII within 2 h, 
which was attributed to the effective redox cycles between 
–––Ni2+/–––Cu1+ and –––Ni3+/–––Cu2+for the generation of reactive radical 
species during catalysis [28]. The synergistic interaction between Ni and 
Fe was also positive for CaNixFe1-xO3-δ  perovskites showing over 50% 
degradation of Reactive Red 141 and AOII after 5 min reaction time 
[29]. 

In the case of B-site perovskite catalyst containing Cu/Fe and Co/Fe, 
the typical type of A-site substitutions are based mainly on La [30,31], Bi 
[32], Sr [33,34] and Ba/Sr [35]. A number of mixed oxides containing 
Ca in the A-site perovskites such as CaxSr1-xCuO3-δ [36], 
Ca0.5Sr0.5NixCu1-xO3-δ [28], CaNixFe1-xO3-δ  [29] and Ca0.5Sr0.5NiO [37] 
were also effective in the degradation of AOII dyes. Ca is particularly 
effective in the A-site of some of these catalysts, but limited work has 
been reported for compounds containing Fe oxides in the B-site. Herein, 

we investigate the functional role of B-site substitution on the 
calcium-iron-based mixed oxide perovskite catalysts; CaMFeO3 (M =
Mo, Cu, Co) for H2O2 activation in heterogeneous Fenton-like reaction. 
AOII was chosen as model pollutants as it represents 15% of worldwide 
dye production [38] and the most discharged dye from the textile in
dustry [36,39]. In this study, CaMFeO3 (M = Mo, Cu, Co) mixed oxides 
containing perovskite synthesized via EDTA citric acid complexation 
method were prepared and their catalytic activities were investigated in 
the absence and presence of H2O2. The functional role of transition 
metals on substituted CaMFeO3 towards AOII degradation rate was 
evaluated using reaction kinetics models and mechanistic understanding 
was correlated to their resultant physicochemical properties. 

2. Materials and methods 

2.1. Synthesis and characterization 

Calcium nitrate tetrahydrate (Ca(NO3)2⋅4H2O; ≥99%), iron(III) ni
trate nonahydrate (Fe(NO3)3..9H2O; 99%), ammonium molybdate 
((NH4)2MoO4; 99%), cobalt(II) chloride hexahydrate (CoCl2⋅6H2O; 
98%), copper(II) nitrate trihydrate (Cu(NO3)2⋅3H2O; ≥99%), ethyl
enediaminetetraacetic acid (EDTA), ammonium hydroxide (NH4OH) 
solution, hydrogen peroxide (H2O2; 30% (w/w)) and acid orange II 
(AOII) were supplied by Sigma Aldrich. Citric acid monohydrate 
(C6H8O7.H2O; ≥99%) was purchased from QReC (Asia). All chemicals 
were of analytical grade and used as received without further 
purification. 

The EDTA-citric acid complexation method was used to synthesize a 
series of B-site-substituted CaMFeO3 (M = Mo, Co, Cu) perovskites in 
this study. Each A/B-site cation molar concentration was fixed at 0.05 M 
A set of molar ratios of A-site precursor: B’-site precursor: B-site pre
cursor: ethylenediamine tetra-acetic acid (EDTA): citric acid: ammo
nium hydroxide was kept constant at 1:1:1:1.1:2:10. For instance, in the 
synthesis of CaMoFeO3 catalyst, 0.05 M Ca(NO3)2⋅4H2O, 0.05 M 
FeCl3⋅6H2O, 0.05 M (NH4)2MoO4 and 0.1 M C6H8O7.H2O solutions was 
mixed and stirred for 15 min at the beginning. Then, a solution mixture 
containing 0.05 M NH4OH and 0.055 M EDTA was added to the former 
mixture and stirred for 15 min at room temperature until well mixed. 

Subsequently, the resultant homogeneous mixture was heated at 
100◦C under stirring to evaporate water to form a viscous solution. 
Further gelation of the viscous solution was carried out in the oven at 
90◦C for 24 h. The dried gel samples then underwent a two-stage sin
tering process in a muffle furnace: first stage at 450◦C for 8 h and second 
stage at 800◦C for 4 h at a ramping rate of 5◦C min− 1 in air. The resultant 
CaMoFeO3 perovskite was ground and stored prior to further use. 
Similar procedures were repeated for other substituted B-site perovskite 
catalysts using copper and cobalt precursors to synthesize CaCuFeO3 and 
CaCoFeO3, respectively. In addition, CaFeO3 was also synthesized as a 
blank catalyst for comparison purposes. 

