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Polymer flooding produced water is a taxonomic group of refractory wastewaters with a high viscosity
and molecular weight. The discharge of water that contains hydrolyzed polyacrylamide (HPAM) into
the environment will result in many environmental probleiftse use of the electaxidation (EO)
method for the degradation of wastewater is characterized by many advantages, including high
efficiency, wide applicability, simplicity, and easy operation. In this study, HPAM was degraded using
Ti/ISNnO+SkOs/ #bO anodes. The physicochemical properties of the electrodes were characterized
via scanning electron microscopy (SEM) anday diffraction (XRD). HPAM degradation experiments
were carried out at current densities ofAlDmA/cn¥, electrode distances ofSlcm, initial solution pH
values of 37, and electrolyte concentrations of 2a0@000 mg/L. The degradation kinetistudies
showed that the HPAM degraded by the EO process followed a pBesierder kinetic modelinder
various conditions. Under theptimal conditions, namely a current density of 20 m&/cetectrode
distance of 1 cm, initial pH of 5, and electrolyte concentration of 6000 mg/L, the efficiency of the
electrochemical degradation of HPAM attained 100%. Finally, the degradation mechadipnoducts

of HPAM were determined via monitoring ion chromatography (IC), tdiemnsional excitation
emission matrix (3D EEM) fluorescence spectra, Fourier transform infrared spectroscdi),(fke

total organic carbon (TOC), and gas chromatograpags spectrometry (GC/MS).
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1. INTRODUCTION

Hydrolyzed polyacrylamidéHPAM) has been widely used in oil production processes, as it can
reduce water mobility, neutralize charges, and agglomerate particles, thereby effectively increasing the
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rate of oil exploitation. However, a large amount of polyacrylamide wastewaterdsged during oil
recovery, and although most is recycled, the rest is released into the envirgtim€hé wastewater

has the characteristics of a high viscosity, high COD, and serious emulsification, and is also
characterized by biological toxicity. As a linear polymer compound of acrylamide monomers,
substandard discharge into the environment is likely tise&@quipment corrosion, scaling, a blocking
layer, and the contamination of underground water. Furthermore, the residual HPAM that is broken
down into acrylamide monomers is harmful to human health and ecological envirofZhehterefore,

it must be treatetlefore reinjection and discharge.

The reported treatments of HPAM wastewater include phy§&ad], chemical[5, 6], and
biological [7, 8] treatments, but these methods have many disadvantages that coincide with the
degradation of HPAM. The chemical precipitation method has been found to be efficient for the
treatmentof HPAM wastewater, but it requires the use of expensive drugs and is costly. The
biodegradation method has the disadvantages of a long treatment cycle, large reaction equipment, an
difficulty in screening and cultivating strains. Compared with the toadit methods, electrochemistry
techniques have gained significant popularity in recent years for the treatment of refractory wastewater,
such as wastewater from the pharmaceufi@gltextile [10], and petrochemicdll]] industries.The
experimental conditions of the electrocoagulation degradation of HR&M optimized andit was
found that while AlI(OHj floc and active chlorine are helpful for HPAM degradatitmey cause
secondary pollution by generating a significant amount of electrochemical $L@gJgé& 2000 mg/L
simulatedHPAM wastewatewastreated byusing Ti/SnQ-SkrOs and 304 stainless steel the anode
and cathode, respectivelnd a COD removal efficiency of 84% washieved13].

Ti/SnG-ShrOs electrodes are easily attacked by oxygen atevhich causes the exfoliation of
the tin antimony active layer and greatly affects the service life of these electiotesser, theycan
be used as an intermediate layer to impitbrelectrode life PbQ is considered a neactive electrode
because ofts high oxygen overpotential. Ti/Pb@lectrodes have the advantages of high electrical
conductivity, strong oxidizing ability, and low cost, and have been widely used to treat refractory organic
pollutant wastewatdi4]. It has been reported that hydrorgdicals exist mainly as adsorbed hydroxyl
radicals at the anodgg5]. Contaminants have been found to be completely mineralized on the electrode
surface by the direct interaction with adsorbed hydroxyl radiaalgiven by Equation (1).6]:

