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a b s t r a c t
The heterogeneous catalyst of CeO2/ZSM5 was applied to hydrolyze Congo red in subcritical water 
for the first time in the present study. The hydrolysis rate of Congo red could be significantly accel-
erated by introducing only 5 mg of 5% CeO2/ZSM5. The Congo red could be completely hydro-
lyzed at 220°C for 2 min—a reaction temperature 40°C lower than in the absence of 5% CeO2/ZSM5. 
In addition, the 5% CeO2/ZSM5 could be recycled for another run, and its Congo red hydrolysis 
efficiency and surface morphology showed no obvious change after 3 runs of recycling. The hydro-
lysis kinetics of Congo red in subcritical water could be well expressed by the Weibull model. The 
activation energy for hydrolysis of Congo red in subcritical water in the presence of 5% CeO2/ZSM5 
(104.8 kJ mol–1) was much lower than in the absence of 5% CeO2/ZSM5 (155.9 kJ mol–1). The fre-
quency factors were calculated to be 8.1 × 109 and 1.9 × 1014 min–1 in the presence and absence of 
5% CeO2/ZSM5, respectively. With these excellent properties, 5% CeO2/ZSM5 may prove to be an 
advantageous catalyst for the hydrolysis of Congo red in textile wastewater, in subcritical water.
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1. Introduction

Worldwide environmental problems caused by indus-
trial water effluents, often containing color contamination, 
have received intensive concern because of their toxic, 
color and carcinogenic properties [1–5]. Azo dyes, which 
accounted for 70% of the dye produced every year, are the 
major dye residue in textile wastewater [6,7]. Significant 
efforts have been made to remove azo dye from textile 
wastewater, by physical, chemical oxidative and biologi-
cal processes, such as the Fenton process, photocatalysis, 
solid-phase extraction and coagulation [3,8,9]. However, 

these processes all have limitations. For example, the solid 
waste remaining after physical treatment is difficult to 
dispose of, while the biological treatment requires a long 
treatment time and has strong selectivity [3,10]. Therefore, 
new technologies are urgently needed, that can treat textile 
wastewater effectively and at a low cost.

Subcritical water treatment that employs only water as 
a reaction solvent has been proposed as an environmentally 
friendly technique for hydrolyzing potential pollutants. 
Compared with water at ambient temperature, such water 
has the unique properties of a lower relative dielectric 
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constant and higher ion product. For example, when the 
water was heated to around 250°C under pressure condi-
tions, its relative dielectric constant reduced from 80 to 
~27, similar to those of methane and acetone at ambient 
temperature [11]. Meanwhile, the ion product of water 
increased to 10–11, 1,000 times larger than water at ambient 
temperature. The low relative dielectric constant resulted 
in the high solubility of organic pollutants in subcritical 
water, which was a benefit for hydrolysis of organic pol-
lutants; the high ion product makes subcritical water act as 
an acid and base catalyst to hydrolyze organic pollutants 
that could not be hydrolyzed by water at ambient tempera-
ture. Therefore, subcritical water is widely used to hydro-
lyze wastes, including compounds like biomass, aromatics, 
sludges and wastewater [3,11–14]. Donlagić and Levec [15] 
hydrolyzed Orange II at a reaction temperature range of 
180°C–240°C at an oxygen partial pressure of 10–30 bar. They 
suggested that Orange II is decomposed, first thermally and 
oxidatively to aromatic intermediates, and then to carbon 
dioxide, via organic acids. Hosseini et al. [16] successfully 
decomposed and decolorized 4-(2-hydroxy naphthyl azo) 
benzenesulfonic acid sodium (AO7) in subcritical water, 
and found that the major decomposition products from 
AO7 were phenol, 2-naphthalenol and N-(phenyl meth-
ylene)benzenamine [16]. To improve the hydrolysis effi-
ciency of an azo dye, oxidants and homogeneous catalysts 
such as H2O2, Na2CO3 and Cu(NO3)2 have been introduced 
into subcritical water [3,17–19]. However, the utilization 
of oxidant and homogeneous metal catalysts can cause 
stainless steel reactors to corrode, and these catalysts are 
also hard to recycle. Heterogeneous metal catalysts, which 
could be recycled and reused after the reaction, could 
effectively overcome these drawbacks. Metal oxides of 
CeO2 and MnO2 are widely employed as catalysts for the 
degradation of organic pollutants such as methyl orange, 
reactive brilliant blue and cyclohexane, due to their excel-
lent redox characteristics [20–22]. In addition, CeO2 is the 
most naturally abundant and inexpensive rare earth ele-
ment, and MnO2 is a low-cost, abundant, and environmen-
tally friendly material [20,23]. In our previous research, we 
found that the presence of copper ions in subcritical water 
could greatly accelerate the hydrolysis of Rhodamine B 
[3]. Therefore, heterogeneous metal catalysts (CeO2, MnO2 