The phase identification of the materials was performed by X-ray 
powder diffraction (XRD, D8 Advance, Bruker, USA) with Cu-Kα radia
tion (λ = 1.5406 Å) at 40 kV and 40 mA by step scanning in the range of 
10◦ ≤ 2θ ≤ 100◦. The surface morphology was analyzed using a field 
emission scanning electron microscope (FE-SEM), equipped with 
energy-dispersive X-ray spectroscopy (EDS) for elemental analysis. Ni
trogen adsorption analysis was carried out at 77 K using a Micromeritics 
ASAP 2020 to determine the BET surface area of samples that were 
degassed overnight at 200◦C under vacuum. 

Oxygen-temperature-programmed desorption (O2-TPD) analysis was 
performed using AutoChem II 2920 (Micromeritics). Each sample (100 
mg) was pretreated in helium (carrier gas, 50 mL min− 1) from room 
temperature to 350◦C for 30 min at a rate of 10◦C min− 1. After cooled 
down to 50◦C, the sample was saturated by pure oxygen gas (50 mL 
min− 1) for 1 h then purged with helium (50 mL min− 1). After acquiring a 
stable baseline, the catalyst was heated to 800◦C at 5◦C min− 1 ramping 
rate, and the O2-TPD profile was recorded. For hydrogen-temperature- 
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programmed reduction (H2-TPR), the analysis was conducted using the 
same instrument as in the O2-TPD procedure. Initially, 100 mg of each 
sample was pretreated in helium to 350◦C (at 10◦C min− 1) for 1 h. After 
cooling to 50◦C, the helium was switched to hydrogen flow (10 vol% H2 
in Ar, 50 mL min− 1). Once stable baseline acquired, the H2-TPR profile 
of the catalyst was recorded while heating to 800◦C at a rate of 5◦C 
min− 1. Details analysis on the determination of pH zero-point charge 
(pHzpc), ions metal leaching and the electrical impedance spectroscopy 
analysis are summarized in Supplementary Information (Text S1). 

2.2. Catalytic reactivity and kinetics evaluation 

The catalytic reactivity of the B-site-substituted CaMFeO3 catalysts 
was evaluated in oxidative degradation of AOII (35 mg L− 1) by 
dispersing 0.1 g catalyst in 100 mL of AOII solution and 22 mM of H2O2 
at room temperature stirred at 200 rpm for 90 min. At regular interval, 5 
mL of reaction suspension was withdrawn and filtered through a 0.2 µm 
filter syringe. UV–vis spectrophotometer (Perkin Elmer, Lambda 25) was 
used to determine the concentration of AOII solution at λmax of 486 nm. 
Further, 2-propanol (Merck, 10 M) mixed in an AOII solution was used 
as hydroxyl radical (•OH) scavenger. The results are reproducible with 
duplicate experiments conducted. The data show average value with 
experimental errors of less than 5%. Details analysis on the identifica
tion of AOII’s intermediate compounds are provided in Supplementary 
Information (Text S2). 

3. Results and discussion 

3.1. Catalyst characterization 

Fig. 1 displays the XRD patterns of resultant CaFeO3 and B-site- 
substituted CaMFeO3 samples. The XRD pattern of CaFeO3 sample 
exhibited four major peaks at 2θ of 33.56◦, 35.48◦, 37.82◦ and 49.84◦

corresponding to perovskite CaFeO3 (COD 96–152–6749), whilst peaks 
at 2θ of 32.74◦ and 33.26◦ are related to perovskite-like structure (COD 
96–152–0830) [40]. Impurity phases consist of calcium ferrite CaFe5O7 
(COD 96–901–3961) is observed at 2θ of 34.04◦, 34.78◦, 36.16◦ and 
40.16◦, maghemite γ-Fe2O3 (COD 96–901–2692) at 2θ of 32.22◦ and 
44.72◦; and calcium oxide (COD 96–900–6746) at 2θ of 30.88◦, 35.72◦

and 51.36◦. 
When Cu was partially substituted into the B-site of CaFeO3, addi

tional new peaks are observed at 2θ of 17.20◦, 34.80◦ and 42.80◦ which 
corresponds well to perovskite CaCu2.79Fe4.21O12 (COD 96–434–4870). 
Meanwhile, peaks at 2θ of 35.50◦ and 38.70◦ are assigned to copper 
oxide phase (COD 96–721–2242). Partial substitution of Co into the 

