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ABSTRACT

Shale gas produced wastewater (SGPW) is difficult to be treated by conventional treatment processes
due to its high total dissolved solids, chemical oxygen demand (COD), salinity (SAL), bacteria, and
complex physicochemical composition. In this study, a new combined process of ozonation and
polytetrafluoroethylene (PTFE) membrane was developed to treat SGPW in Fuling Shale Gas Field,
China, for the first time. Polyaluminum chloride (PAC) was selected as flocculant for the pretreat-
ment, and the ozonation was used to control sulfate-reducing bacteria (SRB), iron bacteria (FEB), total
growth bactericide (TGB), and degrade macromolecule organic matter. The PTFE microfiltrate mem-
brane was applied to treat COD and SAL. The results demonstrated that the removal of SRB, FEB,
TGB, and COD was 55.6%, 78.6%, 77.3%, and 67.0%, respectively, with the conditions of PAC dosing
quantity 400 mg/L, Ozone dosing quantity 3 g/h, and residence time 20 min. The combined process
exhibited effective removal performance and is potential to be applied for treating SGPW in China.

Keywords: Shale gas produced wastewater (SGPW); Microfiltration; Ozonation; PTFE membrane;
Combined effect

1. Introduction environmental impacts caused by shale gas mining cannot be
underestimated. The exploitation of shale gas requires a large
amount of water resources, and the water consumption is gen-
erally (0.8-10) x 10* m*/well, which is 50-100 times that of tra-
ditional petrochemical resources explorations [4-6].

The wastewater generated during the mining of shale gas
mainly comes from the horizontal fracturing process. The
wastewater produced by this process (shale gas produced
wastewater [SGPW]) is very special in water quality, and its
composition is very complex and has potential ecological
risks [7,8]. The study found that the concentration of benzene
and xylene in the water resources of the U.S. shale gas devel-
opment zone became higher, and the concentration of triha-
lomethane in drinking water increased. In addition, sewage
from SGPW wastewater treatment plants will increase the

As an unconventional natural gas resource with both eco-
nomic and environmental values, shale gas mining has gradu-
ally become a research hotspot for global resource exploration
[1]. According to research and evaluation by the Ministry
of Land and Resources of the United States and the U.S.
Department of Energy, China’s shale gas reserves are high and
the total recoverable amount is about (25.08-36.00) x10'> m?[2].
In December 2015, a shale gas demonstration area with annual
production of 5 billion square meters was established in the
Fuling shale gas field in Chongging, China, which meant
that the Chinese shale gas industry was in the early stage
of large-scale commercial development [3]. However, the
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concentration of bromide and total dissolved solids (TDS) in
surface water [9]. In the process of wastewater treatment, sul-
fate-reducing bacteria (SRB), total growth bactericide (TGB),
and iron bacteria (FEB) will have a serious negative impact on
the treatment effect [10,11]. Due to the high content of TDS,
chemical oxygen demand (COD), salinity (SAL), bacteria,
heavy metal elements, and radioactive elements in SGPW,
the composition is complex, so SGPW is difficult to process
by conventional processing [12,13]. An EPA investigation
showed that SGPW is recognized as one of the most intracta-
ble wastewater at present [14]. In summary, SGPW can cause
serious pollution problems, so it is imperative to choose the
appropriate processing technology to deal with [15].

Flocculation is one of the most widely used solid-liquid
separation methods in traditional industrial wastewater
treatment. This process is often used to remove suspended
and dissolved solids, colloids, and organic matter in indus-
trial wastewater [16,17]. It is a simple and efficient wastewater
treatment method and has been widely used to treat various
types of wastewater, such as dyeing wastewater, landfill
leachate, papermaking wastewater, and oily wastewater
[18-21]. In the flocculation method, the flocculant is added to
the wastewater, and the finely divided or dispersed particles
are attracted to each other, aggregated into larger-sized parti-
cles, and then precipitated to purify the water.

