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ABSTRACT

A commercial PbO, mesh cylinder electrode was utilized as the anode for the electrochemical degradation of the textile
effluent after the biological treatment with the titanium cylinder as the cathode in a self-made tube electrolyzer. The elec-
trochemical performances of the PbO, electrode in tube electrolyzer under different initial pH, electrolyte flow rates, current
densities and times of the electrochemical degradation were investigated. The experimental results illustrated that the PbO,
electrode can reduce the chemical oxygen demand (COD) of the textile effluent from 94.0 mg L™ to 65.0 mg L™ with the
current efficiency of 88.3%, the energy consumption of 27.7 kWh kg™ (per kilogram of degraded COD) and the carbon
emissions of 18.0 kg CO, kg™ (per kilogram of degraded COD) under the optimal operating conditions. In addition, the
COD of the textile effluent could be reduced from 94.0 mg L' to 22.0 mg L™ after the fifth electrochemical degradation.
Therefore, PbO, mesh cylinder electrode in the tube cylinder was promising for the electrochemical degradation of the tex-

tile effluent.
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1. Introduction

A large quantity of the textile effluent character-
ized by intense color and high organic load is gener-
ated in textile industry, which can cause severe
damage to human health and ecological environment
[1]. The mainstream treatment process of industrial
textile effluent is the physic-chemical method fol-
lowed by biological treatment and separation tech-
nology [2]. Chemical oxygen demand (COD) refers
to the amount of oxidant consumed when the reduc-
ing substances in water are oxidized and decom-
posed, expressed in mg L', However, the refractory
organics cause a certain COD in the textile effluent
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after the biological treatment, which increases the
treatment load in the following separation technology
[3]. Tt is of significance to reduce the COD of textile
effluent after biological treatment in order to meet the
discharge limits of textile effluent [4,5].

Physical treatments are usually applied in the pre-
treatment of the textile effluent, such as coagulation
sedimentation technology and Fenton oxidation tech-
nology [6]. The biodegradable organics can be effec-
tively degraded by biological methods, which
requires certain biodegradability of the textile efflu-
ent [7]. The sand filtering and the membrane filter-
ing are usually used the terminal treatment of textile
effluent [8,9]. However, the sand filter after adsorp-
tion saturation requires subsequent processing as
solid waste and the membrane filtering is still faced
with the membrane fouling problem caused by the
organics in the textile effluent [10].

Electrochemical degradation has been widely
investigated based on the oxidation of pollutants by
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hydroxy radical (OH") generated, which has been
applied in the treatment of textile effluent [11]. So
far, tank electrolyzers have been widely used in then
the treatment of textile effluent [12]. The tube elec-
trolyzer with high mass transfer efficiency and com-
pact structure is regarded as a potential electrolyzer
type for the electrochemical degradation [13]. Elec-
trode materials play a significant role in the perfor-
mance of the electrochemical degradation, such as
PbO, electrode, Ti/RuO,—IrO, electrode and boron-
doped diamond (BDD) electrode [14—16]. PbO, elec-
trode with good electrocatalytic performance and low
cost has been applied in the industrialized treatment
of the textile effluent [17].

The electrolyte solution was usually circulated
between the electrolyzer and the electrolyte reservoir
during the related electrochemical degradation
research of textile effluent. However, the textile efflu-
ent often flows into the electrolyzer and then flow out
of electrolyzer for the following treatment process in
the industrially electrochemical treatment [18].
What’s more, textile effluent can flow though several
electrolyzers one after another or repeatedly flow into
the electrolyzer to further electrochemically degrade
the organics.

In order to tackle global climate change, carbon
neutrality has been paid more and more attention in
the development of wastewater treatment [19]. The
accounting of carbon emissions can play an import-
ant role in the carbon neutrality, which would be a
research focus in the textile effluent treatment [20].
In addition, the accounting of carbon emissions
should be considered as a performance parameter for
the electrochemical degradation of textile effluent
[21]. As for the textile effluent with the initial COD
of 56.0 mg L' obtained at the outflow of the sedi-
mentation after the biological treatment from a textile
effluent treatment plant, the PbO, plate electrode
showed a good performance of the electrochemical
degradation of in a laboratory tank electrolyzer in our
previous study [22].

