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ABSTRACT

The wastewater produced during tertiary oil recovery often contains a large amount of hydrolyzed
polyacrylamide (HPAM), which is difficult to treat using conventional biological methods because of
its high molecular weight and viscosity. Electrochemical methods are considered to be effective for
the treatment of refractory wastewater. In this study, the electrochemical degradation of HPAM using
several anode materials was investigated. The results show that the highest HPAM removal efficiency
was obtained when iron was used as the anode. The effects of the reaction time, voltage, current
density, electrode distance, initial pH, and temperature on the efficiency of HPAM removal were
investigated using single-factor experiments, and the HPAM removal rate was found to depend most
strongly on the reaction time, voltage, and initial pH. Based on these results, Box-Behnken design
was used to optimize the electrochemical treatment of HPAM, and the optimal conditions for HPAM
removal were determined to be the following: voltage =7.6 V, pH = 4.7, and reaction time = 10.5 min.
The optimal conditions were tested experimentally, and the HPAM removal efficiency was found
to be 98.4%, which fell within the 95% confidence interval of the model results. Analysis of the deg-
radation mechanism showed that HPAM removal occurred mainly via electro-coagulation, with a
contribution rate of 83%, together with electro-oxidation, and that the degradation intermediates
included ammonia and ethers. Therefore, this electrochemical technique is effective for treatment of

wastewater containing HPAM.

Keywords: Iron anode; Response surface methodology (RSM); HPAM; Electro-coagulation

1. Introduction

Petroleum is a major energy resource worldwide. To
enhance oil recovery, hydrolyzed polyacrylamide (HPAM)
is widely used in the oil industry. Because HPAM is water-
soluble, large volumes of wastewater containing HPAM are
discharged into the environment [1]. Although HPAM itself
is not toxic, it is easily degraded into intermediate products
that are harmful to the environment and human health.

* Corresponding author.

Hence, HPAM should be removed from wastewater before it
is discharged into the environment [2].

Many HPAM degradation methods have been applied
to wastewater in China and other countries, including phys-
ical [3], chemical oxidation [4], and biological methods [5].
Among them, biological treatment is usually considered
to be economic and efficient for wastewater treatment.
However, biological treatment of HPAM-containing waste-
water is difficult. Therefore, biological methods are gener-
ally combined with a physical or chemical method to treat
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HPAM-containing wastewater. Pi et al. [2] used a combina-
tion of Fenton oxidation and an anaerobic biological pro-
cess to treat HPAM and achieved an HPAM removal rate
of 91.06%. However, the processing time was longer than
40 d, an extended operating period was required, and the
economic efficiency of the process was low.

Electrochemical treatment represents a promising
physicochemical technology for the removal of various
pollutants [6]. Electrochemical methods have many advan-
tages. They can utilize simple device structures, are easy to
operate, and require short processing times; additionally,
the raw materials used for the electrodes are abundant,
and their reaction products are environmentally friendly.
Electrochemical methods, particularly electro-coagulation
(EC) and electro-oxidation (EO), have been studied for the
treatment of various types of refractory industrial waste-
water [7,8]. In EC, a metal hydroxide colloid produced by
the electrode removes contaminants from the wastewater
via adsorption bridging and coprecipitation. The electrode
reactions are given in Eqgs. (1)—(5) [9]:

Fe - Fe’ +2e” )
2H,0+2e” —20H +H, @)
Fe*" +20H" — Fe(OH), ®3)
4Fe(OH), + O, +2H,0 — 4Fe(OH), (4)
nFe(OH), — Fe(OH)_ ®)

In EO, pollutants are degraded by strong oxidants, such
as active chlorine and hydroxyl radicals. The reactions are
shown in Egs. (6)—(8) [10]:

2C1" —2e” - Cl, (6)
Cl,+H,0 >HCIO+H" +Cl” (7)
MO, +H,0 ->MO, (*OH)+H" +e" )

The mechanism and efficiency of the oxidation of organic
substances depends on the electrode materials. Graphite is
a very cheap and abundant electrode material, and exhibits
both EO and adsorption mechanisms for pollutant removal
due to its large surface area. Platinum is a stable and rela-
tively available electrode material that is usually used to treat
dye wastewater. However; these two electrodes have low
oxygen evolution overpotentials and low pollutant degrada-
tion efficiencies. Boron-doped diamond (BDD) and dimen-
sionally stable anodes have high oxygen evolution overpo-
tentials, which allows them to effectively degrade organic
pollutants [11].

