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ABSTRACT

Oil-field wastewater from polymer flooding (OWPF) is difficult to deal with because it
contains a high concentration of partially hydrolyzed polyacrylamide (HPAM), which stabi-
lizes the wastewater. Coagulation—flocculation with polyepicholorohydrin—-dimethylamine
(EPI-DMA) and polymeric aluminum ferric chloride (PAFC) was used to optimize the treat-
ment of OWPF. HPAM and COD removal were optimized using the response surface method
(RSM), based on the Box-Behnken design (BBD). The variables EPI-DMA dose, PAFC dose,
and pH were selected as the factors in the RSM to investigate their individual and interaction
effects on the response values, HPAM and COD removal efficiencies. The results showed that
HPAM and COD removal efficiencies of 95.4 and 85.7%, respectively, could be reached using
0.65 mg/L EPI-DMA, 924 mg/L PAFC, and pH 5.51. Fourier transform infrared spectroscopy,
zeta potential, particle size analysis, scanning electron microscopy, and energy dispersive
spectroscopy were used to study the mechanism of the coagulation—flocculation process.
The results indicated that the main functions of the EPI-DMA and PAFC in the coagulation—
flocculation process were electric neutralization, adsorption, and sweeping.

Keywords: Oil-field wastewater from polymer flooding (OWPF); Response surface method
(RSM); Coagulation—flocculation process; HPAM removal; Polyepicholorohydrin-
dimethylamine (EPI-DMA)

1. Introduction

China produced 2.1 x10® tons of petroleum in
2014. The enhanced oil recovery process of polymer
flooding is playing an increasingly significant role in
oil production. A great deal of wastewater containing

*Corresponding authors.

high concentrations of polymer is therefore being pro-
duced [1,2]. However, oil-field wastewater from poly-
mer flooding (OWPF) is difficult to deal with due to
the presence of complex components, especially
partially hydrolyzed polyacrylamide (HPAM) [3,4]. A
high concentration of HPAM in OWPF can give rise to
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a high oil content, turbidity, and high chemical
oxygen demand, which overload the existing treat-
ment process [5].

In a wastewater system, HPAM combines with
metal ions to produce a curled up molecular chain
[6,7]. The charged carboxylate radical (-COO~) on the
HPAM molecular chain dissociates in solution, result-
ing in a negatively charged surface. This increases the
charge potential of the particles” surfaces and the elec-
trostatic repulsion between the particles. The solvation
of the -COO™ groups causes a hydration shell around
the negatively charged particles, greatly enhancing the
stability of the system (Fig. 1). The existing wastewater
treatment process cannot treat this HPAM-enriched
wastewater effectively. The HPAM in OWPF does not
fully degrade. It therefore accumulates in the environ-
ment, causing environmental pollution and potential
threats [8]. HPAM removal during OWPF treatment is
thus crucial.

Researchers have recently put forward different
opinions as to whether the HPAM in OWPF is
biodegradable [9-12]. An efficient, economical OWPF
treatment process is urgently needed. Coagulation—
flocculation is a simple, effective way of treating sew-
age and has become a common technology used in
various wastewater treatment processes [13-15]. Coag-
ulation—flocculation has recently been used to deal
with OWPF. Existing studies have tested a series of
coagulants and flocculants, attaining different oil
removal rates and turbidities [4,16-18]. However,
HPAM, the most critical pollutant in this wastewater,
has not drawn sulfficient research attention.

The treatment efficiency of coagulation—flocculation
is determined by a variety of factors [19-23] and can
be significantly improved by the proper optimization
of these factors. The response surface method (RSM)
has been successfully used to optimize coagulation

Onl-field
wastewaler
from
polymer
Nooding

Fig. 1. Schematic view of HPAM stabilization in OWPF.
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and describe the effects of individual factors and their
interactions [24-26].

In our previous studies, a combination of polyepi-
cholorohydrin—dimethylamine (EPI-DMA) and poly-
meric aluminum ferric chloride (PAFC) was chosen as
the coagulant—flocculant for treating OWPF by coagu-
lation—flocculation. The effect of pH was also studied.
The major aim of this study was to treat OWPF with
coagulation—flocculation and optimize this treatment
using an RSM approach. The efficiencies of HPAM
and COD removal were selected as the response value
and the optimal levels of three factors, EPI-DMA dose,
PAFC dose, and pH, were obtained. Fourier transform
infrared (FTIR) spectrophotometry, size distributions,
zeta potential, scanning electron microscopy (SEM),
and energy dispersive spectroscopy (EDS) were used
to interpret the mechanism by which coagulation—floc-
culation works. The effective treatment method opti-
mized with the RSM developed in this study may
provide a theoretical basis for the treatment of OWPF.

