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Abstract

Shale gas flowback fluid (SGF) is generated during shale gas extraction and typically contains a variety of toxic and refractory
organic compounds. In this work, a microwave-activated persulfate process (MW-PS process) was developed to pretreat SGF.
The major factors influencing the treatment efficiency of the MW-PS process (PS dose, initial pH, MW power, and reaction time)
were optimized, and the synergetic effect (SE), degradation of recalcitrant matter, and energy consumption were systematically
investigated. Results showed that the SE of the process reached a high index (i.e., 9.85), suggesting a significant synergetic effect
of MW and PS. In addition, under the optimal MW-PS condition (PS dose of 2.5 g/L, MW power of 900 W, and initial pH of 2),
chemical oxygen demand removal reached 66.40% in a short reaction time of 10 min. Other analyses demonstrated that benzene
series compounds, organic acids, lipid substances, alkanes, antioxidants, and fluorescent dissolved organic matter in SGF were
decomposed to smaller-molecule organic matter, suggesting that refractory and toxic organic matter was removed by the MW-PS
treatment process. Overall, the results of this study showed that MW-PS technology is an effective and promising method to treat

SGF once the operation parameters are optimized.
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Introduction

Natural gas is an efficient and clean energy source as well as a
source of raw chemical materials (Koh et al. 2016; Mackenzie
et al. 1983). The exploitation and utilization of natural gas not
only can improve the energy structure of a region or country,
but also is of great significance to improving the ecological
environment (He et al. 2016). Shale gas is a natural gas that is
extracted from rammell (shale bedding) and mainly contains
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methane (Zou et al. 2017). Particularly, the shale is dense, and
thus during the drilling process, pressurized cleaning water
must be injected into the stratum to facilitate drilling to the
target layer. The cleaning water and suspended particulate
matter (sludge) from the stratum will return to the surface from
the shaft bottom as flowback fluid during the drainage test
stage (Butkovskyi et al. 2018). Consequently, a large amount
of shale gas flowback fluid (SGF) is generated. SGF is rich in
a variety of more than 750 chemicals, some of which are
chemical additives (such as surfactants, antiseptics, antibacte-
rial agents, demulsifiers, corrosion inhibitors, friction re-
ducers, and acid). The other components of SGF originate
from natural groundwater, fracturing fluid, and drilling cut-
tings brought out with the return fluid (Zhang et al. 2017).
Overall, SGF is mainly compromised of toxic and carcinogen-
ic aromatics; consequently, the fluid is characterized by high
toxicity and extreme-low biodegradability. Untreated SGF
that is discharged into a water body or used for re-injection
during drilling poses potential risks to the water and soil en-
vironment, ecosystem health, and human health.

Methods for treating SGF have been widely reported and
include ozone oxidation (Liu et al. 2018), adsorption (Warner
et al. 2013), coagulation (Kausley et al. 2017), and others. In
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actual practice, these methods are limited by relatively high
cost, complex operation, and unstable effluent quality. In re-
cent years, advanced oxidation processes (AOPs) have been
extensively applied to treat various types of wastewater
(Baeza and Knappe 2011; Cortez et al. 2011; Li et al. 2017
Oulego et al. 2016). AOPs include such techniques as catalyt-
ic ozonation (Jung et al. 2016; Zhang et al. 2008), the
microwave-enhanced Fenton-like method (Homem et al.
2013; Li et al. 2016), ultraviolet irradiation-ozone oxidation
(Baeza and Knappe 2011), and the ultrasound-Fenton method
(Weng and Huang 2015). Although enhanced (catalyzed)
AOPs have shown a satisfactory treatment efficacy for many
wastewaters, their application to the treatment of SGF has
been rarely reported except by Zhang et al. (Zhang et al.
2017). These researchers developed a combined mFe”/persul-
fate/O3 process (i.e., mFe’/PS/03) to degrade and transform
the characteristic pollutants in SGF. However, the cost of dis-
posing the metal sludge resulting from treatment constrained
full-scale application of this technique. Consequently, there is
an urgent need for an economical and operationally conve-
nient treatment method for SGF.

