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Acrylic acid (AA) is widely used as a raw material in the industrial production of various chemicals. Its extensive
use has produced environmental problems that need to be solved. The Ti/Ta,Os—-IrO, electrode, a type of
dimensionally stable anode, was used to investigate the electrochemical deterioration of AA. X-ray
diffraction (XRD) and scanning electron microscopy (SEM) analysis showed that IrO, existed as an active
rutile crystal and as a TiO,—IrO, solid solution in Ti/Ta,Os—IrO, electrode with a corrosion potential of
0.212 V and chlorine evolution potential of 1.30 V. The effects of current density, plate spacing, electrolyte
concentration, and initial concentration on the electrochemical degradation of AA were investigated.
Response surface methodology (RSM) was used to determine the ideal degradation conditions: current
density 22.58 mA cm™2, plate spacing 2.11 cm, and electrolyte concentration 0.07 mol L™, and the highest
degradation rate reached was 95.6%. Free radical trapping experiment verified that reactive chlorine played

rsc.li/rsc-advances

1. Introduction

As an extremely important basic processing raw material and
intermediate in today's chemical industry, AA has highly active
polar molecules, unsaturated double bonds, and a carboxylic
acid structure.® Many kinds of polymers can be prepared by
polymerization, crosslinking, and copolymerization of AA. It is
widely used in many industrial fields, such as rubber,” paint,®
plastic,* adhesive,” flocculant,® synthetic fiber,” leather pro-
cessing,® superabsorbent resin’, and nano composite mate-
rials.'® The global AA market reached $12 billion in 2020 and is
expected to reach $19.2 billion in 2030. AA is the main basic
component of absorbent polymers. The increasing demand for
superabsorbent polymers and the widespread acceptance of
acrylic-based products in emerging economies, such as the Asia-
Pacific region, has been driving the development of the AA
market."*

With vigorous industrial development, the supply of AA is
increasing year by year. In the process of expanding the
production scale, a large amount of AA wastewater is produced.
Monomer AA has a strong irritating effect on the respiratory
tract and eyes, and its highly corrosive property can burn the
skin®. The huge pollution risk has caused a series of environ-
mental problems. For the use of AA, strict government regula-
tions have been implemented in North America and Europe.*

In recent years, China has the world's fastest-growing acrylic
acid industry and at the same time, also produced a large
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a dominant role in the degradation of AA. The degradation intermediates were analyzed by GC-MS.

amount of AA wastewater. This wastewater has high COD
concentration, high toxicity, poor biodegradability, slow
degradation rate in the natural environment, irritating odor,
corrosive, moderate toxicity, etc.** The harmless treatment of AA
wastewater has become one of the important factors that
restrict the sustainable development of AA industry.

Incineration is often used in industry to remove highly
concentrated AA wastewater. However, this method consumes
a lot of energy and increases the economic cost. Adding
chemicals by chemical treatment will produce by-products of
chemical sludge, which needs to be properly treated and
disposed of.”® Especially in some cities, chemical sludge is
defined as hazardous waste and must be further treated for safe
disposal.”® Although the cost of the biological method is low,
microorganisms cannot tolerate high concentration of AA
wastewater.'® Studies on the biodegradation of AA have shown
that the mixed microbial community of activated sludge often
needs to be pre-treated or diluted in advance when treating AA
wastewater,"” resulting in complex processes.'®

Compared with other water treatment methods, electro-
chemical oxidation has the advantages of no secondary pollution
and easy automatic control. It is widely used to treat all kinds of
wastewater with high concentration, poor biodegradability, and
difficult degradation.” Rajkumar et al. used Ti/RuO,-IrO, elec-
trodes to treat dye wastewater, and the degradation rates of COD
and TOC were 73.5% and 32.8%, respectively, under optimal
conditions.”® Malpass et al. used Ti/RuO,-IrO,-SnO, electrodes
to electrolyze pesticide wastewater, and the maximum removal
rate of TOC reached 46%.”* Makgae et al. used Ti/Ta,05-1rO,
electrode to degrade phenol, and the phenol degradation rate
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reached 100% after 2 h.**> Dimensionally Stable Anode (DSA) is
not prone to pollution and is the “heart” of electrocatalytic
oxidation.*® Commonly used substrate metal materials with
strong corrosion resistance include Au, Pt, Ti, stainless steel, etc.
Coatings consist of one or more transition metal oxides,** such
as RuO,, IrO,, Sn0O,, TiO,, PbO,, MnO,, and Ta,0s. Due to its
excellent performance, DSA has been widely used in the fields of
water electrolysis,*** chloralkali process,”®* and sewage treat-
ment.**** Among them, Ti/Ta,0s-IrO, electrode has become
a research hotspot for electrochemical oxidation because of its
good electrocatalytic performance and chemical stability.* DSA
has been proven to be an effective electrode for producing active
chlorine, exhibiting higher removal efficiency in CI” medium
compared with other electrolytes.*