2. Materials and methods
2.1. Materials

The OWPF sample was collected from the settling
tank of an oily wastewater treatment plant in Daqing,
China. Indicators describing the wastewater sample
and the variation range of the OWPF are shown in
Table 1. These indicators were obtained using the
standard method for determining the quality of water
and wastewater. The HPAM concentrations were mea-
sured using starch-cadmium iodine [27].

2.2. Experimental operation

Jar tests were used to carry out the coagulation-
flocculation experiments, using 500-mL beakers with
400 mL of wastewater and a magnetic stirrer. The
influence of different values of the three variables—
pH G, 6, 7), EPI-DMA dose (0.4, 0.6, 0.8 mg/L), and
PAFC dose (500, 750, 1,000 mg/L)—were investigated.
The dosages were determined by the single-factor tests
in the previous studies. The scheme of the coagula-
tion—flocculation process is shown in Fig. 2. The pH of
the OWPF was adjusted with 0.1 mol/L H,SO, solu-
tion under rapid mixing. EPI-DMA was then added to
the wastewater with 200 rpm stirring for 3 min.
Finally, PAFC was added to the wastewater with
rapid stirring at 200 rpm for 3 min. Once all three
were added, the solution was slowly stirred at 50 rpm
for 15 min. The solution was left to settle for 30 min,
then the supernatant 2 cm below the water surface
was removed. The concentration of HPAM and COD
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Table 1
Characteristics of OWPF
Alkalinity Hardness
Indicators Oil (mg/L)  Iron (mg/L) (mg/L) (mg/L) pH value Viscosity (mPa s)
Wastewater sample 57.98 +4.31 220 +0.13 1,001 + 66 121.1+£9.2 7.85 + 0.04 1.70 = 0.04
Variation range 30-70 - 800-1,100 90-140 7.5-9.0 -
Indicators TDS (mg/L) Sulphion (ug/L) Chlorion (mg/L) COD (mg/L) Silicon (mg/L) HPAM (mg/L)
Value 3,060 +178 719 + 89 950 + 46 880 + 33 27.67 + 4.47 595 + 21
Variation range 2,500-3,500 - 800-1,150 500-900 - 300-600
EPLDMA ) '? PAFC , supcmatant
y B3 - : ]
stir f°: 3 __‘_J stirfor 3 settle for
min al 3 30 2
200 rpm ;3; :;m S sludge
and 15
min at 50
(A) (B) ©c ™™ (D) (E)

Fig. 2. Scheme for the coagulation—flocculation experiments.

were measured and removal efficiencies were calcu-
lated with Eq. (1):

tions using as few tests as possible [28]. The
experimental design factors and level coding values
are shown in Table 2.

HPAM and removal were selected as the response
value. According to the regression analysis, a second-
order model was fit to the experimental data to
describe the relationship between the response value
and factors:

R= (1 _C£> x 100% (M

0

where R is the removal efficiency, Cy is the concentra-
tion in the wastewater (mg/L), and C is the concentra-

tion in the supernatant (mg/L). =

k k

Yon=bo + ) biXi+ > biXi+) > b XiX; (@)
i=1 i=1 i

2.3. Experimental design and data analysis

where Y,, is the predicted response value; by, b;, bj;,
and b; are the offset term, ith linear coefficient,
quadratic coefficient, and ijth interaction coefficient,
respectively; and X; and X; are the values of each
factor.

The experimental design provided by the software
is presented in Table 3.