Persulfate (PS) activation technology is widely used in
AOPs, and is based on the particular chemical characteristics
of the sulfate radical (SO4™) (Qi et al. 2017; Qi et al. 2015; Tan
et al. 2017; Yang et al. 2014). PS ions can be decomposed into
SO, via heating, ultraviolet (UV) irradiation, transition metals
activation (Yang et al. 2014), or other techniques. However,
some of these activation techniques pose problems when used
with PS to treat SGF. For example, UV irradiation cannot be
effectively used to treat SGF because the fluid contains a high
concentration of solids that make the liquid resistant to UV light
penetration. Furthermore, transition metals (the most common-
ly used ion is Fe**) require strict pH conditions (in the range 2
to 4) to be effective, and can form a large amount of undesired
metal hydroxide-based sludge combined with macro molecular
organics in SGF. Additionally, excessive doses of metal ions
scavenge SO, thus reducing the treatment efficacy.

In contrast, heating not only has a positive PS-activation
effect, but also can enhance the solubility of slightly soluble
organic pollutants and increase the reaction temperature of the
process (Qi et al. 2017); consequently, the reaction rate in-
creases and reaction time is shortened. Compared to conven-
tional heating, microwave (MW) irradiation can increase the
reaction rate, induce PS to produce more SO, ", selectively
heat certain compounds, and make treatment reactions more
controllable (Homem et al. 2013; Horikoshi et al. 2003;
Ravera et al. 2009; Zhang et al. 2006). Thus, in comparison
with other heating techniques, MW irradiation yields a higher
reaction rate (and therefore shorter reaction time) while con-
suming less energy.

Recently, Qi et al. (2015, 2017) used MW irradiation to
induce PS activation for the treatment of Bisphenol A, and
concluded that MW irradiation showed a great advantage for

the rapid degradation of this synthetic compound. In addition,
MW irradiation can not only enhance the treatment efficacy of
the Fenton method, but also can considerably reduce the
amount of iron-based sludge that is produced. Overall, the
operation of a MW reactor is simple, and the quality of
MW-treated effluent is stable. However, the application of
MW irradiation alone or combined with other processes for
the treatment of SGF has been rarely reported.

In this research, a MW-activated PS process was developed
to treat SGF. The objectives of the study were (a) to evaluate
the oxidation efficiency of the MW-PS process and the syner-
getic treatment effect of MW and PS; (b) to investigate the
effect of influential factors (PS dose, initial pH, MW power
and reaction time) on chemical oxygen demand (COD) re-
moval; (c) to determine the transformation of dissolved organ-
ic matter in SGF as a result of MS-PS treatment; and (d) to
compare the efficacy of different processes in treating SGF
and evaluate the energy consumption. The goal of this study
was to provide a scientific reference for the rapid and efficient
treatment of SGF using MS-PS.

Materials and methods
Reagents

The SGF used in this study was collected from a shale gas
field in southwest China. The SGF had a pH of 7.02 and a
COD concentration of 229.02 mg/L. The 5-day biochemical
oxygen demand (BODs) was approximately 14 mg/L. Thus,
the biodegradability index (BODs/COD) of the fluid was 0.06.
The extremely low biodegradability of the SGF indicated that
it was unsuitable for traditional biological treatment.

Analytical grade potassium persulfate (K,S,0g), hydrogen
peroxide, sodium hydroxide, hydrochloric acid, and other re-
agents were purchased from Chengdu Kelong Chemical
Reagent Factory (Chengdu, China). Ultrapure water was used
throughout the experiment. A MW reactor (model M1-211A,
Midea Group, Guangdong, China) was used to produce MW
radiation and activate PS.

