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a b s t r a c t
As the development of tight gas fields enters the stable production stage, condensate oil forms a com-
plex oil–water emulsifying system under the action of bubble drainage agent, corrosion inhibitor, 
hydrate inhibitor, and other additives to increase and stabilize production, as well as the formation 
of particulate matter. A new demulsification and flocculation agent suitable for condensate emul-
sifying system is developed to make the system unstable and the oil beads coalesce. In this paper, 
a polyether–quaternary ammonium salt reverse demulsifier (PPA) was synthesized by grafting a 
cationic group onto a five-membered block polyether X-75. A new type of demulsification–floccu-
lation agent (CQ) was obtained through the complex modification of PPA and inorganic coagulant 
polyaluminum ferric chloride. Fourier-transform infrared spectroscopy, X-ray photoelectron spec-
troscopy, and gel chromatograph were used to characterize the group and molecular structure. The 
reaction parameters were optimized by single-factor experiment and the response surface method, 
and the demulsification–flocculation mechanism was determined by zeta potential, interfacial ten-
sion, and fractal dimension. Results showed the PPA demulsifier has active groups (block poly-
ether) and cationic groups (polyquaternary ammonium salt) at the oil–water interface at the same 
time and can play a synergistic role between them. Single-factor experiment and response surface 
optimization showed CQ concentration and temperature were key factors affecting the demulsifi-
cation–flocculation effect. When CQ concentration was 547 mg/L, settling temperature was 27.9°C 
and PPA accounted for 71%. After settling for 30 min, the oil content and the concentration of total 
suspended solids (TSS) in the water decreased to 21.26 and 7.0 mg/L, respectively, which met the 
water quality requirements of reinjection (oil content  ≤  30  mg/L, TSS concentration  ≤  15  mg/L). 
By neutralizing and displacing active substances at the oil–water interface and sweeping by net 
trapping, CQ can coagulate oil beads and suspended particles to form large flocs and realize the 
efficient separation of oil beads, suspended particles, and water.

Keywords: �Flocculation; Demulsification; Electro neutralization; Net trapping; Polyether–
polyquaternium copolymer; Compounding; Tight gas produced water
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1. Introduction

Tight gas is an unconventional natural gas produced 
in low-permeability tight sandstone reservoirs and is the 
first unconventional natural gas resource to be exploited 
industrially [1]. China is rich in tight gas resources, with 
proven reserves reaching 4 × 1012 m3 and tight gas produc-
tion accounting for 70.1% of the total unconventional gas 
production in 2018, which has become one of the important 
energy replacement types for conventional natural gas [2]. 
Several tight gas fields, represented by Surig and Daniudi in 
the Ordos Basin and Sujiahe in the western Sichuan Basin, 
have been placed into large-scale development, driving 
the rapid development of tight gas in China [3,4].

During tight gas extraction, a large amount of tight gas 
produced water (TPW) is generated due to the return of 
fracturing fluid and the intrusion of formation water. An 
estimated 5.70 × 108 m3 of TPW is produced annually in the 
United States due to unconventional gas extraction [1,5], 
and the average water content of a horizontal well in an 
area of the Daniudi gas field in China is 5.65 m3/d, with an 
average water-to-gas ratio of 6.5  m3/104  m3 [4]. Therefore, 
TPW accounts for the largest volume of byproducts in 
tight gas extraction [6], and its composition depends on the 
structure of fracturing fluid and formation water and the 
reservoir properties [7]. The composition of TPW is com-
plex, depends on the structure of fracturing fluid and for-
mation water and the nature of gas reservoir, and is char-
acterized by complex composition, highly variable main 
water quality monitoring indicators in time and space, high 
mineralization, and generally high suspended matter con-
tent and chemical oxygen demand [7–9]. In addition, the 
extraction of many domestic and foreign natural gas res-
ervoirs is accompanied by a certain amount of liquid oil, 
called condensate, which is caused by the reduction of 
reservoir pressure to below the dew point pressure [10]. 
As the gas field development enters the stable produc-
tion stage, various production enhancement agents, such 
as foam drainage agents, corrosion inhibitors, hydrate 
inhibitors, and other agents are used to ensure the recov-
ery of natural gas, thus making the polymeric organic 
matter in TPW gradually increase, while the condensate 
may be emulsified under the action of various production 
enhancement and stabilization agents and particulate mat-
ter formation [11,12]. Together with the strong shear and 
gas–liquid velocity difference generated at the mechanical 
throttle, bend, and valve leading to the strong mixing of 
water and oil, TPW forms a stable oil-in-water (O/W) emul-
sion system, which is one of the most challenging indus-
trial wastewater at present, thus necessitating the search 
for economically efficient treatment solutions for the sus-
tainable development of this fast-growing unconventional  
energy source.