Therefore, electrochemical degradation was uti-
lized to treat the textile effluent after the biological
treatment using the commercial PbO, mesh cylinder
electrode as the anode in the tube electrolyzer in the
present study. The electrochemical degradation con-
ditions of the textile effluent were optimized with
COD, the current efficiency, the energy consumption
and the carbon emissions investigated in the differ-

ent initial pH, electrolyte flow rates, current densities
and times of the electrochemical degradation.

2. Experimental

2.1. Materials and chemicals

The commercial PbO, cylinder electrode was pur-
chased from Shaanxi Utron Environmental Protec-
tion Technology Co., Ltd. PbO, was electrodeposited
on the cylinder titanium mesh with the mesh of 5,
where the thickness of its PbO, film was 0.5 mm.
The diameter of the PbO, cylinder electrode was
40 mm with the height of 680 mm. The cylinder tita-
nium electrode as the cathode was purchased from
Shanxi Utron Environmental Protection Technology
Co., Ltd. The diameter of the cylinder titanium elec-
trode was 70 mm with the thickness of 2 mm. Sulfu-
ric acid (H,SO4) and sodium hydroxide (NaOH) were
of analytical grade and purchased from Weisi (Bei-
jing) Experimental Supplies Co., Ltd.

The textile effluent after the biological treatment
was obtained from a textile enterprise in Zhejiang
province. The composition of textile effluent was
complex because the effluent originated from the dif-
ferent textile processes. The same collected textile
effluent was used in the present study to avoid com-
positional and concentration variations. Some phys-
ico-chemical characteristics of the textile effluent
was shown in Table 1.

2.2. Experimental apparatus

As shown in Fig. 1, the diagram of the experimen-
tal apparatus for the electrochemical degradation of
the textile effluent consists of a self-made tube elec-
trolyzer, a DC power supply (JK3060K) from Shen-

Table 1. The physical properties of the textile effluent

Parameter Value
pH 7.6
COD (mg L™) 94.0
Na"(mgL™) 563
NH;-N (mg L™ 0.54
SO& (mgL™) 1180
CI” (mgL™) 212
Conductivity (uS cm™) 1592
Total dissolved solids (mg L™) 1687
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Fig. 1. Diagram of the electrochemical experimental

apparatus at operating potential of 7.2 V and the current
density of 10.0 mA cm™.

zhen Junke Instrument Technology Co., Ltd, and a
magnetic pump (MP-10R) from Shanghai Xinxishan
Bengye Co., Ltd. The PbO, anode was utilized as the
anode paired with the titanium cathode was located in
the center of the tube electrolyzer. The interelectrode
gap between the PbO, anode and the titanium cath-
ode was 13 mm. The PVC cylinder with the diameter
of 12 mm was located in the center of the PbO,
anode.

2.3. Experimental design

All electrochemical experiments were conducted
using the constant current density method. The elec-
trolyte solution was continually pumped from the
inlet reservoir to the tube electrolyzer and then
flowed into the outlet reservoir when the initial pH,
the electrolyte flow rates and the current densities
were optimized. For the electrochemical degradation
of the textile effluent one more time, the degraded
textile effluent was pumped from the inlet reservoir
to the tube electrolyzer for the electrochemical degra-
dation again and then flowed into the outlet reservoir.
The initial electrochemical reaction in the electro-
lyzer was operated at the electrolyte flow rate of
1.5 L min! and the temperature from 30 to 35°C. The
pH of the textile effluent was adjusted by the 0.1 mol
L' H,SO, solution and the 0.1 mol L™ NaOH solu-
tion. The analysis samples were extracted at the elec-
trolyzer outlet when each experiment was finished.

