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An effective hybrid system was applied as the first report for the successful treatment of key pollutants
(hydroxypropyl guar gum, HPG) in fracturing flowback fluid, and the synergistic index of the hybrid system was
20.45. In this regard, chemical oxygen demand (COD) removal ratio was evaluated with various influencing
operating factors including reaction time, HyO concentration, Fe?' concentration, ultrasonic power, initial pH,
and temperature. The optimal operating parameters by single-factor analysis method were: the pH of 3.0, the
H,0; concentration of 80 mM, the Fe?" concentration of 5 mM, the ultrasonic power of 180 W, the ultrasonic
frequency of 20-25 kHz, the temperature of 39 °C, the reaction time of 30 min, and the COD removal rate
reached 81.15 %, which was permissible to discharge surface water sources based on the environmental stan-
dards. A possible mechanism for HPG degradation and the generation of reactive species was proposed. Results of
quenching tests showed that various impacts of the decomposition rate by addition of scavengers had followed
the order of EDTA-2Na < BQ < t-BuOH, therefore "OH radicals had a dominant role in destructing the HPG. Based
on the kinetic study, it was concluded that Chan Kinetic Model was more appropriate to describe the degradation
of HPG. Identification of intermediates by GC-MS showed that a wide range of recalcitrant compounds was
removed and/or degraded into small molecular compounds effectively after treatment. Under the optimal
conditions, the sono-Fenton system was used to treat the fracturing flowback fluid with the initial COD value of
675.21 mg/L, and the COD value decreased to 80.83 mg/L after 60 min treatment, which was in line with the
marine sewage discharge standard. In conclusion, sono-Fenton system can be introduced as a successful
advanced treatment process for the efficient remediation of fracture flowback fluid.

dissolved solids (TDS), stability, and toxicity [4]. According to the
investigation, water-based fracturing fluid is the most commonly used
fracturing fluid in hydraulic fracturing construction site, while plant

1. Introduction

In the past decade, as a mature enhanced oil recovery (EOR)tech-

nology, hydraulic fracturing has been widely used in oil and gas
exploitation, and over 1 million oil and gas wells have been hydrauli-
cally fractured in the United States [1]. However, more and more frac-
ture flowback fluid flows out along with the recovered oil and gas. Shale
gas extraction via high volume hydraulic fracturing (HVHF) has resulted
in the use of 116 billion liters of fluids annually from 2012 to 2014 and
yielded similar volumes of flowback and produced waters [2]. Fracture
flowback fluid has a complex composition, which includes dissolved and
dispersed organic and inorganic species, microorganisms, and chemical
compounds added during drilling and production [3]. Thus, it is
generally characterized by high chemical oxygen demand (COD), total
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gum and its derivatives are the main thickener of water-based fracturing
fluid system, accounting for more than 90 %. Since hydroxypropyl
guanidine gum contains high non-degradable residue (8-12 %) and
water-insoluble matter (20-25 %) [5], hydroxypropyl guanidine gum, as
a derivative of plant gum, is the main source of pollutants in fracturing
flowback fluid, and the main culprit of environmental harm. The
increasing volume of fracture flowback fluid has become a major na-
tional concern owing to the rise of induced seismicity in areas of deep-
well injection, and the environmental and human health risks associ-
ated with the disposal of fracture flowback fluid to unlined impound-
ments or streams and rivers without adequate treatment [2].
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Meanwhile, environmental protection agency (EPA) states, Constituents
commonly found in TDS from HF waters may have potential health
impacts or create treatment burdens on downstream drinking water
systems if discharged at high concentrations to drinking water resources
[6]. Therefore, developing treatment technology for removal of the
fracture flowback fluid before being discharged to the ecosystem has
gained tremendous interest from researchers and has become a hot topic
in the environmental protection of oil and gas exploitation.

Today, the commonly used fracturing flowback fluid treatment
technologies are mainly physical/ chemical/ biological treatment
technologies such as coagulation and flocculation, bag filtration, active
carbon adsorption, aeration, chemical precipitation, oil/water separa-
tion, membrane filtration [7-13]. These methods are mainly used to
remove insoluble solid particles, a small amount of formation crude oil,
and organic polymer additives in fracturing fluid components. However,
dissolved organic matter is the main component of the flowback frac-
turing fluid, and the removal effect of the above technologies is poor, far
below the sewage discharge standard [14]. In recent years, considerable
interest has been shown in the development and application of advanced
oxidation processes (AOPs) for the treatment of fracture flowback fluid
[3]. AOPs can be defined as an aqueous phase oxidation approach that
incorporates in-situ generation of strong oxidizing agents such as per-
oxydisulfate (PDS, 5205*), peroxymonosulfate (PMS, HSOs), hydroxyl
("OH), and sulfate (SO™") that facilitate oxidation of contaminant mol-
ecules found in water and wastewater [15-16]. Meanwhile, AOPs are
based on the formation of highly reactive species capable of reacting
with both organic and inorganic compounds, mineralizing, or at least
converting them into less harmful materials [17]. AOPs are garnering
increased popularity thanks to their effective and efficient purification
of several kinds of contaminants from wastewater, either through their
complete mineralization or transformation into less toxic alternatives
[15]. Other advantages of AOPs are rapid degradation rates and non-
selectivity in the oxidation of contaminants. Some of the individual and
hybrid AOPs used for water/wastewater treatment are UV photolysis,
photocatalysis, ozonation, sonolysis, Fenton, electro-Fenton, sono-Fen-
ton, sono-photo-Fenton, sonophotocatalytic oxidation, catalytic ozona-
tion, peroxide (O3/H203), electrochemical oxidation, persulfate
(S20%7), UV/ $,037, UV/ Hy0,, hydrodynamic cavitation (HC), HC/Os,
HC/H505, HC/Fenton, HC/SZO§’, HC/photocatalysis, etc. [18-22]
Some of these advanced oxidation technologies have been applied to
fracturing flowback fluids and have produced good degradation effects
[23-25].

Among these treatment technologies, ultrasonic irradiation is
considered to be a highly efficient and clean technique without any
addition of chemicals and any generation of secondary pollutants
[26,27]. The mechanism of ultrasound degradation is based on cavita-
tion, which is the formation, expansion, and sudden collapse of bubbles
in liquids. The collapse of these bubbles leads to extremely high local
temperatures and pressures (temperatures of roughly 5200 K, pressures
of approximately 500 atm) [28-30]. Two possible degradation routes
are usually suggested. Firstly, the contaminant can undergo thermal
degradation inside the cavity and in the interfacial region (cavity
liquid). Secondly, formed free radicals ('OH, ‘H, ‘O) can react with the
contaminant in the interfacial region or the bulk solution[31]. However,
due to the complex chemical properties of wastewater, it is difficult to
remove organic matter in the fracturing flowback fluid by ultrasonic
cavitation alone. Therefore, it is considered that adding strong oxidants
such as hydrogen peroxide, ozone or Fenton reagent in ultrasonic can
improve the biodegradability of fracturing flowback fluid [32-34].