In this study, Ti/Ta,0s-IrO, was used as the anode, and NaCl
was used as the electrolyte to oxidise AA by producing active
chlorine with strong oxidation in the electrolysis process. The
Ti/Ta,05-IrO, electrode was characterized by SEM and XRD,
and CV and LSV curves were analyzed. The effects of current
density, plate spacing, electrolyte concentration, and initial
concentration of AA on the degradation of AA were investigated.
The electrochemical degradation conditions were optimized by
RSM. The degradation mechanism of AA was investigated by
a free radical trapping experiment. The degradation interme-
diates of AA were analyzed by GC-MS. The electrochemical
degradation pathway of acrylic acid was proposed.

2. Materials and methods

2.1. Experimental materials

AA (C3H,40,) was purchased from Shanghai Macklin Biochem-
ical Co., Ltd. Methanol (Damao, Tianjin, China) was HPLC
grade. NaCl (Hushi, Taicang, China), H;PO, (Fuyu, Tianjin,
China), and NH,F (Xiongda, Chengdu, China) were all AR grade.

The Ti/Ta,05-IrO, anode (100 mm x 50 mm x 1 mm)
prepared by conventional thermal decomposition and the Ti
cathode were bought from Suzhou Shuertai Industrial Tech-
nology Co., Ltd (Suzhou, China).

2.2. Experimental methods

The experimental device was a 500 mL quartz electrolytic cell
with 450 mL of AA solution (0.25, 0.50, 0.75, 1.00, 1.25 g L™").
Current density (12, 16, 20, 24, 28 mA cm ™), plate spacing (1, 2,
3, 4 cm), and electrolyte concentration (0.020, 0.035, 0.050,
0.065, 0.080 mol L") were used as single factor variables. The
magnetic stirrer was used to stir continuously throughout the
process, and the samples were taken every 20 min. After filtering
with a 0.22 pm filter, the samples were stored in disposable
sampling tubes until analysis.

2.3. Analytical methods

The surface morphology of the Ti/Ta,Os-IrO, electrode was
observed by SEM (mira 4, TESCAN, Czechoslovakia). Elemental
analysis of the surface coating was performed by energy
dispersive spectroscopy (EDS, GENESIS XM, EDAX Inc., USA).
The crystal structure was determined by XRD (Ultima IV,
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Rigaku, Japan). Linear sweep voltammetry (LSV), cyclic vol-
tammetry (CV), and Tafel curves were tested using an electro-
chemical workstation (CHI 660C, China Instrument, Shanghai,
China) in 0.05 mol L~ NaCl electrolyte. The working electrode
and the counter electrode were the Ti/Ta,05-IrO, electrode and
platinum sheet electrode and the dimension was 10 mm X
10 mm x 1 mm. The reference electrode was a saturated Ag-
AgCl electrode.

The degradation rate of AA was analyzed by high perfor-
mance liquid chromatography (HPLC, LC-10AT, Shimadzu,
Japan). The mobile phase was methanol : water (0.1% H3PO,
aqueous solution) = 30 : 70% at a flow rate of 1.0 mL min~ ' and
a wavelength of 220 nm.

Total organic carbon (TOC) was determined by a TOC
analyzer (TOC-L CPH, Shimadzu, Japan). The reaction inter-
mediates of AA were detected by gas chromatography mass
spectrometry (GC-MS, QP2020, Shimadzu, Japan).