There have been few studies on the treatment of HPAM-
containing wastewater using electrochemical methods. Zhu
et al. [3] used aluminum sheets as working electrodes to treat

HPAM-containing wastewater and obtained good experi-
mental results. However, their discussion of experimental
optimization and the electrochemical degradation of HPAM
was inadequate. In addition, the treated solution contained
aluminum, which is harmful to human health and is believed
to cause Alzheimer’s disease [12]. Moreover, the alumi-
num anode had a low chemical oxygen demand removal
efficiency for wastewater and a high energy requirement,
resulting in high operation costs [13,14]. Therefore, an effi-
cient, nontoxic anode for the degradation of HPAM should
be identified. To this end, further exploration of the optimal
electrode materials and experimental conditions, as well as
the underlying mechanism of degradation, is needed.

The response surface method can be used to evaluate
the interaction between different independent variables and
effectively reduce the number of experiments required for
optimization [15]. Box-Behnken design (BBD) is one model
of the response surface method, and is based on a three-
level design and a fitted second-order response surface.
In the optimization experiments, each factor is relevant with
a 2? factorial and the replicate number of the central point.
The number of experiments (1) depends on the expression
n=2>xk x (k-1)/2 + C,, where k is the number of variables
and C, is the replicate number of the central point [16,17].

In this study, the electrochemical degradation of HPAM
was investigated using three anode materials: BDD, iridium—
ruthenium-titanium (Ir-Ru-Ti), and an iron plate. The effects
of the reaction time, voltage, current density, electrode dis-
tance, initial pH, and temperature on the efficiency of HPAM
treatment using the optimal electrode were investigated in
single-factor experiments. To optimize the experimental con-
ditions, the three main factors influencing the degradation
efficiency were identified based on the single-factor exper-
iment results and then optimized using BBD. The HPAM
degradation mechanism was also investigated. The results
provide useful information for the design of an electro-
chemical unit to degrade HPAM-containing wastewater.

2. Methodology
2.1. Materials and reagents

The HPAM, hydrochloric acid, acetic acid, soluble starch,
bromine water, sodium formate, sodium acetate, cadmium
iodide, sodium chloride, and aluminum sulfate used in the
study were all of analytical reagent grade (Ketuo Chemical,
Beijing, China). Ir-Ru-Ti electrodes and iron plates were
purchased from Baoji Changli Special Metal Co. Ltd.
A BDD electrode was purchased from Adamant Technologies
(Switzerland). All the anodes used in this study had dimen-
sions of 30 mm x 60 mm x 1 mm, and were immersed in the
solution to a depth of 40 mm.

2.2. Preparation of the samples and electrodes

The HPAM used in the experiment had a molecular
weight of 3 x 10° and a degree of hydrolysis of 10%. The sim-
ulated wastewater contained 200 mg L™ of HPAM and 6 g L™
of NaCl.

The Ir-Ru-Ti electrodes were immersed in a 10% NaOH
solution for 30 min to remove surface grease and then
washed repeatedly with deionized water.
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The BDD electrodes were placed in an alcohol solution,
ultrasonically cleaned for 5 min to remove surface impurities,
and then rinsed repeatedly with deionized water.

The iron plates were first ground with 1200 P sandpaper
and soaked in 10 wt% NaOH for 30 min to remove surface
oil. They were subsequently rinsed with deionized water,
soaked in 10 wt% HCI for 15 min, and then rinsed again
with deionized water.

2.3. Electrochemical experiments and analytical methods

The experiments were conducted in 100 mL custom-built
Plexiglass reaction vessels. The actual reaction volume was
80 mL. The anode materials were iron plate, Ir-Ru-Ti, and
BDD. The cathodes were sheets of 304 stainless steel with
dimensions of 30 mm x 60 mm x 1 mm. A magnetic stirrer
(DF-101S, Yushen, China) was used for continuous stirring
during the reaction.

The initial pH was adjusted using 0.1 mol L™ HCI or
NaOH and measured using a digital pH meter. The voltage
was controlled by a precision digital direct power supply
(0-5 A, 0-30 V, CSI12005S DC power supply), and the tem-
perature was controlled by a water bath. All products were
collected after being allowed to precipitate for 30 min after
the end of the reaction. A UV spectrophotometer (Model
UV-2600, SHIMADZU, Japan) operating at 585 nm was
used to measure the HPAM concentration via the starch—
cadmium-iodine method [18]. The HPAM removal rate was
calculated using Eq. (9) below:

HPAMremoval rate(%) = % x100% 9)

0

where C,(mg L) is the initial concentration of HPAM, and
C, (mg L) is the final concentration of HPAM.

After the reaction, the precipitate was concentrated
using a centrifugal separator (TG16-WS, Cence, China). The
concentrated precipitate was placed in a beaker, diluted to
80 mL with deionized water, adjusted to pH = 3 with hydro-
chloric acid, and stirred for 12 h with a force stirrer until the
precipitate was completely dissolved. The HPAM concentra-
tion was subsequently measured, and the amount of HPAM
removed was calculated. The ammonium nitrogen in the
solution after the degradation reaction was detected using
an ammonia nitrogen analyzer (PCOD-810, Changhong,
China).