Conventional methods for treating TPW include single 
or combined methods such as demulsification, coagula-
tion/flocculation, dissolved air flotation, membrane separa-
tion, biological treatment, and oxidation [13,14]. Chemical 
demulsification, which is suitable for the treatment of 
large volume of produced water and has the advantages 
of simple operation, great treatment effect, and low cost, 
is a common wastewater treatment in the oil and gas field 

industry and is often used as a pretreatment for emulsified 
oil in TPW to reduce the difficulty of subsequent treatment 
[15]. Studies have shown O/W emulsions are stabilized 
by the double-layer repulsion between droplets, whereas 
reverse demulsifiers are a class of water-soluble demulsi-
fiers that can effectively neutralize the negative charge on 
the surface of droplets in O/W emulsions, thus promot-
ing flocculation and agglomeration of oil droplets [16,17]. 
Common reverse demulsification include polyquaternium, 
polyether–polyquaternium copolymer (PPA), polyacrylates, 
ethylene oxide–propylene oxide polyether block copolymer, 
dendrimers, and other types [18–20]. In comparison, PPA 
can bring into play the strong affinity, low surface tension, 
and high chemical stability of polyether demulsification 
for oil–water interfacial films and the excellent electrical 
neutralization performance of quaternary ammonium cat-
ionic demulsification, thus further improving the reverse 
demulsification efficiency [21]. Duan et al. [22] prepared a 
new reverse demulsifier (PDMP) by copolymerizing block 
polyether macromonomer (PEP-65) and dimethyl diallyl 
ammonium chloride, and the oil removal effect of PDMP on 
O/W emulsion was more than three times that of commercial 
reverse demulsifiers. Compared with poly(dimethyl diallyl 
ammonium chloride) (PDADMAC) synthesized under the 
same conditions, the oil–water interfacial partition coeffi-
cients of PDMP were higher than those of PDADMAC at dif-
ferent water–oil ratios, which was attributed to the presence 
of hydrophobic PEP-65 graft in PDMP, resulting in better 
amphiphilicity of PDMP than PDADMAC and better inter-
facial activity. Sun et al. [17] prepared demulsifier PPA for 
the demulsification of simulated O/W emulsions, and the oil 
content of the simulated extracted fluid could be reduced 
from 500 to 97.0  mg/L at a dosing rate of 110  mg/L, with 
an oil removal rate of 80.6%, which was much higher than 
that of 65.9% for commercial S-01 demulsification under 
the same conditions. This remarkable demulsification effi-
ciency was attributed to its ability to reduce interfacial ten-
sion (IFT), decrease interfacial film thickness, reduce elastic 
modulus, and neutralize negative charge of interfacial film.

In addition, coagulation methods have been widely 
used for oily wastewater treatment and have proven to be 
cost effective. Inorganic salts of various high-valent metals 
or polymeric inorganic polymers, although with different 
mechanisms, compressed double layers, and charge neu-
tralization, are usually considered the main ones that can 
provide similar effects as reverse demulsifiers [15,23]. Zhai 
et al. [24] used polymerized ferric sulfate (PFS) and polym-
erized aluminum chloride (PAC) for the pretreatment of 
produced water from a gas field in Chongqing, China (ini-
tial oil content of 37.4 mg/L) and found that under optimal 
conditions, the oil removal rate of PFS (98.9%) was higher 
than that of PAC (95.3%). Sun et al. [25] prepared a com-
posite coagulant-polymerized ferric aluminosilicate (PAFS), 
which could treat high-concentration oily wastewater at 
5,000 mg/L under the condition of using PAM as coagulant 
aid; when the dosage of PAFS was 120  mg/L, the removal 
rates of chemical oxygen demand (COD) and oil by PAFS 
were 98.2% and 98.4%, respectively. However, inorganic 
coagulants still have defects such as low agglomeration effi-
ciency, high sensitivity to pH, and excessive concentration of 
residual metals in treated water, and the current application 
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is still highly restricted [15,26]. Therefore, more researchers 
are now focusing on the development of inorganic–organic 
composite agents to consider the charge neutralization, 
colloidal particle adsorption, and bridging effects of coag-
ulants and the strong ability of demulsification to destroy 
the emulsion layer to achieve the efficient removal of sus-
pended matter and condensate in TPW. For example, Yang et 
al. [27] prepared a new high-efficiency wastewater treatment 
agent (YL-7) by compounding demulsifier (LY), flocculant 
(PDMDAAC), and coagulant (PAC) at the ratio of 10:3:3 by 
mass concentration. The optimum experimental conditions 
were YL-7 dosage of 320 mg/L, settling temperature of 50°C, 
and settling time of 90  min. Under these conditions, the 
oil content of the extracted water was reduced from 728.8 
to 23.7 mg/L, and the oil removal efficiency reached 96.7%. 
The price of the inorganic coagulant is much lower than 
that of the reverse demulsifier, and the use of coagulant to 
replace reverse demulsifier partially can also significantly 
reduce the treatment cost.

In this paper, a multi-branching PPA demulsifier was 
synthesized and compounded with an inorganic coagulant 
for the treatment of actual TPW, followed by the optimization 
of the optimal treatment conditions using response surface 
methodology (RSM) and the evaluation of the adaptability 
of the compound. Finally, the demulsification–flocculation 
mechanism was proposed by means of IFT, zeta potential, 
and fractal dimension. The aim of this paper is to develop 
an efficient, low-cost compound PPA demulsifier to provide 
a technical basis for the pretreatment of oil-bearing pro-
duced water from gas fields.