Using an HP-5MS column (30 m x 0.25 um), the heating
program was set to 50 °C at an initial temperature of 2 °C for
2 min, then at 5 °C min™* to 100 °C for 10 min, and at 15 ©
C min~* to 295 °C for 10 min. Electronic pressure control was
set to a constant current mode with vacuum compensation. The
helium flow rate was set to 1.2 mL min . Ions were produced
by electron ionization (EI) (electron energy 70 eV) in the ioni-
zation chamber of a mass spectrometer. The mass spectrometer
scanned from m/z = 20 to m/z = 800 with a cycle time of 1 s.

3. Results and discussion

3.1. Electrode morphology and electrochemical analysis

EDS (Fig. 1a) clearly showed the diffraction peaks of elements
Ta, Ir, O, and Ti, whose weight percentages were 45.6, 32.7,15.9,
and 5.8%, respectively. Fig. 1b shows the SEM image of the
unused Ti/Ta,05-IrO, electrode, which had a uniform distri-
bution of grains on the electrode surface and was considered as
active rutile IrO, by Babaei et al.** The Ta,05-IrO, coating was
evenly covered on the Ti matrix. The Ir element was helpful in
binding the coating to the substrate more closely, which could
not only prevent the corrosion of pollutants on the Ti matrix,
but also prevent contact between high-valence state metals and
the Ti matrix in the electrolytic process.>® The above results
showed that Ir and Ta were well mixed on the surface, and the
plate had good electrocatalytic performance. However, after
100 h of use (Fig. 1c), it could be seen that the sharpness of IrO,
grains slightly became smaller. The surface coating was clearly
adhered to with contaminants. The experiment showed that
there was a significant effect on the distribution of grains on the
electrode surface, thus confirming the catalytic activity of the
electrode.

As can be seen from the XRD pattern (Fig. 2a), the main
diffraction peaks corresponded to Ti, IrO,, and TiO,-IrO,. Each
diffraction peak was sharp and the intensity was high, indi-
cating a good crystallinity of the sample. Among them, the
diffraction peak of Ti was the strongest, which was mainly
because the Ti matrix was detected by the thin coating. The
absence of TiO, diffraction peaks indicated that the Ti matrix
was not oxidized, which meant that the coating had adhesion

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 EDS (a) and SEM ((b) before use, (c) after use) pattern of the Ti/Ta,Os-IrO, electrode.

and durability. Since the atomic radii of Ir*" and Ti** were very
similar, and TiO, and IrO, were both rutile-type semiconductor
oxides with certain solubility, TiO,-IrO, solid solution could be
formed.** The surface of the anode coating was mainly
composed of IrO, crystal and TiO,-IrO, solid solution. When
IrO, is dissolved in Ta’", the IrO, cell expanded, increasing the
intensity of the TiO, diffraction peak. The performance of the
plate's electrocatalytic system was significantly influenced by
the miscibility of Ir and Ta, which was influenced by changes in
the size of the IrO, unit cell.?” There was no Ta,O; diffraction
peak in XRD, indicating that Ta,Os existed in an amorphous
form in the coating. Ta,Os, an inert oxide, could enhance the
durability and stability of IrO, as well as prevent its dissolution
in acidic environments. In addition, it could also enhance the
anode's ability to resist the passivation of precipitated oxygen.**
Therefore, their compatibility was crucial to increasing the
durability of the coating.

As shown by the Tafel curve in Fig. 2b, Ti/Ta,Os-IrO, has
a corrosion potential of 0.212 V (Fig. 2b) and a chlorine evolu-
tion potential of 1.30 V (Fig. 2c). The lower chlorine evolution
potential increased the production of active chlorine. Therefore,
the relatively low chlorine evolution potential of the Ti/Ta,Os-
IrO, electrode also reflected its good performance. Fig. 2d
shows the CV curves of the Ti/Ta,05-IrO, electrode in the low
potential region from —0.5 V to +1.28 V. The images showed
a good closure and a large effective area, indicating that the

© 2023 The Author(s). Published by the Royal Society of Chemistry

electrochemical activity of the Ti/Ta,05-IrO, electrode was
great, consistent with the results in Fig. 1b.