The HPAM in the precipitate after the degradation
reaction was qualitatively analyzed using Fourier trans-
form infrared (FT-IR) spectrometry (Tensor 27, Bruker,
Germany). For comparison, FT-IR spectra of the flocs pro-
duced by electrolysis of a pure NaCl solution and of pure
HPAM were also obtained. All the samples were dried in an
oven at 50°C.

To investigate the contribution of EC, the amount of
HPAM in the floc solid was measured. The measurement
was carried out using the method published by Ahmadi et al.
[19]. Simply, the filtered precipitate from the experiment with
coagulated HPAM was washed three times with deionized
water and dried at 70°C until a constant weight was achieved,
after which the HPAM content was determined.

2.4. Experimental design
2.4.1. Single-factor experiments

The single-factor experiments investigated the effects of
the reaction time, voltage, current density, electrode distance,
initial pH, and temperature on the HPAM removal rate. We
identified the three factors that had the greatest impact on the
HPAM removal rate and subsequently explored their opti-
mal ranges.

2.4.2. Response surface method experimental design

The experiment was designed using the Box-Behnken
method in the software package Design Expert (Design
Expert 8.0.6). Based on the results of the preliminary experi-
ments, the voltage (X)), initial pH (X,), and reaction time (X,)
were selected as the three main factors for the response sur-
face methodology (RSM). Values of -1, 0, and 1 were used to
indicate low, intermediate, and high levels, respectively, as
shown in Table 1.

The second-order model and optimal experimental con-
ditions from the response values and factors were analyzed
using the RSM, as shown in Eq. (10) [15]:

(10)

[/

k k k
Y=a,+YaX +>aX +> aXX +e
i=1 i=1 1<i<j
where Y represents the HPAM removal rate; 4, is a constant
term (intercept); X, and X are variables; a, a, and a, are the
primary, quadratic, and interaction coefficients, respectively;
and ¢ indicates the experimental residual.

3. Results and discussion
3.1. Electrode selection

To investigate the removal of HPAM by EC and EO,
iron plate was selected as a typical representative electrode
for EC, and BDD and Ru-Ir-Ti electrodes were selected as
typical EO electrodes in this study. The HPAM solution was
treated using a constant voltage of 5 V, an electrode distance
of 2 cm, a reaction time of 30 min, an initial pH of 6.5, and
an initial temperature of 25°C, respectively. The experimental
results are shown in Fig. 1.

As shown in Fig. 1a, the HPAM removal rate using the
iron electrode was 92.5%, which was significantly higher
than that obtained using the other electrodes. This result was
similar to that reported by Wang and Wang [20]. Iron anodes
are generally considered to be efficient for EC. The iron ions

Table 1
Box-Behnken experimental design factor levels

Level Factors
Voltage Initial pH Reaction time
V,X) (X)) (min, X,)
Low level (-1) 1 4 5
Intermediate level (0) 5 8 10
High level (+1) 9 12 15
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Fig. 1. HPAM removal efficiencies (a) and current densities (b) of the different electrodes (constant voltage: 5 V, electrode distance:

2 cm, reaction time: 30 min, initial pH: 6.5, temperature: 25°C).

released from the anode can easily form Fe(OH),/Fe(OH),
flocs, which can effectively remove pollutants from the
wastewater. Considering the characteristics of HPAM and the
iron flocs, the removal of HPAM is believed to take place pre-
dominantly via polymer-bridging, charge patch attraction,
complex formation, and depletion flocculation mechanisms
[21]. As shown in Fig. 1a, the BDD and Ru-Ir-Ti electrodes,
which were used as EO electrodes, exhibited lower HPAM
removal rates. This indicated that EC was more efficient than
EO for the removal of HPAM under the experimental con-
ditions. However, the HPAM-containing sludge generated
by EC requires further treatment. Fig. 1b shows the current
densities obtained using the different electrodes at a constant
voltage of 5 V. The Fe electrode exhibited the highest current
density at this voltage, which was consistent with the HPAM
removal results. The removal efficiency of HPAM was consis-
tent with the relative magnitudes of current density at a reac-
tion time of 30 min. Therefore, Fe was selected as the optimal
anode for the removal of HPAM.
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3.2. Effect of the reaction time

Reaction time has a critical impact on electrochemical
reactions. Shorter reaction times usually result in incom-
plete removal of contaminants, whereas longer times cause
excessive energy loss at the electrode [22]. Different pollut-
ants require different reaction times. Therefore, the effect of
reaction time (0-30 min) on HPAM removal under magnetic
stirring was investigated using a voltage of 5 V, an electrode
distance of 2 cm, an initial pH of 6.5, and an initial tempera-
ture of 25°C.