As a highly effective oxidant, ozone has been widely used
in the treatment of refractory organics in municipal waste-
water and industrial wastewater [22,23]. Chandrasekara
Pillai et al. [24] showed that the ozone oxidation process can
remove 40% of COD in wastewater with a COD content of
35,000 mg/L in 100 min. Ozone has strong oxidizing prop-
erties and can destroy the cell wall and cell membrane of
microorganisms. Therefore, ozone oxidation technology can
obviously inactivate all microorganisms including bacteria,
viruses, molds, and fungi [25,26]. In addition, membrane
separation technology which is simple to operate and can
be oil repellent is currently being applied to the treatment
of industrial wastewater [25,27]. Recently, ultrafiltration
and microfiltration technologies have been applied in some
practical projects [28,29]. Some studies had modified the
polytetrafluoroethylene (PTFE) membrane to achieve solar
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desalination [30], which showed that 3.5% NaCl solution can
be purified into purified water by modified PTFE membrane
technology. The main reason is that the hydrophobic PTFE
membrane inhibits the natural penetration of raw water
into the membrane to prevent the treated water from being
contaminated.

In summary, in view of the difficulty of SGPW purifica-
tion, we have designed a combination of flocculation, ozone
oxidation, and membrane separation technology to deal with
SGPW, providing a reference for practical applications.

2. Material and methods

The SGPW used in this study was from Fuling Shale Gas
Field, Chongqing, China. The average water quality is listed
in Table 1.

The testing apparatus is shown in Fig. 1. The apparatus
was made up of coagulating sedimentation tank, ozone oxi-
dation and microfiltrate membrane module. The ozone gen-
erator (no. SW-002-3g) used in the experiment was produced
by Qingdao West Electronic Purification Equipment Co., Ltd.
(Jiaodong Industrial Park, Qingdao, Shandong, China).
The ozone production was 3 g/h, and the power was 80 W.
The material of microfiltration membrane (PTFE) was hol-
low fiber with oxidation resistance, with the average
pore diameter 0.45 um, inner diameter 0.8 mm, outside

Table 1
The parameters of shale gas produced wastewater

Indicators ~ Average water quality Emissions standard®
COD 4,575 + 386 mg/L <1,000 mg/L

SS 685+ 12 mg/L 50 mg/L

SAL 20.3 £2 mg/L -

SRB 4.5 x 10° £ 343 cuf/mL -

FEB 1.5 x 10° + 176 cuf/mL -

TGB 1.1 x 10° + 426 cuf/mL -

pH 7.6+0.5 6.5-9.0

*Emission standard of pollutants for petroleum chemistry industry
(GB 31571-2015).
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diameter 1.6-1.7 mm, membrane area 0.1 m? and pore rate
85%. The membrane column is 0.6 m high and has a radius
of 30 mm, and the membrane flux could be increased from
0 to 100 L/(m*h) without affecting normal use.

The wastewater was injected into the coagulating sedi-
mentation (Unit 1) by a pump to remove the tiny suspended
solid (SS) and the colloidal impurities through flocculation
sedimentation. The effluent flowed into ozone oxidation
unit (Unit 2) to remove SRB, TGB, FEB, and macromolecule
organics. Then the effluent of Unit 2 was put into the column
of microfiltrate membrane (Unit 3), and the discharged was
tested and analyzed.

The testing parameters included COD, SAL, SS, mem-
brane permeate flux, SRB, FEB, TGB, and pH. COD was
tested by COD detector (HACH DR1010 COD Tester, USA).
SAL and pH were determined by precise pH/conductivi-
ty-measuring instrument. MPN method was used to test the
amount of SRB, FEB, and TGB.

3. Results and discussion
3.1. Flocculation process

The purpose of the flocculation process is to remove the
SS from the SGPW. SS is an important carrier of bacteria and
viruses. High concentration of SS affects the processing effi-
ciency of subsequent processing units of the system, so it is
necessary to reduce the SS concentration by flocculation pre-
cipitation. According to the characteristics of wastewater, the
purification effect of different kinds and dosage of flocculant
on SGPW was studied.