Design Expert software can perform experimental
design, data analysis, and design optimization. In this
study, all three functions were used in Design Expert
8.0.6. The Box-Behnken design (BBD) was used to
carry out a response surface design. The BBD method
is a response surface design method based on spheri-
cal space design. It optimizes the experimental condi-

Table 2
Box-Behnken experimental design factors and level coding values

Factor Name Unit Low actual (-1) High actual (1) Central actual (0)
X4 EPI-DMA dosage mg/L 0.4 0.8 0.6

X5 PAFC dosage mg/L 500 1,000 750

X3 pH value 5 7 6
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Table 3
BBD and response results for the study of three experimental variables

Factor Response
Run EPI-DMA dosage (X;) PAFC dosage (X,) pH value (X3) HPAM removal (%) COD removal (%)
1 0 0 0 92.7 81.2
2 0 -1 -1 83.1 58.5
3 0 0 0 92.5 80.7
4 1 0 -1 89.1 83.0
5 0 1 -1 95.2 81.7
6 1 1 0 89.9 86.4
7 -1 0 1 76.4 55.9
8 1 0 1 89.9 82.6
9 -1 -1 0 74.5 52.3
10 0 0 0 93.0 81.1
11 0 0 0 92.1 81.7
12 -1 1 0 82.9 62.1
13 0 -1 1 83.4 61.4
14 -1 0 -1 84.4 54.7
15 0 0 0 92.3 81.0
16 1 -1 0 88.9 64.6
17 0 1 1 90.4 79.1

24. FTIR spectra

The OWPF, OWPF-dosed EPI-DMA, sludge, and
supernatant samples were freeze-dried to produce
powder samples. The OWPF-dosed EPI-DMA sample
was obtained after centrifugation for 5 min at
3,000 rpm to separate the particles from the solution
(step C in Fig. 2). This centrifugation did not affect the
results. One milligram of each sample was dispersed
evenly in 150 mg of KBr and the mixtures were
pelleted. These pellets were analyzed on a Thermo
Fisher Nicolet 6700 FTIR spectrometer in the range
4,000-400 cm ™.

Table 4
ANOVA for HPAM removal

2.5. Zeta potential and particle size

The zeta potential and particle size distribution of
the particles in the OWPF with added EPI-DMA were
measured using a Malvern Mastersizer ZS-90.

2.6. SEM and EDS

SEM and EDS of the freeze-dried samples were
performed using a Hitachi s-4800 equipped with an
EDS. A dialyzed sample of the OWPF was prepared
for the SEM and EDS analysis by freeze-drying.

Source Sum of squares DF Mean square F-value p-value (p > F)
Model 554.34 9 61.59 29.86 <0.0001
X1 196.02 1 196.02 95.02 <0.0001
X5 101.53 1 101.53 49.22 0.0002
X; 17.11 1 17.11 8.29 0.0237
X1Xs 13.69 1 13.69 6.64 0.0367
X1X;3 19.36 1 19.36 9.38 0.0182
X>X3 6.5 1 6.5 3.15 0.1191
X2 140.3 1 140.3 68.01 <0.0001
X3 30.64 1 30.64 14.85 0.0063
X3 13.6 1 13.6 6.59 0.0371
Residual error 14.44 7 2.06

Lack of fit 13.95 3 4.65 38.12 0.0021
Pure error 0.49 4 0.12

Total 568.78 16
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The other samples were prepared as for the FTIR
spectra analysis.

3. Results and discussion
3.1. Analysis of HPAM removal

The measured HPAM removal efficiencies
achieved by coagulation—flocculation are shown in
Table 3. The standard polynomial regression method
was used to fit the experimental data. The following
second-order model equation was obtained:

HPAM Removal Efficlency (%) HPAM Removal Eficlency (%)

HPAM Removal Efficlency (36)

Fig. 3. Surface graphs of HPAM removal showing the
effect of variables: (A) EPI-DMA dosage-PACF dosage
(pH is 6.0), (B) EPI-DMA dosage-pH (PACF dosage is
750 mg/L), and (C) PACF dosage-pH (EPI-DMA dosage is
0.6 mg/L).
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Y; =9252 4+ 4.95X; 4+ 356X, — 1.46X; — 1.85X1 X,
+220X; X5 — 1.28X, X3 — 577 X2 — 2.70X3
- 1.80X3

3)

Analysis of variance (ANOVA) is a widely used
method for analyzing the relationships between
variables and their influence, and for evaluating the sig-
nificance of a model [29]. The HPAM removal efficien-
cies were subjected to ANOVA tests. The results are

COD Removal Efficlency (%)

T

X1: EPI-DMA (mg/L)

COD Removal Efficlency (%)

—_

C)

COD Removal Efficlency (%)