and CuO) supported by ZSM5, a widely used catalyst sup-
porter with intricate micropores and strong acidity, were 
synthesized via an impregnation method, in this study 
[24]. The hydrolysis behavior of Congo red, (serving as a 
model of azo dye) was investigated in subcritical water in 
the presence of a catalyst. Further, the hydrolysis kinetics 
of Congo red in subcritical water were also investigated.

2. Experimental setup

2.1. Materials

The reagents Congo red, copper nitrate hydrate, 
manganese acetate tetrahydrate, cerium nitrate hexahydrate 
and nano cerium oxide were provided by Aladdin Industrial 
Corporation (Shanghai, China). The chemical structure 
of Congo red is shown in Fig. 1.

2.2. Catalyst preparation and characterization

The catalysts (CeO2/ZMS5, MnO2/ZMS5 and CuO/
ZSM5) were synthesized with the impregnation method. 
First, 0.127 g of cerium nitrate hexahydrate was dissolved in 
1.4 mL of deionized water and then 1 g of ZSM5 was intro-
duced into the solution. Subsequently, the sample was aged 
at room temperature for 12 h. After aging, the sample was 
dried at 100 °C and the dried sample was calcined at 500°C 
for 4 h. The prepared sample was designated as 5% CeO2/
ZMS5. The catalysts of 10% CeO2/ZMS5, 15% CeO2/ZMS5, 
5% MnO2/ZMS5, 10% MnO2/ZMS5, 15% MnO2/ZMS5, 5% 
CuO/ZMS5, 10% CuO/ZMS5 and 15% CuO/ZMS5 were pre-
pared by the same method using an appropriate amount 
of metal salts solution. X-ray diffraction (XRD) patterns of 
prepared catalysts were obtained with a Rigaku Ultima IV 
diffractometer using monochromated Cu Kα radiation. The 
surface morphology and elementary distribution were ana-
lyzed by an FEI Apreo Hivac scanning electron microscopy 
equipped with energy-dispersive X-ray spectroscopy (EDX).

2.3. Hydrolysis of Congo red in subcritical water

The hydrolysis of Congo red in subcritical water was 
carried out using a batch reactor as described in our previ-
ous research [3]. A volume of 7 mL of Congo red (125 mg L–1), 

Fig. 1. Chemical structure of Congo red.
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either with (5, 10 or 20 mg) or without catalyst was charged 
into the reactor. The reactor was then tightly closed and 
placed into a ceramics furnace that was preheated to 500°C. 
The reactor was treated at a reaction temperature range 
from 140°C to 260°C with reaction times of 2, 4, 6, 8 and 
10 min. After the reaction time had elapsed, the reactor was 
cooled in an ice bath to stop the reaction. The reaction mix-
ture was centrifuged and the recycled catalyst was dried 
at 105°C for 24 h. The concentration of Congo red in the 
centrifuged reaction mixture was measured by a CP visible 
spectrophotometer (Shanghai Spectrum, Shanghai China) 
at 497 nm with water as a blank. Each centrifuged reaction 
mixture was measured in triplicate.

