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a b s t r a c t
Metal-persulfate is currently used for SO4

•– generation and oxidation to remove organic con-
taminants. However, homogeneous metal-persulfate requires acidic pH conditions and metal 
ions cannot be separated from the bulk after the reaction. To address these issues, a hetero-
geneous nanoscale zero-valent metal catalyst was used to activate peroxymonosulphate for 
advanced oxidation of hydroxypropyl guar gum (HPG) and other polymers in oilfield wastewa-
ter. It was found that the nanoscale Cu(0) performed high catalytic activity in a wide pH range of 
7.0–11.0. The viscosity of HPG can be reduced effectively from 24 to 2.5 with the 10.0% Na2S2O8 
(mass ratio to HPG) and 10.0% Cu(0) (mass ratio to Na2S2O8), and the chemical oxygen demand 
of HPG solution can be decreased from 7,602 to 1,070 mg L–1 in presence of the nanoscale Cu(0). 
Furtherly, the morphology and pore structure of catalysts were characterized in detail by scanning 
electron microscopy, X-ray diffraction and Brunauer–Emmett–Teller.
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1. Introduction

Guar gum is a galactomannan extracted from the seeds 
of Cyamopsis tetragonoloba, a native plant of India [1]. It is 
a non-ionic, water-soluble and because of its low cost and 
excellent viscoelastic properties, it and its derivatives 
are extensively used in industrial applications including 
food, oil recovery, personal care, etc. Structurally it has a 
biodegradable and biocompatible heteropolysaccharide 
composed of a β-(1–4) D-mannopyranose backbone linked 
with α-(1–6) D-galactopyranose units [2–5]. It is one of the 
most powerful water binder and viscosity enhancer, supe-
rior to practically all known water-soluble gums. The main 
important industrial use of guar gum is as a hydraulic 

fracturing fluid additive in oil and gas recovery. Now, a 
guar gum derivative containing hydroxyl group, hydroxy-
propyl guar gum (HPG), has been widely used as an oilfield 
fracturing additive because of its high viscosity of aque-
ous solutions even at low concentrations [6–8]. Therefore, 
there is a large amount of HPG in the produced water after 
fracturing which needs to be treated due to its high vis-
cosity, serious corrosion to facilities and potential risks to 
the health of the residents around the oilfield. So far, the 
treatment technologies of wastewater containing HPG in 
China and abroad include advanced oxidation, settlement, 
neutralization, activated carbon adsorption, ultrafiltration 
alone or their combination. However, these treatment ways 
still have some disadvantages such as high operating cost, 
limited optimum pH range, massive sludge produced and 
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so on. Hence, it is urgent to develop effective methods to 
remove HPG from the contaminated environment.

Hydroxyl radical (HO•), as one of the most effective oxi-
dants, generated from the Fenton or Fenton-like process, the 
supreme oxidation potential of HO• makes it a strong oxi-
dant for water treatment, soil remediation, biological sen-
sors, and material synthesis. However, several drawbacks 
of the current Fenton process limited their practical applica-
tions such as requiring an acidic pH condition and also lead-
ing to massive sludge production [9,10]. At high pH values, 
where the efficiency of the Fenton reagent was diminished, 
the reactivity of the metal-persulfate was still stable [11,12]. 
Considering the more active of sulfate radicals (SO4

•−) for 
oxidation with the higher reduction potential of 2.5–3.1 V 
compared to HO• (1.8–2.7 V) [13,14], metal-persulfate 
has been studied recently as an oxidant alternative for 
treating organic contaminants in contaminated produced 
water in the oilfield with high pH value [15]. However, few 
researches have been reported to explore persulfate pro-
cesses catalyzed by zero-valent metal for the effective abate-
ment of polymers such as HPG under an acceptable level.

In this work, the main attempt was devoted to par-
tially destroy HPG contained in oilfield produced water 
and improve the degradability of the wastewater through 
the oxidation of metal-persulfate in a wide pH range. The 
catalyst was screened by the viscosity reduction of the HPG 
solution oxidized by Na2S2O8. The morphology and pore 
property of the prepared nanoscale zero-valent metal cat-
alyst was thoroughly characterized by various techniques.