2.4. Analytical methods

The COD of each sample was measured by a spec-
trophotometer (DR3900, Hach, USA).

Current efficiency (1, %) that presents the utiliza-
tion rate of the charge applied for electrochemical
degradation, is calculated using Eq. (1):

_ (COD,—COD,)/1000 x Fvt/60

d 81f
COD, - COD,)Fv
= g.........._..(.)...._..._.é......l.)...._ % 100% (1)
48 x 10" x1

where COD; and COD, are the COD of textile efflu-
ent after electrolysis and before electrolysis, respec-
tively, mg L™'; F is the Faraday constant, 96485 C
mol™'; v is the electrolyte flow rate, L min!; I is the
working current, A; t is the total time when the con-
stant current density is applied, s.

The energy consumption per kilogram of the COD
for the textile effluent (W., kWh kg™') is calculated
using Eq. (2):

_ UlIt/3600/1000
¢ (vt/60) x (COD, - COD,)/1000/1000

_ 50 x Ul )
3% v(COD,—COD,)

W

where U is the cell voltage, V.

Corresponding to the energy consumption of the
tube electrolyzer, the energy consumption per kilo-
gram of the COD for the magnetic pump (W, kWh
kg™ is calculated using Eq. (3):

W= Pt/3600/1000
m - (vt/60) x (COD, - COD,)/1000/1000

_ 50x P 3)
3 xv(COD,—-COD,)

where P is the power of the magnetic pump, 10 W.
There was not other heat energy used in the present
experiments except for the electric power. Therefore, the
carbon emissions per kilogram of the COD for the tex-
tile effluent (CE, kg CO, kg™! COD) is accounted using

Eq. (4):

50 x (UL +P) x f, 4
3 xv(COD,—-COD,) “)

CE = W xf +W_xf, =
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where f, is the electricity emissions factor published
in China in 2023, 0.5703 kg CO, kWh™".

3. Results and Discussion

3.1. The effect of initial pH on electrochemical
performance

As shown in Fig. 2, the COD of the textile effluent
gradually increased when the initial pH increased from
4.0 t0 9.0 at the electrolyte flow rate of 1.5 L min™' and
the current density of 10.0 mA cm™. The COD and the
current efficiency at the original pH of 7.6 for the textile
effluent were 65.0 mg L™ and 88.3%, respectively. The
direct degradation of contaminants and the producing
hydroxyl radicals (-OH) occurred on the PbO, anode,
which occurred at different pH conditions. As was
shown in Table 1, there existed CI"and SO,*" in the tex-
tile effluent. The electrosynthesis of persulfate ion
(S,04%), the oxygen evolution reaction and the chlorine
(Cl,) production reaction occurred at the anode. The
reaction in the cathode was the hydrogen evolution. In
acid electrolyte solution, reactions that occurred at the
anode and cathode were as follows:

Anode reactions: ZSOff -2¢ — 282027
2CI —2¢ —>2CI, 1

2H,0-4e > 4H +0, 1
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Fig. 2. COD and current efficiency at different initial pH at
the current density of 10.0 mA cm™ and the electrolyte
flow rate of 1.5 L min™".

Cathode reaction: 2H" +2¢~ — H, 1

In alkaline electrolyte solution, reactions that
occurred at the anode and cathode were as follows:

2507 —2¢ 28,05
2CI" -2¢ —»2CI, 1
Cl,+20H - Cl” +CIO™ +H,0

40H -4e —>2H,0+0, 1

Cathode reaction: 2H,0 +2e —20H +H, T

The same electrosynthesis reaction of persulfate
ion in the anode occurs at different pH. The oxygen
evolution on the anode and the hydrogen evolution in
the cathode in the acid electrolyte solution with the
pH below 7 were different from those with the pH
above 7. Sulfuric acid (H,SO,) and sodium hydrox-
ide (NaOH) were used to adjust the initial pH. Com-
pared with the chlorine production reaction at pH
below 7, HCIO was generated by the reaction of Cl,
and OH" at pH above 7.

