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a b s t r a c t
Currently, the treatment of organic pollution in oilfield-produced water has been increasingly 
considered. In this work, a catalyst of sodium citrate-Cu(II) complex supported on bentonite (B) 
(B@Cu(II)L) was prepared to appraise its capacity of catalytic degrading for hydroxypropyl guar 
gum (HPGG), polyacrylamide (PAM), and carboxymethyl cellulose (CMC) in oilfield wastewater. 
Significant effect parameters considered of diverse temperature, H2O2 concentration, B@Cu(II)L dos-
age, and pH value in heterogeneous Fenton-like course were investigated, respectively. The results 
show that B@Cu(II)L exhibits high catalytic performance for the degradation of HPGG in a wide pH 
range of 7.0–13.0. The viscosity of HPGG can be reduced effectively with the 20.0% H2O2 (mass ratio 
to HPGG) and 10.0% B@Cu(II)L (mass ratio to H2O2). The removal rate for chemical oxygen demand 
(COD) of HPGG, PAM, and CMC reaches to 96.1%, 94.1%, and 95.0%, respectively, within 240 min 
under the optimized conditions, and the COD of an oilfield wastewater sample can be removed by 
93.0% under the same condition.
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1. Introduction

There is a large amount of oilfield-produced wastewa-
ter as the oil and gas fields are continuously exploited [1,2]. 
Produced water is a toxic and complex mixture of organic 
dispersed and inorganic salts and dissolved oil, etc., which 
may cause bioaccumulation and toxicity for marine ani-
mals [3]. Polymer flooding technology is widely used in 
oil recovery, and contamination has been a highly urgent 
environmental issue in oil and gas fields [2,4]. At present, 
hydroxypropyl guar gum (HPGG), with a structure of bio-
degradable and biocompatible heteropolysaccharide com-
posed of a β-(1–4) D-mannopyranose backbone linked with 
α-(1–6) D-galactopyranose units [5,6], has been widely used 

as an oilfield fracturing additive because of the high vis-
cosity of its aqueous solutions at low concentrations [7–9]. 
Therefore, there is a large amount of HPGG in the produced 
water after fracturing, which needs to be treated due to its 
high viscosity, serious corrosion to facilities, and potential 
risks to the health of the residents around the oilfield. So far, 
the treatment of wastewater can be roughly divided into 
physical, chemical, and biological methods according to the 
principle of treatment methods [10,11]. Physical processes of 
adsorption on activated carbon can remove both organic and 
inorganic compounds [12,13]. Nevertheless, they have high 
costs, transferring contaminants from one phase to another 
and producing solid waste, but the management is another 
drawback of this method [14]. Biological treatment is a 
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cost-effective and environmentally friendly alternative with 
higher efficiency [15]. However, the sensitivity of the micro-
organisms to the toxicity and variation of organic chemi-
cals in produced water limits its field application [16,17]. 
Therefore, Fenton oxidation and its modification have been 
widely employed in some studies to treat oilfield wastewa-
ter, and Fenton-like methods have drawn much attention of 
many researchers recently [18–20].

The Fenton reagent reacts with organic compounds 
complicated composition and difficult to degrade in an 
aqueous solution by strong oxidizing hydroxyl radicals 
generated from the reaction of Fe2+ and hydrogen peroxide 
(H2O2). Finally, a large number of organic molecules con-
vert to some small molecules, such as carbon dioxide (CO2) 
and water (H2O) [20,21]. Unfortunately, it is restricted to a 
low and narrow pH range of 2.0–3.0 to ensure the Fenton 
reagent working effectively, so the procedures of applica-
tion are cumbersome, and the range of application is finite 
[22,23]. In recent years, there have been numerous studies 
on expanding the pH range of the Fenton system, but there 
are still some disadvantages such as high cost, limited pH 
range, and no practical application in the oil fields [24,25]. 
Thus, we seek an efficient Fenton oxidation processing for 
the treatment in the oilfield wastewater at a wide pH range.