The ultrasound based OZONIX reactor has been tested, deployed,
and commercialized in all major U.S. unconventional shale plays
(Marcellus, Haynesville, Woodford, Fayetteville, Eagle Ford, and
Permian Basin), treating more than 76 million barrels (3 + billion gal-
lons) of fluid in a four-year period for various energy exploration and
production customers. The combination of ultrasound and ozone is
proven to kill bacteria and inhibit scale “on the fly” in various types of
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completion fluids (flowback, produced, and shallow ground fluids) at
very high rates. Operators can use the ultrasound based OZONIX reactor
to increase the recycling rate of flowback, produced, and shallow ground
fluids and completely eliminate liquid biocides and scale inhibitors from
the completions process. The hybrid reactor is mounted on a tractor-
trailer unit for portability. Flowback, produced, and/or shallow
ground feed waters (in various proportions) are pumped into the hybrid
reactor and are flash mixed with introduced ozone. Ultrasonic trans-
ducers induce cavitation inside the solution containing dissolved ozone,
which results in the shearing of larger particles and a decrease in the
particle flotation times. Electrodes present in the hybrid reactor facili-
tate precipitation of hard salts from the influent [35].

It has been proved that the combination of ultrasound and Fenton
agents could significantly remove a wide range of pollutants such as azo
dyes [36,37], saline recalcitrant petrochemical wastewater [38], cya-
nobacterial blooms [39], emerging contaminants [40,41], bisphenol A
[42,43] and pharmaceutical wastewater [44,45]. On the one hand, by
using ultrasonic irradiation in the reaction medium, the thermal disso-
ciation of water molecules allows the generation of highly reactive "OH
radicals and enhances the oxidation power of the Fenton process [46];
on the other hand, Fenton reaction produces a large amount of "OH to
promote the removal of organic matter, and the oxygen generated by
hydrogen peroxide decomposition can serve as cavitation bubbles to
enhance the ultrasonic cavitation effect [45]. Now, the application of
sono-Fenton process in fracturing flowbcak fluid is few, and the degra-
dation mechanism of the main pollutants (such as hydroxypropyl guar
gum) in the fracturing flowback fluid by sono-Fenton process and the
synergistic mechanism of ultrasonic and Fenton technology are rarely
reported. Therefore, the study of sono-Fenton degradation mechanism
and reaction kinetics of hydroxypropyl guar gum will not only promote
the development of sono-Fenton treatment technology for fracturing
flowback waste liquid, but also reduce the cost of oilfield fracturing
operations and help to achieve the goal of “carbon peak - carbon
neutralization” as soon as possible.

In the present study, COD removal of HPG by sono-Fenton process
was investigated by using hydroxypropyl guar gum as a model pollutant.
The main aims of the study are: (a) to investigate the synergy mechanism
of sono-Fenton processes by comparing the degradation effects of
different treatment technologies (US alone, HyO- alone, FeSO4 alone,
US/ FeSO4, US/ Hy05, FeSO4/ Hy0, and US combined with HyO0y/
FeSO4) on HPG, (b) to examine the effects of operational parameters
including reaction time, H,O5 concentration, Fe?t concentration, the
ultrasonic power, initial pH and temperature on the degradation effi-
ciency of the HPG, (c) to establish the kinetic equation of the degrada-
tion reaction of HPG by sono-Fenton process, (d) to identify the
generated intermediates through the HPG degradation by using gas
chromatography mass spectrometry (GC-MS), and (e) to analyze the
mechanism of the sono-Fenton process in mineralizing HPG.

2. Materials and methods
2.1. Material

Hydroxypropyl guar gum (96.1 %) was purchased from Shanghai
Yuanye Biological Technology Co., ltd, China. Hydrogen peroxide
(H205) (30 %), ferrous sulfate (FeSO4-7H50)(AR), ammonium ferrous
sulfate hexahydrate (Fe(NH4)2(S04)2)(AR), sodium hydroxide (NaOH),
sulfuric acid (H2SO4) (98 %) were all obtained from Sinopharm Chem-
ical Reagent Co., Itd, China. Potassium titanyl oxalate (C4K209Ti-2H50)
(AR), hydroxylammonium chloride (HsNO-HCl) (99 %) were all ob-
tained from Shanghai Macklin Biochemical Co., Itd, China. 1,10-Phenan-
throline (C12H8N2) (99 %), sodium acetate anhydrous (CH3COONa)
(AR), fatty alcohol-polyoxyethylene ether (RO(CHyCH20),H)(AR), n-
Butanol (CH3(CH3)2CH20H)(AR) were all obtained from Shanghai
Aladdin Biochemical Technology Co., 1td, China. Citric acid (CsHsOr)
(AR), triethanolamine (CsH;sNO3)(AR), ammonium persulfate
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((NHa4)2S208)(AR) were all obtained from Laiyang Kangde Chemical Co.,
Itd, China. YTY-04 organoboron crosslinking agent was obtained from
Pucheng Yuteng New Material Technology Co., ltd, China. All the
chemicals were of the analytical reagent grade and were used as
received from the supplier, without any pretreatment. Distilled water
was used to prepare different solutions of required concentrations and
was prepared freshly in the laboratory using distillation apparatus.

2.2. Hydration method

In the hydration experiments, hydroxypropyl guar gum solutions
with varying concentrations over the range of 0.02 % to 0.1 % ( w/w)
were prepared based on the detailed methodology described in Amrutlal
L’s earlier work[47]. The samples ( 10 mL)were withdrawn, after
keeping the prepared polymer solutions overnight in the refrigerator,
and measured the initial intrinsic viscosity using an Ubbelohde glass
capillary viscometer ( Baoying Zhejing glass instrument Factory,
China). All the measurements were performed in triplicate and the mean
value was taken for the analysis. Comparison of intrinsic viscosity based
on different aqueous solutions (0.02 %, 0.05 %, 0.06 %, 0.07 %, 0.1 %)
of the hydroxypropyl guar gum showed that concentrations over the
range 0.02 % to 0.06 % hydroxypropyl guar gum solutions were
appropriate because the ratio of the efflux time of the solution to the
efflux time of the solvent is at 1.2 and less than 2.0 to ensure sufficient
precision time and reduce the shear effect. Hence 0.06 % of concen-
tration has been selected for the actual study of the effect of different
operating parameters.