CaFeO3 resulted in peaks at 2θ of 33.44◦ that are ascribed to perovskite 
Ca2FeCoO5 (COD 96–400–0920). Cobalt (II) oxide (COD 96–153–1762) 
is also noticeable at 2θ of 16.00◦. In the case of partial substitution of 
Mo, perovskite phases appeared at 2θ of 32.68◦ that corresponds to 
Ca2FeMoO6 (COD 96–400–2219). Peaks at 2θ of 24.60◦, 27.72◦, 29.92◦

and 34.84◦ are assigned to Fe2(MoO4)3 (COD 96–152–4203). Moreover, 
the peaks at 2θ of 21.02◦, 28.16◦ and 44.66◦ are attributed to ortho
rhombic Mo15.39O47 phase (COD 96–154–0782); whilst peaks at 2θ of 
29.10◦ and 54.58◦ are related to CaMoO4 (COD 96–900–9634). Hence, 
these findings confirm that the resultant CaFeO3 and B-site-substituted 
CaMFeO3 samples contained mixtures of perovskites and mixed oxides 
phases. 

The surface morphology of the samples was analyzed by FE-SEM as 
depicted in Fig. 2. All substituted perovskite catalysts exhibited het
erogeneous surfaces which consists of irregular shape and sizes. CaFeO3 
mixed oxides shows the formation of rugged features consisting of larger 
particles and smaller particles showing lamellar structures that 
agglomerated during sintering. Changes in particle size can be clearly 
observed when transition metals of Cu, Mo and Co were partially 
substituted as demonstrated by the inset histograms. For instance, evo
lution of particle size can be observed in the sequence of CaCuFeO3 <

CaFeO3 < CaMoFeO3 < CaCoFeO3. CaCuFeO3 resulted in a narrow 
particle size distribution of small irregular particles (1–2 µm) and the 
most homogeneous sample. Contrary to this, the other mixed oxides 
consisted of a broader size distribution ranging from connected smaller 
particles (< 1 µm) forming rugged particles to larger particles (2–7 µm). 
This is clearly observed in CaFeO3 < CaMoFeO3 < CaCoFeO3 samples, 
giving an indication that different phases were formed as evidenced in 
the XRD patterns (Fig. 1). 

The elemental mapping (Fig. 3a-o) reveals that Ca, Fe, Mo, Cu, Co 
and O elements were evenly distributed throughout the surface of the 
catalysts. Further analysis indicates that the distribution of Cu and Co 
occurred as discrete particles at the surface of the catalysts whilst Mo 
distribution was relatively uniform. Table 1 presents the detailed 
composition of all catalysts. The composition of substituted Cu, Mo and 
Co into the perovskite and metal oxide structures were found to be 12.3, 
12.2 and 14.5 wt%, respectively. The composition of Fe decreased from 
31.6 wt% from the blank catalyst (CaFeO3) to an average value of 25 wt 
% for the B-site-substituted CaMFeO3. These results indicate the suc
cessful partial substitution of transition metals (Mo, Cu and Co) into the 
CaFeO3 catalyst structures. 

Fig. 4 illustrates the representative sorption isotherm of the resultant 
catalysts. All catalysts produced low N2 sorption volumes, a clear indi
cation of the formation of non-porous materials. Although the isotherms 
are of type III with a hysteresis loop at p/p0 > 0.45, this is not associated 
with mesopores but attributed to the spacing within the rugged small 
particles. This is clearly seen in the SEM images for CaFeO3, CaMoFeO3 
and CaCoFeO3 samples. The CaCuFeO3 sample consisted mainly of 
smaller particle with a narrow distribution (Fig. 2) and the hysteresis is 
ascribed to the smaller interparticle spacing. For the increase in the 
sorption volume at p/p0 > 0.9, this is generally related to the larger 
interparticle spacing. The blank sample CaFeO3 resulted in the highest 
surface area, attributed to the rugged surfaced in the FE-SEM image 
(Fig. 2). The BET surface areas were 12.8 m2 g− 1 (CaFeO3), 6.0 m2 g− 1 