In this section, four common flocculants (polyaluminum
chloride [PAC], PAS, PFS, and AICI,) were selected for SS and
COD removal experiments. The amount of flocculant and
SGPW used in the experiment was 400 mg and 1 L, respec-
tively. The wastewater was first stirred at 300 rpm for 5 min,
then at 50 rpm for 8 min, and finally at rest for 5 min. The
supernatant was taken for testing, and the removal rates of SS
and COD by the four flocculants were analyzed.

The result is shown in Fig. 2(a). The optimal removal
rates of SS by PAC, PAS, PFS, and AICI, were 40.91%, 38.96%,
35.93%, and 28.38%, respectively. The COD removal rates of
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each flocculant were 25.36%, 21.41%, 20.09%, and 13.41%,
respectively. According to the result, PAC was chosen as the
flocculant in Unit 1.

The effect of different PAC dosages on the removal of
SS and COD is shown in Fig. 2(b). It can be seen from the
figure that as the dosage of PAC increased, the removal rate
of COD and turbidity increased under the same conditions.
In the flocculation process, negatively charged colloidal par-
ticles in SGPW and metal cations in PAC generated electric
scavenging neutralization effect, which promoted agglom-
eration of colloidal particles. However, when the dosage of
PAC was higher than 400 mg/L, the increase of COD removal
rate was not obvious, and the SS removal rate even showed
a downward trend. The reason was that by gradually adding
a strong electrolyte to the wastewater, the charge balance in
the wastewater was gradually destroyed, and the suspended
matter gradually aggregates to form alum, resulting in a
decrease in SS in the wastewater. As the charge in the waste-
water gradually reaches equilibrium, the flocculation effect
reached the best. However, if the PAC dosage increased,
the positive metal ions in SGPW would increase, resulting
in electrostatic repulsion between the colloidal particles, so
the particles would be difficult to aggregation, and removal
effect would decrease.

3.2. Ozone oxidation process

Fig. 3(a) shows the COD removal effect of the hydrau-
lic retention time in Unit 2. As shown in Fig. 3(a), with the
residence time increased, the COD removal effect was very
noticeable in the first 20 min. However, as the residence time
increased further, the improvement in COD removal effect
was gradually reduced.

SRB is the main harmful bacteria in the SGPW, which
may cause metal equipment corrosion, pipeline blockage,
and water quality worsening, producing many problems to
the reuse of SGPW [31]. With the propagation of FEB, a large
amount of iron hydroxide is produced, which is wrapped
around the metal surface to form a sheath, which reduces
heat transfer efficiency. The resulting electrical corrosion
provides favorable conditions for the growth of SRB bacte-
ria. In addition, the formation of oxygen concentration cell
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Fig. 2. The performance of flocculation sedimentation process: (a) removal rate of S5 and COD with different flocculants and

(b) removal rate of COD and turbidity of PAC dosing quantity.
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corrosion will result in an anaerobic environment where SRB
grows well and exacerbates corrosion. Therefore, SRB, FEB,
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3.3.2. Effect of the membrane flux

and TGB are three important harmful microorganisms in

SGPW.

Fig. 3(b) shows the influence of residence time on SRB,
FEB, and TGB in Unit 2. According to Fig. 3(b), under the

Fig. 4(b) shows the removal rates COD and SAL accord-
ing to different membrane flux tested by meter pumps with
the pore size of 0.45 um. According to Fig. 4(b), the removal
rates of COD and SAL showed no obvious change with the
increase of membrane flux. The removal rate of COD and

condition of ozone at 3 g/h, as the residence time increased,
the number of three microorganisms decreased rapidly. Take
comprehensive consider of COD removal rate and steriliza-
tion effect, the appropriate retention time of was 20 min in
Unit 2.