Experimental procedure

MW irradiation was used in combination with PS to treat SGF.
The MW irradiation activated PS to produce reactive oxidant
species, such as SO, ™. First, 100 mL of pH-adjusted SGF was
placed into a 500-mL round-bottom flask equipped with a
reflux condenser. Then, the desired dose of PS was added into
the flask, which was placed into the microwave reactor. The
flask and SGF sample were irradiated for a controlled reaction
time. After the reaction, the samples were cooled in ice-water
and then passed through a 0.45-um glass fiber filter. Ultrapure
water was used to dilute samples for further analysis. In
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addition, catalase (Sigma-Aldrich ¢9322, Merck Life Science
(Shanghai) Co., Ltd., Shanghai, China) was added into each
sample that was treated using MW combined with hydrogen
peroxide (MW-H,0,, as a comparison treatment process) to
eliminate the influence of H,O, on COD determination. The
organic composition of each SGF effluent sample was exam-
ined using ultraviolet and visible (UV—Vis) spectroscopy,
Fourier-transform infrared (FT-IR) spectroscopy, three-
dimensional excitation emission matrix (3D-EEM) spectros-
copy, and gas chromatography coupled with mass spectrom-
etry (GC-MS) to reveal the transformation of organics during
the MW-PS process.

Analytical methods
Basic wastewater quality

COD was determined using the microwave digestion titration
method according to the Chinese Standard Method (HJ 828-
2017). The contribution of PS (i.e., 1 g/L K,S,0g) to COD
concentration was determined to be 29.79 mg/L. COD. The pH
of each sample was measured using a pH electrode and meter
(model Phs-3C*, Chengdu Fangzhou Technology Co., Ltd.,
Chengdu, China). Residual PS concentration was determined
according to the method reported by Liang et al. (2008).

Dissolved organic matter characterization

UV-Vis spectroscopy was used to determine the absorbance
of light at wavelengths from 220 to 600 nm using a Lambda
950 spectrometer (PerkinElmer LAS (Germany) GmbH,
Rodgau, Germany).

Aromatic organic compounds in samples were identified
using 3D-EEM spectroscopy. Synchronized adsorption of 3-
D fluorescence spectra was measured with an Aqualog-UV-
800-C instrument (HORIBA Scientific, Edison, NJ, USA)
(fixed excitation wavelength slit of 5 nm, scan speed of
500 nm/min, excitation wavelength of 200—550 nm, and emis-
sion wavelength of 200-650 nm). The 3D spectra were deter-
mined using a charge-coupled device detector. Ultrapure wa-
ter served as a blank, and Rayleigh scattering and Raman
scattering were eliminated automatically by the HORIBA
Scientific software kit intrinsic to the Aqualog-UV-800-C.
Spectra were plotted and the iso-height was set using Origin
9.0 software (OriginLab Corp., Northampton, MA, USA).

FTIR was to characterize the change of functional groups
in treated SGF. A VERTEX70 FT-IR spectrometer (Bruker
Optik GmbH, Ettlingen, Germany) was used with a test wave-
number range of 4000—400 cm ', resolution of 2 cmﬁl, and
scan time of 32 s. Cooled and dried samples were mixed with
potassium bromide (SP), ground uniformly and placed in the
press plate for testing.

@ Springer

GC-MS (Agilent 7890A, Agilent Technologies Co., Santa
Clara, CA, USA) was used to analyze the types of organic
compounds in the untreated and treated SGF. An AB-
InoWax GC column (Abel Industries Canada Ltd., Pitt
Meadows, BC, Canada) 30 m x 0.25 mm % 0.25 pwm was used
and the analytical cycle was 60 °C for 30 min, then an increase
of 10 °C/min to 250 °C for 30 min.

Synergetic effect index and energy consumption

(1) To determine the removal rate of COD, a systematic ki-
netics study of the MW-PS process was conducted using
a pseudo-first order model to evaluate the data (Eq. 1).

cop,

1 =
cob,

—kt (1)

InEq. (1), COD; is the COD concentration of SGF at time £,
COD; is the initial COD concentration of SGF; & is the
pseudo-first order constant (min~"); and 7 is reaction time
(min).