OA / ( T OCA®PBMOII#/ T(/1 ( A p

Ho we v e r-PbOeleatr@de dnatings can easily fall off and will dissolve toxit Pbr-19],
which in turn will reduce the electrode life. To solve these problems;-Sh@3 was prepared as the
middle layerbetween Ti/Pb@in the present studyBased on the use of thHE/SnG-SkhOs/ b
electrode, the current density, electrode distance, initial pH, and electrolyte concentration of the
electrochemical degradation of HPAM were investigated. The HPddgradation kinetics and
mechanism were also studied.
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2. METHODOLOGY

2.1 Materials and Reagents

Deionized water (18. 2-1-20fd9ystem ULYPURE] @Qhtn&) das bsed a
to prepare all reaction solutions. Oxalic acid>@kDs4), sodium fluside (NaF), bromine water,
hydrofluoric acid (HF), hydrochloric acid (HCI), nitric acid (HM)Qcitric acid (GHsO7), ethylene
glycol ((CHOHY).), lead nitrate (Pb(N§)), antimony trichloride (SbG), stannic chloride (Sn@)l
sodium chloride (NaOH), ethgthe glycol ((CHOHY).), citric acid (CA), sodium formate (HCOONa),
soluble starch, anhydrous sodium acetatex@MONa), aluminum sulfate (4SQu)s), cadmium iodide
(Cdl), and polyacrylamide (PAM,X@0’ DA) were obtained from Chengdu Aikeda Chemical Reagent
Co., Ltd. and Beijing Ketuo Chemical Reagent Co., Ltd. (China). All chemicals were of analytical grade.

The simulated HPAM solution was configured by dissolving 200 mg PAM in 1 L deionized
water and N&l. The HPAM model solution initial pH value was 5 £ 0.1.

2.2 Electrode preparation

Titanium plates (99.5%, 3®0x1 mn) were smoothed and polished with 600 P and 1200 P
sandpaper, immersed in 40% NaOH solution to degrease them, and then immersekdvdidal for
30 min to obliterate excessive oil on the face. Following, the titanium plates were kept in 20%
hydrofluoric acid to remove surface oxides, underwent 10 min of ultrasonic cleaning in deionized water,
and were etched in boiling 15% oxalic afod 2 h and rinsed with deionized wafe0].

The SnG-SkOs coating was fixed on pretreated porous titanium substrates via thermal
decomposition. The coating solution consisted of 6.65 g0, 0.475 g SbG) 5 ml CHOH)s,
and 2.5 ml 37% CAThe titanium plates were immersed in this solution for 5 min and then dried in a
drying oven at 130 °C for 10 min. This process was repeated ten times. Finally, the plates were
transferred to a muffle furnace, calcined for 60 min, and annealed for 17@1#2].

An el ectrodeposition coati ng -Ph@ Elecpdlysicveasl 0 n
conducted at an anodic current density 20 mAfm2 h using the Ti/Sn8Sk0s plate as the cathode.
The electrolyte consisted of 260 g/L Pb(})B568% HNQ, 0.5 g NaF, and 1 mL/L of 47% HEA4].

2.3 Characterization

The surface morphology and composition of the coating were characterized using[PEM
(SSX-550, ShimadzuJapan), and the crystal structures of the coatings and the compositions were
scanned using XRD (D8 FOCUS, BRUKER, Germany).

Linear sweep voltammetry (LSV) was employed to characterizeTilsnO-SkOs/ b
electrode performance, and a standard thlestrode system consisting of ti@Sn-SkhOz/ b
electrode (working electrode), a stainless platinum electrode (counter electrode), and a saturated calome
electrode (SCE) (reference electrode) was measured. A chlorine evolution reaction (CER) uetedond
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in a 6 g/L NaCl solution at a scan rate of 10 m\Wke measurements were carried out with an
electrochemical workstation (CHI 660E) controlled by a PC.

2.4 Electrochemical experiment

The experiments in this study were conducted in amBOndividual grooved Plexiglas reactor.
Ti/ISNG-SkeOs/ b wasused as the anode and stainless steel was used as the cathode. The
dimensions of the electrodes we&@<60x1 mm, and 40 mm of the electrodes were immersed in the
solution, which was stirred by a mageestirrer. The varied operating parameters of the electro
oxidation degradation HPAM experiment were the current densiy @A/cnt), NaCl concentration
(200010000 mg/L), electrode distance4Xm), and initial pH (3.1). The initial pH was adjusteding
0.1 mol/L HCI and NaOH.