In the hydration experiments, simulated fracture flowback fluid was
prepared based on the detailed methodology described in Lou’s earlier
work [48]. Firstly, 3.0 g HPG powder was carefully sprinkled into a
rapidly swirling vortex of 1000 mL Yelow Sea seawater in a glass beaker
obtained using mechanical stirrer. After dissolution, it was left to stand
for a period of time so that HPG was completely swollen. Then, 8.0 g
anti-swelling cosolvent citric acid, 10 mL drainage aid fatty alcohol
polyoxiethylene ether, 7.0 g pH regulator triethanolamine, and 2 mL
crosslinking agent was added to the mixture. After the mixture was fully
stirred, 0.4 g gumming agent ammonium persulfate was added at a
certain temperature to make the mixture break for a period of time. After
the gumming was completely broken, the mixture was cooled and sealed
at room temperature as simulated fracturing flowback fluid.

2.3. Experimental procedure

All experiments were performed in sono-Fenton system, a schematic
representation of the setup is depicted in Fig. 1. Each treatment was
performed in a 200 mL glass reactor, equipped with water circulating
jacket for maintaining reaction temperature to +1 °C. Sonication was

Fig. 1. Schematic diagram of the experimental device. (1) ultrasonic generator;
(2) low-temperature thermostat bath; (3) cable; (4) acoustic chamber (5) ul-
trasonic transducer; (6) temperature sensor; (7) Titanium probe transducer; (8)
jacketed glass reactor; (9) ultrasonic probe; (10) magneton; (11) magnetic
stirring apparatus; (12) thermostatic water bath; (13) Ubbelohde glass capillary
viscometer; (14) water quality tester.
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performed with a sonic processor L500-20 ultrasonic generator (20-25
kHz, 0-600 W, Sonic Systems) equipped with a titanium probe trans-
ducer (23820 T). The tip of the horn was 1 cm in diameter and was set at
3.0 cm below the surface of the solution. The ultrasound generator was
operated at 40 % duty cycle (4 s on/6 s off). Using calorimetric mea-
surements [49], the actual power dissipated in the system was observed
to be 15.7 W for a supplied power of 100 W giving an energy efficiency
of 15.7 %. During sonication, 200 mL HPG solutions were poured into
the glass reactor, which was placed over a magnetic stirrer for contin-
uous stirring at 390 rpm. Sulfuric acid (10 %) and sodium hydroxide 10
%) solutions were used to adjust the solution’s initial pH, which was
determined using a pH-meter instrument (Model-PHB-1, China). The
temperature of the reaction mixture solution was adjusted using a low-
temperature thermostat bath (Ningbo Scientz Biotechnology Co., Itd,
Model-SDC-6, China) and monitored by a temperature sensor located
inside the reactor. The reaction was started by introducing the US ir-
radiations after adjusting wastewater pH and addition of specific
amounts of FeSO4-7H20 and Hp0,. Sample with the volume of 15 mL
was withdrawn from the reactor at defined time intervals, and imme-
diately adjusted pH to 8 for quenching reaction. The supernatant was
used for intrinsic viscosity, chemical oxygen demand (COD) and H20,
concentration analysis.

2.4. Analysis

2.4.1. Intrinsic viscosity

The intrinsic viscosity of degraded hydroxypropyl guar gum was
measured using Ubbelohde capillary glass viscometer at constant tem-
perature (25 + 1 °C). Relative and specific viscosities (17 and 7g,
respectively) were respectively calculated using the following
equations:

t
= 1
= @

Ny =1,—1 2

Where t and tj are the efflux time for HPG solution and solvent respec-
tively. The reproducibility for the measurement of efflux time was
within 0.3 s. Experiments were repeated twice to check the reproduc-
ibility of the obtained data for the variation of concentration against
time for all the sets. The experimental errors observed were within +2 %
of the reported average value. The values of the intrinsic viscosity for the
degraded HPG solutions were calculated by the one-point intrinsic vis-
cosity equation [50]:

211y, — Inag,
[ = 7( ) 3)

C
Where, [#] is the intrinsic viscosity (mL/g), c is the concentration of HPG
solution (mL/g). The intrinsic viscosity removal rate was calculated
using the following equation:

_ (ko = Inl, .
[’1] removal — ( [}1]0 ) x 100% (4)

Where [yl and [n]o are the [y#] values at reaction time ¢ and O,
respectively.

2.4.2. Chemical oxygen demand (COD)

COD was determined by the fast digestion-spectrophotometric
method, based on the standard methods for the examination of water
and waste water [51]. During the COD measurement of waste water,
residual HyO» in waste water will react with potassium dichromate and
affect the determination of the COD value [52]. To eliminate this error,
this study adopts the following operations to remove the influence of
H20,[53]: firstly, adjust the pH of the solution to be tested to 8, and then



F. Wang et al.

residual Fe?>* and Fe3* in the solution form precipitation, the superna-
tant was used for chemical oxygen demand (COD) and H,05 concen-
tration analysis. The difference between the measured COD value and
the COD value caused by H2O3 in the water sample to be measured was
used to characterize the real COD value [54]. The COD value caused by
H»0; is determined according to the working curve of Hy05 concen-
tration and COD value. A calibration curve was obtained by using the
standard H,O- solution with the known concentrations. After linear
fitting, the linear equation of COD and H30, concentration can be ob-
tained as follows:

y =13.607x 5)

Where, y is the COD of Hy0 solution, x is HoO4 concentration, and the
correlation R? is 0.999.
The COD removal rate was calculated using the following equation:

COD, — COD,

COD ,emovar = ( COD.
0

) x 100% (6)

Where COD; and CODy are the COD values at reaction time t and 0,
respectively.

All experiments in this study were performed in triplicate to ensure
repeatability error of less than 5 %, and the results presented here
represent the average values of three independent measurements.

2.4.3. H303 concentration

H0, concentration was determined by measuring the absorbance of
potassium titanyl oxalate complex at 405 nm [55]. Prior to the mea-
surement, a calibration curve was obtained by using the standard H,O,
solution with the known concentrations, after linear fitting, the linear
equation of absorbance and Hy02 concentration can be obtained as
follows:

A =2.7604C )

Where, A is the absorbance of H,O5 solution, C is HoO, concentration,
and the correlation R? is 0.999.

2.4.4. Fe®* concentration

FeZ* concentration was determined by a spectrophotometric method
at 510 nm via forming a complex with 1, 10-phenanthroline [56]. Prior
to the measurement, a calibration curve was obtained by using the
standard Fe?" solution with the known concentrations, after linear
fitting, the linear equation of absorbance and Fe?*concentration can be
obtained as follows:

A = 10.4836C(Fe*t) (8

Where, A is the absorbance of Fe?* solution, C is Fe?* concentration, and
the correlation R? is 0.999.