In this work, the main attempt was devoted to partially 
destroy HPGG contained in oilfield-produced water and 
improve the degradability of the wastewater through the 
oxidation of metal-hydrogen peroxide (H2O2) in a wide pH 
range. In this study, the heterogeneous catalyst of B@Cu(II)L 
was determined for the Fenton oxidation. The catalyst was 
measured for degradation performance to the viscosity of 
HPGG and the chemical oxygen demand (COD). Besides, the 
catalyst was applied to the oilfield wastewater. The experi-
mental conditions of Fenton oxidation were optimized and 
the B@Cu(II)L was thoroughly characterized by scanning 
electron microscopy (SEM), X-ray diffraction (XRD), X-ray 
photoelectron spectroscopy (XPS), inductively coupled 
plasma-mass-spectrometry (ICPMS), Fourier-transform 
infrared (FT-IR), and N2 adsorption–desorption isotherms.

2. Materials and methods

2.1. Chemicals and materials

Commercial calcium bentonite (B) was obtained from 
Fengyun Chemical Co., Ltd., Xi’an, China, sodium citrate, 
CuCl2·2H2O, NaOH, H2O2 (30%), KMnO4, K2Cr2O7, FeSO4, 
(NH4)2Fe(SO4)2·6H2O, HPGG, polyacrylamide (PAM), and 
carboxymethyl cellulose (CMC) (purity > 95%) were obtained 

from Xinhe Environmental Protection Co., (Zhengzhou, 
China). Instrument of measuring automatically for kine-
matic viscosity of petroleum products (SYD-265 H) was 
purchased from Benshan Instrument Equipment Co., 
Shanghai, China. Ubbelohde viscometer was purchased from 
Shenyi Glass Co., Shanghai, China.

2.2. Catalyst preparation

The complex of Cu(II)L was prepared by blending 
1.71 g CuCl2·2H2O and the ligand solution (L) of 2.94 g 
sodium citrate with the ratio of 1:1 (molar ratio) in a flask 
under stirring at room temperature for 2 h. The synthesis 
process of Cu(II)L complex was exhibited in Fig. 1.

And then the B@Cu(II)L was prepared according to the 
following Eq. (1):

Cu II L bentonite B B@Cu II L� � � � � � � �  (1)

5.5 g bentonite (B), dried at 80°C for 24 h before the 
experiment, was added to the solution achieved above, 
and stirred for 4 h under 60°C. Then the solid sample was 
centrifuged at 3,000 rpm and washed twice with 20 mL 
distilled water. Finally, the supported catalyst (B@Cu(II)L) 
was obtained after dried at 70°C overnight.

2.3. Catalyst characterization

B and B@Cu(II)L were characterized by various charac-
terization methods. The morphology and elemental com-
position analysis of heterogeneous catalysts were obtained 
with powdered samples by means of a field emission 
SEM (JSM-6390A). The phase composition and purity of 
the catalyst were analyzed by powder XRD on an XRD-
6000 diffractometer using Cu Kα radiation at 40 kV volt-
age and 15 mA current. XPS measurements were carried 
out on ESCALAB250Xi electron spectrometer using 300 W 
Al Kα radiations. All IR measurements were performed on 
an FT-IR spectrometer at room temperature at the range from 
400 to 4,000 cm–1. N2 adsorption–desorption isotherms were 
performed on a Micrometrics ASAP 2020 HD88 instrument 
at 77 K, for which the samples were degassed at 300°C for 
4 h before the measurement. The surface areas were calcu-
lated using the Brunauer–Emmett–Teller (BET) equation in 
the pressure of range P/P0 = 0.02–0.2, and the pore size dis-
tribution was calculated using the Barrett–Joyner–Halenda 
(BJH) method. The percentage of copper leached was ana-
lyzed by ICPMS. Finally, the total organic carbon (TOC) 
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Fig. 1. Synthesis of Cu(II)L complex.
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analysis was conducted to evaluate the performance of the 
catalyst.