2. Experimental procedure

2.1. Materials

All of the reagents were of analytical grade and were 
used without further purification. HPG, carboxymethyl 
cellulose (CMC) and polyacrylamide (PAM) (purity > 95%) 
were obtained from Xinhe Environmental Protection Co., 
(Zhengzhou, China). Bentonite was obtained from Fengyun 
Chemical Co., Ltd., Xi’an, China.

2.2. Catalyst preparation

A series of nanoscale zero-valent metal was prepared 
as Shi et al. [16] described. For example, nanoscale zero- 
valent copper particles were synthesized by adding an aque-
ous solution of 0.16 M NaBH4 (98%, Sigma-Aldrich Trading 
Co., Ltd., Shanghai, China) dropwise to a 0.1 M CuCl2 (98%, 
Sigma-Aldrich Trading Co., Ltd., Shanghai, China) solution 
at ambient temperature with magnetic stirring. The freshly 
synthesized Cu(0) particles were washed with absolute ethyl 
alcohol three times and then dried in a drying oven at 50°C 
for use. The zero-valent copper particles produced in this 
way were characterized by single-point nitrogen adsorp-
tion Brunauer–Emmett–Teller (BET) analysis to evaluate the 
surface area and the size of individual particles ranged [17].

2.3. Experimental procedure

First, 1.2 g guar gum powder was dissolved in 200 ml 
distilled water at room temperature and stirred for 4 h to 

form the glue solution. Subsequently, different amounts of 
Na2S2O8 (persulfate, PS) and catalysts were added to the 
solution weighing to obtain a homogeneous mixture [18]. 
NaOH was used to adjust the pH value [19]. Finally, the 
obtained mixture was poured into an Ubbelohde viscome-
ter at a certain temperature and then measured the viscos-
ity intermittently and relative molecular mass. The Na2S2O8 
concentration, catalyst amount, reaction temperature and 
pH were investigated in detail because of their significant 
effects on the oxidation capacity. The chemical oxygen 
demand (COD) was determined according to the standard 
dichromate method according to the GB11914 of China 
and ISO6060.

2.4. Characterization of catalysts

The morphology of the prepared catalysts was elu-
cidated using a scanning electron microscope (SEM, 
JSM-6390A, JEOL, Japan) with 20.0 kV of an accelerating 
voltage. Surface area and pore property measurements 
were performed by N2 physisorption using a Micromeritics 
ASAP 2020 HDBB instrument (Norcross, GA, USA) at 77 K. 
The surface areas were calculated using the 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 
method. The phase structures of the calcinated catalysts 
were analyzed using an X-ray diffraction (XRD) device 
(JDX-3530, JEOL, Japan) with an X-ray tube having copper 
(Cu) as a target and released Kα radiation when acceler-
ated at 40 mA and 40 kV, arranged at 5°–80° with a scanning 
speed of 2 min–1. Morphologies of the Cu(0) nanocatalyst 
before and after reactions were characterized by scanning 
electron microscopy (SEM), X-ray and BET.

3. Results and discussion

3.1. Catalytic performance

3.1.1. Screening of catalysts

As we have known that persulfate can be activated to 
produce SO4

•− by using transition metals as a catalyst [20]. 
The catalytic performance of each zero-valent metal in 
the presence of Na2S2O8 to degrade hydroxypropyl guar 
can be reflected by the relative viscosity of it due to small 
molecular will produce after hydroxypropyl guar degra-
dation, which caused the viscosity of the solution decrease 
because the viscosity of the solution greatly depended on 
the extent of hydroxypropyl guar degradation. The degra-
dation performance of HPG solution with the mass concen-
tration of 0.6% was investigated under 10% Na2S2O8 (mass 
ratio to HPG), 45°C, pH 7.0 over various 10% zero-valent 
metal catalyst (mass ratio to Na2S2O8) of Cr(0), Mn(0), 
Fe(0), Co(0), Ni(0), Cu(0) and Zn(0). The results are sum-
marized in Fig. 1. From the results, it can be seen that all 
of the zero-valent metal show their catalytic performance 
to degrade HPG in the presence of Na2S2O8, and the rel-
ative viscosity of HPG solution was decreased greatly 
at the initial reaction time of 10 min. However, further 
extension of reaction time plays no more efficiency on the 
degradation and the relative viscosity of HPG solution 
showed a great decrease from 24 to 2.5 in presence of Cu(0) 
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during the reaction time. If Cu2+ was chosen as a catalyst 
for active PS, it should control the pH of the wastewater 
in a low value to avoid the deposition of the metal ions.