2.4.5. GC-MS analysis

The intermediates of the degradation of HPG by US-Fenton system
were identified using GC-MS (Model: Agilent 5977C) with HP-5MS
capillary column (30 m x 250 pm x 0.25 pm) film thickness. Helium
gas of chromatographic grade was used as carrier gas. The injector
temperature was at 300 °C, the flow rate was 1.0 mL/min and the in-
jection volume was 1 pL. The oven temperature was at 50 °C for 1 min,
then increased at 8 °C/min to 280 °C, and then increased to 290 °C at 3
°C/min with a final hold for 10 min. The electron energy of the ion
source (EI) was 70 eV, the transmission line temperature was 320 °C,
and the scan range was 35 to 600 amu.
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3. Results and discussion
3.1. Degradation of hydroxypropyl guar gum under different processes

Experiments were performed at the same conditions using US alone,
H505 alone FeSO4 alone, US/ FeSO4, US/ H504, FeSO4/ Hy04, and US/
H,0,/ FeSO4 to observe independently the effects on intrinsic viscosity
removal and COD removal of hydroxypropyl guar gum, and the findings
are illustrated in Fig. 2. As shown in the figure, in addition to the FeSO4
treatment alone, other treatment methods reduced the intrinsic viscosity
of HPG solution by more than 70 %, while Fenton treatment and US/
Fenton treatment were more than 95 %. Different treatment methods
have different degradation mechanisms. In experimental studies on
inhibiting ultrasonic degradation of HPG by adding free radical scav-
enger in our earlier work, it was shown that the ultrasonic degradation
of HPG was mainly due to mechanical effects such as intense turbulence
and shear caused by ultrasonic cavitation [46]. It is important to note
here that the ultrasonic degradation of HPG was only caused by the
breakage of glycosidic linkages [47], which led to the degradation of
HPG from macromolecule to a small molecular chain. The degradation
mechanism of hydrogen peroxide treatment was mainly through the
generation of reactive radicals to oxidative HPG. Due to the slow self-
decomposition efficiency of HyO4 alone, the number of reactive radi-
cals was small, so the intrinsic viscosity removal was less than those of
other treatment methods [57]. The intrinsic viscosity only reflected the
molecular weight, but not the mineralization degree of HPG. Therefore,
COD evaluation index was introduced to judge whether different treat-
ment methods meet the waste water discharge standard [58].

As shown in Fig. 2, COD removal was less than 5 % when H,05 alone,
FeSO4 alone, or ultrasound alone was used. Due to the non-volatile and
hydrophilic nature of HPG, degradation reaction would be expected to
occur mainly in the bulk solution by radical reaction rather than inside
the bubbles by pyrolytic reaction [59]. At a frequency of 20-25 kHz, the
concentration of hydroxyl radicals produced in the bulk solution by
ultrasound alone was too low to affect the COD removal rate. Also, the
limited oxidizing power of hydrogen peroxide means that no COD
removal could be achieved by hydrogen peroxide alone [60]. Never-
theless, ultrasonic cavitation can not only spontaneously generate hy-
droxyl radicals according to Egs. (9)-(11) [37], but also promote the
decomposition of HyO3 into reactive radicals. Higher degradation effi-
ciency of HPG was obtained in US + Hy0 system compared with HyO,
system, indicating that, due to the complex chemical and physical pro-
cesses caused by the collapse of cavitation bubble, e.g. thermal
decomposition, H,O2 decomposed in the cavitation bubble increases the
formation of reactive radicals. However, due to the low volatility and
high solubility of HyO, in water, the concentration of the HyO5 in the
cavitation is limited and finally results in a very limited ultrasonic
degradation rate of HPG in acidic solution [42].

H,0+)))—-OH +-H 9
0,+)))~2-0 10)
0 + H,0—-2 ¢ OH an

Where*)))” represents ultrasound wave.

The degradation of HPG occurred by Fenton oxidation, the COD
removal rate was 82.86 %. This is due to hydrogen peroxide interacting
with ferrous and ferric ions in acidic solutions to produce reactive rad-
icals such as "OH/"OOH according to Egs. (12) and (13). The reactive
radicals oxidize HPG to produce carbon dioxide and water [36].

Fe’* + H,0, + H  »Fe*" + ¢ OH + H,0 12)

Fe’* + H,0,—Fe’*" + ¢ OOH +H" (13)

Furthermore, the best COD removal result of HPG was received
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Fig. 2. The performance of various processes in the intrinsic viscosity removal and COD removal from HPG (Experimental conditions: pH = 3.0; Temperature = 35
°C; H,0, concentration = 100 mM, Fe?>" concentration = 5 mM, US power = 360 W and treatment time = 60 min).

under US/Fenton treatment, and the COD removal rate was 90.84 %. It
showed that there were positive synergistic effects between ultrasound
and Fenton. In the traditional Fenton reaction, Fe>* was formed ac-
cording to Eq. (13), and it will react with HyO, and produce a complex
intermediate (Fe-02H2+) according to Eq. (14). Although Fe-OgHzJr can
be decomposed to Fe2* and ‘OOH spontaneously, the decomposition rate
is much smaller. However, combined with the US, the decomposition
rate of Fe—OzH2+ can be greatly enhanced (Eq. (15)) [37]. Once the Fe?*
was isolated, it reacted with HyO5 and produced ‘OH again, then a
cycling mechanism was established. Hence, more ‘OH can be formed
rapidly in the process of US/Fenton and then the best degradation result
of HPG was achieved. Meanwhile, the oxygen decomposed by HyO9
produces a large number of microbubbles, which can be used as cavi-
tation bubbles of ultrasonic cavitation to enhance the ultrasonic cavi-
tation effect.

Fé** +H,0,—»Fe — O,H*" + H* a4

Fe — O,H** + >Fe*™ + OOH (15)

To sum up, to better study the degradation effect of ultrasonic/
Fenton and further explore its application prospect and research value,
this study explored the effect of different operating parameters on COD
removal rate based on the US/Fenton treatment.

To further confirm the synergistic effect of degradation of HPG in
sono-Fenton system, the synergistic index was calculated as the ratio of
rate constant obtained at optimized loading in combined process to the
addition of rate constants obtained in the individual process, as repre-
sented below:

k()b.xA+B+C

_ B (16)
f kobsa =+ Kobss + Kovsc

Where kobsa-+B-+C> Kobsa, Kobsg and kopsc are the observed rate constants
(minfl) of system A + B + C, system A, system B, system C, respectively.