3. Results and discussion

3.1. XRD patterns of catalysts

Fig. 2 shows the XRD patterns of CeO2/ZMS5, CuO/
ZMS5 and MnO2/ZMS5. It can be observed that ZSM5 
showed intense specific peaks in the range of 2θ = 22°–25° 
for all the catalysts. The diffraction peaks at 2θ = 28.5°, 33.1°, 
47.6° and 56.4° attributed to CeO2 could be clearly observed 
in CeO2/ZMS5. These peaks increased intensely with CeO2 
content while the peaks corresponding to ZSM5 decreased. 
Diffraction peaks assigned to CuO (2θ = 35.5° and 38.7°) and 
MnO2 (2θ = 30.1°, 45.5° and 55.4°) could be also observed 
in CuO/ZMS5 and MnO2/ZMS5, respectively. In addition, 
the EDX analysis shown in Fig. 3 also confirmed the pres-
ence of Ce, Cu and Mn over the 10% CeO2/ZMS5, 10% CuO/
ZMS5 and 10% MnO2/ZMS5 surfaces, respectively. The 
above results indicated that metal oxides were successfully 
supported over ZSM5 through the impregnation method.

3.2. Hydrolysis of Congo red in subcritical water in the presence of 
various catalysts

Fig. 4 shows the fraction of the remaining Congo red 
in the reaction mixture treated at 220°C for 2 min in the 

presence of various catalysts. It can be observed that the 
hydrolysis of Congo red was promoted by the addition of 
catalysts into subcritical water. The catalyst of CeO2/ZSM5 
showed the highest Congo red hydrolysis ability among all 
the catalysts, whereas the nano CeO2 had the lowest Congo 
red hydrolysis ability. The order of Congo red hydrolysis 
ability was CeO2/ZSM5 > CuO/ZSM5 > MnO2/ZSM5 > nano 
CeO2 > non-catalyst. The hydrolysis ability of ZSM5 could 
not be determined, due to the formation of intermediates. 
Fig. 5 shows the effect of metal oxide loading value on 
the hydrolysis of Congo red at 220°C for 2 min. We could 
observe that the loading value of CeO2 had no effect on 
the hydrolysis of Congo red, while 100% of Congo red was 
hydrolyzed even at the CeO2 loading value of 5%. In con-
trast, the CuO/ZSM5 and MnO2/ZSM5 showed lower Congo 
red hydrolysis efficiencies compared with that of CeO2/
ZSM5 at the same metal oxide loading value. The Congo 
red hydrolysis efficiencies of CuO/ZSM5 and MnO2/ZSM5 
increased with increasing metal oxide loading value and 
reached 95.6% and 86.8%, respectively, at the metal oxide 

Fig. 2. XRD patterns of CeO2/ZSM5, CuO/ZSM5 and MnO2/
ZSM5.

Fig. 3. EDX mapping of 10% CeO2/ZSM5, 10% CuO/ZSM5 and 10% MnO2/ZSM5.
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loading value of 15%. The above results indicated that CeO2/
ZSM5 was an excellent catalyst for hydrolyzing Congo red 
in subcritical water. Catalyst dosage is an important factor 
that affects the cost of treatment of textile wastewater, in 
addition to metal oxide loading value. We therefore further 
evaluated the effect of CeO2/ZSM5 dosage on the hydrolysis 
of Congo red in subcritical water. We found that the CeO2/
ZSM5 dosage had a negligible effect on the hydrolysis of 
Congo red in subcritical water (data not shown) and that 
Congo red could be efficiently hydrolyzed by using only 
5 mg of 5% CeO2/ZSM5. Therefore, 5% of CeO2/ZSM5 was 
selected to hydrolyze Congo red in subcritical water.