(CaCuFeO3), 3.5 m2 g− 1 (CaCoFeO3) and 2.0 m2 g− 1 (CaMoFeO3). 
The profiles of O2-TPD analysis are shown in Fig. 5a. It can be 

observed that all catalysts exhibit dominant peaks between 561◦C to 
590◦C. The O2 uptake decreased from 1.02 mmol g− 1 (CaFeO3) to 0.50 
mmol g− 1 (CaCuFeO3), 0.42 mmol g− 1 (CaMoFeO3) and 0.18 mmol g− 1 

(CaCoFeO3). Therefore, partially substituting the B-site with metals (Cu, 
Co and Mo) reduced the overall O2 uptake. Further, these results confirm 
that all catalysts tested in this work have oxygen related sites with po
tential active sites for H2O2 activation during catalysis. The H2-TPR 
profile of all catalysts in Fig. 5b exhibits well-defined reduction peak at a 
temperature range between 638 and 651◦C. This temperature range 
corresponds to the partial reduction of Fe3+ to Fe2+ [41]. Interestingly, Fig. 1. XRD patterns of B-site substituted perovskite catalysts.  
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two reduction peaks observed at 225 and 271◦C was observed for the 
CaCuFeO3. These peaks can be attributed to the reduction of Cu2+ to Cu+

and Cu+ to Cu [42]. The hydrogen consumption of CaCuFeO3 started at a 
much lower temperature compared to other catalysts, suggesting the 
high-valence-state copper/iron ions in CaCuFeO3 are more easily 
reduced to a lower oxidation state than those in CaFeO3, CaCoFeO3 and 
CaMoFeO3 in this work. In other words, copper/iron ions in CaCuFeO3 
are better electron acceptors, which can efficiently accelerate the redox 
cycle during catalysis. 

3.2. Catalytic performance 

The performance of the catalysts for AOII oxidation in the absence 
and presence of H2O2 are presented in Fig. 6. In the absence of H2O2, the 
adsorption capacities CaFeO3, CaCuFeO3, CaMoFeO3 and CaCoFeO3 for 
AOII removal were 25%, 28%, 14% and 12% within 60 min, respec
tively. The low AOII adsorption is due to strong repulsion between the 
negative-charged of perovskite catalyst (Fig. S1) and anionic AOII 
behavior. Heterogeneous Fenton-like degradation of AOII in the pres
ence of H2O2 was used as a model reaction to evaluate the catalytic 
reactivity of the catalysts quantitatively. Fig. 6 shows that no AOII 
removal was observed in the presence of H2O2 alone. In the presence of 
the catalysts and H2O2, the AOII removal was enhanced significantly. 
The overall catalytic performance improvement within 60 min of reac
tion were as follows: CaCuFeO3 (97%) > CaMoFeO3 (90%) > CaFeO3 
(64%) > CaCoFeO3 (40%). This result reveals that mixed metal oxides 
and B-site substituted perovskite catalysts activated H2O2 to accelerate 
the generation of •OH radicals, resulting in a much higher rate of AOII 

removal. The decomposition of AOII occurs mainly at the solid-liquid 
interfaces of the catalysts; where the activation of H2O2 took place. 

It is interesting to observe that the CaFeO3 had the highest surface 
area of 12.8 m2 g− 1 and highest O2 uptake of 1.02 mmol g− 1, parameters 
of which significantly contribute to reaction performance. Contrary to 
this, AOII degradation by CaFeO3 was relatively lower at 64%. This lack 
of performance is attributed to the lower reactivity of CaFeO3 mixed 
oxides. Further, these results suggest that the smaller particles in the 
rugged surface as observed in the SEM image of CaFeO3 (Fig. 2) which 
contribute to high surface area are related to a low performance of the 
CaFeO3 mixed oxides phase. The CaCuFeO3 catalyst resulted in the 
highest reaction performance of 97% though with a surface area and O2 
uptake around 50% that of the CaFeO3 catalyst. In principle, the SEM 
image shows that CaCuFeO3 catalyst constituted mainly of small parti
cles with a narrow distribution and in overall terms more homogenous 
than the other catalysts tested in this work. Further, the high catalytic 
performance of CaCuFeO3 was aided by the decent copper/iron redox 
coupling to activate H2O2 into •OH radicals during catalysis. 