According to the above formula, the synergistic indexes of US/Fe?",
US/H204, Fe2+/H202 and US/ Fez+/H202 were 1.83, 2.11, 16.43 and
20.45, respectively. The extreme high f (20.45) demonstrates the
extreme strong synergistic effect of degradation of HPG in US/Fe?t/
H»0, system.

3.2. Effects of important parameters on the degradation of HPG

3.2.1. Effect of reaction time

Fig. 3 illustrates the COD removal rate of HPG at different reaction
times when H205 concentration was 100 mM, FeSO4 concentration was
5 mM, pH was 3.0, temperature was 35 °C and ultrasonic power was 360
W. It was observed that the COD removal rate of HPG increased rapidly

100

N

CODremova]/%
&
1

20

i

30 40 50 60 70

Reaction time/min

Fig. 3. The effect of reaction time on the COD removal rate of HPG (Experimental conditions: pH = 3.0, Temperature = 35 °C, H,O, concentration = 100 mM, Fe?*

concentration = 5 mM and US power = 360 W).
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to reach 47.15 % during the first 5 min, 83.23 % at 30 min, and then
increased slowly to 90.84 % in 60 min, respectively. It means that
organic materials were rapidly degraded by sono-Fenton reaction. Most
organic removals occurred in the first 30 min. After 30 min, the change
in residual COD became insignificant. More foam was observed on the
top layer of HPG solutions as the oxidation proceeded. This was evi-
dence of carbon dioxide formation. In another study, different re-
searchers observed a similar trend in the removal of a wide range of
pollutants such as polyacrylamide (PAM) [61] and extracellular poly-
meric substances (EPS) [62]. It means that the trend of the degradation
of polymers by sono-Fenton is quite consistent over time, which provides
a good basis for the study of kinetics.

Residual ferrous iron and hydrogen peroxide was measured during
Fenton reaction, and the results are shown in Fig. 4. It can be seen that
most of the Fenton’s reagent was consumed in the first 10 min. Residual
ferrous iron and hydrogen peroxide decreased from 5 mM to approxi-
mately 1.02 mM, and 100 mM to approximately 10.85 mM, respectively.
It means that there was a violent chemical reaction in the whole sono-
Fenton reaction system in the first 10 min. During this period, a great
deal of ‘OH radical was generated to oxidize HPG, meanwhile, the
structure of HPG was changed and a multitude of reaction intermediates
was produced. The COD removal rate of HPG was relatively large within
30 min. It seems that the chemical reaction continued rapidly during this
period, and HPG was oxidized to carbon dioxide, water, and other
inorganic substances. However, after 30 min, due to the small amount of
H20, remaining, the COD removal rate of HPG rate was stabilized.
During this period, the degradation efficiency was weakened, although
the chemical reaction was still going on.

Based on the results, the reaction time for the sono-Fenton treatment
was determined to be 30 min for further experiments.

3.2.2. Effect of the H202 concentration

In the US/Fenton system, hydrogen peroxide as the dominant source
of ‘'OH has always been a critical parameter [63]. The COD removal rate
of HPG at different concentrations of HO2 (0-120 mM) was investigated
at reaction time of 30 min, temperature of 35 °C, FeSO4 concentration of
5 mM, pH of 3.0, and US power of 360 W and obtained results are
depicted in Fig. 5. It was observed that the COD removal rate increased
from 5.84 % to 83.23 % as a consequence of increasing the HyO5 con-
centration from 0 mM to 100 mM, respectively. It means that the COD
removal rate of HPG increases with the increase of H,O, dosage in a
certain range, and that the results were consistent with the previous
studies about degradation of HPG using sono-Fenton reactions [64]. It is
evident that hydrogen peroxide interacts with ferrous and ferric ions in
acidic solutions to produce reactive radicals such as "OH according to
Egs. (17) and (18). Another reason for the results may be that the in-
crease of HyO» concentration will continuously reduce the surface
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Fig. 5. The effect of H;O, concentration on the COD removal rate of HPG
(Experimental conditions: pH = 3.0, Temperature = 35 °C, Fe>" concentration
= 5 mM, US power = 360 W and Reaction time = 30 min).

tension of the liquid, thus reducing the ultrasonic cavitation threshold,
generating more cavitation events and promoting the generation of
hydroxyl radicals according to Eq. (9) [65]. However, it should be noted
that further increase in the concentration of HoO- causes a decrease in
the COD removal rate, the COD removal rate decreased from 83.23 % to
80.95 % as a consequence of increasing the HyO, concentration from
100 mM to 120 mM. This can be explained because excess HoO, may act
as a scavenger for ‘OH resulting in the generation of hydroperoxy radi-
cals (Eq. (16)) that are less reactive than the hydroxyl radicals [57]. At
these higher HyO» concentrations, hydroxyl radicals react with the
peroxide in preference to the HPG so the degradation rate is reduced.

HO,-+-OH—H,0 + 0, (18)

Therefore, based on both cost and degradation efficiency, 80 mM was
selected as an optimum concentration of H,O; for the COD removal rate
of HPG by US/Fenton system. It is notable that the concentration of
hydrogen peroxide (80 mM) used here was lower than that used in
previously published studies (500 mM) [64], which indicates that ul-
trasound may be applied at lower concentration than previously sug-
gested and is very useful in minimizing the amount of reagent necessary
for HPG treatment.

Fe?* concentration/(mmoL-L™")

0 5 10 15 20 25 30 35

Reaction time/min

Fig. 4. (a) H,0, concentration change diagram; (b) Fe>"concentration change diagram (Experimental conditions: pH = 3.0, Temperature = 35 °C, H,0, concen-

tration = 100 mM, Fe?" concentration = 5 mM and US power = 360 W).
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3.2.3. Effect of Fe** concentration

Fe" concentration is one of the crucial operating parameters that
determine the treatment efficiency and operating costs of the sono-
Fenton process. Fig. 6 shows the influence of Fe?* concentration on
the COD removal rate of HPG by sono-Fenton. It was observed that the
degradation of HPG was significantly influenced by Fe?" concentration
and distinctly increased with the increasing amount of Fe?*. The COD
removal rate increased from 5.84 % to 82.27 % as a consequence of
increasing Fe* dosage from 0 to 9 mM. This is because Fe?* acts as a
catalyst and initiates the decomposition of HyO5 to produce the reactive
‘OH radical according to Egs. (12) and (13). More "OH radicals were
generated with the increase of Fe?! concentration, thereby increasing
the efficiency of COD removal [36]. However, the COD removal rate
decreased from 82.27 % to 79.07 % as a consequence of increasing Fe?*
dosage from 9 to 13 mM. This is because a greater concentration of Fe>*
can cause the recombination of radical ‘OH, resulting in the reduction of
COD removal efficiency, the excess Fe?" reacts with the 'OH radical
functioning as a scavenger according to Eq. (19) [66]. In contrast to
Zhang’s Fenton degradation of hydrolyzed polyacrylamide [67], the
present manuscript reduced the range of Fe?' concentration. It is
notable that the concentration of Fe®™ (37.5 mM) used in Lei’s study was
higher than that in this manuscript. However, the high concentration of
Fe?" would cause the recombination of hydroxyl radicals and produce
more sludge pollutants.