(ii) The synergetic effect (SE) index (Xiong et al. 2016) was
estimated on the basis of the kinetics study and calculat-
ed using Eq. (2). A high SE value (SE > 1) indicated a
strong synergetic effect, and a low SE value (SE< 1)
indicated an antagonistic effect. The higher (or lower)
was the SE value, the stronger was the synergistic (or
antagonistic) effect.

k MW-PS
_ tMw-Ps) (2)

SE =
Zk (Single process)

In Eq. (2), SE represents the synergetic effect; knw - ps) 1S
the & for COD removal from SGF in the MW-PS process;
> K(single process) 18 the sum of & for COD removal obtained
from the MW-single (i.e., MW alone) and PS-single (i.e., PS
alone) processes. Notably, when the pseudo-first order con-
stant is kqiw - ps), 2. K(single process) should be the sum of &
obtained from the MW-single and PS-single processes.

(iii) The cost of the MS-PS process mainly arises from elec-
tricity consumption for MW irradiation. To study the
economic cost of the MW-PS process, £ was defined
as the amount of electrical energy (kWh) required to
reduce an order of magnitude concentration of a pollut-
ant in 1 m® of SGF (Eq. (3)).

B Pxtx 10}
V60 x logcp, COD;

(3)

In Eq. (3), P is the power (kW) of the microwave reactor or
other energy source; ¢ is the MW irradiation time (min); V'is
the volume (L) of SGF treated; and COD, is the COD
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concentration of SGF at time #; and COD; is the initial COD
concentration of SGF. The constant “60” converts min to h.

Results and discussion
Comparison of synergetic effect

As shown in Fig. 1a—c, the PS-single process achieved negli-
gible removal of organic matter, and the observed reaction
constant (k,;,) was only 0.0025 min~ ', In addition, the pH
change was also slight, suggesting that the reaction was less
significant. Similar results were reported by Yang et al. (2014)
who observed an extremely low organic matter removal rate
using PS without heating. Previous studies have reported that
the activation energy of the heat-activated PS process is ap-
proximately 140.2 kJ/mol (Xu and Li 2010). At room temper-
ature, organics removal is less significant (Qi et al. 2017) than
that at higher temperature because the decomposition of PS
into SO4™ is difficult at low temperature. The O-O bond is

COD removal (%)

Time (min)

Fig. 1 Synergetic effect of different treatment processes treating shale gas
flowback fluid as a function of reaction time: a chemical oxygen demand
(COD) removal; b pseudo-first order kinetic constant fitting; ¢ variation
of effluent pH; d temperature changes in the microwave-persulfate (MW-

much easier to rupture at a higher ambient temperature, which
facilitates greater concentration of SO, and thus improved
degradation of organic matter (Qi et al. 2015).

Likewise, in the MW-single process, the k,,, was small
(0.0029 min") because there was no reactive oxygen species
participating in the degradation reaction. Therefore, hardly
any organic matter was removed in the MW-single process.

In the MW-PS process, the COD concentration of treated
SGF continuously decreased as reaction time increased. After
20 min, COD removal reached 55.41% and the k,,; was
0.0532 min"'. Compared with results from the PS-single
and MW-single processes, these results demonstrated that
combining MW irradiation with PS can considerably in-
crease the removal efficacy of organic pollutants by de-
creasing the PS activation energy and accelerating the re-
action rate.

Previously, a fourfold increase was reported in the decom-
position rate of PS under MW irradiation compared to that
under conventional heating (Qi et al. 2017). Furthermore,
the SE index (Eq. 2) calculated from reaction dynamics
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20 min
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<« Fig. 2 Effects of a persulfate (PS) dose, b initial pH, ¢ microwave (MW)
power, and d reaction time on chemical oxygen demand (COD) removal,
effluent pH and residual PS concentration during treatment of shale gas
flowback fluid in the microwave-activated persulfate process.
Experimental conditions: [oxidant]o =2 g/L, MW power="750 W,
[pH]o = 6, reaction time =20 min

confirmed the superiority of the combined MW-PS process
compared to the PS-single and MW-single processes.
Because a higher SE indicates a more significant synergetic
effect, the SE of 9.85 demonstrated a significant synergetic
effect between MW and PS during treatment of organic pol-
lutants in the MW-PS process.