2.5 Analytical methods

The pH value was measured by a digital pH migferThe HPAM concentration was measured
by a starckiodination method using a UVis spectrophotometer analyzeragtx = 580 nm[23]. The
HPAM removal rate was calculated Bguation (2):

HPAM removal rate €0 - C/Co x 100% 2
whereCo (mg/L) is the initial HPAM concentration, ai@ (mg/L) is the final HPAM concentration.

The total organic carbon (TOC) was measured with a Liqui TOC Il analyzeméBtar,
Germany) using the combustiamfrared method.

The NG ion content was detected via ion chromatography (IC) with arl@® device
(Dionex, Americi TheNH4-N content was measured by the Nessler reagent photometric method.

The threedimensional excitatiolemission matrix (3D EEM) fluoresce spectra were obtained
with a G9800A fluorescence spectrophotometer (Agilent, America). The TOC concentration of the
sampe was diluted to 80 mg/L and subjected to fluorescence scanning after passing through a 0.45
em pore size acetate membrane. The emission w:
excitation wavelength was 200 nm. The excitation source &% xenon lamp with an excitation
and emission spectral increment of 10 nm, a scanning speed of 1200 nm/min, and a PMT of 700 V.

The HPAM solid samples for FIR were preparedaccording to the methods provided in the
existing literature [24], and the samples were qualitatively analyzed by Fouriesfioam infrared
spectroscopy (FTR) (Tensor 27, Bruker, Germany). The FTIR spectra were measured from 4300 cm
to 400 cm' with a resolution of 2 cmh and the scanned curve was subjectedatmospheric
compensation.

The reaction product was analyzed by gas chromatography/mass spectrometry (GC/MS), and the
method used for the pretreatment of samples was that described 28} .L@CG-MS analysis of samples
was carried out using a gas chromatograph system (Agilent, America) equipped with a capillany colu
(3010.25 mm, film thickness 0.25 em). The i nl
program was set to start at 40 f@ 2 minand was increased to 290 °C at a rate of 5 °C/min. The
i njection volume was 1 ul, and the flow rate o
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7 0 '&h¥ water sample volume was 80 mL, anddHeof the water samples was adjusted to 2 for the
identification of the byproducts of the acidic HPAM. The water sample was mixed with 40 mL methane,
shaken for 10 min, and left to rest for 15 min. After complete stratification, the organic phase @@s plac

in a 250mL flask and the water sample was further extracted with 40 mL of dichloromethane. The water
sample was repeated three times and dehydrated by adding anhydrous sodium sulfate, filtered, and the
placed in a fume hood to evaporate and concentoat mL. The remaining water was adjusted to a pH

of about 12 (alkaline component), and extracted into another flask according to the above method.

2.6 Energy consumption

The energy consumption (kWhijhwas calculated by Equation (3):
Energy consumption = ) 3)

whereU is the cell voltage (V)| is the electrolysis current (A),s the reaction time (h), arMis the
volume of the sample

3. RESULTS AND DISCUSSION

3.1 Characterization oflectrodes

Tany (e e WO D ] M . B i R R R e
S ax Ty ' - - (LU T T

Figure 1. SEM images of different electrodes: (a) Ti; T)SnG-SkO3; ( ¢ ) -PBQ@; (dPTi/SNCe-
SkOs/ #bC.
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Figure 2. XRD of theTi/SnG-SkpOs/ b electrode.