Fe’* + ¢ OH—Fe’" + OH™ (19)

In industrial applications, to reduce the production of sludge from
iron complex and acquire the maximum COD removal efficiency, it is
desirable that the amount of iron used must be optimum. Therefore, 5
mM of Fe?" concentration was selected as an optimum dosage for the
degradation of HPG by US/Fenton.

3.2.4. Effect of the ultrasonic power

To make a clear description of the effect of ultrasound irradiation on
the degradation of HPG by sono-Fenton, a series of experiments were
carried out at different ultrasonic power (0-540 W), and the results are
shown in Fig. 7. It can be seen that the COD removal rate increased from
73.74 % to 80.79 % as a consequence of increasing ultrasonic power
from O to 180 W. It means that the ultrasound further enhances the
Fenton process in degrading HPG. This has commonly been reported in
sono-chemical systems [68]. The number of ultrasonic cavitation events
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Fig. 6. The effect of Fe>" concentration on the COD removal rate of HPG
(Experimental conditions: pH = 3.0, Temperature = 35 °C, H,O, concentration
= 80 mM, US power = 360 W and Reaction time = 30 min).
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Fig. 7. The effect of ultrasonic power on the COD removal rate of HPG
(Experimental conditions: pH = 3.0, Temperature = 35 °C, H,O, concentration
= 80 mM, Fe?" concentration = 5 mM and Reaction time = 30 min).

occurring in the sono-Fenton system increases with an increase in the
ultrasonic power [69], and the increase of cavitation events would
enhance the mechanical shear force generated by the collapse of cavi-
tation bubbles and increase the number of hydroxyl-free radicals, hence
the COD removal rate of HPG would also increase accordingly. However,
it can be observed that the COD removal rate of HPG stabilized after the
ultrasonic power exceeded 180 W. It could be assumed that there were
two fundamental factors contributing to this phenomenon. It can be
suggested that as the number of cavitation bubbles will gradually in-
crease with the increase of power, cavitation bubbles would be “exces-
sive” after reaching a certain degree. These excessive cavitation bubbles
would make the sound wave reflected to the emitter or scattered to the
container wall, resulting in the air screen effect, which will have a
certain effect on the degradation process [70]. Another reason for the
phenomenon may be the high heat and high pressure (5000 K, 100 MPa)
generated instantaneously by the ultrasonic cavitation bubble
collapsing, leading to the decomposition of hydrogen peroxide, which
cannot fully react with Fe®* [71]. And hence, "OH free radical genera-
tion is reduced, which limits the COD removal rate effect of HPG. In
contrast to Amrutlal ultrasonic degradation of guar gum [72], ultrasonic
power was not the most important parameter in guar gum degradation
using sono-Fenton process, ultrasound functioned to enhance the Fenton
process. A low intensity of ultrasonic energy was sufficient to achieve
the rapid breaking of molecular chains, but has little effect on the
reduction of COD. Hence, the study shows that ultrasound only acts as an
auxiliary means in the process of sono-Fenton process, and the COD
removal of HPG mainly relies on Fenton reaction. Therefore, the ultra-
sonic power of 180 W is the optimum reaction condition to both save
energy and increase the degradation efficiency.

3.2.5. Effect of initial pH

The initial pH of the solution is one of the most critical factors
influencing Fe?" concentrations and the production of ‘OH radical in the
sono-Fenton system [73]. The effect of the initial pH on the degradation
of HPG by sono-Fenton was investigated and the results are shown in
Fig. 8. It was observed that the COD removal rate of HPG solution was
significantly influenced by the initial pH and the highest degradation
efficiency was achieved at pH 2.5. The COD removal efficiency increased
from 67.31 % to 81.18 % as a consequence of the pH decreasing from 6.0
to 2.5. It is conceivable that the acidic pH is beneficial for the degra-
dation of HPG. Ozkan et, al. [57] have also reported the oxidation
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Fig. 8. The effect of ultrasonic power on the COD removal rate of HPG
(Experimental conditions: Temperature = 35 °C, H,0, concentration = 80 mM,
Fe?* concentration = 5 mM, ultrasonic power = 180 W and Reaction time =
30 min).

potential of "OH/H50 decreased from 2.59 to 1.65 V vs standard
hydrogen electrode (SHE) with increasing the pH from 0 to 14. However,
lower pH was not always better, decreasing the pH from 2.5 to 2.0 will
make the COD removal rate efficiency decrease from 81.18 % to 61.06
%. When pH < 2.5, the excess H' reacts with the ‘OH radical functioning
as a scavenger according to Eq. (20). In addition, Hydrogen peroxide
could capture H" and form an oxonium ion (H303) at the lower pH
according to Eq. (21), H303 would make hydrogen peroxide electro-
philic and enhance its stability, which potentially reduces the reactivity
of hydrogen peroxide reaction with ferrous ions[37].When pH > 4.0,
Fe?"/Fe3" would precipitate in the formation of hydroxide which
cannot fully catalyze HyO- reaction to generate ‘OH radical, resulting in
the degradation efficiency decrease. Another contributing factor may be
the decrease of the oxidation potential of "OH in the higher pH resulting
in the decrease of COD removal rate efficiency. In contrast to Nannan
ultrasonic degradation of polyacrylamide [61], the pH range of HPG
degraded by ultrasound-Fenton in this paper was larger, and the COD
removal rate still maintained a higher range when the pH reached 6.
When pH of the HPG solution treated by ultrasound-Fenton was
measured, it was found that the pH value of the solution dropped from 6
to about 2.5, indicating that the sono-Fenton treatment of HPG produces
H™, which changes the initial pH value. Therefore, sono-Fenton degra-
dation has no strict selectivity for pH value. It is beneficial for ultrasonic
treatment of waste liquid with wide pH range. The COD removal rate of
HPG difference between pH 3.0 and pH 2.5 was only 0.39 %, hence the
optimum pH should be 3.0 in terms of cost-effectiveness for practical
applications.