3.3. Microfiltrate membrane process
3.3.1. Influence of membrane pore size

Two kinds of PTFE membrane with pore sizes 0.45 and
0.80 um were used to investigate the removal rate of COD and
SAL. The result is shown in Fig. 4(a). As shown in Fig. 4(a),
COD removal rate was 34.38% and 22.73%, respectively. SAL
removal rate of the pore size 0.45 and 0.80 um was 21.11%
and 19.90%, respectively. Thus, it could be seen that the both
removal rates of COD and SAL were higher with the use of
the membrane with average pore size 0.45 um.
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SAL was about 34% and 21%, respectively.

3.3.3. Influence of serial columns

Fig. 4(c) shows the experiment results of the combining
form of serial columns for further study on the influence on
the removal rates of COD and SAL. COD removal rate was
34.38% when a single reaction column was used and increased
to 35.56% as another column was added. Furthermore, SAL
removal rate was 21.11% with a single column and increased
to 25.38% with two columns. Thus, SAL removal rate could
be increased by serial columns obviously.

3.4. Combined process

The optimal technological conditions using a
single-membrane reaction column were listed as follows:
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PAC dosing quantity in Unit 1 was 400 mg/L; ozone dosing
quantity in Unit 2 was 3 g/h, and the residence time was
20 min; the average pore diameter of PTFE membrane used
in Unit 3 was 0.45 um. Under these conditions, purifying
water effects are shown in Fig. 5.

As shown in Fig. 5(a), COD decreased from
4,575 to 1,510 mg/L through three units. Based on the result
and analysis, we could find that the constituent of COD in the
wastewater could be removed effectively by the flocculation
and sedimentation effect of PAC. In Unit 2, part of refractory
organic compounds was removed by strip, ozone direct oxi-
dation, and hydroxyl indirect oxidation. At last, SSs, bacte-
ria, and large molecule colloidal substances were intercepted
by PTFE microfiltration membrane in Unit 3, so COD of the
effluent was further declined.

As shown in Fig. 5(b), SAL could not be effectively
declined in units 1 and 2, but it fell by 21.11% after PTFE
microfiltration membrane filtration in Unit 3, which indi-
cated that SAL could be declined in a certain degree through
PTFE microfiltration membrane in this process.

As to Fig. 5(c), SS decreased from 685 to 411 mg/L through
Unit 1, and Unit 2 was the only unit that cannot remove SS in
the wastewater effectively. Effluent was decreased to 5 mg/L.

As shown in Fig. 5(d), bacteria could be removed by Unit
1 in a certain degree, because SS was important carrier of

bacteria, which indicated that the removal of SS also had cer-
tain antibacterial function. Through ozone oxidation unit, a
large number of bacteria and microbes were killed by strong
oxidizing of ozone, and PTFE microfiltration membrane itself
also had the function of intercept bacteria.

4. Conclusion

1. Through the process test, PAC was chosen as flocculants
in coagulating sedimentation unit, and the mass doping
concentration was 400 mg/L. In ozone oxidation unit,
production of ozone was 3 g/h, and residence time was
20 min. In microfiltrate membrane unit, serial PTFE col-
umns were used.

2. Fracturing fluid contains high SS and bacteria with com-
plicate compositions. This study provided a new pro-
cess that combines coagulating sedimentation, ozone
oxidation, and microfiltrate membrane, achieved effi-
cient removal effect: SS decreased from 685 to 5 mg/L
(removal rate was 99.15%); COD decreased from 4,575
to 1,510 mg/L (removal rate was 66.99%); SAL decreased
from 19.9 to 15.7 ppt (removal rate was 22.1%); and bac-
teria was less than the detection limit. The combined
process exhibited effective removal performance and is
potential to be applied for treating SGPW.



188 L. Qi et al. / Desalination and Water Treatment 140 (2019) 183-188

Acknowledgments

This research was supported by the Fuling Shale Gas
Environmental Exploration Technology of National Science
and Technology Special Project (grant no.: 2016ZX05060),
the Demonstration of Integrated Management of Rocky
Desertification and Enhancement of Ecological Service
Function in Karst Peak-cluster Depression (grant no.:
2016YFC0502400) and National Natural Science Foundation
of China (51709254), and the Knowledge Innovation Program
of the Chinese Academy of Sciences.