The part of organics in the contaminants could be
degraded into CO,, N, and H,O with O, evolution at
the anode. The NH3;—N in the textile effluent was
degraded to NH; mainly by -‘OH generated at the
anode at first and then degraded to N, and H,O by the
-‘OH [23]. Therefore, O,, Cl,, CO,, N, and NH; were
expected to come out in the anode when the hydro-
gen was generated in the cathode. The gas generated
in the anode and the hydrogen in the cathode flew
though the same outlet out of the tube electrolyzer.

As was shown in Table 1, there existed Na*, CI~
and SO,> in the textile effluent. Therefore H', Na®,
CI"and SO,* migrated between anode and cathode in
acid electrolyte solution at pH below 7 while OH™,
Na*, Cl"and SO,* migrated between anode and cath-
ode at pH above 7.

The low pH could contribute to the promotion of
the direct degradation on the PbO, anode and the
hydroxyl radicals by indirect degradation reactions
for the textile effluent [24]. In addition, the oxidizing
specie, SO,*could be generated on the PbO, anode
surface at the low pH with the presence of sulfate
ions, which was beneficial to improve the degrada-
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tion efficiency of the textile effluent [25]. Besides,
the oxygen evolution in the anode was enhanced with
the increase of the electrolyte solution pH, which
could cause the reduction of the effective electro-
chemical degradation area on the anode surface.

In the meantime, it could be seen from Fig. 2 that
the COD of the textile effluent slightly reduced with
the initial pH from 9.0 to 10.0, which was caused by
the increase of the electrolyte solution conductivity.
As shown in Fig. 2, the current efficiency gradually
reduced with the initial pH from 4.0 to 9.0 and then
slightly increased with the initial pH from 9.0 to 10.0.
The change trend of current efficiency shown in Fig.
2 was in accordance with that analyzed by Eq. (1).
Taking account of the cost of the H,SO4 solution and
the NaOH solution in the industrial application, the
initial pH of 7.6 was selected for the following exper-
iments to reduce the cost of the H,SO, solution and
the NaOH solution added into the textile effluent in
the industry.

3.2. The effect of electrolyte flow rate on electro-
chemical performance

Fig. 3 demonstrates the COD and the current effi-
ciency of the textile effluent at different electrolyte
flow rates with the current density of 10.0 mA ¢cm™
and the initial pH of 7.6. It can be seen from Fig. 3
that the COD after the electrochemical degradation
gradually reduced at first and then increased with the
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Fig. 3. COD and current efficiency at different electrolyte
flow rate at the initial pH of 7.3 and the current density of
10.0 mA cm™

increase of the electrolyte flow rate from 0.5 L min™!
to 2.5 L min~'. The COD reached its minimum of 65.0
mg L' at the electrolyte flow rate of 1.5 L min™'. The
mass transfer was gradually enhanced when the elec-
trolyte flow rate increased from 0.5 L min"'to 1.5 L
min~! which was beneficial for the COD degradation.
When the electrolyte flow rate was beyond the 1.5 L
min~', the part of the textile effluent flowed out of the
electrolyzer without electrochemical degradation
because the electrolyte flow rate was beyond the
maximum electrochemical oxidation rate on the
PbO, anode surface.

In addition, Fig. 3 illustrated that the current effi-
ciency gradually increased at first and then reduced
with the increase of the electrolyte flow rate from
0.5 L min'to 2.5 L min™', which was influenced by
the change trend of the COD. Although the increase
of the electrolyte flow rate could enhance the mass
transfer between the electrolyte and the anode surface
improving the current efficiency to a certain extent,
the reduction of the current efficiency was attributed
to the degraded COD according to Eq. (1). Moreover,
the current efficiency reached its maximum of 88.3%
at electrolyte flow rate of 1.5 L min™'. Therefore, the
electrolyte flow rate of 1.5 L min~' was selected for
the following experiments.