As shown in Fig. 2a, the HPAM concentration generally
decreased with time. During the first 2 min, the HPAM con-
centration changed little, and the degradation rate was very
low (only 1.7%). The low degradation rate was probably
due to only a small amount of Fe* having been dissolved
at the anode, resulting in insufficient formation of the flocs
that were responsible for settling of contaminants. As the
reaction time was increased from 2 to 10 min, the HPAM
removal efficiency increased from 1.7% to 91.8%. In theory,
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Fig. 2. Effect of the reaction time on the HPAM removal rate (a), and the variation of the current density with reaction time (b) using
an iron electrode (constant voltage: 5 V, electrode distance: 2 cm, initial pH: 6.5, temperature: 25°C).
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this may have been related to an increase in the amount of
Fe? and the generation of nascent flocs [23,24]. The HPAM
degradation rate reached a peak at approximately 10 min,
after which it became constant, and no obvious change
was observed. This might have been related to the satura-
tion of floc adsorption in the solution [25]. The dissolved
Fe increased the current density, and the current density
trend was consistent with that of the HPAM removal effi-
ciency. The current density tended to become stable at about
10 min, as shown in Fig. 2b.

When the reaction time exceeded 10 min, the amount of
electrochemical sludge generated by the reaction system also
increased greatly, making sludge disposal more difficult in
the later stages. Therefore, the optimal experimental reaction
time was determined to be 10 min.

3.3. Effect of the voltage

The magnitude of the voltage directly determines
whether an electrochemical reaction can occur, controls
the reaction rate, and affects the growth of flocs; thus, it is
a highly significant parameter in electrochemical reactions
[26]. The variable voltage experiment was conducted at an
initial pH of 6.5, an initial temperature of 25°C, an electrode
distance of 2 cm, and a reaction time of 10 min under mag-
netic stirring. The voltage was varied from 1 to 9 V. The
result is shown in Fig. 3a.

Fig. 3a shows that the HPAM removal rate was very low
(5.5%) at 1 V. This was attributed mainly to the very low
quantity of Fe*" dissolved at the anode and the negligible
amount of EC at this voltage. Under these conditions, HPAM
was degraded mainly through EO via hydroxyl radicals and
active chlorine.

As the voltage was increased from 1 to 9 V, the HPAM
removal efficiency increased from 5.5% to 92.8% due to the
increased number of electrons and Fe? ions, which in turn
increased the number of flocs, thereby enhancing the con-
taminant removal [27]. The current density also increased as
the voltage was increased, as shown in Fig. 3b. Additionally,
metal hydroxide neutralizes static charges dispersed on
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the contaminant particles, reduces the electrostatic repul-
sion between particles, and increases the van der Waals
force between particles, thereby promoting particle aggre-
gation [28].

Moreover, the HPAM removal rate increased signifi-
cantly when the voltage was increased from 1 to 2 V. As the
voltage was further raised from 2 to 5 V, the HPAM removal
rate also increased gradually. However, when the voltage
exceeded 5 V, the HPAM removal rate tended to plateau.
Although the energy consumption increased when the volt-
age was increased from 2 to 5V, 5 V was selected as the work-
ing voltage in the following experiment in order to ensure the
effective removal of HPAM.

3.4. Effect of the current density

Like voltage, current density also has a strong effect on
electrochemical degradation processes. The effect of current
density was experimentally investigated at an initial pH
of 6.5, initial temperature of 25°C, an electrode distance of
2 cm, and a reaction time of 10 min under magnetic stirring.
The current density was varied from 1 to 20 mA cm™; the
results are shown in Fig. 4.

The effect of the current density was similar to that of the
voltage. The HPAM removal rate increased with increasing
current density, as shown in Fig. 4a. At the lowest current
density tested (1 mA cm™), the HPAM removal rate was
36.5%. However, at current densities of 5 and 10 mA/cm?,
the HPAM removal rates were 91.5% and 91.7%, respec-
tively. This can be attributed to two phenomena. First, as
the current density was increased, the amount of Fe* pro-
duced also increased; this was favorable for the formation of
Fe(OH),/Fe(OH),, which enhanced the flocculation of HPAM.
Second, the increase in current density may have increased
the amount of strongly oxidizing substances such as HCIO
and OH, which may have contributed to the increase in the
HPAM removal rate [29]. Although both voltage and current
density had similar trends with regards to the removal rate,
the HPAM removal rate more likely depends on the volt-
age, because the redox potential is a controlling factor at a
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Fig 3. Effect of voltage on the HPAM removal rate using a reaction time of 10 min (a), and the resulting variation in the current
density (b) at an iron electrode (electrode distance: 2 cm, initial pH: 6.5, temperature: 25°C, reaction time: 10 min).
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Fig. 4. HPAM removal rates at different constant current densities for a reaction time of 10 min (a), and corresponding variation of
the voltage (b) at the iron electrode for different current densities (electrode distance: 2 cm, initial pH: 6.5, temperature: 25°C, reaction

time: 10 min).