2. Materials and methods

2.1. TPW sample

The characteristics of TPW vary by well location and 
completion practice [28]. In this paper, the TPW sample was 
obtained from a three-phase separator at the Number 3 Gas 
Production Plant, Changqing Gas Field, Inner Mongolia 
Autonomous Region (China). The collected gas wells had 
been operated for more than 1  y. The water samples were 
stored in the laboratory at room temperature, and the exper-
iments were completed within about three months to avoid 
significant changes in the properties of the samples during 
storage. Table 1 lists the water quality indicators of TPW.

2.2. Chemicals

The five-membered block polyether X-75 was syn-
thesized by our group based on the previous research. 
Polyaluminum ferric chloride (PAFC) was purchased from 
Henan Shiyuan Water Purification One-stop Service Center, 
China. Phosphorus tribromide (99%), chloroform (AR), N,N-
dimethyldodecylamine, and other drugs were purchased 
from Shanghai Maclean Biochemical Technology Co. All 
reagents were used directly without further purification 
treatment.

2.3. Synthesis of PPA and CQ

First, 10.0  g of the five-membered block polyether 
demulsifier X-75 was placed in 100 mL of chloroform, and 

50  mL of phosphorus tribromide in chloroform solution 
(10  mol/L) was added dropwise at 5°C in a water bath. 
Next, the reaction temperature was gradually increased to 
60°C, and the reaction was refluxed for 150 min. After the 
reaction system was cooled to room temperature, 50 mL of 
aqueous sodium hydroxide solution with a concentration 
of 30 mol/L was added and left to stratify, the lower layer 
was separated and dried with anhydrous sodium sulfate, 
and the solvent was evaporated under reduced pressure 
to 2  kPa. The product was then reacted with 0.5  mol of 
dodecyl dimethyl tertiary amine in 100  mL of anhydrous 
ethanol in an oil bath at 80°C for 4 d, and the solvent was 
evaporated under reduced pressure to obtain polyether–
polyquaternium copolymer PPA.

Next, the prepared PPA demulsifier was dissolved in 
water with PAFC, and the compound demulsifier CQ was 
prepared by heating and stirring in a water bath at 50°C for 
1 h. The ratios (w/w) of PPA and PAFC were adjusted to 5:0, 
4:1, 3:2, 1:1, 2:3, and 1:4, and the resulting products were 
expressed as CQ (100%), CQ (80%), CQ (60%), CQ (50%), 
CQ (40%), and CQ (20%), respectively.

2.4. Characterization

The prepared PPA demulsifier was characterized: The 
samples were ground together with KBr and pressed into 
thin flakes in a mold, and the functional groups of the mate-
rials were characterized by Fourier-transform infrared spec-
trophotometer (FTIR, Nicolet 6700, Thermo Fisher, USA) 
in the wave number range of 500−4,000  cm−1. The surface 
chemical composition and valence of PPA were character-
ized by X-ray photoelectron spectrometer (XPS, K-Alpha, 
Thermo Fisher, USA), the data were analyzed by Avantage 
software, and the peaks were calibrated at the C1s adsorp-
tion carbon C−C energy position of 284.8  eV. The relative 
molecular masses of the samples and their distributions were 
determined by gel permeation chromatography (PL-GPC-50, 

Table 1
Physiochemical characteristics of produced water

Parameter Value

pH 6.15
Total suspended solids (TSS), mg/L 185.5
Total dissolved solids (TDS), mg/L 38,327.58
Chemical oxygen demand (COD), mg/L 7,362.02
Total organic carbon (TOC), mg/L 1,150.03
Oil content, mg/L 72.63
Chromaticity, Times 256
Turbidity, NTU 157.82
K+, mg/L 233.25
Na+, mg/L 6,805.76
Ca2+, mg/L 6,747.87
Mg2+, mg/L 593.16
Cl–, mg/L 23,469.76
SO4

2−, mg/L 2.01
HCO3

−, mg/L 826.09
Fe3+, mg/L 3.58
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Polymer, UK), equipped with two columns, namely, Sho-
dexA803 and Sho-dexA805, with a relative molecular mass 
range of 580–7,500  Da, using a differential detector, with 
monodisperse. The measurement temperature was 35°C, and 
ultrapure water was used as the mobile phase with a flow 
rate of 1.0 mL/min.

The oil droplet size distribution of the TPW samples 
before and after breakage was determined using a digital 
microscope (DMS1000, Leica, Germany), the zeta potential 
of the dispersed oil droplets was determined by a Malvern 
laser particle size meter (Nano ZS, Mastersizer Micro, UK), 
and the oil–water IFT was measured by an IFT meter (K100, 
KRÜSS, Germany) and calculated by Eq. (1). The flocs gen-
erated during flocculation were captured using a floc mor-
phology analyzer (R-V1.0HIT, China), those with good imag-
ing effect were selected and analyzed by image analysis 
software, and the fractal dimension of the generated flocs 
was calculated by Eq. (2).

F D� �� 	 (1)

ln ln lnA D Pf� � � 	 (2)

where γ (mN/m) is the IFT, D (m) is the perimeter of the 
working platinum sheet, F (mN) is the separation force, 
A is the projected area of the floc particles, P is the projected 
perimeter, α is the proportionality constant, and Df is the 
fractal dimension of the floc in two dimensions.