2.4. Degradation process

HPGG was dispersed in distilled water at room tem-
perature and stirred 30 min under a magnetic stirrer with 
a stirring rate of 100 rpm for 12 h to complete the swelling. 
Appropriate amounts of HPGG solution, hydrogen perox-
ide (H2O2), and B@Cu(II)L were sequentially added into the 
Ubbelohde viscometer. The dosage of the HPGG (0.6%) was 
5 mL, the mass of the hydrogen peroxide was 10% of the 
mass of the HPGG, and the dosage of the metal complex 
of the B@Cu(II)L was 10% of the mass of the hydrogen per-
oxide (H2O2). Then distilled water (5 mL) was added into 
the solution and mixed evenly, and the pH was adjusted 
by NaOH [26,27]. In this work, the kinematic viscosity 
value was evaluated automatically at 0, 5, 10, 15, 20, 25, 30, 
35, and 40 min at a definite temperature [28]. Significant 
parameters considered for diverse temperature, H2O2 con-
centration, B@Cu(II)L dosage, and pH value in heteroge-
neous Fenton-like course were, respectively, evaluated by 
the method of the control variable. The COD of the HPGG, 
PAM, and CMC degradation before and after were mea-
sured according to the Chinese National Standard-GB11914, 
and the removal rate was calculated in detail according to 
Eq. (2). The wastewater produced in the oilfield was diluted 
appropriately before the experiment and tested according 
to the Chinese National Standard-GB11914:

Removal rate of COD
COD COD

COD
% %� � �

�� �
�

t t

t

0

0

100  (2)

where CODt0
 and CODt are COD values at the initial and t 

times, respectively.

3. Results and discussion

3.1. Characterizations of catalyst

B@Cu(II)L is a complex generated from the reaction of 
sodium citrate and copper chloride and then loaded on ben-
tonite (B). The morphology of B@Cu(II)L was characterized 

by SEM scanned of ×1,000 and ×5,000 at first. As exhibited 
in Fig. 2, the SEM of bentonite and B@Cu(II)L indicates the 
morphology of the supported copper-based complex has no 
significant change in the two bentonite samples.

In addition, the phase composition of the catalyst 
was analyzed by powder XRD. As exhibited in Fig. 3, the 
peaks are mainly corresponding to SiO2 marked by Q [29]. 
Compared with B, the overall peak is weaker. According 
to the 2θ from 5° to 10°, there is basically no change, 
indicating that the complex is only supported on the sur-
face of the clay. It is observed that the diffraction peaks at 
2θ = 35.18° and 61.76° (JCPDS79-0988) are assigned to cop-
per oxide [30], which indicates the loading of copper-based 
complex Cu(II)L over bentonite.

XPS can be used for the chemical composition of the 
sample [31]. Therefore, B and B@Cu(II)L were characterized 
by XPS technology. Compared with B, as shown in Fig. 4, 
the new binding energy peak that appeared at 930–950 eV 
can be assigned to copper, which indicates the presence of 
copper supported on the bentonite [32].

Meanwhile, B and B@Cu(II)L were analyzed by 
infrared spectrum, as exhibited in Fig. 5. The band at 
1,035.9 cm–1 is attributed to the bending vibrations and is 

   
Fig. 2. SEM of B@Cu(II)L.
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Fig. 3. XRD pattern of B and B@Cu(II)L.
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closely related to the stretching vibrations of Si–O–Si and 
the stretching vibrations of C–C, and the peak at 530.3 cm–1 
was due to O–Si–O bending vibration [33,34]. The band 
at 1,604.41 cm–1 is corresponding to the C=O stretching 
vibrations [35], and the peak at 3,457.1 cm–1 is due to O–H 
bond stretching vibrations [36]. Compared with B, the new 
peaks at 1,439.6 and 1,399.0 cm–1 are due to –CH2 deforma-
tion vibrations [36]. Therefore, it is obvious that the Cu(II)
L complex has loaded on bentonite.