high electrolyte concentration [26]. Therefore, voltage was
selected as the main factor in the follow-up experiment. The
variation in the voltage at different constant current densities
is shown in Fig. 4b.

3.5. Effect of the electrode distance

Electrode distance is an important parameter in electro-
chemical reactor design and strongly affects the current
line distribution. The resistance of the solution typically
increases as the electrode distance is increased. Additionally,
the electric field lines become more dispersed, and the elec-
tric field strength decreases; consequently, the capacity for
electrochemical treatment of pollutants is reduced. The elec-
trode distance also determines the operating cost. The vari-
able electrode distance experiment was conducted using a
voltage of 5 V, an initial temperature of 25°C and initial pH
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of 6.5, and a reaction time of 10 min under magnetic stirring.
The electrode distance was varied from 0.5 to 4 cm, and the
results are shown in Fig. 5.

As the electrode distance was decreased from 4 to 1 cm,
the HPAM removal rate increased from 90% to 93.1%,
as shown in Fig. 5a. This occurred because the current (as
shown in Fig. 5b) and mass transfer efficiencies were higher
at smaller electrode distances. Furthermore, more flocs could
be produced in the solution [29]. However, when the elec-
trode spacing was reduced to 0.5 cm, the removal rate of
HPAM was only 83.2%. This could be attributed to the for-
mation of turbulence and poor mass transfer in the reactor
at shorter distances [30]. When the electrode distance is too
short under high electrostatic attraction conditions, metal
hydroxides collide with each other and decrease [22].

The HPAM removal rate was similar at electrode dis-
tances of 1 and 2 cm. However, the number of electrode
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Fig. 5. Effect of the electrode distance on the HPAM removal rate for a reaction time of 10 min (a), and the corresponding variation of
the current density (b) at an iron electrode (constant voltage: 5V, initial pH: 6.5, temperature: 25°C, reaction time: 10 min).
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plates was relatively low and less sludge was produced at
a distance of 2 cm. Therefore, the optimal experimental elec-
trode distance was determined to be 2 cm.

3.6. Effect of the initial pH

The initial pH is an important operating parameter that
affects EC performance, as it influences the conductivity of
the solution, zeta potential and electrode dissolution [31].
Therefore, the effect of pH during electrochemical treatment
was investigated. The pH experiment was conducted at a
voltage of 5 V, an electrode distance of 2 cm, an initial tem-
perature of 25°C, and a reaction time of 10 min using a mag-
netic stirrer. The initial pH was varied from 2.0 to 12.0.

As shown in Fig. 6a, the HPAM removal rate was rela-
tively high (greater than 85%) at pH values between 3 and
11. The current density is shown in Fig. 6b. The reason is
that the Fe* and Fe* formed during the electrochemical
reaction tend to form flocs composed of species such as
Fe(OH), and Fe(OH), at pH = 3-11; these flocs exhibit strong
adsorption of HPAM [32]. At high pH values (pH = 12), the
degradation rate of HPAM was only 28.7%. This is because
at highly alkaline pH values, the undesirable monomeric
species Fe(OH), is formed, and the amorphous Fe(OH),
flocs become fluffy and dissolve [13]. At low pH (pH = 2),
the HPAM degradation rate was 66.1%. The OH" ions were
neutralized by the H* ions in the solution, and the cathode
reduced the Fe(OH), colloids. Therefore, the flocculation
effect also decreased [33]. The degradation mechanism
depends mainly on the strong oxidizing action of Fe*" under
acidic conditions. The highest HPAM removal rate (93.9%)
was obtained at pH = 8. Therefore, the optimal experimental
pH was determined to be 8.

3.7. Effect of the temperature

Temperature is a factor that is often ignored. Raising the
temperature generally promotes mass transfer in the solu-
tion, which increases the reaction rate. The variable tem-
perature experiment was conducted at a voltage of 5V, an
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electrode distance of 2 cm, an initial pH of 8, and a reaction
time of 10 min using a magnetic stirrer. The initial tempera-
ture was adjusted from 15°C to 45°C.