2.5. Reverse demulsification tests

The demulsification–flocculation experiments were 
conducted in 500  mL beakers, and the 500  mL water sam-
ples were preheated in a constant-temperature water bath 
for 30 min before the start of the experiments. Next, a pre-
determined amount of PPA demulsifier or compound 
demulsifier was added to the TPW wastewater. The sam-
ples were stirred with a hexagonal stirrer at an initial fast 
speed of 400 rpm for 45 s to disperse the agents uniformly, 
stirred slowly at 50 rpm for 5 min, and then left for 25 min. 
Subsequently, the supernatant was collected from a depth 
of 3 cm below the water surface and used to measure resid-
ual oil concentration and turbidity. The effects of agent dos-
age, compounding ratio, temperature, and settling time on 
the effectiveness of TPW were investigated by controlling 
individual variables. All experiments were repeated two to 
three times to determine the average value.

The oil content in TPW before and after treatment was 
determined by taking a certain volume of TPW into a parti-
tion funnel, adding HCl (1:1) to adjust the pH of the waste-
water to <2, followed by adding petroleum ether (boiling 
range 30°C–60°C) several times and shaking thoroughly, 
combining the organic phases and drying with anhydrous 
Na2SO4, followed by measuring the absorbance at 210 nm on 
a UV-Vis spectrophotometer (TU-1900, China). Turbidity was 
evaluated according to China national standard GB/T 13200-
199 “Water Quality - Determination of Turbidity”, and oil 
content and the rates of change of turbidity before and after 
treatment were calculated by Eqs. (3) and (4), respectively.

C
E V
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�
�
�
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where C is the oil content (mg/L); E is the absorbance of 
the measured water sample; K is the absorbance coefficient 
(L/mg); VW and VO represent the volume of water sample and 
petroleum ether, respectively; R (%) is the removal rate of 
turbidity; A0 and A1 represent the turbidity of TPW before 
and after treatment, respectively.

2.6. Response surface method optimization experiment

The optimal response surface optimization of the demul-
sification–flocculation conditions was based on the Box–
Behnken central combination design principle [29]. Based 
on the results of the single-factor experiments, PPA per-
centage, temperature, and CQ concentration were selected 
as the three factors, and the three optimal levels initially 
derived from the single-factor experiments were chosen. 
The experiments were carried out according to software 
Design–Expert 12 design scheme, the model was fitted to 
the experimental data using a quadratic polynomial fitted by 
the least squares method, the fitted model was subjected to 
analysis of variance and significance test, and response sur-
face analysis was performed on the fitted model to derive 
the theoretically optimal parameter combinations, which 
were verified by indoor experiments.

3. Results and discussion

3.1. Characterization of TPW

Table 1 shows the produced water is close to neutral, and 
the oil content and total suspended solids (TSS) content in 
the water are 72.63 and 185.5 mg/L, respectively, which are 
much higher than the relevant standards (China) for rein-
jection or internal reuse. The high COD and total organic 
carbon (TOC) of TPW indicate its dissolved organic is 
remarkably high, which makes realizing reuse or external 
discharge more difficult. The total dissolved solids (TDS) 
content of TPW is as high as 38,327.58  mg/L, which may 
be due to the dissolution of highly mineralized brine and 
initially injected fracturing fluid in the underground shale 
formation; Cl–, Na+, and Ca2+ are the most abundant anions 
and cations in the water; the water quality is of CaCl2 type, 
which may lead to serious corrosion of the gas field water 
treatment system [7,30]. Finally, the zeta potential of TPW 
is −7.152 mV, indicating the oil beads in TPW are negatively 
charged, suggesting the wastewater is mainly O/W emulsi-
fied wastewater [17,23].

3.2. Characterization of PPA

The functional groups of the synthesized PPA demulsi
fication were characterized using FTIR (Fig. 1a). Strong, broad 
absorption peaks are at 3,421.8  cm−1, which are attributed 
to the stretching vibration of O−H or N−H, whereas that at 
1,632.9 cm−1 corresponds to the deformation vibration of O−H 
or N−H [31]. Distinct bands are near 1078.4 and 983.1 cm−1, 
which are attributed to C−N and C−O stretching vibrations, 
respectively [32]. Of particular interest is the absorption 
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band at 1,401.0  cm−1, which is deemed the bending vibra-
tion of −CH3 in the −N+(CH3)3 group [33]. The above results 
indicate the PPA demulsifier contains characteristic groups 
such as hydroxyl, alkoxy, and quaternary amino groups.

The functional groups and relative contents of PPA were 
further analyzed by XPS. The C 1s high-resolution spec-
trum in Fig. 1b can be deconvoluted into three fitted peaks 
centered at 284.8, 286.3, and 289.0  eV, which are attributed 
to C−C/C=C/C−H (76.9%), C–O (20.0%), and C−O−C (3.1%), 
respectively [34], and the most occupied ratio of C−C/C=C/
C−H bonds indicates PPA has an abundant hydrophobic 
structure and is easily adsorbed at the oil–water interface. 
For the high-resolution XPS spectrum of N 1s (Fig. 1c), 
PPA exhibits two fitted peaks with binding energies of 400.1 
and 402.4  eV, which belong to C−N (73.5%) and −N+(CH3)3 
structures, respectively [33], confirming PPA contains more 
quaternary amino groups, which can effectively neutralize 
the negative charge on the surface of the O/W emulsion. The 
O 1s peaks at 531.0, 532.3, and 533.9 eV are deconvoluted into 
three spectral bands (Fig. 1d), representing C−O, C−O−C, 
and −OH, respectively [35], with relative contents of 12.8%, 
67.1%, and 20.1%, respectively; the higher C−O−C structure 
percentage confirms the block polyether structure in the 
PPA species, which is consistent with the FTIR results.