The UV–vis spectra in Fig. 7a shows the evolution of AOII degrada
tion by CaCuFeO3 in the presence of H2O2. Several absorption peaks are 
present in the AOII solution prior to reaction at t = 0 min. For instance, 
two main peaks at 430 and 486 nm are attributed to the transition of the 
azo and hydrazone forms [43], while the other two peaks at 230 and 
310 nm are assigned to the benzene and naphthalene rings [44] of AOII 
molecules. Noticeably, all peaks decreased as reaction time increased 
except for the peak at 254 nm. These results clearly indicate the 
destruction of azo bonds (at λ = 430 and 486 nm) and the opening of 
benzene and naphthalene rings (at λ = 230 and 310 nm) [29]. The 

Fig. 2. FE-SEM images and corresponding inset histogram of particle size distributions of the B-site substituted perovskite catalysts.  
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UV–vis spectra profiling of AOII by CaFeO3, CaMoFeO3 and CaCoFeO3 
catalysts (Fig. S2) indicate a lower efficiency of AOII degradation by 
these catalysts compared to CaCuFeO3. 

Further analysis on the intermediate peak profiling at λ = 310 nm 
and 254 nm are displayed in Figs. 7b and 7c for all catalysts. The peak 
intensity at 310 nm decreased significantly for the CaCuFeO3 within 30 
min with Ct/Co = 0.2, followed by CaFeO3 (Ct/Co = 0.6), CaCoFeO3 (Ct/ 
Co = 0.7) and CaMoFeO3 (Ct/Co = 1.0). These results indicate higher 
decomposition of naphthalene rings in the presence of CaCuFeO3 
compared to other catalysts. Nevertheless, the Ct/Co intensity at λ = 254 
nm increased over time due to the formation of benzene intermediate. 
From Fig. 7c, the Ct/Co intensity doubled for CaMoFeO3 and started to 
be levelled off after 30 min. Similar trend was observed for CaFeO3, 

CaCuFeO3 and CaCoFeO3, which implied that the benzene intermediates 
were not degraded during this period. The presence of intermediate 
compounds was identified by GCMS analysis. Detailed chromatogram 
and proposed chemical structure of the intermediates (1,3-benzenediol, 
2-acethyl; 2,6-dihydroxybenzoic acid; 3‑hydroxy-benzoic acid; 2-hepta
nol,6-amino-2-methyl; 3‑hydroxy-3-methyl-benzoic acid; 4-(1,2- 
dihydroxyethyl)− 1,2-benzenediol) were summarized in Fig. S3 and 
Table S1, respectively. Hence, the oxidative degradation mechanism of 
AOII is proposed as presented in Fig. 8. 

The oxidative degradation of AOII by all catalysts fits a pseudo- 
second-order reaction kinetics model (R2 > 0.93) as shown in Fig. 9a 
following Eq. (1) and its integrated form Eq. (2): 

dCt

dt
= − k(Ct)

2 (1)  

1
Ct

=
1

C0
+ kt (2)  

where k (L mg− 1 min− 1) is an apparent kinetics rate constant of second- 
order, t is reaction time, and Ct is AOII concentration at a given time t. 
The reaction rate constants are given in Fig. 9b. It is observed that 
CaCuFeO3 (k = 1.9 × 10− 2 L mg− 1 min− 1) was the highest value fol
lowed by CaMoFeO3 (k = 4.5 × 10− 3 L mg− 1 min− 1). These reaction rate 
constants were higher by factors of twenty-one and five times than that 

Fig. 3. Elemental mapping of (a-c) CaFeO3, (d-g) CaCuFeO3, (h-k) CaMoFeO3 and (l-o) CaCoFeO3 catalysts.  

Table 1 
Chemical composition of CaFeO3, CaCuFeO3, CaMoFeO3 and CaCoFeO3 by EDS 
analysis.  

Samples Chemical compositions (%)  
Ca Fe O Cu Mo Co 

CaCuFeO3 18.05 26.88 42.77 12.30 – – 
CaMoFeO3 16.14 20.96 50.67 – 12.23 – 
CaCoFeO3 18.41 27.95 39.15 – – 14.49 
CaFeO3 23.88 31.63 44.49 – – –  
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of CaFeO3 (k = 0.9 × 10− 3 L mg− 1 min− 1), respectively. CaCoFeO3 
yielded the lowest reaction rate constant of (k = 0.3 × 10− 3 L mg− 1 

min− 1). The kinetic behavior of all the catalysts can be well supported by 
the magnitude of electron transfer rate. Interestingly, CaCuFeO3 
exhibited the lowest electron transfer resistance as indicated by the 
smallest arc diameter compared to others CaMFeO3 (M = Mo, Co) which 
are presented in Fig. 9c. The low resistance implies a faster electron 

transfer mobility and a higher surface reaction rate [45–47]. Faster 
electron transfer is beneficial to facilitate fast redox cycling of active 
sites during catalysis. The evolution of electron transfer rate and surface 
reaction rate can be observed in the order of CaCuFeO3 > CaMoFeO3 >

CaFeO3 > CaCoFeO3. For comparison purposes, Fig. 9d displays the 
performance of CaCuFeO3 against various catalysts containing La, Ca 
and CaSr in the A-site, and Co, Cu, Fe, Ni, NiFe and NiCu in the B-site. 