Fig. 4. Surface graphs of COD removal showing the effect of
variables: (A) EPI-DMA dosage-PACF dosage (pH is 6.0),
(B) EPI-DMA dosage—pH (PACF dosage is 750 mg/L), and
(C) PACF dosage-pH (EPI-DMA dosage is 0.6 mg/L).
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Table 5
ANOVA for COD removal

Q. He et al. | Desalination and Water Treatment 57 (2016) 23709-23718

Source Sum of squares DF Mean square F-value p-value (p > F)
Model 2342.78 9 260.31 33.94 <0.0001
X, 1,048.82 1 1,048.82 136.73 <0.0001
X5 657.03 1 657.03 85.66 <0.0001
X3 0.15 1 0.15 0.02 0.8923
X1X> 36.00 1 36.00 4.69 0.0670
X1X3 0.64 1 0.64 0.08 0.7811
XoX5 7.56 1 7.56 0.99 0.3538
Xz 266.62 1 266.62 34.76 0.0006
X3 196.56 1 196.56 25.63 0.0015
X3 7191 1 7191 9.37 0.0183
Residual error 53.69 7 7.67

Lack of fit 53.16 3 17.72 133.24 0.0002
Pure error 0.53 4 0.13

Total 2,396.48 16

presented in Table 4. The F value is used to describe the
significance of the interaction between each variable,
also called the interactive relationship between the
variables. The ANOVA results indicated that the sec-
ond-order model was significant, according to Fisher’s
F-test (F=29.86). The p-value was very low
(p <0.0001), indicating that there was only a 0.01%
probability that the F-value was caused by noise in the
system. The regression coefficient (R?) of the model was
0.9746, demonstrating that only 2.54% of the total vari-
ance could not be explained by the regression equation.
Adequate precision usually requires a ratio of more

than 4. The ratio of the model was 18.734, indicating
that the fitted model illustrated the design area. The
variables and their interactions had different influences
on HPAM removal. X;, X5, X3, X; X5, X1 X3, X2, X3, and
X3 were significant terms (p <0.05) and X;, X5, X3,
and X3 were very significant terms (p < 0.01). EPI-DMA
dose, PAFC dose, pH, and the interaction effects of
EPI-DMA with PAFC and EPI-DMA with pH were
therefore the key factors in HPAM removal.

Following the regression equation, the response
surfaces between the factors and response value were
drawn, as shown in Fig. 3.

Transmittance (%)
(=]
I/
|

3500

2500

2000 1500

Wavenumber (cm")

Fig. 5. FTIR spectral of freeze-drying samples of (A) OWPF, (B) OWPF-dosed EPI-DMA, (C) sludge, and (D) supernatant.
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Fig. 3 clearly shows that HPAM removal gradually
increased with an increase in EPI-DMA and PAFC and
a decrease in pH. When the factors reached a certain
value, the HPAM removal efficiency reached a maxi-
mum and then declined. As the EPI-DMA dose
increased, the HPAM removal efficiency gradually
increased, then decreased and changed significantly.
The surface variation trend was steeper. The EPI-DMA
dose therefore had a more pronounced effect on the
HPAM removal. As the PAFC dose increased, the
HPAM removal followed the same trend as with the
EPI-DMA dose, but showed a slower change. The pH
value had less effect than the other two factors. During
coagulation, the change in pH value may have had a
small effect on the EPI-DMA and PAFC, and may have
also affected the state of the HPAM in the wastewater.
The EPI-DMA dose may have played the largest role in
the process because EPI-DMA has a higher positive
charge density than traditional flocculants, so may have
destroyed the hydrated shell of the HPAM more easily
and neutralized the HPAM’s negative charge [30,31].
Although the effect of the PAFC alone on HPAM
removal was not obvious, PAFC had a significant effect,
suggesting that adsorption and sweeping actions play
an important role in this process.