The average molecular weight number (Mn) and average 
molecular weight (Mw) of the PPA determined by GPC are 

1,241 and 1,504  Da, respectively, and the higher molecular 
weight demulsifier could replace the natural emulsifier at the 
oil–water interface more effectively to achieve the agglom-
eration of emulsified oil [36]. In addition, the polydisper-
sity coefficient (i.e., the ratio of Mw to Mn) of the samples 
is 1.211. The smaller the polydispersity coefficient is, the 
narrower the molecular weight distribution of the polymer, 
which indicates the degree of polymerization of the syn-
thesized PPA is similar [37].

3.3. Performance of PPA

The effect of the dosage of PPA on the removal of oil 
and suspended matter in TPW was first evaluated (Fig. 2). 
At low concentrations, the polymers available to adhere to 
the kaolin suspension particles and the electrical neutral-
ization of the positive charges are not sufficient to destabi-
lize the TPW [23,38]. Thus, it is less effective in removing 
turbidity and emulsified oil. When the PPA dosage was 
increased to 400 mg/L, the turbidity removal rate increased 
significantly, indicating the PPA agent has good floccula-
tion and sedimentation performance; the contribution of 
continuing to increase the dosage to turbidity removal was 
not significant. The oil content in TPW decreased from 72.63 
to 18.25  mg/L when the PPA dosage was 500  mg/L, which 
met the limit of oil content in the reinjection water quality 
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Fig. 1. (a) FTIR spectra of PPA, high-resolution XPS spectra of (b) C 1s, (c) N 1s, and (d) O 1s.



97K.-w. Liu et al. / Desalination and Water Treatment 313 (2023) 92–105

index of this gas field. The great demulsification–flocculation 
effect of PPA may be due to the presence of polyether and 
quaternary ammonium salt structures in its structure, and 
the block polyether has high surface activity and adsorbs 
at the oil–water interface, replacing the naturally occurring 
emulsifier or surfactant and weakening the interfacial film 
strength to promote collision and agglomeration of small 
oil droplets [22]. The high positive charge density of quater-
nary ammonium salts ensures they can neutralize the neg-
ative charge on the surface of emulsified oil droplets and 
destabilize the double electric layer of the dispersed phase 
[15]. The larger molecular weight and multibranched struc-
ture also have strong adsorption bridging or net trapping  
effects [17].

3.4. Performance and condition optimization of CQ agents

The combination of inorganic coagulant and reverse 
demulsifier is one of the methods to exploit the synergis-
tic effect between them and effectively reduce the cost [39]. 
Therefore, the effects of modified compounding ratio, dos-
age, reaction temperature and settling time on the demul-
sification–flocculation efficiency were investigated.

3.4.1. Effect of PPA ratio

Different composite CQ demulsification–flocculation 
processes were synthesized by changing the PPA percent-
age (Fig. 3a), and the removal effect of turbidity and oil 
content of TPW significantly worsened as the PPA percent-
age decreased, especially in the range of 20%–60% of PPA. 
Numerous minute flocs could be observed in the water after 
adding the agent, but agglomeration had difficulty caus-
ing sedimentation, so the turbidity increased rather than 
decreased compared with the initial value. In addition, the 
oil removal effect worsened, which may mean that PPA 
plays an important role in the destabilization and agglom-
eration of emulsified oil. Therefore, CQ (80%) was selected 
for further investigation in the subsequent experiments.

3.4.2. Effect of CQ dosage

The treatment effects on the turbidity and oil content 
of TPW were investigated when the CQ dosage was var-
ied between 200 and 600  mg/L. Fig. 3b shows the oil con-
centration in TPW decreased with increasing CQ dosage, 
which could significantly reduce the oil content in TPW to 
11.75 mg/L at a CQ dosage of 600 mg/L. This outcome was 
because CQ neutralized the negative charge on the surface of 
the oil droplets and strongly topped off the interfacial film, 
which led to the mutual agglomeration of small oil droplets 
[40,41]. For turbidity, the flocs produced at low CQ doses 
(<400  mg/L) were difficult to flocculate and settle within 
30 min, resulting in a significant increase in turbidity relative 
to the initial turbidity [38].