3.3. The effect of current density on electrochemi-
cal performance

Fig. 4 and Fig. 5 show the electrochemical perfor-
mance of the textile effluent degradation with the
current density ranged from 5.0 mA cm™ to 25.0 mA
cm? at the initial pH of 7.6 and the electrolyte flow
rate of 1.5 L min~'. As shown in Fig. 4, the COD
gradually dropped from 82.4 mg L' to 52.1 mg L!
with the increase of the current density from 5.0 mA
cm~2 to 25.0 mA cm~2, which was due to the
improvement of the electrochemical degradation rate
of the COD on the anode surface with the increase of
the current density. It can be seen from Fig. 4 that the
current efficiency increased when the current density
increased from 5.0 mA cm™ to 10.0 mA cm™, which
was caused by the improvement of electrochemical
degradation rate with increase of the current density.
As shown in Fig. 5, the current efficiency gradually
decreased with the current density from 10.0 mA cm™
to 25.0 mA cm~2, which was attributed to the
enhancement of the oxygen evolution reaction and
the reduction of the effective electrochemical oxida-
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Fig. 4. COD and current efficiency at different current
density at the initial pH of 7.3 and the electrolyte flow rate
of 1.5 L min™

tion spots on the PbO, anode with further increase of
the current density.

As shown in Fig. 5, the energy consumption of the
tube electrolyzer per kilogram of the degraded COD
increased slowly from 25.9 kWh kg t0 27.7 kWh kg™
with the increase of current density 5.0 mA cm™ to
10.0 mA cm and then increased fast from 27.7 kWh
kg™ to 85.3 kWh kg' when the current density
increased from 10.0 mA cm™ to 25.0 mA cm 2. The
higher degraded COD contributed to the slow
increase of the energy consumption of the electro-
lyzer to a certain extent with the current density from
5.0 mA cm to 10.0 mA cm 2 according to the Eq.
(2). When the current density reached 10.0 mA cm,
the increase rate of the energy consumption was fur-
ther improved by the decrease of the corresponding
degraded COD reduction rate according to the Eq.
(2). As Fig. 5 shows, it is apparent that an appropriate
current density is significant to the improvement of
the electrochemical performance.

It can be seen from Fig. 5 that the carbon emissions
at the current density of 5.0 mA cm ™ was slightly lower
than that at the current density of 10.0 mA c¢m™2, which
was due to the fact that the corresponding carbon
emissions of the magnetic pump at the current den-
sity of 5.0 mA cm 2 was higher than thatat the current
density of 10.0 mA cm caused by the degraded COD
according to Eq. (3). As shown in Fig. 5, the carbon
emissions gradually increased when the current den-
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Fig. 5. Energy consumption and carbon emissions at
different current density at the initial pH of 7.3 and the
electrolyte flow rate of 1.5 L min™".

sity increased from 10.0 mA cm™ to 25.0 mA cm™>
because of the increase of the energy consumption
according to Eq. (4). Besides, the direct greenhouse
gas emissions could be negligible because the oxy-
gen from the anode and the hydrogen from the cath-
ode accounted for the vast majority of the gas
generated in the electrochemical degradation of the
textile effluent [26].

K. Ramesh et al. [27] performed the study on the
electrochemical degradation of the textile effluent
after the biological treatment with the initial COD
concentration of 250 mg L' in a small electrolyzer
under batch mode by keeping a constant volume of
wastewater in the reactor with the textile effluent pre-
filtered through a small sand filter to remove the sus-
pended impurities prior to the electrolysis process.
The COD reduction of 64% was obtained with the
remaining COD of 90 mg L™, which was higher than
the remaining COD of 65.0 mg L™" at the current den-
sity of 10.0 mA cm 2 in the present study. Besides,
the textile effluent was not pre-filtered prior to the
electrochemical degradation process in the present
study, which was closer to the actually industrial con-
ditions of the textile effluent treatment.