PS is similar to H,O, in its chemical structure. The effects
of PS and H,O, on treatment efficacy under the same molar
dose and other reaction conditions were investigated by com-
paring the MW-PS process with the MW-H,0, process. In the
MW-H,0, process, the k,,, was 0.0226 min_!, which was
2.45 times lower than the reaction constant in the MW-PS
process. Three reasons can explain this difference. First,
H,0, can produce the hydroxyl radical (OH) under MW ir-
radiation (Homem et al. 2013), but an exorbitant temperature
can lead to the self-decomposition of H,O, (Fig. 1d). Second,
‘OH and SO, in the MW-H,0, and MW-PS processes, re-
spectively, have a similar oxidation potential; however, SO
has a much longer half-life than "OH (Qi et al. 2017).
Additionally, SO, is able to oxidize some organics that
‘OH cannot oxidize (Yang et al. 2014). Therefore, the MW-
PS process is more suitable than the MW-H,O, process for the
treatment of SGF.

Influential factors

To obtain optimal treatment conditions in the MW-PS process,
the effects of PS dose (0.25-3.00 g/L), initial pH (2-12), MW
power (300900 W), and reaction time (0—20 min) as influ-
ential factors on COD removal were investigated thoroughly
in single-factor experiments. In addition, the effluent pH was
observed carefully during the experimental process because
the pH of the reaction solution was expected to decrease as a
consequence of bisulfate (HSO, ) formation during the de-
composition of PS (Qi et al. 2017). Furthermore, organic acid
would be generated when the pollutants were decomposed by
PS activation (Qi et al. 2015).

Effect of PS dose

When PS dose increased from 0.25 to 2.5 g/L, COD removal
greatly increased from 5.44% to 66.40% (Fig. 2a). A further
increase of PS dose to 3 g/L resulted in the COD removal
decreasing to 48.19%. These results can be explained by not-
ing that the SO, generated from the PS under MW irradia-
tion can mineralize most recalcitrant organic pollutants (Qi
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Fig. 3 Gas chromatographic-mass spectrometry chromatogram for shale
gas flowback fluid (SGF) a before and b after treatment in the
microwave-activated persulfate (MW-PS) process

etal. 2015; Xu and Li 2010; Zhang et al. 2017). Furthermore,
excessive PS may react with SO, to form S,05™ (Eq. (4)).
Thus, because the oxidation capacity of S,0g™ is much lower
than that of SO, (Deng and Ezyske 2011; Qi etal. 2015; Tan
et al. 2017; Xu and Li 2010), COD removal decreased when
the PS dose increased from 2.5 to 3 g/L.

S,08% + S04~ —S04% + S,05% (4)

The effluent pH decreased from 8.74 to 1.16 as PS dose
increased from 0.25 to 3 g/L. This occurred for two reasons:
(a) PS itself is a weak acid complex; and (b) some organic
acids substances were produced during the treatment process.
Notably, the residual PS concentration increased from 0.0013
to 0.0700 g/L with increasing PS dose, showing that an ex-
cessive dose of PS not only inhibits the treatment reaction, but

also causes unused PS to accumulate in wastewater, thereby
reducing the efficiency of PS utilization.

Effect of initial pH

COD removal gradually decreased from 60.44 to 16.29% as
the initial pH increased from 2 to 8 (Fig. 2b). When the initial
pH exceeded 8, COD removal efficiency increased. For in-
stance, the COD removal reached 47.27% when the initial pH
was 12. These results indicated that acidic treatment condi-
tions benefitted the generation of SO, (Eq. (5)) (Deng and
Ezyske 2011; Shukla et al. 2011; Yang et al. 2014). Increasing
the initial pH of samples reduced the concentration of SO4;
therefore, COD removal efficacy decreased. However, when
the initial pH was higher than 8, COD removal continuously
increased and residual PS concentration decreased. These re-
sults suggested that a base-activated PS process formed, and
the dramatic increase of COD removal at high pH was attrib-
uted to the coexistence of the MW-activation and base-
activation systems.

S,08% + H -S04~ + HSO,~ (5)

Notably, under the coexistence of MW-activation and base-
activation systems (Furman et al. 2010) and initial pH of 12,
the COD removal was lower than that at initial pH of 2 (only
MW activation). According to previous studies, it can be rea-
sonably inferred that the dominant reactive oxidant species
were SO, and singlet-oxygen (initial pH = 12), and under
acidic conditions (initial pH =2) the dominant reactive oxi-
dant species were SO, and ‘OH. Owing to the fact that the
oxidation capacity of singlet-oxygen is weaker than that of
‘OH, the COD removal continuously increased and residual
PS concentration significantly decreased as initial pH in-
creased from § to 12.