3.3. Effects of reaction temperature and reaction time on 
hydrolysis of Congo red in subcritical water

Fig. 6 shows the effects of reaction temperature and 
reaction time on the hydrolysis of Congo red in subcrit-
ical water. The Congo red could indeed be efficiently 

hydrolyzed in subcritical water. The Congo red remaining 
in the reaction mixture decreased with increasing reaction 
temperature, and it was completely hydrolyzed at 260°C 
(Fig. 6a). Meanwhile, the color of the reaction mixture 
became lighter at higher reaction temperatures, becoming 
colorless at the reaction temperature of 260°C. The hydro-
lysis rate of Congo red was greatly elevated when 5 mg of 
5% CeO2/ZSM5 was introduced into the subcritical water. 
The reaction temperature for complete hydrolysis of Congo 
red dropped to 220°C–40°C lower than that in the absence 
of 5% CeO2/ZSM5. The hydrolysis of Congo red was accel-
erated with long reaction time, and the reaction time for 
complete hydrolysis of Congo red became shorter at higher 
reaction temperatures (Figs. 6b and c). The spent 5% CeO2/
ZSM5 could be used for the next run to hydrolyze Congo 
red at 200°C, and the hydrolysis efficiency showed no obvi-
ous change after 3 runs of recycling (Fig. 7). In addition, the 
surface morphology of 5% CeO2/ZSM5 after 3 runs of recy-
cling showed no obvious change compared with that of raw 
5% CeO2/ZSM5, indicating a high stability of the catalyst 
(Fig. 8). The reusability of 5% CeO2/ZSM5, together with the 
higher Congo red hydrolysis efficiency, lower catalyst dos-
age and metal oxide loading value, compared to those of 5% 
CuO/ZSM5 and 5% MnO2/ZSM5, makes this a promising 
catalyst for the hydrolysis of Congo red in subcritical water.

3.4. Hydrolysis kinetics of Congo red in subcritical water

The Weibull model, a very flexible model for express-
ing different types of reaction, was applied to describe the 
hydrolysis kinetics of Congo red in subcritical water [3,25]. 
The description of the Weibull equation is as follows:

C
C

kt
n

0

= −( )





exp  (1)

where k, t and n are the rate constant (min–1), shape constant 
and reaction time (min), respectively. Eq. (1) could be further 
converted to:

Fig. 4. Effect of catalyst on the hydrolysis of Congo red at the reaction temperature of 220°C for 2 min.

Fig. 5. Effect of metal oxide loading value over ZSM5 on the 
hydrolysis of Congo red at 220°C for 2 min.
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A plot of ln[−ln(C/C0)] vs. lnt generated a straight line, 
the slope and intercept of which could be employed to cal-
culate the rate and shape constants, respectively. As shown 
in Fig. 9, the Weibull equation showed high conformity with 
the experimental data (r2 > 0.93), indicating that the hydro-
lysis kinetics of Congo red in subcritical water could be well 
expressed by the Weibull equation. The rate constants for 
hydrolysis of Congo red in subcritical water were 0.002, 
0.04, 0.25, 0.48 and 1.03 min–1 at the reaction temperatures of 
140°C, 160°C, 180°C, 200°C and 220°C, respectively. The rate 
constant at each reaction temperature became larger when 

5% CeO2/ZSM5 was added into the subcritical water, and 
its values were 0.042, 0.13, 0.8 and 0.86 min–1 at the reaction 
temperatures of 140°C, 160°C, 180°C and 200°C, respec-
tively. The above rate constants were much larger than those 
obtained from photocatalytic degradation of Congo red by 
Co3O4/TiO2/Graphene oxide, Ag/ZnO or Pd/ZnO [26,27], 
indicating the high hydrolysis efficiency of 5% CeO2/ZSM5 
in subcritical water. The shape constant obtained from 
hydrolysis of Congo red by subcritical water in the presence 
of 5% CeO2/ZSM5 was much lower than that in the absence 
of 5% CeO2/ZSM5, indicating its higher Congo red hydro-
lysis rate.