H' +-OH +e¢ —H,0 (20)
H,0, +H'—H;0; 21D

3.2.6. Effect of temperature

We explored the effect of temperature on the degradation of HPG in
the sono-Fenton system since it was considered a crucial factor to
regulate the reaction rate in chemical processes, and the findings are
illustrated in Fig. 9. The results showed that the degradation of HPG
increased with the increase of temperature. The COD removal rate of
HPG increased from 16.98 % to 82.30 % as a consequence of increasing
the temperature from 5 °C to 45 °C within 30 min. It could be speculated
that the temperature was critical to the reaction rate and it influenced
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Fig. 9. The effect of ultrasonic power on the COD removal rate of HPG
(Experimental conditions: pH = 3.0, H,O, concentration = 80 mM, Fe?" con-
centration = 5 mM, ultrasonic power = 180 W and Reaction time = 30 min).

the degradation efficiency greatly. On the one hand, the rate of the redox
reaction could be accelerated by increasing the temperature. So, in the
sono-Fenton system, the higher the temperature is, the faster the reac-
tion rate is between hydrogen peroxide and ferrous iron, thereby
increasing the rate generation of ‘OH radical as well as the degradation
rate of HPG [74]. On the other hand, the surface tension of water de-
creases with the temperature. According to Eq. (22) [75], the decrease of
surface tension will reduce the energy barrier for nucleation, which is
conducive to the generation of more cavitation bubbles. Therefore, the
increase in temperature would strengthen the ultrasonic cavitation re-
action and produce more ‘OH within a certain temperature range.
However, there was a remarkable decline in the degradation efficiency
when the temperature continued to rise to 55 °C. For this reason,
excessively high temperatures can result in the precipitation of ferrous
iron and self-decomposition of H,O5 [76], which would reduce the sono-
Fenton reaction rate and the degradation efficiency of HPG. Moreover,
higher temperature is likely to facilitate bubble formation due to an
increase of the equilibrium vapor pressure in the sono-Fenton system.
Nevertheless, bubbles with more vapors would buffer the implosion
process. Thus, the maximum temperature upon bubble collapse will
decrease, which reduces the cavitation effect and lowers the rate of
chemical reaction [77]. Different from previous studies [78], this study
has a higher requirement on temperature, and the COD removal rate was
only 16.98 % when the temperature was 5°C. The COD removal rate of
HPG difference between temperature 35 °C and temperature 45 °C was
only 1.15 %, hence the optimum temperature should be 35 °C in terms of
cost-effectiveness for practical applications.

_ 16706°

3p? (22)

Where, E is the energy barrier against nucleation, ¢ is the macroscopic
surface tension of the solution, and P is a negative pressure in the liquid
solution.

3.3. Kinetic studies

Kinetic study on degradation of HPG was investigated using sono-
Fenton system under optimum conditions above. In the study, the ki-
netic model derived by Chan et al. [79] was used to simulate the reaction
kinetics. The kinetic equation is given as follows:
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C t

i 23
Cy (m + hl‘) ( )

where Cy is the initial concentration of HPG (mg/L); C is the concen-
tration at time (t) (mg/L); m and b are the two dimensionless charac-
teristic constants of the model relating to the initial removal rate and
maximum oxidation capacities, respectively.

Since various initial concentrations of HPG had different COD, which
showed a linear relationship, COD was used to replace the concentration
of the above kinetic model. The adjusted kinetic model is as follows:

cop _, ¢
CODy ~ ‘m+bt

) (24)

where CODy is the initial COD of HPG (mg/L); C is the COD at the time (t)
(mg/L).
Eq. (24) can be linearized to obtain Eq. (25):

t
CcoD

coD,

=m+ bt (25)

The sono-Fenton reaction kinetics under optimal conditions was
described by drawing the relation between t /(1-COD/CODy) and t,
where m and b are intercept and slope, and the results are illustrated in
Fig. 10. It was observed that the degradation of HPG followed strictly to
two-stage reaction kinetics (R? > 0.99). Meanwhile, first-order, second-
order, and Chan kinetic models were used to simulate the degradation of
HPG by sono-Fenton system under optimal conditions, and the com-
parison results are shown in Table 1. According to the results, the
degradation of HPG by sono-Fenton process correlated closer to the
Chan kinetic models (R% > 0.99) but less close to first-order kinetics (R?
= 0.6863) based on comparing R%. And hence, it was concluded that the
two-stage kinetic model was suitable for the degradation of hydrophilic
HPG in sono-Fenton processes.

3.4. Intermediates analysis

The degradation products of HPG treated by sono-Fenton for 10 min,
20 min, and 30 min were characterized by GC-MS, and the results
showed that several intermediate peaks appeared after 10 min degra-
dation, while the peaks for either HPG or its degradation intermediates
were weakened nearly 10-fold after 20 min and 30 min. It indicates that
not only HPG but also the intermediates products could be degraded
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Fig. 10. Relationship between t/(1 — C/Cp) and oxidation time t in sono-
Fenton processes under optimum conditions(Experimental conditions: pH =
3.0, temperature = 35 °C, H,O, concentration = 80 mM, Fe?" concentration =
5 mM, ultrasonic power = 180 W and Reaction time = 30 min).
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Table 1

The equations and R? of the kinetic models.
Reaction order The linearized reaction equation R?
First InC = InCy — kt 0.6863
Second 1/C=1/Cy + kt 0.8947
Chan Kinetic Model t/(1 — C/Cy) =m + bt 0.9989

efficiently in sono-Fenton process.

According to the molecular ion mass and MS/MS fragmentation
patterns, the molecular structure of each identified product was pro-
posed by comparing the MS data with the highest matching degree given
by the NIST atlas library. Based on the product analysis, possible
degradation pathways are also proposed as represented in Fig. 11.