Effect of MW power

Higher levels of MW power resulted in the rapid increase of
the process reaction temperature, and the time needed to heat
the reaction temperature to 95 °C decreased from 10 to 2 min
(Fig. 2¢). For instance, the COD removal increased from

Table 1 Special absorbance of organic matter with reaction time in shale gas flowback fluid (SGF)

Special absorbance 0 min 1 min 2 min 4 min 6 min 8 min 10 min 12 min 15 min 20 min
Epsq 1.578 1.551 1.253 0.331 0.278 0.203 0.190 0.186 0.187 0.183
Easo 1.044 1.012 0.903 0.165 0.135 0.093 0.081 0.080 0.079 0.074
Es50/Ez6s 4.031 4.263 3.842 9.180 9.211 10.936 16.793 14.893 12.361 19.000
E300/E400 3.085 3.252 3.656 6.307 5.064 5.351 10.453 6.622 4.325 10.087
S226-400 150.140 145.070 123280 28.909 23.901 16.597 15.292 14.911 15.251 14.382
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Fig. 4 Three-dimensional
excitation emission spectra of
shale gas flowback fluid (SGF) a
before and b after treatment in the 500
microwave-activated persulfate

(MW-PS) process 450

EM
g

200 ©
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16.26% to 56.59% as MW power increased from 300 to
900 W. On the one hand, increasing the MW power decreased
the activation energy of the process, which enhanced the deg-
radation of organic pollutants. On the other hand, polar mol-
ecules that absorbed MW irradiation rotated at a high rate, and
the possibility of molecules colliding increased; therefore, PS
decomposed into SO, and the COD removal changed re-
markably (Li et al. 2016; Qi et al. 2017; Ravera et al. 2009).
In addition, the residual PS concentration significantly de-
creased from 0.0537 to 0.0191 g/L. as MW power increased
from 300 to 900 W. These results showed that higher MW
power favored the activation effect of PS.

Effect of reaction time

Figure 2d shows that COD removal increased from 7.39 to
49.13% as reaction time increased from 1 to 10 min. At reac-
tion times exceeding 10 min, COD removal changed only
slightly (for example, increasing by only 6.1% when reaction
time increased from 10 to 20 min). On the one hand, more
organic pollutants could be degraded by the MW-PS process
with a longer reaction time. On the other hand, the PS doses
used in the experiments limited the SO, concentration avail-
able for degrading the organics. Thus, during the reaction time
from 12 to 20 min, the consumed PS amount changed only
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3114
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slightly and effluent pH varied negligibly. These results indi-
cated that in the latter stage of the reaction, the production of
micromolecular organic acids stabilized and the reaction rate
of the process tended to decrease; therefore, the degradation
efficacy of organic pollutants did not improve significantly
when the reaction time exceeded 10 min.

Dissolved organic matter degradation
GC-MS analysis

As shown in Fig. 3 and Table 1, approximately 13 types of
organic substances were identified in raw SGF; these mainly
contained benzene ring compounds, organic acids, lipids, al-
kanes, and others. Among them, some organic acids,
trimethylamine, and other organic compounds were added
artificially during drilling. For instance, organic acids are used
as scale inhibitors, emulsifiers, moisturizers, plasticizers, and
fungicides. Furthermore, trimethylamine and other organic
compounds played a role in the biological refractories. In
short, SGF was characterized by a complex organic
constitution.