In the meanwhile, the porosity of B@Cu(II)L was inves-
tigated and calculated according to Eq. (3) listed below. 
Results show that the adsorption capacity of B@Cu(II)L is 
61.33 mg/g. What’s more, the N2 adsorption–desorption iso-
therms of B and B@Cu(II)L was gained by the method of 
BET. The surface areas, pore volumes, and pore size of B 
and B@Cu(II)L were showed in Table 1, and the N2 adsorp-
tion–desorption isotherm of B@Cu(II)L is an IV isotherm, 

and has an H3-type hysteresis loop (P/P0 > 0.4), as exhibited 
in Fig. 6. It demonstrates that there are micropores, and 
B@Cu(II)L has uniform pores of a narrow size. Besides, 
H3-type hysteresis indicates the most prevalent plate-like 
particle in slit-shaped pores [37]. Compared with B, the 
overall quantity adsorbed of B@Cu(II)L increases, and com-
bined with Table 1, it can be obtained that the pore size, 
pore-volume, and surface area increase. Therefore, it can 
be concluded that B@Cu(II)L has a high adsorption capac-
ity, which may contribute to high catalytic capacity in the 
degradation potential of organic polymers:

q
C C V
me

t�
�� �0  (3)

where qe (mg/g) is the adsorption capacity of B@Cu(II)L, 
C0 (mg/L) and Ct (mg/L) are the concentration of HPGG in 
solution at initial and t (min) times, respectively. V (L) is 
the total volume of HPGG solution, m (mg) is the adsor-
bent of B@Cu(II)L mass.

Finally, in order to know the percentage of copper 
leached, the washing water was analyzed by ICPMS 
(Inductively coupled plasma mass spectrom). Results 
exhibit a load of copper is 0.57 g/g, which further illustrates 
the copper has loaded on bentonite and supports previous 
XRD and N2 adsorption–desorption.
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Fig. 4. XPS spectra of B and B@Cu(II)L.
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Fig. 5. FT-IR spectra of B and B@Cu(II)L.

Table 1
Pore properties of B and B@Cu(II)L

B B@Cu(II)L

Pore size (nm) 5.2310 6.0957
Pore volume (cm3/g) 0.0946 0.1237
Surface area (cm2/g) 70.6773 76.7528
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3.2. Effect of temperature

As we know, hydrogen peroxide can be activated to 
produce HO• by using a transition metal as a catalyst [37]. 
The catalytic performance of in the presence of B@Cu(II)L 
to catalysis the degrade HPGG can be evaluated by the rel-
ative viscosity due to HPGG degradated into small molec-
ular, which causes the viscosity of the solution to decrease, 
because the viscosity of the solution greatly depends on the 
extent of HPGG degradation. The catalytic mechanism can be 
described as the following equations [37,38]:

Cu H O Cu HO H2
2

2 2
� � � �� � � �  (4)

HO O H2 2
� �� �� �  (5)

Cu O Cu O2
2 2

� �� �� � �  (6)

Cu HO Cu O H2
2 2

� � � �� � � �  (7)

Cu H O Cu HO OH2
2 2

2� � � �� � � �  (8)