It was speculated that the degradation process of HPG was mainly
divided into two steps, the first step was the chain breaking process of
HPG, the second step was the small molecular chain oxidation process.
Under the action of ultrasonic cavitation of hydroxypropyl guar gum,
the a-1,6 glycoside bond and p-1,4 glycoside bond break first, which
degraded HPG from polymer to small molecule six-membered ring
compound. When the degradation of HPG main chain reached a certain
extent, C—C bonds such as Cy, C3, C4 and Cg on the main chain begin to
break. As the reaction continues, these ring structures were gradually
degraded to produce structural fragments with correspondingly smaller
molecular weights. Subsequently, two possible degradation pathways
could be concluded to initiate the degradation of these structural frag-
ments as a result of the attack by ultrasonic cavitation and "OH radicals.
The first possible pathway was that these small molecular structure
fragments were converted into aromatic compounds, including naph-
thalene, dimethyl phthalate, 1,2,3,4-tetrahydro-naphthalene were
observed in treated HPG in detectable amounts, which have a benzene
ring in their structure. Subsequently, the benzene ring was attacked by
‘OH and gradually degraded into smaller units, such as 1,2,3-trimethyl-
benzene, 1-ethyl-4-methyl-benzene and 1-ethyl-4-methyl-benzene. The
second possible pathway was that these small molecular structure
fragments were converted into aliphatic compounds, including hex-
adecane, tridecane, dodecane, undecane, decane and nonane. Subse-
quently, the carbon chain fatty alcohol was attacked by ‘OH and
gradually degraded into smaller units. However, identification of all
developed intermediates is not possible, because of their slight accu-
mulation and the limitations associated with the GC-MS analytical
technique. Hence, most of unknown intermediates were gradually
mineralized into CO2 and Hy0 by oxidation of ‘OH radicals. It is
noticeable that sono-Fenton system provides a favorable condition for
discharging studied fracture flowback fluid in terms of environmental
standards and legislation. According to the results, sono-Fenton process
can be applied as a promising advanced treatment approach for effective
treatment of refractory fracture flowback fluid.

3.5. Scavenging effect and mechanism research

To elucidate HPG degradation mainly caused by pyrolysis or radical
oxidation in the sono-Fenton system, n-butanol, EDTA-2Na, and BQ
were used to scavenge hydroxyl radicals in sono-Fenton system under
optimum conditions above. The employed scavengers were n-butanol,
EDTA-2Na, and BQ for "OH, H™, and O3 ; respectively [80]. A removal
efficiency of 83.23 % was also obtained, since the reaction could be
completed in the absence of any scavenger. The removal efficiency,
however, declined to 5.07 %, 54.24 %, and 45.27 % in the presence of n-
butanol, EDTA-2Na, and BQ, respectively (Fig. 12). It was observed that
various impacts of the decomposition rate by addition of scavengers had
followed the order of EDTA-2Na < BQ < t-BuOH. So, the main mecha-
nism of HPG in the sono-Fenton system was not the high-temperature
pyrolysis in the cavitation bubbles, nor the mechanical shear force,
but the oxidation reaction of "OH radical.

Regarding the results of quenching tests, a possible mechanism for
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Fig. 11. Proposed pathways of HPG degradation based on GC-MS analysis.
HPG degradation over sono-Fenton system was pointed out in Fig. 13.

The proposed pathways of HPG degradation in the sono-Fenton system
are briefly summarized as follows.

(2) Degradation mechanism of organic compounds in traditional
homogeneous Fenton system. In the liquid region, hydrogen
peroxide interacts with ferrous and ferric ions in acidic solutions
to produce reactive radicals such as "OH/"OOH according to Egs.

(1) Cavitation bubbles will undergo collapse and expansion in the (5) and (6). The reactive radicals oxidize HPG to produce carbon

oscillating pressure field, and implode when the bubbles reach
unstable size. During the bubbles collapse, high temperature
causes the decomposition of water and oxygen molecules in the
bubbles to generate a variety of oxides, such as’OH, H,05, ‘H, ‘O
(Egs. (1)-(3)) [81]. Most of "OH and 'H recombine in the interior
region, and the rest of ‘OH are diffused to the gas-liquid interface
region, where they will recombine to HyO3 or react with HPG.

10

dioxide and water (Eq. (7)).

(3) The synergistic mechanism of ultrasound and Fenton is as fol-

lows: the strong shear force generated by the implosion of cavi-
tation bubbles would promote the decomposition of HyO, in
Fenton system to produce oxygen. Oxygen could be used as a
cavitation bubble of ultrasonic cavitation to enhance the ultra-
sonic cavitation effect. Furthermore, ultrasound could improve
the decomposition rate of Fe-O,H?* and establish a cycling
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Fig. 12. Effect of different scavengers on HPG degradation at optimum con-
ditions (Experimental conditions: pH = 3.0, temperature = 39 °C, H,0, con-
centration = 87 mM, Fe?* concentration = 6 mM, ultrasonic power = 180 W,
scavenger = 5 mM and reaction time = 30 min).

mechanism of continuous generation of “OH, to obtain a better
degradation effect of HPG. In addition, the shear force generated
by ultrasonic cavitation is conducive to the chain breaking of
HPG into small molecules, thus increasing the surface area of
pollutants and making them better contact with ‘OH produced by
Fenton reaction, to be degraded into CO, and water.

3.6. Treatment of simulated fracture flowback fluid

In order to verify the field application of the sono-Fenton system on
fracturing flowback fluid, this manuscript prepared a simulated frac-
turing flowback fluid with seawater from the Yellow Sea as the solvent.
The COD value was determined to be 25802.80 mg/L, and the COD value
was 675.21 mg/L after 40 times dilution. Study on degradation of
diluted fracture flowback fluid was carried out using sono-Fenton sys-
tem under optimum conditions above. The COD of the simulated frac-
turing flowback fluid decreased to 144.23 mg/L, 107.78 mg/L and
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80.83 mg/L, respectively, after degradation for 30 min, 45 min and 60
min, indicating that the seawater based fracturing flowback treated by
this system under the optimal conditions could fully meet the marine
sewage discharge standards.

3.7. Energy consumption

The energy consumption is mainly electric energy, which comes from
the constant temperature water bath and ultrasonic generator. Thus, the
energy consumption based on sono-Fenton system was found to be 0.83
kW/h under optimum condition such as the pH of 3.0, the H,O5 con-
centration of 80 mM, the Fe?* concentration of 5 mM, the ultrasonic
power of 180 W, the ultrasonic frequency of 20-25 kHz, the temperature
of 39 °C and the reaction time of 30 min.

4. Conclusion

This study shows that there are positive synergistic effects between
ultrasound and Fenton. Results of quenching test shows that ‘OH radicals
have a dominant role in destructing the HPG. Based on a kinetic study, it
is concluded that Chan Kinetic Model is more appropriate to describe the
degradation of HPG. Finally, GC-MS is used for the identification of
some degradation intermediates, and the results shows that the in-
termediates contain a large number of aromatic compounds with ben-
zene rings and aliphatic compounds.

The results obtained from the present study indicates that the ho-
mogeneous sono-Fenton process can be used effectively for removing
HPG from fracture flowback fluid. However, sono-Fenton treatment
technology still has some limitations. Its main disadvantage is to control
pH to prevent Fe(OH)s precipitation. Heterogeneous catalysts (magne-
tite, hematite, and pyrite) can be used to overcome the problems of the
sono-Fenton process.
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