3.2. Effect of single factors on AA degradation

Current density is the main parameter to measure the produc-
tion rate of strong oxidizing free radicals on the electrode
surface and the energy consumption in the electrocatalytic
process. The increase in current density can effectively promote
the generation and transfer of electrons. Fig. 3a displays the
relationship between current density and the reaction rate
constant (Ka). With the increase in current density, the degra-
dation rate of AA increased and the Ka increased from
0.01026 min~ ' to 0.03744 min~'. However, when the current
density reached 20 mA cm 2, the increase in Ka was not
obvious. This is because the high current density helps to
produce free radicals that could be used for the electrochemical
degradation of AA. But if the amount of generated free radicals
is too high, it is difficult to react with pollutants around the
electrode in time, leading to side reactions and thus reducing
the utilization of free radicals.

The amount of electrolyte in the solution also has an impact
on electron transfer. Therefore, the degradation rate did not
increase significantly with the increase in current density.
Wang's experiment® also confirmed that the increase in current
density would lead to an increase in energy consumption. More
energy would be consumed or converted into heat by side

RSC Adv, 2023, 13, 17155-17165 | 17157
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reactions.”™' In the electrochemical degradation process,
pursuing high degradation rate would lead to excessive energy
consumption. Therefore, it is not economical to pursue high
degradation efficiency of AA only by increasing the current
density. 20 mA cm > was chosen as the optimal current density.

Fig. 3b shows the influence of plate spacing on AA degra-
dation. Ka varied between 0.01892 min ™" to 0.03052 min'. Ka
reached its maximum value at a plate spacing of 2 cm. The
various ions in the solution would move in a certain direction
under the influence of the electric field as a result of the
“electromigration” phenomenon, and the diffusion and
convection of the solution components would occur. The
components of the solution would diffuse and convect less as
the distance between the plates grew.

Free radicals generated near the electrode would react slowly
with organic matter in the solution, resulting in the degradation
of AA. In addition, with the increase in plate spacing, the mass
transfer resistance increases, resulting in a decrease in the
degradation rate. At the same time, the increase in voltage
between the electrodes led to energy consumption improve-
ment. To maximize the degradation rate and minimize energy
consumption, choosing a short electrode distance is advanta-
geous. However, if the distance between the plates is too small,
a short circuit may occur, and the anode surface is also easy to
passivation and increase energy consumption. Besides, the
solution is difficult to diffuse in a small space.**** Therefore,
2 cm was chosen as the ideal plate spacing.

Electrolytes in the presence of electric current produce
substances with oxidizing activity, which could promote or

Table 1 Three factors and three levels of experimental design

Level
Factors Code -1 0 1
Current density (mA cm™?) X, 12 20 28
Electrolyte concentration (mol L") X, 0.02 0.05 0.08
Plate spacing (cm) X3 1 2 3

Table 2 Parameters of the designed model
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inhibit the degradation of organic matter.”* The change in AA
degradation rate is shown in Fig. 3c. The degradation rates of
0.05, 0.065, and 0.08 mol L' NaCl concentration all reached
more than 90% in 80 min. The reaction process is shown in eqn
(1)-(3). CI” produced active chlorine with strong oxidation in
the presence of electric current,* which is commonly used for
the treatment of refractory organic matter.*

The electrolyte concentration would affect the amount of
generated active chlorine. In a certain concentration range, the
higher the electrolyte concentration, the quicker the electron
transfer rate and the more active chlorine produced, which was
more conducive to the degradation of AA. However, when the
electrolyte concentration is too high, a large amount of active
chlorine is produced, which reduces the diffusion rate of AA and
affect the reaction efficiency. Moreover, active chlorine could
not react with AA completely, which would reduce the utiliza-
tion rate of active chlorine.* When NaCl concentration excee-
ded 0.05 mol L™, the Ka did not increase significantly, so
0.05 mol L™' NaCl was considered the optimal electrolyte
concentration.