After treatment of the SGF in the MW-PS process, five
organic compounds were completely degraded and the con-
centrations of other organics decreased significantly. In

Fig. 5 Molecular structure
transformation of dissolved

organic matter in shale gas

flowback fluid (SGF) treated in

the microwave-activated

persulfate process: a ultraviolet 2z
and visible spectra and b Fourier- <
transform infrared spectra
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Table2  Gas chromatographic-mass spectrometry chromatogram for shale gas flowback fluid (SGF) before and after microwave-activated persulfate

process

Number Retention time (min) Compound CAS Initial intensity Final intensity Removal
1 2.441 Benzene 0000071-43-2 159,478,233 158,500,727 0.61%
2 2.513 Hexamethyldisiloxane 0000107-46-0 23,703,714 7,111,948 100%

3 3.477 Methylbenzene 0000108-88-3 188,304,070 131,885,685 29.96%
4 6.551 3, 4-dihydrogen-2 h-pyran 0000110-87-2 6,915,188 0 100%
5 8.505 2,2,4,6, 6-pentmethyl heptane 0013475-82-6 61,494,379 36,493,016 40.66%
6 9.558 Chloriso-octane 0000123-04-6 7,442,752 0 100%
7 28.565 Myristic acid 0000544-63-8 28,849,266 0 100%
8 30.506 Diisobutyl phthalate 1,000,309-04-5 182,544,405 0 100%
9 32.576 Palmitic acid 0000057-10-3 73,500,977 39,944,856 45.65%
10 41.674 Oleamide 0000301-02-0 16,877,909 0 100%
11 42.406 Antioxidant 2246 0000119-47-1 63,651,439 28,734,225 54.86%
12 43.943 2-ethylhexyl hydrogen phthalate 0004376-20-9 68,301,329 26,533,682 61.15%
13 46.169 Erucic acid amide 0000112-84-5 33,258,527 24,568,301 26.13%
14 2.256 Methyl cyclopentane 0000096-37-7 0 304,994,625 - 100%
15 2.558 2, 3-dimethyl-1-pentyl alcohol 0010143-23-4 0 7,111,948 —100%
16 43.944 Dibutyl phthalate 0004376-20-9 0 26,533,682 —100%

addition, three new organic compounds (as by-products) were
identified in the treated SGF. The results showed that the MW-
PS process can efficiently degrade or transform the bio-
refractory organic pollutants in SGF and implied an improve-
ment in the biodegradability of SGF following treatment.

3D-EEM analysis

As shown in Fig. 4, two main peaks were observed in SGF.
Peak 1 (at an excitation/emission wavelength ratio, AEx/
AEm =240/400) corresponded to fluorescent humic sub-
stances in the ultraviolet region (Fida et al. 2016; Lai et al.
2013; Saleem et al. 2018; Song et al. 2017). Peak 2 (AEx/
AEm =335/405) corresponded to fulvic-like acids in the visi-
ble region (Lai et al. 2013; Song et al. 2017; Wu et al. 2011),
which may have been due to the introduction of humic sub-
stances (terrigenous input) during the drilling process.
Substances associated with Peak 1 and Peak 2 are generally
produced by aromatic organic compounds with large molecu-
lar weight and stable molecular structure. Comparing the 3D-
EEM spectra of SGF before (Fig. 4a) and after (Fig. 4b) treat-
ment in the MW-PS process shows that the two fluorescence-
absorbing compounds were completely removed, which sug-
gested that the SO, showed a great ability to remove humic
substances.

Characteristic structural transformation of dissolved organic
matter

The transformation of dissolved organic matter in SGF after
treatment in the MW-PS process was determined by UV—Vis

spectroscopy. The characteristic absorbance is depicted in
Fig. 5a and listed in Table 2. As shown in Fig. 5a, SGF ex-
hibited no obvious characteristic peak prior to treatment, indi-
cating that the composition of SGF was complex. Strong ab-
sorbance was observed in the ultraviolet region, suggesting
that SGF contained a large amount of conjugated organic
compounds. As reaction time increased, the absorbance grad-
ually decreased, indicating that the organic structure was
destroyed in the MW-PS process and that the concentrations
of organic substances changed considerably. Therefore, the
complexity of organic compounds in the SGF greatly de-
creased after 20 min reaction in the MW-PS process.