3.2. Analysis of COD removal

The measured COD removal efficiencies achieved
by coagulation—flocculation are shown in Table 3.
The following equation was obtained by a regression
model:

Y, =81.14 + 11.45X; + 9.06 X, + 0.14X;
+3.00X; Xo — 040X, X3 — 1.38X, X3 — 7.96 X2
~ 6.83X3 — 4.13X3

4)

The ANOVA results (Table 5) indicated that the model
was significant since Fisher's F-test (F =33.94). The
p-value (p <0.0001) also indicated that the F value
caused by noise would occur with only a 0.01% proba-
bility. The regression coefficient (R?) of the model was
0.9776, demonstrating that only 2.24% of the total vari-
ance could not be explained by the regression equa-
tion. The adequate precision of the model was 19.313,
indicating that the fitted model illustrated the design
space. The variables and their interactions had differ-
ent influences on COD removal. X;, X,, X?, X3, and
X3 were significant terms (p < 0.05) and X;, Xo, X3,
and X3 were very significant terms (p < 0.01). EPI-
DMA dose and PAFC dose were the key factors in

23715

COD removal. And the response surfaces were shown
in Fig. 4.

It can be found from the response surfaces (Figs. 3
and 4) that the removal of HPAM and COD had the
similar tendency with the increase in dosage and
the COD removal approached to a quite high level as
the HPAM removal reached the maximum. It was
indicated that HPAM was the main source which led
to a high concentration of COD in the OWFPEF,
although there were other pollutants in it such as oil
droplets, humic acid, and microbial metabolism prod-
ucts. And a long-term monitoring also showed the
phenomenon (Table 1). Therefore, HPAM removal
was the key to COD removal of the OWPF.

3.3. Optimizing the coagulation—flocculation conditions

Design Expert 8.0.6 was used to calculate the
response equation with a maximum HPAM removal
efficiency. The optimum coagulation—flocculation con-
ditions for maximal HPAM removal efficiency were
0.65 mg/L EPI-DMA, 924 mg/L PAFC, and pH 5.51,
giving predicted HPAM and COD removal efficien-
cies of 94.7 and 86.4%. To verify the reliability of the
fitted model, the OWPF was treated at these optimal
conditions. The measured HPAM and COD removal
efficiencies were 95.4 and 85.7%, respectively. This
result was close to the predicted value estimated by
the software, showing that the RSM optimized the
coagulation—flocculation conditions well for OWPF
treatment.

0 600
—&—zeta potential
S5k
—e&— Particle size 4 500
-10
~ {400 _
T 15t E
c Y
€20} {300 &
a =
£ 25 b
X} 4200 —
30
41 100
35 |
_40 1 'l 1 ' L ' L 1 '} 0
0 01 02 03 04 05 06 07 08 09 1

EPI-DMA dosage (mg'L)

Fig. 6. Zeta potential and the particle size evolutions at the
series of dosage of EPI-DMA.
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3.4. Coagulation—flocculation mechanism
3.4.1. FTIR spectra analysis

The FTIR spectra of freeze-dried samples of the
OWPF, OWPF-dosed EPI-DMA, sludge, and super-
natant were studied to characterize the functional
groups in the samples (Fig. 5). The FTIR spectra of the
samples exhibited similar peak locations, such as
bands in the regions of 3,425, 1,660, and 1,600 cm?,
which depicted the amino group, acylamino group I
(C=0 stretching vibration), and acylamino group II
(N-H bending vibration), respectively. The results
indicated that the HPAM in the OWPF was mostly
transferred to the sludge. The FTIR spectrum of the
supernatant exhibited a weak acylamino group charac-

Q. He et al. | Desalination and Water Treatment 57 (2016) 23709-23718

teristic peak, showing that some HPAM was left in
the treated water. In the FTIR spectrum of the OWPEF-
dosed EPI-DMA, both the characteristic peaks of the
acylamino group and EPI-DMA (1,108, 996 cm™') were
clearly seen, indicating that the particles that appeared
after adding the EPI-DMA were mainly a combination
of HPAM and EPI-DMA. During coagulation—floccula-
tion, the addition of positively charged quaternary
ammonium from the EPI-DMA may combine with the
negatively charged carboxyl group on the HPAM,
destabilizing it. Thus, the main role of EPI-DMA in
the coagulation—flocculation process is electrically neu-
tral. Similar peaks at 1,140 and 1,110 cm™' were
observed in the FTIR spectra of the treated water and
sludge, indicating Fe-OH-Fe and AI-OH-AIl [32].