The reaction and catalytic process of the Cu-PS sys-
tem were described as the following equations [21]. 
Some intrinsic drawbacks of the Cu2+-PS system may 
restrict its practical application. Reactions involving in 
the Cu2+-PS process are illustrated in Eqs. (1) and (2). 
In addition, SO4

•− can be consumed by reacting with 
excessive Cu2+ in the solution [Eq. (2)], which results in 
reduced degradation efficiency of target contaminants.

S2O8
2– + Cu2+ → Cu3+ + SO4

•− + SO4
2− (1)

SO4
•− + Cu2+ → Cu3+ + SO4

2− (2)

Cu0 + H2O + 0.5O2 → Cu2+ + 2OH– (oxic conditions) (3)

Cu0 + 2H2O → Cu2+ + 2OH– + H2 (anoxic conditions) (4)

S2O8
2– + Cu0 → Cu2+ + 2SO4

2– (5)

Cu0 + 2Cu3+ → Cu2+ (6)

Zero-copper iron can serve as an alternative source of 
Cu2+. In Cu(0)-PS system, Cu2+ is produced by zero- valent 
copper corrosion under oxic/anoxic condition and/or 
oxidation by PS [Eqs. (3)–(5)]. Unlike homogeneous Cu2+ 
activation, Cu2+ has gradually released into the aqueous 
solution in the Cu(0)-PS system. In this way, accumulation 
of excessive Cu2+ and the subsequent quenching of SO4

•− 
(Eq. (2)) can be largely minimized. In addition, Cu2+ can be 
regenerated by recycling Cu3+ at the surface of zero-valent 
copper through Eq. (6). Thus, the utilization efficiency of PS 
is greatly improved [22–25]. These advantages of Cu(0)-PS 
process have been well demonstrated in previous studies 

and Cu(0) is illustrated more stable as a result the generated 
sulfate radicals may be mainly consumed by HPG oxidation. 
Another potential mechanism of enhanced HPG oxidation 
may be the generation of Cu3+, which is unstable and 
may act as an oxidant for HPG degradation. The recurred 
Cu2+ in this process was capable of activating persulfate, 
which may explain the well-maintained HPG degradation 
efficiency throughout the entire reaction [26,27].

3.1.2. Effect of dosage of catalyst

To optimize the catalytic performance of Cu(0), the 
dosage of catalyst in the reaction was investigated in the 
following work. Fig. 2 shows the results of the relative vis-
cosity of HPG oxidized by Na2S2O8 at various dosages of 
catalyst ranged from 1% to 15% (molar ratio to Na2S2O8) at 
45°C and pH 7.0. As we can see, Cu(0) dosage has a signif-
icant effect on the degradation of guar gum. The decrease 
of relative viscosity of HPG improved significantly with 
increasing catalyst dosage from 1% to 10%. Above 10%, 
since the reactive sites were enough, no further increase of 
the HPG degradation can be obtained, which should be due 
to the consumption of generated SO4

•− by the excess cata-
lyst as suggested by Wang et al. [28]. Thus, 10% was chosen 
as the optimum dosage in the following experiments.

3.1.3. Effect of temperature

The temperature plays an important role in chemi-
cal oxidation because it represents a determinant reac-
tion rate and heat [29]. The effect of reaction temperature 
was evaluated on the degradation of HPG at 25°C, 30°C, 
35°C, 40°C, and 45°C using Cu(0) as the catalyst at pH 7.0. 
Fig. 3 demonstrates the variation of viscosity of HPG solu-
tion at various reaction temperatures in the presence of 
10% Na2S2O8. As shown, the relative viscosity of the HPG 
solution decreased significantly with the increase of reac-
tion temperature, and the best performance was obtained 
under 45°C. It is consistent with the result that the oxida-
tion degradation is an endothermal reaction, and the higher 
reaction temperature is good to the degradation process 
[30]. Based on the application condition in the oilfield, 
the temperature was not screened further.