Fig. 4. Nitrogen adsorption/desorption isotherms of the catalysts.  

Fig. 5. (a) O2-TPD and (b) H2-TPR of the catalysts.  
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CaCuFeO3 outperformed all catalysts for the degradation of AOII and 
other dyes, with the exception of LaCoO3. Further additional compari
son on others relevant aspects is also provided in Table S2. 

The influence of key operational reaction conditions (catalyst 
dosage, initial pH solution, initial H2O2 concentration, initial AOII 

concentration and temperature) on the AOII degradation in the presence 
of CaCuFeO3 catalyst is presented in Fig. S4. AOII degradation signifi
cantly enhanced from 16% to 99% as the catalyst dosage increased from 
0.25 to 1.25 g/L within 60 min reaction time (Fig. S4a). The higher 
catalyst dosage led to the increased amount of active sites which are 

Fig. 6. Removal profile of AOII solution by CaFeO3, CaCuFeO3, CaMoFeO3 and CaCoFeO3 in the absence and presence of H2O2. Experimental conditions: AOII 35 mg 
L− 1, H2O2 22 mM, 1.0 g L− 1 catalyst and unadjusted pH solution. 

Fig. 7. UV–vis spectra of AOII degradation as a function of time by (a) CaCuFeO3 and the normalized peak intensity at (b) 310 nm and (c) 254 nm by CaFeO3, 
CaCuFeO3, CaMoFeO3 and CaCoFeO3 in the presence of H2O2. Experimental conditions: AOII 35 mg L− 1, H2O2 22 mM, 1.0 g L− 1 catalyst and unadjusted pH solution. 
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responsible for the activation of H2O2 into •OH radicals and thus 
enhancing the degradation of AOII [10]. Optimum dosage was found to 
be at 1.25 g/L as AOII degradation reached a plateau beyond this value. 

Fig. S4b reveals that the AOII degradation (≈ 99%) was favorable 
within broad range of pH 3 to 8. However, the AOII degradation effi
ciency decreased to 88% when pH reduced to 2.5, which can be ascribed 
to the scavenging effect of •OH radicals by the excessive amount of H+

[49]. Hence, the unadjusted pH (pH 6.4) is selected as optimum pH 
solution due to its high AOII degradation of 99% without the need of pH 
adjustment. Interestingly, the AOII degradation was not significantly 
influenced by the H2O2 concentration. The AOII degradation reached 
99% for all H2O2 concentration ranging from 11 to 44 mM within 60 min 
of reaction (Fig. S4c). From the degradation profiling, 22 mM of H2O2 
concentration was chosen as the optimum oxidant concentration 
because it resulted in the highest AOII removal within the shortest re
action time (92% degradation in 20 min). The influence of AOII con
centration is presented in Fig. S4d. The AOII degradation reached 99% 
as the AOII concentration increases from 25 to 55 mg/L within 60 min of 
reaction. However, the AOII degradation profiling at low AOII concen
tration (25 to 35 mg/L) was favorable instead of high concentration (45 
to 55 mg/L). Hence, 35 mg/L of AOII concentration was chosen as the 
optimum value as it represents the nominal dye concentration in pre
viously reported works [10,28]. Enhanced AOII degradation was 
observed at 50◦C which reached 99% in less than 15 min (Fig. S4e). The 
contact between H2O2 and active sites may increase when the solution’s 
temperature increases, thus promoting the generation of •OH radicals 
[29,50]. 