Fig. 7a shows that the degradation rate increased from
90% to 93.9% as the temperature was increased from 15°C to
45°C. The current density is shown in Fig. 7b. The increased
degradation was possibly due to the increased ion and poly-
mer mobility and collision rates with increasing temperature
[34]. However, the trend was quite subtle. Thus, among the
various factors tested, the temperature was found to have an
insignificant impact on the HPAM degradation efficiency.

3.8. Response surface analysis
3.8.1. Establishment of the model and analysis of variance

The software Design-Expert (8.0.6) was used to analyze
the experimental data. The experimental scheme and results
are shown in Table 2.

Table 3 shows the results of the analysis of variance
(ANOVA) of the experimental data. The ANOVA results for
the three single factors (voltage, pH, and reaction time) were
fitted to the polymer removal rate, and yielded the following
quadratic polynomial (Eq. (11)):

Y =86.22+35.77X, —~12.32X, +8.7X, —7.94X, X, + 1.5X X, +
10.95X,X, - 35.52X> ~10.72X2 - 6.7X> 11)

Here, Y represents the degradation rate of HPAM; X, X,
and X, represent the voltage, initial pH, and reaction time,
respectively. According to the ANOVA results, all three fac-
tors had significant effects, and their degree of influence
followed the order voltage > initial pH > reaction time. The
results show that strict control of the voltage is required when
an electrochemical apparatus is used to process HPAM, and
is key to ensuring the effective removal of HPAM.

The p value of the model was less than 0.0001, suggesting
that the equation reflected the relationship between the poly-
mer removal rate and the single factors well [35]. The F value
was 56.04, indicating that the model was significant, and
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Fig. 6. Effect of the initial pH on the HPAM removal rate for a reaction time of 10 min (a), and the corresponding variation of the cur-
rent density (b) at an iron electrode (constant voltage: 5 V, temperature: 25°C, electrode distance: 2 cm, reaction time: 10 min).
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Fig. 7. Effect of temperature on the HPAM removal rate for a reaction time of 10 min (a), and the corresponding variations in the
current density (b) at an iron electrode (constant voltage: 5V, initial pH: 8, electrode distance: 2 cm, reaction time: 10 min).

Table 2
Design matrix of coded units and experimental responses

Test X, X, X, HPAM removal
rate (%)

1 0 1 1 75.5

2 -1 -1 0 8

3 1 0 -1 75.1

4 -1 0 1 9.9

5 0 1 -1 30.7

6 1 0 1 90

7 0 0 0 86.1

8 0 0 0 89.3

9 1 1 0 56.1

10 0 0 0 88.9

11 0 0 0 86.5

12 -1 0 -1 1

13 0 0 0 80.3

14 1 -1 0 89.9

15 0 -1 -1 84

16 -1 1 0 6

17 0 -1 1 85

the p values of less than 0.05 indicated that x, x,, x,, x,, xx,,
x,X, X, and x,, were very significant. The results show that
during the electrochemical treatment of HPAM-containing
wastewater, the interactions between the voltage and pH and
between the pH and reaction time were obvious; the mis-
match was 5.50, and the F value was 0.0665, indicating that
there was no significant relationship between the errors. The
correlation coefficient (R?) and standard error can generally
be used to investigate the fit of a regression model. Because
the R? value (0.9863) was very close to 1, this model could be
used to predict the degradation rate of HPAM.

The p value for the lack of fit was 0.0665; as this value
was higher than 0.05, it indicated that the miscalculation was
not significant. The “predicted R-squared” value (0.8195)

was close to the “adjusted R-squared” value (0.9687), and the
“adequate precision” was 20.356, indicating that the model
could reflect changes in the response value well.

The experimental and predicted values were also com-
pared, as shown in Fig. 8. The predicted values were almost
same to the actual degradation rates, indicating that the
regression function could be used to predict the polymer
degradation rates. The maximum residual of less than 3%
(Fig. 9) indicated that the predicted polymer degradation
rates were well-correlated with the experimental values.

3.8.2. Effects of the individual parameters

In order to provide a clearer interpretation of the effects
of the independent variables, Pareto analysis, which is a pre-
sentative method and is based on Eq. (12), was used. The
Pareto graph is illustrated in Fig. 10 [36]:

2

P=| <=

| (z’a

Fig. 10 indicates the most important factors were volt-
age and voltage x voltage, which accounted for 41.09% and
40.52% of the effect, respectively. This is reasonable, as a
higher voltage should lead to the production of more Fe(OH),
and other strongly oxidizing substances. However, the inter-
action effects of the other parameters were not significant.