3.1.1 SEM of different electrodes

Fig. 1 presents the SEM images of different
em, which were used to charact eTi/Sn@ShQs;h etPbghr p h o
and Ti/SnG-ShOs/ b electrodes Fig. 1(a) depicts the titanium plate after oxalic acid etching,
which was characterized by roughness and compactness. This structure has two advantages: first, tt
titanium substrate has a large surface area, which is conducive tovingpits electrochemical
properties; second, the rough surface of the titanium substrate can enhance the bonding force betwee
the oxide coating and the titanium substrate, and thus extend the service life of the electrode. The
morphology ofTi/SnG,-SkpOs is presented in Fig.1(b), from which it can be seen that the coating on the
electrode surface was dense and formed a uniform and uneven rocky outer structure, and there was r
obvious "crack" phenomenon, indicating that the titanium matrix could be waltex by the coating.
Figs. 1(c) and 1(d) respect i-RblayTi/BnORSO: #bOt he
el ectrodes. Co mPbarelecttodeyiha durfade leracksTof thebTi/S1I8B0s/ b
electrode were significantly reducedhis could avoid the diffusion of the new ecological oxygen
generated during the electrolysis process to the titanium substrate, alleviate the shedding of the active
coating, extend the electrode life, and avoid the generation efit® high impedancg2?2].

3.1.2 XRD of Ti/SIsn0s/ b electrode

Via XRD analysis of th&@i/SnG-ShOz/ b electrode, the phase composition of the £PbO
deposit can be determined. The result +4PBOIPTr es e
obvious (2d = ( 25TAePb@niaifly enterédihe Sigdattise by BliBgithe vaids.

It was difficult to find the diffraction peaks of Ti and tin antimony oxide, which indicates that the lead
dioxide completely covered the electrd@é).
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3.2Linear sweep voltammetry
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Figure 3. The CER activity of theTi/SnG,-SkrOs/ b electrode measured in the solutions of 6 g/L
NaCl + 200 mg/L HPAM (red line) and 6 g/L Na@lack line) as determined by LSV.

Fig. 3 displays the LSV results of thi&@SnC,-SkyOs/ #b(O electrode in 0.6 g/L NaCl electrolyte
with and without 200 mg/L HPAM. According to tpelarization curves, the chlorine evolution potential
was approximatgl 1.5 V (vs. SCE). In the mixed solution, a small peak appeared at 1.2 V (vs. SCE),
which is due to the degradation of polyacrylamide. The magnitude of the chlorine evolution potential
directly affected the electrochemical performance of the electrodehwaid a great influence on the
production of reactive chlorine in the reaction system.

3.3 Effect of parameters

3.3.1 Effect of current density

Current density is an important factor in electrochemical processes, and can simultaneously
affect work potetial and the number of electrof&7]. This is primarily because the reaction system can
produce a large number of strong oxidizing substances under a high current density.

In this experiment, the current density was adjusted ft#0 mA/cn?, and the other operating
parameters were as follows: NaCl concentration = 6000 mg/L, electrode distance = 2 cm, and initial pH
=b5.
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Figure 4. Effect of the current intensity on the removal efficiency of HPAM (conditions: electrode
distance 2 cm; initial pH = 5; NaCl concentration = 6000 mg/L; reaction time = 90 min).

As presented in Fig. 4, when the reaction time reached 90 min, the HPAMalerat@s were
respectively 49%, 72.6%, 90.9%, 95.7%, and 100% by augmenting the current density from 5 to 40
mA/cn?. The apparent rate constantlkd correlation coefficient®re summarized in Table 2. All the
correlation coefficients wergreater than 0.93, which implies that the electrochemical degradation of
HPAM followed pseuddirst-order kinetics. The HPAM removal rate presented an increasing trend with
the increase of current density. In the current density range from 5 to 40 fothlerk values increased
from 7.54<10° to 49.7%103 minL. This is mainly because the increase of current density increased the
concentration of hydroxyl radicals and active chlorine, which in turn increased the HPAM removal rate
by redox reactiofi28, 29]. When thecurrent densitgxceede@®0 mA/cnt, the HPAM removal rate did
not change significantly due to the intensification of the oxygen evolution reaction (Equation (4)).

¢( /o7 1( TA (4)

In addition, in the current density range from 20 to 40 mA/¢he energy consumption increased
from 9.02 to 26.4 kWh/f thereby indicating that the energy consumption increased significantly when
the current density exceededr@@/cn?. Hence, in the subsequent experiments, a current density of 20
mA/cn? was selected as an optimum experimental parameter.

3.3.2 Effect of electrode distance

Electrode distance is also one of the key operating parameters of electrochemical paogsses,
is very important for energy consumption and pollutant removal efficigg@yIn this experiment, the
electrode distance was adjusted from 1 to 5 cm, and the other operating parameters were as follows
current density = 20 mA/ctnNaCl concentration = 6000 mg/L, and initial pH = 5.
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Figure 5. Effect of the electrode distance on the removal of HPAM (conditions: current density = 20
mA/cn?; initial pH = 5; NaCl concentration = 6000 mg/L; reaction time = 90 min).