The temperature represents a crucial parameter and 
plays a significant role in the oxidation process on deg-
radation efficiency of polymers. The influence of reaction 
temperature on the degradation performance for HPGG 
was investigated at 25°C, 30°C, 35°C, 40°C, and 45°C 
respectively using B@Cu(II)L as a catalyst with 10.0% H2O2 
(mass ratio to HPGG) and 10.0% B@Cu(II)L (mass ratio 
to H2O2) at pH 7.0. The obtained results in Fig. 7 demon-
strate that the degradation is obviously influenced by the 
reaction temperature. The viscosity of HPGG significantly 
decreases within 5 min and then keeps a continuously 
tardy decrease degradation rate. Temperature affects the 
viscosity reduction obviously below 40°C, while it is not 
further effective as it above 40°C. As expected, the viscosity 
of HPGG can be decreased from 22.00 to 1.33 mm2/s within 
40 min at 45°C. It is obviously obtained that the oxida-
tion degradation is an endothermal reaction, and a higher 
reaction temperature can benefit the degradation, which 
is consistent with the previously studied results [35–38]. 
Thus, concerning the application and the efficiency, a reac-
tion temperature of 45°C was chosen as the optimum tem-
perature for the following experiments.

3.3. Effect of catalyst dosage

The degradation process is influenced by catalyst 
dosage, so the dosage of catalyst was increased from 1 
to 20% (mass ratio to H2O2) to choose the optimal dosage 
of B@Cu(II)L at 45°C, pH 7.0, and 10% H2O2 (mass ratio 
to HPGG). Generally speaking, the degradation of poly-
mers should be more effective as the amount of catalyst 
increases. However, a large amount of catalysts is not 
always useful for the degradation process. Fig. 8 confirms 
that the viscosity of the HPGG solution is significantly 
influenced by the catalyst dosage. Obviously, the viscosity 

of HPGG significantly decreased when the B@Cu(II)L dos-
age increased from 1 to 10% due to the increasing amount 
of active sites for H2O2 decomposition, and the lowest vis-
cosity value decreased to 1.33 mm2/s in 40 min in the pres-
ence of 10% B@Cu(II)L. However, the efficiency decreases 
as the dosage of catalyst increases to 20%. It is because 
that the degradation efficiency is low and the polymer 
is not degraded thoroughly when the dosage of catalyst 
is low. Besides, the capillary will be blocked resulting in 
the increase of viscosity, when the catalyst dosage is high. 
Therefore, 10% was chosen as the optimal catalyst dosage 
in the following study.

3.4. Effect of H2O2 concentration

In order to evaluate the effect of H2O2 concentrations 
on the degradation process in the presence of B@Cu(II)L, 
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the effect of H2O2 was investigated by varying its concen-
tration from 1 to 30% (mass ratio to HPGG) catalyzed by 
10% B@Cu(II)L (mass ratio to H2O2) at 45°C and pH 7.0. 
The result was exhibited in Fig. 9, and it can be observed 
that the viscosity of HPGG is significantly influenced by 
the concentration of H2O2. The viscosity of HPGG signifi-
cantly decreases within 5 min and then keeps a continu-
ously tardy decline degradation rate. The degradation 
performance increases with the increasing H2O2 from 1% 
to 25% due to more radicals formed. However, an evident 
improvement is not found under a higher concentration 
(30%). It is because hydroxyl radicals scavenging effect 
resulting in performance drop-down under an excessive 
hydrogen peroxide [35–38]:

H O HO H O HO2 2 2 2� � �� �
 (9)

Fig. 8 also evidences that the effect of H2O2 concen-
trations 25% and 20% almost equal. Considering the eco-
nomic principles and degradation efficiency, 20% was 
selected as the optimum H2O2 concentration.

3.5. Effect of pH

The conventional Fenton oxidation with H2O2–Fe2+ has 
rigorous requirements on the acidity and alkalinity of the 
oilfield wastewater due to the hydration transformation of 
Fe2+ to Fe(OH)2 under a high pH value [38]. Consequently, 
pH should be adjusted to acidic conditions in most 
processing methods used in the treatment of these waste-
waters. The influence of pH on the Fenton process has been 
studied in previous investigations, and it was founded to 
be specifically significant. In order to investigate the effect 
of pH on this Fenton like process, the degradation of HPGG 
was conducted at diverse pH of 7.0, 9.0, 10.0, 12.0, 13.0, and 
14.0, respectively, in the presence of 10% B@Cu(II)L (mass 
ratio to H2O2) and 20% H2O2 (mass ratio to HPGG) at 45°C 
and pH 7.0. In this work, the pH was adjusted with NaOH, 