J. Zou et al. [28] reported a complete removal of
the COD for the real textile effluent using a bipolar
boron-doped diamond anode with the initial COD
concentration of 2154 mg L ™! at the added NaCl con-
centration of 3 g L™ and electrolysis time of 3 hin a
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Fig. 6. Current density at different potential at the initial
pH of 7.3 and the electrolyte flow rate of 1.5 L min™.

small electrolyzer. However, the addition of NaCl is
seldom employed in the industrially electrochemical
degradation of the textile effluent due to the cost of
NaCl. In addition, it requires further researches on
the decrease of the cost for the boron-doped diamond
electrode because the cost of the boron-doped dia-
mond electrode is higher than that of the PbO, elec-
trode in the industrial application.

For the current density from 5.0 mA cm™ to 25 mA
cm 2, the current density as a function of potential
was shown in Fig. 6 with the potential ranged from
5.5V to 12.9V at the initial pH of 7.6 and the electro-
lyte flow rate of 1.5 L min™". It can be seen from Fig. 6
that there was nearly a linear relationship between cur-
rent density and potential. Current density of 10.0 mA
cm 2 was obtained at the potential of 7.3 V.

It can be seen from Fig. 4 that the COD and the
current efficiency reached their minimum and maxi-
mum at the current density of 10.0 mA c¢m ™2, respec-
tively. The minimum COD of 65.0 mg L™ was lower
than 80 mg L™ that was the direct discharge limit of
the COD for the textile effluent in China. Therefore,
the current density of 10.0 mA c¢m™ at the potential
of 7.3 V was selected for the following experiments
of electrochemical degradation time.

3.4. The time of electrochemical degradation on
electrochemical performance

Fig. 7 shows the electrochemical performance with
the time of the electrochemical degradation from 1 to

100 90
%] oD 80
—a— Current efficiency

170
80 | Q\\c
o 60 >
< i 2
e 2
0 150,82
E60F 5
8 140 =
50+ £
& 130 5
O

40 - 120

30 - 410

20 1 1 1 1 hd 0
0 1 2 3 4 5 6
Time of electrochemical degradation/ Number
Fig. 7. COD and current efficiency at different

electrochemical degradation time at the initial pH of 7.3,
the electrolyte flow rate of 1.5 L min™' and the current
density of 10.0 mA cm™.

5 at the initial pH of 7.6, the electrolyte flow rate of
1.5 L min~! and the current density of 10.0 mA cm™.
As shown in Fig. 7, there was a clear fall in the COD
and the COD reached to the lowest point of 22.0 mg
L™ from 65.0 mg L™'. However, the decrease rate of
the COD gradually reduced with the increase of the
electrochemical degradation time. It was obvious that
the increase of the electrochemical degradation time
contributed to the gradual reduction of degradable
organics concentration in the electrolyte solution,
which could reduce the electrochemical degradation
rate of the COD. It can be seen from Fig. 7 that the
current efficiency gradually decreased from 88.3% to
12.1% due to the decrease of the electrochemically
degraded COD reduction rate according to the Eq. (1).

4. Conclusions

The COD of the textile effluent was reduced from
94.0 mg L™! to 65.0 mg L~! with the current effi-
ciency of 88.3%, the energy consumption of 27.7
kWh kg™ (per kilogram of degraded COD) and the
carbon emissions of 18.0 kg CO, kg™ (per kilogram
of degraded COD) by the commercial PbO, mesh
cylinder anode and the titanium cylinder cathode in
the tube electrolyzer at the initial pH of 7.6, the elec-
trolyte flow rate of 1.5 L min~! and the current den-
sity of 10.0 mA cm2. The COD of the textile effluent
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could drop to 22.0 mg L after 5 times of the electro-
chemical degradation, which met the direct dis-
charge limit of the COD for the textile effluent in
China. The experimental results indicated that the
PbO, mesh cylinder electrode could effectively
reduce the COD of the textile effluent at initial pH
without the addition of NaCl or Na,SO,, which sug-
gested that the electrochemical degradation of the
textile effluent using PbO, mesh cylinder electrode in
the tube electrolyzer would be an effective and eco-
nomic method in the industrial application.
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