As can be seen from Fig. 5, the HPAM removal rate increased as the electrode distance decreaset
There was an inverse relationship between the electrode distance and the HPAIMI raneovl he
results are also presented in Table 2. When the reaction time was 90 min, the HPAM removal rate
increased from 52.7% to 100% as the electrode distance decreased from 5 to 1 cm, ardltiee k
increased from .87x10°% to 4189x10° min’. This is mainly because the electrode distance determines
the magnitude of the electric field strength inside the cell, and the electrode potential was lower at the
smaller electrode distance. In addition, a low electrode distance weakens resistance ahdrsirdrgg
mass transfer efficiend30]. Moreover, it is worth noting that the energy consumption decreased greatly
with the decrease of electrode distance, presenting a decrement from 201.8 to 71.8 RWdvifore,
in the subsequent experiments, the electrode distance of 1 cm was selected as an optimum reactio
condition.

3.3.3 Effect of initial pH

In general, the initial pH affects the chemical form of active chlorines and the treatment
efficiency of pollutants during electrochemical processes. In this experiment, the initial pH was adjusted
to 3, 5, 7, 9, and 11. The other operating parameters agef@lows: current density = 30 mA, NacCl
concentration = 6000 mg/L, and electrode distance =1 cm.
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Figure 6. Effect of the initial pH on the removal of HPAgonditions: current density = 20 mA/ém
electrode distance = 1 cm; NaCl concentration = 6000 mg/L; reaction time = 90 min).

As can be seen from Fig. 6, the removal rate of HPAM increased when the pH was decreased
from 11.0 to 3.0, which indicates thdtet removal effect of HPAM under acidic conditions was
significantly higher than that under alkaline conditions. As exhibited in Table 2, the reaction rate constant
for HPAM removal increased significantly from 9:00°3 to 46.96<10° mint as the initial pl was
adjusted from 11 to 3. The pH mainly depends on the influences of active chlorine species
(Clo/HCIO/CIO) to influence the electrochemical procg3s, 32]. When the initial pH was between 3
and 7, the predominant species werg(E? = 1.36 V/SHE) and HCIOR® = 1.49 V/SHE) (Equations
(5) and (6)). In the alkaline solutions of pH > 7, the predominant species wagE€#0.89 V/SHE)
(Equation (7))[33]. It is evident that the HPAM was degraded easily in acidic conditions. There was
little difference in the removal rates of HPAM at initial pH values of 3 and 5. To reduce the cost of
adjusting the pH, the subsequent experiments were performedndiampH of 5.

CI'U Claqg+2€ (5)
ClaaqrrH20U HCIO+CF+H* (6)
HCIOU CIO+H* (7)

3.3.4 Effect 0b aconcentration

HPAM wastewater usuallgontains a large amount of chloride ions. ThecGhcentration has a
great influence on the mass transfer efficiency, and is related to the amount of active chlorine producec
during the electrochemical process. Therefore, the influence of the electrolyte concentration on the
HPAM removal rate was invagated. In this experiment, the NaCl concentration was adjusted from
2000 mg/L to 10000 mg/L, and the other operating parameters were as follows: current density = 20
mA/cn?, electrode distance = 2 cm, and initial pH = 5.
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Figure 7. Effect of the current intensity on the removal of HPAM (conditions: current density = 20
mA/cn?; electrode distance = 1 cm; initial pH = 5; reaction time = 90 min).

The experimental redsl are presented in Fig. 7, from which it is clear that the HPAM removal
efficiency increased with the increase of €@incentration. The HPAM removal rates changed slowly
when the chloride ion concentrations were low. During the first 30 min, the HPAMd®N rates
were 11.5% and 79.7% at €bncentrations of 2000 mg/L and 10000 mg/L, respectively. This is mainly
due to the low content of reactive chlorine that was produced in a low concentration over a short time.
It can be observed that when thd concentration exceeded 6000 mg/L, the HPAM removal rate
attained 100% within 90 min; thus, the greater thec@hcentration, the more active chlorines were
generated. Additionally, under this condition, the applied voltage was lower, which could reduce t
power consumptiof34]. However, beyond the Gloncentration of 6000 mg/L, the HPAM removal rate
did not change much. Additionally, the required addition of salt would impose an absolute extra cost and
may also result in environmental problems. Accordingly, the optimum concentration of chloride ions
was selected as 6000 mg/L.