Fig. 7. SEM images of (A) OWPF, (B) raw water after dialyzing, (C) OWPF-dosed EPI-DMA, (D) sludge, and

(E) supernatant.
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Table 6
EDS of OWPF, raw water after dialyzing, OWPF-dosed EPI-DMA, sludge, and supernatant
Elements (wt.%)  OWPF Raw water after dialyzing =~ OWPF-dosed EPI-DMA  Sludge Supernatant
C 20.96 + 2.81 44.80 +2.82 52.53 + 0.86 35.17 £ 0.29 10.9 + 0.90
N 3.20 +0.49 11.12 £ 1.52 15.47 £ 2.20 8.61 + 0.62 0.00 = 0.00
(@) 27.84 +4.83 30.37 +2.31 29.27 + 0.67 39.83 +2.16 3423 +2.26
Na 26.30 + 1.88 3.60 £1.22 0.64 +0.47 1.44 + 0.64 27.87 +0.21
Al 0.00 + 0.00 0.04 +0.06 1.77 + 1.09 8.80 + 1.31 0.00 = 0.00
Cl 21.38 + 3.20 6.55 + 3.86 0.26 +0.27 298 +1.14 17.37 £ 3.70
Fe 0.00 + 0.00 0.00 = 0.00 0.00 = 0.00 1.09 + 0.34 0.00 = 0.00

These FTIR spectra suggested that the transfer of the
HPAM may have been due to the adsorption and
sweep effect of iron and aluminum salt.

3.4.2. Zeta potential and particle size

Fig. 6 shows emulsion particle zeta potentials and
the particle size evolution as the EPI-DMA dose
changes. The experimental results in Fig. 6 show that
both the zeta potential and particle size increased grad-
ually with an increase in EPI-DMA, but followed differ-
ent trends. When the flocculant dose was below
0.4 mg/L, the particle size increased obviously with the
dose, whereas the zeta potential increased weakly. This
result indicated that at low EPI-DMA (<0.4 mg/L),
adsorption-bridging was the process implicated in the
EPI-DMA flocculation mechanism. When EPI-DMA
increased above 0.4 mg/L, the zeta potential increased
and the particle size remained almost constant. This
result suggested that the electric neutralization ability
of EPI-DMA played an important role in the treatment
process at high doses (>0.4 mg/L).

The EPI-DMA mechanism is therefore likely to be
as follows: (1) at low doses, EPI-DMA combines with
HPAM by electrostatic force, forming larger, nega-
tively charged particles; (2) at higher flocculant doses,
EPI-DMA can no longer combine with HPAM due to
steric hindrance effects. The electrostatic repulsion
between the EPI-DMA-HPAM combinations and the
electric neutralization ability of uncombined EPI-DMA
are therefore prominent.

3.4.3. SEM micrograph and EDS analyses

SEM micrographs are shown in Fig. 7. The HPAM
in the freeze-dried sample in micrograph (B) appears
as a fibrous, rod-like lump. A large amount of HPAM
in the freeze-dried sample of OWPF, shown in micro-
graph (A), had inorganic substances adsorbed onto it.
Micrograph (E) shows that the treated water contained
almost no HPAM. Micrograph (C) shows that the
HPAM combined with the EPI-DMA to form a dense,

porous structure. Micrograph (D) shows that PAFC
generated a honeycomb-like structure with particles
trapped in it, indicating the adsorption and sweeping
effects of PAFC.

Table 6 shows the chemical composition of the
samples. A change in carbon can be considered an
indication of HPAM removal. The EDS results showed
that a large amount of carbon shifted into the sludge,
leaving only a little organic carbon in the supernatant.
The main elements in the OWPF-dosed EPI-DMA
were carbon, nitrogen, and oxygen. Only 0.55%
sodium was present. It can be inferred that the
-COO™ on HPAM can combine with the quaternary
ammonium on EPI-DMA instead of sodium. The
results were consistent with the previous analyses.

4. Conclusions

Coagulation—flocculation was used to treat OWPF.
To maximize the removal of HPAM, the BBD, and
RSM were used to optimize the EPI-DMA dose, PAFC
dose, and pH. The result revealed that a maximum
HPAM and COD removal of 95.4 and 85.7% could be
reached using 0.65 mg/L EPI-DMA, 924 mg/L PAFC,
and pH 551. FTIR, zeta potentials, particle size
analysis, and SEM-EDS were used to study the
mechanism of the coagulation—flocculation process.
The results indicated that the main roles of the added
EPI-DMA and PAFC in the coagulation—flocculation
process were electric neutralization, adsorption, and
sweep. Both the optimization and study of the mecha-
nism have practical significance for the treatment of
OWPF.
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