3.1.4. Effect of pH

The pH effect on the oxidation degradation process was 
studied in the previous studies to be quite significant by 
mainly affecting the species distributions of Cu and sulfate 
and consequently tuned the Cu(0)-PS reaction by caus-
ing the hydration of Cu to produce Cu–OH complex spe-
cies as suggested by Chen et al. [31]. At neutral and acidic 
solution, a hydrated shell around Cu–OH complex can be 
formed, thus impeding the direct contact between the inner 
core of Cu–OH complexes and the sulfate. At higher pH, 
the fraction of protonated complexes decreases, whereas 
that of deprotonated complexes increases, leading to the 
facilitated reaction between the catalytic active inner core 
of Cu and sulfate anion. Therefore, higher pH leads to a 
more efficient generation of SO4

•− in the Cu-PS reaction sys-
tem, resulting in higher efficient degradation performance. 
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Fig. 1. Degradation performance over different zero-valent metal 
catalysts.



331Y. Tang et al. / Desalination and Water Treatment 197 (2020) 328–334

In our research, the degradation of HPG was examined 
at pH range from 7 to 11 with the HPG concentration of 
0.6% at 45°C, and the results are summarized in Fig. 4. 
In order to well illustrate the effect of pH on the degrada-
tion of HPG, the relative viscosity at initial reaction time 
was recorded at 5 min. From the result, it can be found 
that the obvious decrease of the relative viscosity of HPG 
from 5 to 1.25 can be obtained, even the oxidation deg-
radation was conducted under high pH conditions of 11, 
indicating that the generation of reactive oxygen species 
by the zero- valent metal copper is pH-dependent, which 
influences the dissolution and existential state of metal ion 
so as to the evolution of the superoxide radical.

3.1.5. COD removal

To determine the extent of degradation, the relative 
molecular weight of HPG after oxidation catalyzed by 
Cu(0) in presence of 10% Na2S2O8 was determined by spe-
cific viscosity (ηsp) and the relative viscosity (ηr) over a 
series of different HPG concentrations measured at 45°C 
and pH 9 using Ubbelohde viscometer according to the 
method reported by Netopilík et al [32]. Reduced values 
of both ηsp and ηr were extrapolated to zero to obtain 
the intrinsic viscosity [33]. As shown in Fig. 5, the intrin-
sic viscosity was close to 0.12 and the average molecular 
weight of HPG can be dropped to 2,947 from 2 million 
after oxidation treatment. Furthermore, the specific vis-
cosities measured at 45°C showed a great dependence on 
polymer concentration which was probably due to values 
of ηsp/c at low concentrations affected by adsorption of 
the capillary wall [34].

To ascertain COD removal efficiency in oilfield waste-
water which containing HPG, PAM and CMC, degrada-
tions of the three polymers were conducted by Cu(0)-PS 
and the results are presented in Fig. 6. The three polymers 
with the mass concentration of 0.6% were oxidized by 100% 
Na2S2O8 (the demand of Na2S2O8 to oxidize the polymer 

to CO2 and H2O) at 45°C and pH 10 respectively. From 
Fig. 6 it can be seen that Cu(0) has great catalytic degrada-
tion performance to various polymers and the COD removal 
efficiency of HPG, PAM and CMC was 59.9%, 46.3% and 
55.6% within 45 min, respectively, and after 240 min at same 
conditions, the COD removal efficiency enhanced to 85.9%, 
82.1% and 85.1%. Moreover, the COD removal efficiency 
for HPG was equal to the treatment efficiency by coagula-
tion and the UV/H2O2/ferrioxalate complexes process that 
overall removal efficiency of COD reached 83.8% at pH of 
4 and FeCl3 loading of 1,000 mg L–1 in the coagulation pro-
cess [35]. It also can be found that HPG is easier to be oxi-
dized than others due to its natural linear galactomannan 
gum consisting of a linear backbone of β-1,4 linked man-
nose units and randomly attached α-1,6 linked galactose 
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units as side chains [36] which is more easily degraded 
than the other two polymers for the easy decomposition 
characteristics of side-chain galactose as suggested in Fig. 7.