3.4 Kinetics analysis of HPAM degradation

In this section, the kinetics of all the parameters (current density, electrode distance, initial pH,
and electrolyte concentration) during the electrochemical degradation of HPAM are discussed.-The zero
order kinetics, firsbrder kinetics, and second erdkinetics of HPAM degradation were respectively
determined using the following expressions:

0 O Eo 9)
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where k, ki, and k arerespectively the zerorder (mg-Lt-ht), first-order (mint), and secondrder
(mgt-L-h'Y) constants, antis time (min). Table 2 presents the zerder, firstorder, and secordrder
dynamics constants and regression coefficients obtained usingediffearameters. The results reveal
that the firstorder model can better fit the degradation process of HPAM> (R93).The maximum

reaction rate was 50.870° min at a current density of 20 mA/épelectrode distance of 1 cm, initial
pH of 5, ancelectrolyte concentration of 10000 mg/L.

Table 2.Correlation coefficients related to the various tested kinetic models.

Parameters Zero-order kinetics model Firstorder kinetics model Secondorder kinetics
model
ko ><:|.0’3 R2 |(1><:|.0’3 R2 kz ><10’3 R2
(mg-Lt-h?) (min't) (mgt-L-h?)
5 424.78 0.92 754 0.94 0.13 0.89
. 10 1372.73 0.87 18.28 0.93 0.36 0.67
C“(rrf/:‘/tc‘:r%‘s'ty 20 1.469.52 0.88 26.63 0.98 0.52 0.94
30 1263.64 0.84 34.86 0.98 1.2 0.94
40 562.03 0.55 49.73 0.97 1.68 0.99
5 466.26 0.95 8.07 0.99 0.14 0.99
4 571.76 0.95 11.66 1.00 0.20 0.98
Electrode distance 3 1118.61 0.93 12.84 0.99 0.21 1.00
(cm) 2 1469.52 0.88 35.66 0.98 0.52 0.94
1 803.52 0.82 41.89 0.97 1.98 0.85
3 1466.43 0.84 46.96 0.98 1.00 1.00
5 803.52 0.82 41.89 0.97 1.98 0.85
Initial pH 7 1171.45 0.96 23.48 0.97 0.77 0.69
9 1382.46 0.99 18.77 0.93 0.41 0.78
11 822.76 0.97 9.02 0.99 0.12 0.95
2000 1452.18 0.87 11.26 0.93 0.10 0.94
Electrolyte 4000 1296.63 0.97 28.57 0.96 1.26 0.56
concentration 6000 803.52 0.82 41.89 0.97 1.98 0.85
(mg-LY) 8000 1168.27 0.64 48.76 1.00 0.47 0.79
10000 2583.75 0.89 50.57 0.98 0.8 0.88

3.5 Degradation pathway of HAM

3.5.1TOC, TN, N@ and NH*-N analysis

Under the optimunsonditions, simulated wastewater with an HPAM concentration of 200 mg/L

was treated to study the variations in TOC, TN, sN@nd NH*-N concentrations during the
electrochemical process.

As can be seen from Fig. 8, the TOC and TN concentrations corresponding to 200 mg/L HPAM

were 37 mg/L and 15.51 mg/L, respectively; they barely changed within 90 min, and the removal rates
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were only 5.82% and 4.32%. This becaudliél> mainly translates intdNOz, nitrogenous organic
compounds (NOCs) and ammonia nitrogen §N [35]. When the reaction time was 120 min, the
removal rates of TOC and TN were increased to 24.0% and 39.18%, respectively. The concentrations o
released N® and NH*-N were6.55 mg/L and 0.18 mg/L, respectively. This is mainly because the
degradation reaction led to the change of the structures of polyacrylamidgraigs from amide
groups to carboxyl groups, and the mineralization op @ H>O ultimately led to the redtion of

TOC.
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Figure 8.Concentrations of N© TOC, TN, and NH&'"-N at different reaction times (conditions: current
density = 20 mA/crfj electrode distance = 1 cm; initial pH = 5; Nafincentration = 6000

mg/L).