(12)

}100 (i#0)

3.8.3. Interactions among the variables

The relationships between the response value and the
independent variables can be evaluated using response sur-
faces and contour maps. These plots can be used to find the
optimal process parameters and determine the interactions
between the parameters. The dot at the center of the contour
line is the response surface, and the shape of the contour line
indicates the interaction between the two factors; an oval
shape represents a significant interaction, while a circular
shape represents an insignificant interaction. The slope of
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Table 3
ANOVA values of the obtained experimental responses
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Source Estimated Degrees of Sum of Mean F value p value Remarks
coefficient freedom squares square
Intercept/model 86.22 9 19,140.99 2,126.78 56.04 0.0001 Significant
X, 35.77 1 10,235.73 10,235.73 269.70 0.0001 Significant
x, -12.32 1 1,214.43 1,214.43 32.00 0.0008 Significant
x, 8.70 1 605.35 605.35 15.95 0.0052 Significant
XX, -7.94 1 252.29 252.29 6.65 0.0366 Significant
XX, 1.50 1 9.03 9.03 0.24 0.6406 Not significant
XX, 10.95 1 479.61 479.61 12.64 0.0093 Significant
x? -35.52 1 5,311.66 5,311.66 139.96 0.0001 Significant
x,? -10.72 1 483.45 483.45 12.74 0.0091 Significant
x,? -6.70 1 189.27 189.27 4.99 0.0607 Not Significant
Residual 7 265.67 265.67
Lack of fit 3 213.86 213.86 5.50 0.0665 Not Significant
Pure error 4 51.81 51.81
100.00 — P Voltage*Reaction time
L
i Reaction time*Reaction time
00— /2/ = Voltage*Initial pH
60.00 — // A" Reaction time
B pd = Initial pH*Initial pH
% A0 EI//// Reaction time*Initial pH
= P s Initial pH
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Fig. 8. Predicted vs. actual values for the HPAM removal rate.
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Fig. 9. Internally studentized residuals vs. predicted values plot
for the HPAM removal rate.

the curved surface in the three-dimensional (3D) diagram
indicates the degree of influence of the two factors on the
response value. Greater inclination (i.e., a steeper slope) indi-
cates more significant influence. In addition, a preliminary
determination can be made from the color of the 3D image; as
the change increases sharply, the color is deeper.

Fig. 11 shows the two-dimensional (2D) profile and 3D
response surface plot of the initial pH-voltage interaction.
The HPAM removal rate first increases and then decreases
as the initial pH increases, with a maximum at an initial pH
of 8, because Fe(OH), flocs are more abundant under neu-
tral conditions. The peracid and alkali species change the
floc morphology and affect the HPAM removal efficiency
[37]. The HPAM removal rate increases with increasing
voltage, indicating that the voltage has a greater impact on
the experimental result. In the experiments, one factor was
maintained at the intermediate level while the other two fac-
tors were varied. When the reaction time was increased to
10 min and the voltage was maintained at 1 V, the removal
rate of HPAM at pH 4-12 remained relatively constant,
changing only from 8% to 6%. However, when the reaction
time and pH were maintained at 10 min and 4, respectively,
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Fig. 11. 3D response surface plot (a) and 2D profile (b) of the effect of the initial pH and the voltage on the HPAM removal rate.

and the voltage was increased from 1 to 9 V, the HPAM
removal rate increased from 8% to 89.9%. These results
demonstrated that the voltage played a more important role
than the initial pH in the experiment. This may be related to
that fact that increasing the voltage generates large amounts
of Fe? and OH- in the reaction system, which can increase
the number of flocs and thus improve the HPAM removal
rate [38].

Fig. 12 shows that at a voltage of 5 V and an initial pH of
12, the HPAM removal rate increased from 30.7% to 75.5% as
the reaction time was increased from 5 to 15 min. The HPAM
removal rate was also investigated between pH 12 and 4 at
a voltage of 5 V and a reaction time of 15 min. The result-
ing increase in the removal rate (from 75.5% to 85.0%) was
small, indicating that the reaction time was the more domi-
nant of these two factors. As the reaction time was increased,
the quantity of Fe(OH),/Fe(OH), flocs in the reaction system
increased, favoring the degradation of HPAM.

3.8.4. Confirmation and validation

Analysis of the surfaces representing the above factors
shows that the optimal conditions obtained by the RSM sim-
ulation are a voltage of 7.6 V (the current density increased
from 19.2 mA cm™ at the beginning to 26.8 mA cm™ at a
reaction time of 10.5 min), a pH of 4.7, and a reaction time
of 10.5 min. The other conditions were kept constant, with
an electrode distance of 2 cm and a temperature of 25°C.

HPAM removal rate

11.00

8.00 e 0 00

1000 " _7_“’_),/’7_(,(,
12.00 5.00

B: Initial pH C: Reaction time

- 1500

The 95% confidence interval of the HPAM removal effi-
ciency was 94.3%-100% for the predicted value. The HPAM
removal rate obtained in a verification experiment under
these conditions was 98.4%, which was within the confi-
dence interval of the predicted values, indicating a good fit
between the experimental results and the predicted value.