3.4.3. Effect of temperature

Temperature is an important parameter in demulsifica-
tion–flocculation, which affects the state of CQ agents in the 
wastewater and the agglomeration of water droplets [42]. 
Fig. 3c shows the demulsification–flocculation efficiency 
at different settling temperatures for CQ with a dosage of 
500 mg/L. When the temperature was increased from 15°C 
to 35°C, the oil concentration in TPW decreased from 25.44 
to 20.14 mg/L after settling for 30 min, indicating the effect 
of temperature on the oil removal efficiency is not signif-
icant. However, the increase in temperature significantly 
reduced the turbidity of TPW, and the turbidity removal 
rate reached 98.37% at the temperature of 35°C, which is 
close to 100%. This result is because the Brownian motion 
is significantly accelerated by increasing temperature, and 
the frequency of the mutual effective collision among the 
formed micro flocs is significantly accelerated, which is 
conducive to the flocculation and aggregation of the micro 
flocs, thus leading to the rapid settling of flocs [39,42]. An 
increase in temperature also reduces the viscosity of the 
continuous phase, which leads to a series of effects such 
as an increase in the settling and separation rate of the 
emulsion, an increase in the discharge rate of the continu-
ous phase liquid between the oil beads and the flocs, and 
an increase in the aggregation rate of the oil beads [41,43]. 
Considering the effect and energy saving, 30°C was chosen 
as the best demulsification–flocculation temperature.

3.4.4. Effect of settling time

After the addition of CQ agent, settling is needed to sep-
arate oil and suspended matter from water. Fig. 3d shows 
the effect of settling time on the demulsification–floccu-
lation efficiency. The oil and turbidity removal efficiency 
increased significantly with the increase of settling time, 
but almost no change occurred after 30  min. This result is 
because after the addition of CQ agent, the PPA molecules 
in it first adsorbed on the oil–water interface, which com-
bined small oil droplets with large oil droplets through 
demulsification and charge neutralization. Then, the oil 
droplets and suspended matter attached to the floc formed 
by PAFC, and the agglomerative growth and settling of the 
floc took some time; therefore, the settling time of 30  min 
was deemed appropriate in this paper [23,27].
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Fig. 2. Effect of PPA dosage on the demulsification–flocculation 
efficiency (temperature 25°C).
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3.5. Response surface method optimization and analysis  
of results

3.5.1. Establishment and analysis of regression model

To investigate the best combination of test conditions 
for CQ on the demulsification–flocculation stage of TPW 
and to enhance the scientific and rational nature of the 
test, a three-factor, three-level response surface experiment 
was conducted using Box–Behnken of Design Expert 12 on 
the percentage of PPA, settling temperature, and CQ con-
centration in demulsification–flocculation. The oil content 
in TPW (Y) after 30  min of settling was used as the index. 
Tables 1 and 2 show the experimental design and response 
values, respectively.

The least squares regression analysis was performed 
using Design–Expert 12 for each factor level and response 
value of the BBD design (Table 3), and the regression is 
shown in Eq. (5). The regression equation shows the coef-
ficients of the quadratic effects are all positive, indicating 
the parabolic opening of the quadratic regression equation 
is upward and the equation has a minimum value, that is, 
the test can be optimized by BBD response surface optimiza-
tion analysis to obtain the optimal solution [44].

Y C B A
C B A

� � � �

� � �
�

298 1 3 839 426 3 0 2622
0 0930 375 5 0 0002792 2 2

. . . .
. . .
22 204 0 000378 0 0759. . .BC AC AB� � 	 (5)

3.5.2. Model variance analysis and significance test

Table 4 shows the results of the significance and ANOVA 
analysis. The regression model P  <  0.0001, which indicates 
the fitted regression model is significant and the prediction 
model can explain the variability of the experimental data 
well [29]. The misfit term of the model P  =  0.2167  >  0.05 
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Fig. 3. Effects of (a) PPA ratio, (b) CQ dosage, (c) temperature, and (d) settling time on demulsification–flocculation efficiency 
(dosage 500 mg/L, temperature 30°C, and settlement time 30 min).

Table 2
Experimental factors and levels

Factors Code Levels

–1 0 1

CQ concentration (mg/L) A 400 500 600
PPA ratio (%) B 60 80 100
Temperature (°C) C 20 25 30
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and not significant; the coefficient of determination of the 
model R2  =  0.9927, RAdj

2−RPred
2  =  0.9797−0.8989  =  0.0808  <  0.

2, indicating the regression equation model is credible, can 
be fitted well with the experimental data, and can be used 
to analyze and predict the oil removal performance of CQ 
demulsification–flocculation [45,46].

3.5.3. Response surface analysis

The response surface plot is a 3D surface plot of the 
response value to each factor, which can visually reflect 
the interaction between factors [47]. Fig. 4 shows the inter-
action and influence between the factors can be repre-
sented by the steepness of the curve trend in the response 

surface and the density of contour lines in the contour plot 
[48,49]. Fig. 4a–c show the response surfaces of tempera-
ture and CQ dosage are steeper and the contour lines are 
denser, whereas the response surface of PPA percentage is 
smooth and the contour lines are the most sparse, which 
verifies that the influence on oil content after demulsi-
fication is ranked as A  > C  > B, that is, CQ dosage >  tem-
perature  >  PPA percentage, which is consistent with the 
data in Table 4 and Fig. 5. In addition, the oil content after 
demulsification decreases with the increase of tempera-
ture and starts to increase after reaching the lowest center 
point when the temperature is close to 28°C. The amount 
of demulsification and the proportion of PPA have the 
same trend, and the oil content in water is the lowest at 
550 mg/L and about 80%, respectively. In summary, the val-
ues of each factor need to be optimized to make the best 
parameters of the demulsification–flocculation.