2C1I" — Cly + 2e” 1)
Cl, + H,0 — HCIO + ClI” + H* (2)
HCIO — CIO™ + H* (3)

The effect of the initial concentration of AA on the electro-
chemical degradation is shown in Fig. 3d. The degradation
effect of AA at an initial concentration of 0.25 g ™" was the best,
and the degradation efficiencies decreased gradually with the
initial concentration increasing. The reason might be that the
degradation rate of low concentration organic pollutants was
faster than their diffusion rate to the electrode surface,*"*® so
they were rapidly degraded once they reached the electrode
surface. The reaction of AA on the Ti/Ta,05-IrO, anode at low
concentrations was a diffusion-controlled reaction, which was
consistent with Zhao et al**®* As the initial acrylic acid

Degree of freedom

Source Sum of squares (df) Mean square (MS) F-value p-value
Model 1073.54 9 119.28 32.75 <0.0001
X;-current density 101.25 1 101.25 27.80 0.0012
X,-electrolyte 365.72 1 365.72 15.75 <0.0001
X;-plate spacing 0.0741 1 0.0741 0.0203 0.8906
X1 Xs 0.0324 1 0.0324 0.0089 0.9275
X1X3 40.32 1 40.32 11.07 0.0126
XoX3 3.08 1 3.08 0.8456 0.3884
X, 160.43 1 160.43 44.05 0.0003
X,” 108.67 1 108.67 29.84 0.0009
X;> 236.54 1 236.54 64.94 <0.0001
Residual 25.50 7 3.64

Lack of fit 15.32 3 5.11 2.01 0.2554
Pure error 10.18 4 2.54

Cor total 1099.03 16

R*> = 0.9768 R,® = 0.9470 C.V.% = 2.26

© 2023 The Author(s). Published by the Royal Society of Chemistry
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concentration increased, more and more AA and intermediate
products covered the electrode surface, preventing them from
reacting with active chlorine. A large portion of active chlorine
was consumed in the process, leading to a gradual decrease in
the degradation The initial concentration
increased from 0.25 g L' to 1.25 g L™, and the Ka value
decreased from 0.03732 min~' to 0.03039 min !, but the
decrease was insignificant. It might be that the inhibitory effect
of the produced intermediates on acrylic acid gradually reached
its upper limit with increasing concentration. Furthermore, it is
not practical to increase the degradation rate in practical engi-
neering by blindly pursuing lower pollutant concentration. In
this experiment, when the concentration exceeded 1 g L™, the
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degradation efficiency of AA was significantly reduced. There-
fore, the initial AA concentration of 1 g L™ was chosen.

3.3. Response surface methodology

3.3.1. Regression model and analysis of variance. The
degradation rate of AA was used as the response index during
the RSM process, which was conducted using the Design Expert
8.0 software. Based on the results of the single factor experi-
ments (Table 1), a three-factor and three-level Box-Behnken
design (BBD) method was used. The quadratic regression
equation between current density (X;), electrolyte concentration
(X,), plate spacing (X;), and AA degradation rate (Y) was
established:

Y =93.41 +3.56X; + 6.76.X, + 0.0962X3 + 0.0900X, X + 3.18X, X;
+0.8775X,X; — 6.17X,% — 5.08X,” — 7.50X37 (4)

Fvalue and p-value in the variance analysis table could
reflect the adequacy and significance of the RSM model. F-value
is 32.75 and the p-value is less than 0.0001, indicating that the
model is highly significant (Table 2). Obviously, p = 0.2554
indicated that the missing fit was not significant and the
simulation was good. R* = 0.9768 demonstrated that this model
could account for the change in AA degradation rate of 97.68%.
The R,” = 0.9470 was very close to R?, and C.V. = 2.26% was less
than 10%, indicating that eqn (4) was highly accurate and
reliable in predicting the degradation rate of AA.

According to the significance analysis of variables in the
quadratic model, the order of significant influence of X;, X,, and
X; on the electrochemical degradation of AA is as follows:

Removal Rate (%)

Fig. 5 Three-dimensional surfaces of the interaction of the independent variables: (a) for X; and X3, (b) for X; and X5, and (c) for X5 and Xs.
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Fig. 8 Degradation mode of AA.

electrolyte concentration (X,) > current density (X;) > plate
spacing (X3). The interaction effect of X;X; on the electro-
chemical oxidation degradation of AA was significant.

According to eqn (4) of the quadratic model, the AA degra-
dation rate under each experimental condition could be pre-
dicted by the model (Fig. 4). Comparing the actual and
predicted AA degradation rates, it could be seen that the pre-
dicted data and the experimental data are in good agreement
with a straight line. Therefore, the quadratic regression model
could be used to analyze and predict the degradation rate of AA
by electrochemical oxidation technology under certain experi-
mental conditions.