and the results were presented in Fig. 10. It illustrates that 
the degradation of HPGG can be performed quite effec-
tively under alkaline conditions, which were even better 
than that in the neutral condition. The highest degradation 
efficiency was observed in the presence of B@Cu(II)L at 
pH 12.0, and the viscosity of HPGG can be decreased to 
0.74 mm2/s within 40 min. Thus, pH 12.0 was selected as the 
optimal pH under considering the economic principles and 
degradation performance. In addition, it can be obtained 
that the B@Cu(II)L can effectively broaden the applica-
tion of Fenton processing with an extensive pH range of 
7.0–14.0.

3.6. COD removal

COD is considered a significant parameter in evalu-
ating and monitoring water quality. HPGG, CMC, and 
PAM, as thickeners, are commonly used in oilfields [38]. 
Therefore, the three polymers were used to evaluate the cat-
alytic oxidation performance of catalysts on COD removal. 
Three polymers with a mass concentration of 0.6% were, 
respectively, oxidized by enough H2O2 at 45°C and pH 12, 
and the results are shown in Figs. 11 and 12. It is observed 
obviously that the COD of three polymers significantly 
decreased within 40 min, and the removal rate, respectively, 
reaches 72.6%, 63.9%, and 51.2%. The removal rate increases 
to 96.1%, 95.0%, and 94.1% within 240 min under the same 
conditions. Besides, the removal rate TOC of HPGG, CMC, 
and PAM can reach 99.8%, 99.3%, and 99.6%. Thus, the 
results demonstrate that B@Cu(II)L has high catalytic per-
formance on the oxidation of multifarious polymers.

3.7. Application in oilfield wastewater processing

The B@Cu(II)L was applied to process a Changqing 
Oilfield produced wastewater sample (the wastewater is 
clear and no suspended solids, with a pH of 8, which has 
been deeply treated) based on the optimized reaction condi-
tion to further evaluate its catalytic oxidation performance. 
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The COD removal experiments were carried out in this pre-
treated produced wastewater, and the results are exhibited in 
Fig. 13. As expected, B@Cu(II)L has high efficiency to remove 
the COD of the water sample. COD values decrease from 
4,336.2 to 1,740.32 mg/L within 40 min, and the removal rate 
reaches 59.9%. The removal rate can reach to 93.0% within 
240 min under the optimized conditions. The result illus-
trates that the catalyst can catalyze clean oxidation on the 
degradation of the oilfield produced wastewater effectively.

4. Conclusions

In this paper, B@Cu(II)L of citrate-Cu(II) complex sup-
ported on bentonite (B) as catalyst was prepared for Fenton-
like oxidation under high pH value. The B@Cu(II)L was used 
for the degradation of HPGG, and the optimum experimen-
tal conditions were selected by significant parameters con-
sidered for various temperatures, pH value, catalyst dosage, 
and oxidizing agent of hydrogen peroxide concentration in 

the heterogeneous degradation process. The consequences 
indicate that B@Cu(II)L performs high performance for the 
degradation of HPGG in a wide pH of 7.0–14.0, and viscos-
ity of HPGG can be effectively reduced at 45°C with 10% 
B@Cu(II)L (mass ratio to H2O2) and 10% H2O2 (mass ratio to 
HPGG). The COD removal rate of HPGG, PAM, and CMC 
can be significantly increased within 240 min at a high 
pH value up to 12. The removal rate of oilfield produced 
wastewater can reach to 93.0% under adequate H2O2 within 
240 min in the presence of B@Cu(II)L, which further illus-
trates that the catalyst can catalyze the clean oxidation on 
the degradation of the oilfield produced wastewater. The 
results will benefit the research work in the related field.
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