3.2. Catalyst characterization

To investigate the stability of the catalyst, it is import-
ant to clarify the structure of the catalyst before and after 
the reaction process. Fig. 8 depicts the SEM images of the 
surface morphology of Cu(0) after the catalyst had been 
recycled five times at 5000 times magnification before 
(Fig. 8a) and after (Fig. 8b) degradation. It can be seen 
that the particle size and surface morphology of the used 
Cu(0) are different from the newly prepared Cu(0). The 
surface of the catalyst before reaction mainly appears in 
the flake particles state with smaller particle size, while 
the particle size of the catalyst was relatively larger and 
appeared as aggregate flake particles after recycling 
reaction, indicating its decreasing of surface area so as 
to its catalytic activity.

BET gas absorptiometry measurements were conducted 
to examine the porous nature of the Cu(0) catalyst. 
Fig. 9 illustrates the N2 adsorption-desorption isotherms. 
From the result, it can be seen the accretion of nitrogen 
adsorption accompanied by hysteresis of both Cu(0) sam-
ples belongs to type IV with the high relative pressure, 

which is characteristic of mesoporous materials [37]. From 
Table 1, the BET specific surface area of the fresh Cu(0) cal-
culated from N2 isotherms at –196.6°C was found to be as 
much as 15.8798 m2 g–1 with a pore volume of 0.0373 cm–3 g–1. 
Furthermore, the BET specific surface area of Cu(0) after the 
catalyst had been recycled for five times was found to be as 
much as 14.219 m2 g–1 with a pore volume of 0.0195 cm–3 g–1. 
It can be concluded that the decrease of the BET area, pore 
size and pores volume of reclaimed Cu(0) with the reus-
ability time caused the decrease of catalytic performance 
over reused catalyst. The destroy of catalyst structure 
after degradation can be further confirmed according to 
the results of the microstructures of reusable catalysts as 
shown in Fig. 8b that the good dispersion of fresh Cu(0) 
catalyst became to exhibits agglomeration to some extent 
with reused time [38].

The XRD patterns of zero-valent copper before and 
after degradation are presented in Fig. 10. From the results, 
it can be seen that the components of the catalysts mainly 
include Cu(0) (2θ = 43.26° and 50.04°) [39] and NaCl 
(2θ = 28.64°, 31.77°, 47.16°, 56.58°, and 66.28°) (JCPDS 4–836) 
crystal phases. The diffraction peak of Cu(0) at 43.3° is 
sharp and intense indicating their highly crystalline nature. 
Moreover, the XRD pattern is essentially identical to that of 
the simulated XRD pattern of Cu(0) powder, verifying the 
successful synthesis of Cu(0). The most common (100) crys-
tal phases were found at 31.77° assigned to NaCl [40] due 
to the catalyst preparation process carried out by NaBH4 
reduction of CuCl2 to prepare zero-valent copper. NaCl 
was formed as the by-product. Furthermore, the surface of 
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the synthesized zero-valent metal copper catalyst is assem-
bled from nanosized particles, which is in good accordance 
with the SEM results.

4. Conclusions

A series of nanoscale zero-valent metal catalysts was 
prepared to be used as the oxidation catalysts under a wide 
pH range. The catalyst was screened by the relative viscosity 
reduction of HPG solution oxidized by Na2S2O8, and Cu(0) 
exhibited the highest catalytic performance for the degrada-
tion of HPG in a wide pH range of 7.0–11.0, and the relative 
viscosity of HPG can be reduced effectively with the 10.0% 
Na2S2O8 (mass ratio to HPG) and 10.0% Cu(0) (mass ratio 

to Na2S2O8). Moreover, the high degradation efficiency over 
prepared Cu(0) even can be obtained for various polymers 
commonly used in the oilfield at high pH value up to 10 with 
enough Na2S2O8 within 4 h. The results offer an attractive 
alternative way in disposing of the recalcitrant fracturing 
wastewater.
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