The 3D response surface diagrams (Fig. 5) show the inde-
pendent effects and interactions of independent variables on
dependent variables. Electrolyte concentration has a significant
effect on the AA degradation rate. In contrast, the small
significant effect of the plate spacing on the degradation rate
might be due to the small gradient of the interval selected for
the experiment.

According to the optimal conditions (current density 22.58
mA cm 2 plate spacing 2.11 cm, NaCl concentration
0.07 mol L ') as determined by RSM, three parallel experiments
were conducted. The average degradation rate of AA obtained
was 95.6%, which was 4.3% higher than the previous one,
indicating that the optimal condition calculated by the software
was the optimal operating parameter.

3.4. Electrochemical degradation mechanism of AA

Due to the esterification reaction of AA with tert-butyl alcohol
and methanol, ammonium was selected as the quenching
agent.”” With the increase in ammonium dosage (Fig. 6a), the
degradation rate of AA decreased gradually. When the ammo-
nium concentration increased to above 100 mM L%, the
degradation rate of AA did not change significantly, indicating
that active chlorine had been captured. At this time, the
degradation rate of AA decreased by about 73.1%, indicating
that reactive chlorine played a dominant role during the
experiment.

17162 | RSC Adv, 2023, 13, 17155-17165

After 80 min of reaction, the degradation rate of AA reached
more than 95%, while the TOC removal rate was only about 12%
(Fig. 6b), indicating that in this electrochemical system, AA
might be converted to more antioxidant intermediates that were
resistant to the electrochemically generated oxidants. Giraldo
et al. proposed that incomplete mineralization of target
contaminants could be attributed to the formation of refractory
organic compounds in the presence of NaCl as a supporting
electrolyte.*>*® With increasing time, the intermediate products
were further mineralized and the TOC decreased. The removal
rate of TOC reached 72.92% after 12 h electrolysis.

The intermediates of AA degradation were identified by GC-
MS. The substance at m/z 72.02 was AA prior to the reaction,
according to EI analysis and database comparison (Fig. 7a),
After electrolysis for 80 min under optimal conditions
(Fig. 7b), the substance (m/z 73.0293) was determined to be
propionic acid (CH;CH,COOH). The electrochemical degra-
dation pathway of AA was deduced from the information on
degradation products and combined with TOC removal in
Fig. 8. AAwas first reduced to propionic acid by breaking C=C,
and propionic acid was then further oxidized to produce CO,
and H,0.

4. Conclusions

As a premium DSA electrode, Ti/Ta,0s-IrO, electrode has
a dense surface structure and stable performance. IrO, was
present in the electrode as an active rutile crystal, which joined
with the Ti substrate to form a solid solution of TiO,-IrO,.
Ta,05 existed in an amorphous form, and IrO, cell was dis-
solved in Ta>". The reaction rate constant (Ka) increased from
0.01026 min~"' to 0.03744 min~ ' when the current density was
between 12 and 28 mA cm 2. However, when the current density
reached 20 mA cm ™2, the increase in reaction rate constant was
not obvious. When the distance between the plates was 2 cm,
the reaction rate constant (Ka) reached its maximum value.

In the range of 0.02-0.08 mol L' NaCl concentration, Ka
increased from 0.01131 min™' to 0.03496 min ', but the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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increase of Ka was not obvious when the NaCl concentration
exceeded 0.05 mol L™". With the increase in initial AA concen-
tration, the degradation rate decreased gradually, but the
degradation amount per unit time increased. Through RSM
optimization experiments, the optimal reaction conditions were
obtained: current density 22.58 mA cm %, plate spacing
2.11 cm, electrolyte concentration 0.07 mol L™". The degrada-
tion rate of AA reached 95.6% within 80 min, but it was not
enough to mineralize AA completely. After 12 h, the TOC
removal rate reached 72.92%, and the ideal mineralization
effect was obtained. The free radical trapping experiment
proved that active chlorine was the main oxidizing active
substance and propanoic acid was formed during the degra-
dation of AA.
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