3.9. HPAM degradation process

To explore the HPAM degradation pathway, the FT-IR
spectra of different samples were obtained, as shown in
Fig. 13. The black solid line represents the IR absorption
spectrum of solid Fe(OH), powder, the blue dot-dash pat-
terned line shows the FT-IR spectrum of the solid powder
after EC, and the red dashed line shows the FT-IR spectrum
of the HPAM powder. A comparison of the three spectra
reveals that after the EC reaction, the characteristic peaks
of HPAM at 3,346; 1,662; 1,564; 1,406; and 622 cm™ clearly
appeared in the spectrum of the product. These peaks were
attributed to —OH stretching, -NH, stretching, CN stretch-
ing, and NH, out-of-plane bending, respectively. Thus,
it can be inferred that HPAM was present in the Fe(OH),
colloid flocs, and that the flocs produced by EC obviously
adsorbed HPAM.

In addition, a peak corresponding to -O- (1,138 cm™) was
also observed in the IR spectrum, indicating that an interme-
diate product containing an ether bond was produced during
electrochemical degradation. A trace amount of ammonia

C: Reaction lime

00

13: Initial pll

Fig. 12. 3D response surface plot (a) and 2D profile (b) of the effects of the initial pH and the reaction time on the HPAM removal rate.
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Fig. 13. FT-IR analysis of solid Fe(OH),, solid HPAM, and the
solid powder collected after EC (constant voltage: 7.6 V (current
density increased from 19.2 to 29.5 mA cm over 15 min of reac-
tion), initial pH: 4.7, reaction time: 10.5 min, electrode distance:
2 cm, temperature: 25°C).

(0.2 mg L) was detected in the solution after the EC reac-
tion, possibly due to the oxidation of the amino moiety in
HPAM to ammonia. This indicated that HPAM was removed
by the combined action of EC and EO.

To explore the contributions of EC and EO to HPAM
removal, the HPAM contents of the solution and the Fe(OH),
colloid were measured after a reaction time of 10.5 min.
As shown in Fig. 14, the amount of HPAM in the solution
before the reaction was determined to be 13.03 mg. At the
end of the reaction, the amount of HPAM in the solution was
0.725 mg, and the HPAM removal rate was 94.4%. After the
reaction, the flocs were dissolved in acid, and the HPAM
content was determined to be 10.17 mg. Therefore, the
HPAM removal rate via EC was 83%, and the contribution
of EO reduction was determined to be 17%.

3.10. Energy cost

Determination of the energy cost is a necessary process
in the development of electrochemical methods. The energy
cost can be determined using Eq. (13) below:

uit

Electrical energy consumption (EEC) = 72 (13)

where U, ], t are the voltage (V), current (A), and electrolysis
time (h), respectively; and V is the volume of the sample (m?).
Under the optimal conditions, the electrical energy consump-
tion was 4.63 kwh m™. The electrical energy consumption per
kg of HPAM removed was 23.15 kwh kg™.

4. Conclusions

In this study, the iron electrode showed the highest
HPAM removal rate among the three electrodes investigated,
and single-factor experiments were performed to determine
the influence of various factors on HPAM degradation.
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18 Il HPAM removed by EO degradation
I HPAM removed by EC degradation
Il 1P AM not removed
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Fig. 14. Percentage of HPAM removed by different methods
(constant voltage: 7.6 V (current density increased from 19.2 to
29.5 mA cm™ over 15 min of reaction), initial pH: 4.7, reaction
time: 5, 10.5, or 15 min, electrode distance: 2 cm, temperature:
25°C).

The voltage, initial pH, and reaction time were selected as
the three most influential factors and subsequently opti-
mized by RSM using the BBD method. ANOVA showed that
all three factors had significant effects, and their degree of
influence followed the order voltage > initial pH > reaction
time. The optimal conditions for HPAM degradation via
EC were a voltage of 7.6 V, pH of 4.7, and reaction time of
10.5 min; under these conditions, an HPAM removal rate of
98.4% was achieved. The experimental value was in good
agreement with the predicted value, indicating that this
model effectively optimized the operating parameters for
the electrochemical degradation of HPAM.

The three factors were found to greatly influence each
other in the electrochemical reaction. As voltage was the
most important factor, HPAM can be removed efficiently by
increasing the voltage. In addition, the initial pH strongly
affects the outcome of the experiment, and the HPAM
removal improved under weakly acid conditions. An anal-
ysis of the experimental products provided insight into the
HPAM degradation process. The results of this study should
lay a foundation for future work.
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