Based on the rate constant and Arrhenius equation, the 
activation energy and frequency factor could be calculated. 
The Arrhenius equation could be written as follows:

k A E
RT

= −








exp  (3)

where A, E, R and T are the frequency factor (min–1), activa-
tion energy (kJ mol–1), universal gas constant (kJ mol–1 K–1) 
and absolute temperature (K), respectively. As shown in 
Fig. 10, the plotted lnk vs. 1/T showed straight lines for the 
hydrolysis of Congo red in subcritical water in the presence 
and absence of 5% CeO2/ZSM5, with correlation values of 
0.93 and 0.92, respectively. The calculated activation ener-
gies were 104.8 and 155.9 kJ mol–1 for hydrolysis of Congo 
red in subcritical water in the presence and absence of 5% 
CeO2/ZSM5, respectively. The above activation energies 
were much higher than those obtained from the degra-
dation of Congo red by Fenton reaction in the presence 
of Fe3O4/ZnO (19.01 kJ mol–1) or Fe3O4/ZnO/Graphene 
(18.64 kJ mol–1) catalyst [28], because of the difference in 
the reaction mechanism. The frequency factors for hydro-
lysis of Congo red in the presence and absence of 5% CeO2/
ZSM5 were calculated to be 8.1 × 109 and 1.9 × 1014 min–1, 
respectively.

To investigate the synergistic effect between ZSM5 
and CeO2, the Congo red hydrolysis ability of CeO2 
and ZSM5 mixture was evaluated at 200°C. The color of 
reaction mixtures obtained from the hydrolysis of Congo red 
in the presence of ZSM5 (purple) and nano CeO2 (orange) 

Fig. 6. Effect of (a) reaction temperature and reaction time on the 
hydrolysis of Congo red in subcritical water in the (b) absence 
and (c) presence of 5% CeO2/ZSM5.

Fig. 7. Congo red hydrolysis efficiency of 5% CeO2/ZSM5 after 3 
runs of recycling.
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was similar to those shown in Fig. 4. However, the color of 
reaction mixtures obtained from hydrolysis of Congo red 
in the presence of ZSM5 and a nano CeO2 mixture became 
light purple compared with that in the presence of ZSM5, 
probably because the Congo red could be continuously 
hydrolyzed by nano CeO2 on a base of ZSM5, resulting in 
the lighter color of the reaction mixture, compared with 
that of ZSM5 alone. The reaction mixture became colorless 
during the hydrolysis of Congo red in the presence of 5% 
CeO2/ZSM5, indicating that a stronger synergistic effect 
between ZSM5 and CeO2 was formed in 5% CeO2/ZSM5.  
The detailed mechanism of CeO2/ZSM5 for hydrolysis 
of Congo red in subcritical water will be investigated in 
our future research.

4. Conclusions

The hydrolysis of Congo red, which served as a model of 
azo dye in textile wastewater, was conducted in subcritical 
water, in the presence of CeO2/ZSM5 catalyst. The Congo 
red could be efficiently hydrolyzed at 220°C in a reaction 
time of 2 min by adding only 5 mg of 5% CeO2/ZSM5, and 
the reaction temperature was 40°C lower than that in the 
absence of 5% CeO2/ZSM5. The 5% CeO2/ZSM5 also showed 
high recycling ability, as the Congo red hydrolysis efficiency 
showed no obvious change after 3 runs of recycling. The 
Weibull model was employed to express the hydrolysis 
kinetics of Congo red in subcritical water. The activation 
energies and frequency factors for hydrolysis of Congo 
red in subcritical water in the presence and absence of 5% 
CeO2/ZSM5 were calculated to be 104.8 and 155.9 kJ mol–1, 
and 8.1 × 109 and 1.9 × 1014 min–1, respectively. Therefore, 
it was considered that 5% CeO2/ZSM5 is an excellent 
catalyst for the hydrolysis of Congo red in subcritical water.
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Fig. 8. Surface morphologies of 5% CeO2/ZSM5 (a) before and (b) after 3 runs of recycling.

Fig. 9. Application of Weibull model to hydrolysis of Congo red 
at 140°C, 160°C, 180°C, 200°C and 220°C in the absence of 5% 
CeO2/ZSM5 and 140°C, 160°C, 180°C and 200°C in the presence 
of 5% CeO2/ZSM5.

Fig. 10. Arrhenius plot for the hydrolysis of Congo red in subcrit-
ical water in the absence and presence of 5% CeO2/ZSM5.
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