At specific wavelengths, absorbance of light can indicate
the humification degree, condensation degree, and molecular
weight of dissolved organic matter. The absorbance at wave-
lengths of 254 and 280 nm (i.e., E»s4 and Esg) indicates the
aromatic degree of wastewater (Fuentes et al. 2006; Korshin
etal. 1997; Lai et al. 2013). The absorbance at wavelengths of
254 and 280 nm for SGF were 1.578 and 1.044, respectively;
after treatment in the MW-PS process, the absorbance at these
wavelengths decreased to 0.183 and 0.074, respectively.
These notable reductions in absorbance indicated that the ar-
omatic degree of the treated SGF gradually decreased.
Similarly, E,s¢/Ez65 indicates the molecular weight of or-
ganics in wastewater (Baeza and Knappe 2011; Guo et al.
2011; Jiang et al. 2011; Kavurmaci and Bekbolet 2014); for
SGF, this ratio increased as reaction time increased, suggest-
ing that the molecular weights of organics decreased. Ejqo/
E 400 represents the molecular weight and condensation degree
(Domeizel et al. 2004; Kavurmaci and Bekbolet 2014;
Korshin et al. 1997). For SGF, this ratio first increased and
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then tended to stabilize, indicating that the condensation de-
gree of organics in treated SGF gradually decreased. E>s6 400
represents changes in benzene ring substances (Fuentes et al.
2006; Horikoshi et al. 2003; Jiang et al. 2011; Rodriguez et al.
2016). This value continuously decreased as reaction time
increased, implying that the concentration of benzene ring
substances in SGF decreased during treatment.

Figure 5b illustrates the FTIR spectra of SGF before and
after treatment in the MW-PS process for 20 min. The peaks at
3468.86 cm ' (amino group substances), 1636.75 cm ' (ben-
zene ring substances, and/or carbonyl), 1401.38 cm ! (COO-
of carboxylic acid substances), 1096.35 cm! (C-O-C in al-
cohols) and 605.36 cm ' (C—O—C in surfactants) can be at-
tributed to the O—H bond of hydroxyl substances (Rodriguez
et al. 2016).

After treatment of SGF in the MW-PS process for 20 min,
the intensity of peaks at 1401.38 and 1096.35 cm ' increased,
indicating that some aromatic organic compounds containing
the amino group and benzene rings were degraded or trans-
formed, or even mineralized to H,O and CO,. The intensity of
the peak at 1636.75 cm ' increased, suggesting that some
organic compounds in SGF were oxidized to by-products con-
taining the C—O—H group. A significant increase of peak in-
tensity at 605.36 cm™ ' was observed, implying that the sur-
factant in the SGF was initially decomposed.

Energy consumption

To compare the energy consumption of the MW-PS and MW-
H,0, processes, the energy consumption of the MW-PS pro-
cess was calculated for the optimum operating conditions (PS
dose=2.0 g/L, initial pH=6, MW power =650 W).
According to Eq. (3), to reduce a magnitude order of concen-
tration of a pollutant in 1 m® of contaminated water, the MW-
PS process consumed 5082.8 kWh/m? at a reaction time of
10 min, which was far less than that of the MW-H,0, process
(1368.6kWh/m”). Therefore, based on its reduced energy con-
sumption alone, the MW-PS process exhibited significant eco-
nomic benefits and decreased the reaction time greatly com-
pared to what would be consumed using conventional heating
and the MW-H,O, process. Thus, considering both its low
energy consumption and effective removal of organic contam-
inants, the MW-PS process is an efficient and economical
technique for treating SGF.

Conclusions

In the MW-PS process, a significant synergetic effect occurs
between MW and PS during the treatment of SGF. A signifi-
cant COD removal can be achieved by subjecting SGF to the
MW-PS process for 10 min at a PS dose=2.0 g/L, initial
pH=6, and MW power =650 W. Furthermore, the MW-PS

@ Springer

process not only destroys benzene ring substances, organic
acids, lipids, alkanes, and antioxidants typically contained in
SGF, but also greatly degrades fluorescent organic substances.
Therefore, recalcitrant organic matter is removed and trans-
formed to smaller organics. As a result, the MW-PS process is
effective for treating SGF. This study provides references for
the practical application of the MW-PS process to rapidly and
efficiently treat recalcitrant organic matter in SGF.
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