3.5.4. Analysis of the results of the validation experiment

Using Design-Expert, the above three factors were 
optimized to minimize the oil content in the treated water. 
According to the prediction, the oil content in TPW can be 
reduced to 22.85 mg/L when the CQ addition is 547.5 mg/L, 
the PPA percentage is 70.5%, and the settling temperature 
is 27.88°C. Based on the predicted conditions, the optimal 
process conditions were adjusted to the temperature of 
27.9°C, the PPA percentage of 71%, and the CQ dosage of 
547 mg/L. The oil content after treatment was then obtained 
as 21.26 mg/L, which was 6.96% different from the predicted 
value, indicating the model prediction was accurate and 
credible.

Table 5 compares the main water quality indicators of 
TPW before and after treatment under these conditions. The 
TSS and oil content in TPW decreased significantly after the 
demulsification–flocculation to 21.26 and 7.0 mg/L, respec-
tively, which met the water quality requirements of the 
reinjection wells in the Changqing gas field. In addition, 

Table 3
Experimental design and response values

No. A B C Y (mg/L)

1 500 60 20 31.28
2 500 60 30 27.70
3 500 100 20 35.14
4 500 100 30 27.16
5 400 80 20 34.42
6 400 80 30 29.07
7 600 80 20 29.26
8 600 80 30 24.67
9 400 60 25 32.56
10 400 100 25 34.98
11 600 60 25 28.11
12 600 100 25 27.49
13 500 80 25 24.60
14 500 80 25 23.91
15 500 80 25 24.21

Table 4
Significance testing of regression model coefficients and analysis of model variance

Source Sum of squares df Mean square F-value P-value Significance

Model 214.39 9 23.82 76.04 <0.0001 Significance
A 57.81 1 57.81 184.54 <0.0001 Significance
B 3.28 1 3.28 10.49 0.0230 Significance
C 57.79 1 57.79 184.48 <0.0001 Significance
AB 4.86 1 4.86 15.50 0.0110 Significance
AC 0.1427 1 0.1427 0.4554 0.5297 No significance
BC 2.30 1 2.30 7.35 0.0422 Significance
A2 19.97 1 19.97 63.76 0.0005 Significance
B2 52.07 1 52.07 166.22 <0.0001 Significance
C2 28.74 1 28.74 91.74 0.0002 Significance
Residual 1.57 5 0.3133
Lack of fit 1.33 3 0.4437 3.77 0.2167 No significance
Pure error 0.2353 2 0.1177
Cor. total 215.96 14

R2 = 0.9927; RAdj
2 = 0.9797; RPred

2 = 0.8989.
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the small decreases of COD and TOC indicate the CQ agent 
treatment settles in the form of flocs, while the process also 
removes some dissolved organic matter. Comparing PPA 
demulsifiers under the same conditions found that the opti-
mized CQ composite agent has a treatment effect compara-
ble to PPA, and the cost of CQ agent is lower. Microscopic 
pictures of the water samples before and after treatment 
under optimal conditions were taken using a digital micro-
scope. Before treatment, the water contains more suspended 
matter and oil droplets, whereas after treatment, the water 
samples have extremely limited suspended matter, and 
only a small amount of oil droplets with larger particle 
size can be seen (Fig. 6).

3.6. Demulsification–flocculation mechanism of CQ on TPW 
wastewater

3.6.1. Zeta potential analysis

The mechanism of PPA emulsion breaking was evalu-
ated from the perspective of zeta potential. Fig. 7a reveals the 
relationship between zeta potential and CQ concentration. 
The zeta potential of the raw wastewater was −7.152  mV, 
which is due to the presence of surface-active substances 
around the oil droplets, which formed a stable double elec-
tric layer, resulting in a stronger stabilization of TPW [17,50]. 
When 100 mg/L of CQ was added, the zeta potential of this 
system increased to −5.874  mV, which meant some of the 

 
Fig. 4. (a) Interaction of PPA percentage with CQ dosage, (b) interaction of PPA percentage with temperature and (c) interaction of 
CQ dosage with temperature on oil content in water.
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negative surface charges on the oil droplets were neutral-
ized, but the residual unneutralized negative charges still 
prevented the oil droplets from agglomerating with one 
another [41]. When the PPA dosage increased to 500 mg/L, 
the zeta potential of TPW wastewater further increased to 
−0.721 mV. At this time, a large amount of positively charged 
CQ was adsorbed on the O/W interface, which neutralized 
most of the negative surface charge and could attract other 
dispersed micro-oil droplets by electrostatic force [17,23].

3.6.2. IFT analysis

Static IFT is an important index to evaluate the perfor-
mance of demulsifier [17]. Different concentrations of CQ 
demulsification–flocculation were injected into the aqueous 
phase, and the oil–water IFT was determined by the sus-
pension-drop method. The experimental results in Fig. 7b 
show CQ can effectively reduce the IFT, and the IFT was 
significantly reduced from 18.38 to 5.62  mN/m when the 
dosage was increased from 0 to 500 mg/L, which is because 
the demulsifier with surface activity can be adsorbed to the 
oil–water interface, and the adsorption of demulsifier mol-
ecules at the oil–water interface increases gradually with 
the increase of CQ dosage [51,52]. However, when the CQ 
concentration increased to 600  mg/L, the IFT value almost 
stopped changing, which means the adsorption of demulsi-
fier molecules at the interface reached saturation; when the 
CQ dosage was higher than its critical micelle concentra-
tion, the demulsifier molecules formed micelles, thus failing 
to make the IFT decrease further [53].