The reusability of the CaCuFeO3 perovskite catalyst for AOII degra
dation was performed in five consecutive cycles of reaction (Fig. S5). 
The degradation efficiency of AOII remained unchanged (>90%) in the 
first three cycles. However, AOII degradation efficiency started to 
decrease at the fourth cycle that could be attributed to partial saturation 
of intermediates on the active sites and thus hindering the effective 

formation of •OH radicals as reported elsewhere [51,52]. Interestingly, 
low metal leaching (Cu <0.25 mg/L and Fe <0.04 mg/L) was observed. 
These values are significantly lower than the allowable limit of 1.0 mg/L 
(Cu) and 5.0 mg/L (Fe) under Malaysian Regulatory Act discharge 
criteria [53] and previously reported works [28,54,55]. 

In order to further understand the high performance of the CaCuFeO3 
catalyst, a possible mechanism for the degradation of AOII is proposed as 
schematically shown in Fig. 10 and Eqs. (3) to (10). Based on the O2-TPD 
results, the partially substituted Cu at the B-site of CaFeO3 has led to the 
formation of oxygen vacancies to maintain charge neutrality Eq. (3)). 
V0
•• stands for oxygen vacancy which are present on the surface of 

CaCuFeO3, whilst Ox
0  represents the divalent O ion. These oxygen va

cancies could result in a lower Fe and Cu oxidation state (Eqs. (4) and 
((5)), leading to more efficient Fe/Cu redox cycles. For instance, the 
reduction of –––Fe3+ to –––Fe2+ by –––Cu+ is thermodynamically beneficial 
because the standard reduction potential of Fe3+/Fe2+ (0.77 V) is higher 
than that of Cu2+/Cu+ (0.34 V) Eq. (6)). Besides, the regeneration of 
active sites (–––Fe2+ and –––Cu+) catalytically activated the adsorbed 
H2O2 into •OH radicals (Eqs. (7) and ((8)). The formation of •OH radicals 
was further enhanced by H2O2 activation (Eq. (9)), which is attributed to 
the cleavage of O–O bond due to oxygen vacancies in perovskites [47, 
56] such as CaCuFeO3 in this work. The generation of •OH radicals were 
confirmed by adding 2-propanol as •OH quenchers into the reaction 
mixture during catalysis. In the presence of 2-propanol, the overall 
catalytic performance decreased from 97% to 65% as illustrated in the 
Fig. S6. Hence, this result confirms that the generation of •OH radicals is 
responsible for AOII degradation (Eq. (10)) in line with works reported 
elsewhere [36,57]. 

≡ Fe3+ + ≡ Cu2+ + Ox
o → ≡ FeCu + V••

o (3)  

V••
o + ≡ Fe3+ → ≡ Fe2+ + Ox

o (4)  

V••
o + ≡ Cu2+ → ≡ Cu+ + Ox

o (5)  

≡ Fe3+ + Cu+ → ≡ Fe2+ + Cu2+ (Eo = 0.43V) (6)  

≡ Fe2+ + H2O2 → ≡ Fe3+ + OH− + •OH (7)  

≡ Cu+ + H2O2 → ≡ Cu2+ + OH− + •OH (8)  

V••
o + H2O2 → 2 •OH (9)  

AOII + •OH → intermediate → CO2 + H2O (10)  

4. Conclusion 

A series of mixed oxide catalysts (CaMoFeO3, CaCuFeO3 and CaCo
FeO3) were successfully synthesized via the combined EDTA-citric acid 
complexation, containing both mixed oxides and B-partially substituted 
perovskite phases. The AOII oxidative degradation in the presence of 
H2O2 fitted a pseudo-second-order kinetics model. The order of reaction 
rate constant was found to be in the sequence of CaCuFeO3 (k = 1.9 ×
10− 2 L mg− 1 min− 1) > CaMoFeO3 (k = 4.5 × 10− 3 L mg− 1 min− 1) >
CaFeO3 (k = 0.9 × 10− 3 L mg− 1 min− 1) > CaCoFeO3 (k = 0.3 × 10− 3 L 
mg− 1 min− 1). The enhanced catalytic reactivity of CaCuFeO3 was 
attributed to the fast redox cycling of active sites due to the high 
reducibility of copper/iron ions and the decent electron mobility within 
the structure of the catalyst that facilitates efficient generation of reac
tive radicals during catalysis. In fact, the CaCuFeO3 catalyst has also 
shown decent catalytic performance over five cycles of reactions with 
significantly low metal leaching that are well below the permissible 
discharge limit. 

Fig. 8. Proposed AOII’s oxidative degradation pathways in the presence of 
CaCuFeO3 perovskite catalyst during heterogeneous Fenton-like catalysis. 
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