References

[1] C. Boo, ]J. Lee, M. Elimelech, Omniphobic polyvinylidene
fluoride (PVDF) membrane for desalination of shale gas
produced water by membrane distillation, Environ. Sci.
Technol., 50 (2016) 12275-12282.

[2] J.M. Estrada, R. Bhamidimarri, A review of the issues and
treatment options for wastewater from shale gas extraction by
hydraulic fracturing, Fuel, 182 (2016) 292-303.

[3] Q. Wang, X. Chen, A.N. Jha, H. Rogers, Natural gas from shale
formation — the evolution, evidences and challenges of shale
gas revolution in United States, Renewable Sustainable Energy
Rev, 30 (2014) 1-28.

[4] A.W.Nelson, E.S. Eitrheim, A.W. Knight, D. May, M.A. Mehrhoff,
R. Shannon, R. Litman, W.C. Burnett, T.Z. Forbes, M.K. Schultz,
Understanding the radioactive ingrowth and decay of naturally
occurring radioactive materials in the environment: an analysis
of produced fluids from the Marcellus Shale, Environ Health
Perspect., 123 (2015) 689-696.

[5] L Vandecasteele, .M. Rivero, S. Sala, C. Baranzelli, R. Barranco,
O. Batelaan, C. Lavalle, Impact of shale gas development on
water resources: a case study in northern Poland, Environ.
Manage., 55 (2015) 1285-1299.

[6] A. Vengosh, R.B. Jackson, N. Warner, T.H. Darrah,
A. Kondash, A critical review of the risks to water resources
from unconventional shale gas development and hydraulic
fracturing in the United States, Environ. Sci. Technol., 48 (2014)
8334-8348.

[7] D.M. Kargbo, R.G. Wilhelm, D.]. Campbell, Natural gas plays
in the Marcellus Shale: challenges and potential opportunities,
Environ. Sci. Technol., 44 (2010) 5679-5684.

[8] J. Rozell Daniel, J. Reaven Sheldon, Water pollution risk
associated with natural gas extraction from the Marcellus Shale,
Risk Anal., 32 (2011) 1382-1393.

[9] S.States, G. Cyprych, M. Stoner, F. Wydra, J. Kuchta, ]. Monnell,
L. Casson, Marcellus Shale drilling and brominated THMs in
Pittsburgh, Pa., drinking water, ]. Am. Water Works Assn., 105
(2013) E432-E448.

[10] Z. Liu, AM. Maszenan, Y. Liu, W.J. Ng, A brief review on
possible approaches towards controlling sulfate-reducing
bacteria (SRB) in wastewater treatment systems, Desal. Wat.
Treat., 53 (2015) 2799-2807.

[11] L. Yu, M. Han, F. He, A review of treating oily wastewater,
Arabian J. Chem., 10 (2017) S1913-51922.

[12] A.W. Nelson, D. May, A.W. Knight, E.S. Eitrheim, M. Mehrhoff,
R. Shannon, R. Litman, M.K. Schultz, Matrix complications
in the determination of radium levels in hydraulic fracturing
flowback water from Marcellus Shale, Environ. Sci. Technol.
Lett., 1 (2014) 204-208.

[13] B.G.Rahm, S.J. Riha, Toward strategic management of shale gas
development: regional, collective impacts on water resources,
Environ. Sci. Policy, 17 (2012) 12-23.

[14]

[13]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

US EPA, EPA’s Study of Hydraulic Fracturing for Oil and Gas
and Its Potential Impact on Drinking Water Resources, US EPA
[cited 2018 Apr 8], N.W., Washington, DC 20460, 2013. Available
at: https://www.epa.gov/hfstudy.