3.6.3. Bonding type of CQ with suspended matter and oil 
droplets

HCl can form ionic bonds with colloidal particles and 
hydrogen bonds between urea and colloidal particles, and 
this property of HCl and urea is used in studies to exam-
ine the intermolecular forces of flocculation–precipitation 

 
Fig. 5. Standardized Pareto chart for oil content in water.

Table 5
Comparison of several water quality indicators before and after TPW treatment

Parameter Before After Change rate

CQ PPA CQ PPA

Oil (mg/L) 72.63 21.26 17.02 70.73% 76.57%
Total suspended solids (TSS), mg/L 185.5 7.0 9.5 96.23% 94.88%
Turbidity, NTU 157.82 6.83 10.47 95.67% 93.37%
Chromaticity, Times 256 8 8 96.88% 96.88%
Chemical oxygen demand (COD), mg/L 7,362.02 5,127.13 5,432.39 30.36% 26.21%
Total organic carbon (TOC), mg/L 1,150.025 854.15 895.39 25.73% 22.14%

 

Fig. 6. Digital microscope images of TPW (a) before and (b) after processing.



K.-w. Liu et al. / Desalination and Water Treatment 313 (2023) 92–105102

[54,55]. Therefore, after the flocs settled and 3  mol/L HCl 
and 5  mol/L urea were added to them (Fig. 8), the floccu-
lation–precipitation was not sensitive to urea but overly 
sensitive to HCl, and the flocs were almost completely dis-
solved after the addition of HCl. This outcome indicates the 
binding between the flocculant and the suspended matter 
and oil droplets may be by ionic [56].

3.6.4. Fractal dimension analysis of flocs

Floc morphology refers to the degree of denseness of 
the floc produced during flocculation, which was charac-
terized in this paper using the floc fractal dimension (Df) 
to analyze the degree of denseness and cross-linking of 
the flocs [57]. The representative flocs after the addition 
of PPA (Fig. 9a) and CQ (Fig. 9b) to demulsification–floc-
culation were photographed by an optical microscope with 
magnified images for the same time. The addition of the 
compounding modifier improved the floc structure and 
facilitated the rapid agglomeration of small flocs to become 
larger. The Df of PPA flocs and CQ flocs were 1.6659 and 
1.8561, respectively, obtained by linear fitting of lnA and 
lnP. The smaller the fractal dimension of flocs is, the higher 
the porosity and the looser the structure; conversely, the 

larger the fractal dimension of flocs is, the denser the struc-
ture [58,59]. Therefore, the combination of inorganic coagu-
lant PAFC and PPA demulsification can strengthen the net 
catching and sweeping effect [57].

Based on the above results, the possible demulsification 
and flocculation mechanism of CQ on TPW can be obtained. 
After CQ is added to TPW, the block polyether structure 
of PPA molecules is adsorbed at the oil–water interface to 
replace the original surfactant. When the oil–water inter-
face is damaged or the strength is reduced, the dispersed 
emulsified oil merges. At the same time, the structure of 
polyquaternary ammonium salt makes the surface charge of 
oil bead produce electric neutralization, which realizes the 
effect of oil bead coalescence. PAFC is beneficial to improv-
ing the floc structure and strengthening the net and sweep 
to realize the rapid separation of condensate oil and sus-
pended solids from water.

4. Conclusion

In this paper, using low-hydrogen-content silicone oil, 
methyl ether, epoxy ether, and polyquaternary ammonium 
salt as raw materials, polydendritic polyether–polyqua-
ternary ammonium salt reverse demulsifier was prepared 
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Fig. 7. Effect of CQ dosage on the (a) zeta potential and (b) effect of demulsifier on interfacial tension.

 

Fig. 8. From left to right, the floc form after adding distilled water, HCl and urea for 10 min.
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and combined with inorganic coagulant PAFC to obtain a 
water treatment agent with multifunction of demulsifica-
tion–flocculation. The characterization of FTIR, XPS, and 
GPC confirmed PPA contains polyether and polyquaternary 
ammonium salt structure, and the larger molecular weight 
is also beneficial to the performance of reverse demulsifier. 
Under the conditions of CQ concentration of 547 mg/L, set-
tling temperature of 27.9°C and PPA ratio of 71%, the oil 
content and suspended matter concentration of the TPW in 
Changqing gas field can be reduced to 21.26 and 7.0 mg/L, 
respectively, after settling for 30  min, which can meet the 
technological requirements on site. Response surface analysis 
showed CQ concentration and settling temperature are the 
main factors affecting the demulsification–flocculation effect. 
The positively charged polyquaternary ammonium branch 
can promote the movement of PPA molecules toward the 
oil/water interface by electrostatic attraction. Subsequently, 
due to the strong affinity of the polyether structure for the 
oil/water boundary mask, PPA molecules replace the orig-
inal oil/water interface material, so the oil beads and sus-
pended solids coalesce and form a large flocculant to realize 
the efficient separation of the oil beads, suspended solids, 
and water. The combination of PAFC can not only reduce 
the cost but also improve the structure of the floc, which is 
conducive to the rapid aggregation and enlargement of the  
small floc.
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