3.5.2 Threedimensional fluorescence spextr

To investigate the degradation pathways of HP&iveedimensional excitation emission matrix
(3D EEM) fluorescence spectra were analyzed to characterize organic compounds with different

fluorescence peaks.
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Figure 9.3D EEM spectra of HPAM solutions at different reaction times (conditions: current density =
20 mA/cnt; electrode distance = 1 cm; initial pH = 5; NaCl centration = 6000 mg/L; reaction
time = (a) 0 min, (b) 10 min, (c) 20 min, (d) 30 min, (e) 60 min, (f) 90 min, (g) 120 min).

3D EEM spectra can be used to characterize organic compounds with different fluorescence
peaks. EEM spectra are usually dividetbifive regions corresponding to the five groups of different
organic compounds, namely aromatic protein | (I, Ex220 nm, Em 28@B30 nm), aromatic protein Il
(I, Ex 220250 nm, Em 3380 nm), fulvic acidike (lll, Ex 220-250 nm, Em 38@50 nm), salble
microbial byproductlike (IV, Ex 2563400 nm, Em 28380 nm), and humic acilike (V, Ex 253400
nm, Em 386600 nm)[36]. As shown in Fig. 9, without any treatment to the HPAM solution, the peak
of the fluorescence spectra was identified at the excitation/emission wavelengths (Ex/E0®) of
250/280400 nm. Fig. 9b shows that the density of the peak a280R280400 nm was reduced, which
indicates that the HPAM concentration decreased. As the reaction time increased, the fluorescence
transferred to regions Idnd IV. This result indicat that the main degradation products of HPAM were
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fulvic acid-like and humic acidike at the reaction time of 30 min. After that, the densities of the peaks
at regions Il and IV gradually deepened and moved to region V. Therefore, 3D EEMs analysis
confirmed the pollutant transformation in the eleatsadation reaction of HPAM.

3.5.3 FFIR analysis

To study the changes in the molecular structure of HPAM, thkRFSpectra of different HPAM
samples were analyzed. Fig. 10 presents the infrared spédtra dPAM solution before and after
electrochemical degradation.
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Figure 10. FT-IR analysis of different HPAM samples before and after reaction (conditions: current
density = 20 mA/crf electrode distance = 1 cm; initial pH = 5; NaCl concentration = 6000 mg/L;
reaction time = 90 min).

The blue line represents the infrared cureéobe HPAM degradation, and the functional peaks
of HPAM are evident. The bands at 3437'camd 2928 c may represent the characteristic absorption
peaks of-OH, -NHz, and methylene-CH,). The band at 1620 chcould be assigned to th€=0.
charactestic peaks, such as those at 1676'cf658 cmt, 1620 cmt, 1610 cm! 1560 cmt, and 1456
cmt, which represent amide group€QONH,) [35]. The red line represents the infrared curve of the
product after electrochemical degradation. It can be seen that a series of characteristic peaks representit
-CONH. disappeared, indicating that thR€ONH. in the polyacrylamide had been degrddby
electrooxidation. In addition, an ether grou®-) appeared at 1119 chindicating that an ether
substance was produced under electrooxidation.
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3.5.4 GC/MC analysis.
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Figure 11. GC-MS of HPAM sample before arafter electrochemical treatment (conditions: current
density = 20 mA/crf electrode distance = 1 cm; initial pH = 5; NaCl concentration = 6000 mg/L;
reaction time = 90 min).

The yellow line, red line, and blue line in Fig. 11 correspond to extractiom untteated, acidic,
and alkaline conditions, respectively. There were many ion current peaks after electrochemical
treatment, which indicates that HPAM occurred during aeration. The backbone of HPAM was broken,
thus producing a large number of lomass dgomers that may have been oligomeric derivatives of
HPAM containing double bonds. The fracture of carbon chains and amine groups occurred under the
attack of -OH and hypochlorous acid, which produced smalecule alkane, epoxy, and carbonyl

groups.

Figure 12.Hypothetical degradation pathways of HPANMring electrochemical treatment.