D. Rahm, Regulating hydraulic fracturing in shale gas plays:
the case of Texas, Energy Policy, 39 (2011) 2974-2981.

F. Renault, B. Sancey, J. Charles, N. Morin-Crini, P-M. Badot,
P. Winterton, G. Crini, Chitosan flocculation of cardboard-mill
secondary biological wastewater, Chem. Eng. J., 155 (2009)
775-783.

C.S. Lee, J. Robinson, M.F. Chong, A review on application of
flocculants in wastewater treatment, Process Saf. Environ. Prot.,
92 (2014) 489-508.

Q.Y. Yue, B.Y. Gao, Y. Wang, H. Zhang, X. Sun, S.G. Wang, R.R.
Gu, Synthesis of polyamine flocculants and their potential
use in treating dye wastewater, J. Hazard. Mater., 152 (2008)
221-227.

A.A. Tatsi, A.L. Zouboulis, K.A. Matis, P. Samaras, Coagulation—
flocculation pretreatment of sanitary landfill leachates,
Chemosphere, 53 (2003) 737-744.

S.S. Wong, T.T. Teng, A.L. Ahmad, A. Zuhairi, G. Najafpour,
Treatment of pulp and paper mill wastewater by polyacrylamide
(PAM) in polymer induced flocculation, J. Hazard. Mater., 135
(2006) 378-388.

J. Zhong, X. Sun, C. Wang, Treatment of oily wastewater
produced from refinery processes using flocculation and
ceramic membrane filtration, Sep. Purif. Technol., 32 (2003)
93-98.

R. Rosal, A. Rodriguez, J.A. Perdigéon-Melén, A. Petre, E.
Garcia-Calvo, M.J. Gomez, A. Agiliera, A.R. Fernandez-Alba,
Occurrence of emerging pollutants in urban wastewater
and their removal through biological treatment followed by
ozonation, Water Res., 44 (2010) 578-588.

H. Zhou, J. Liu, H. Xia, Q. Zhang, T. Ying, T. Hu, Removal
and reduction of selected organic micro-pollutants in effluent
sewage by the ozone-based oxidation processes, Chem. Eng. J.,
269 (2015) 245-254.

K. Chandrasekara Pillai, T.O. Kwon, 1.S. Moon, Degradation of
wastewater from terephthalic acid manufacturing process by
ozonation catalyzed with Fe*’, H)O, and UV light: direct versus
indirect ozonation reactions, Appl. Catal., B, 91 (2009) 319-328.
AM. Al-Hashimi, T.J. Mason, EM. Joyce, Combined effect
of ultrasound and ozone on bacteria in water, Environ. Sci.
Technol., 49 (2015) 11697-11702.

J.M. Sousa, G. Macedo, M. Pedrosa, C. Becerra-Castro, S.
Castro-Silva, M.E.R. Pereira, A.M.T. Silva, O.C. Nunes, C.M.
Manaia, Ozonation and UV254nm radiation for the removal
of microorganisms and antibiotic resistance genes from urban
wastewater, J. Hazard. Mater., 323 (2017) 434-441.

K. Jepsen, L. Hansen, C. Mai, Z. Yang, Challenges of Membrane
Filtration for Produced Water Treatment in Offshore Oil Gas
Production, OCEANS 2016 MTS/IEEE Monterey, 2016, pp 1-8.
I.M. Atadashi, M.K. Aroua, A.R. Abdul Aziz, N.M.N. Sulaiman,
Crude biodiesel refining using membrane ultra-filtration
process: an environmentally benign process, Egypt. J. Pet., 24
(2015) 383-396.

D. Livingston, Peak flow management in wastewater
treatment using direct membrane filtration, [cited 2018 Apr
8], 2015. Available at: https://patents.google.com/patent/
US8999170B2/en.

M. Fujiwara, Water desalination using visible light by disperse
red 1 modified PTFE membrane, Desalination, 404 (2017) 79-86.
M. Jiang, C.T. Hendrickson, J.M. VanBriesen, Life cycle water
consumption and wastewater generation impacts of a Marcellus
shale gas well, Environ. Sci. Technol., 48 (2014) 1911-1920.



