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ABSTRACT

The use of three-dimensional (3D) electrochemical oxidation has become a popular method for treat-
ing water pollutants. In this study, the degradation of real wastewater discharged by the chemical
industry was conducted using Pb loaded biochar (Pb/BC) as a particle electrode. The properties of
Pb/BC were characterized by scanning electron microscopy, X-ray diffraction, energy-dispersive
X-ray spectroscopy, Fourier-transform infrared spectroscopy, X-ray photoelectron spectroscopy,
and Brunauer-Emmett-Teller. The impact of various factors, including Pb loading, pH, dosage
of Pb/BC, and working voltage, on chemical oxygen demand (COD) elimination were examined,
and the best results were obtained on pH 7 and working voltage of 14 V, with 25 g/L Pb/BC (8%
Pb loaded on BC) added in 3D reaction system. The degradation process was well fitted with the
first-order kinetic. COD removal efficiency was 67.60% after 90 min reaction with only 6.21 kW-h/
kg, of energy consumption. The presence of tert-butanol had a significant impact on decreasing
the efficiency of COD removal, suggesting that the hydroxyl radicals produced during the reac-
tion were the primary means of degrading COD, rather than direct electro-oxidation. Toxic results
indicated that the treated wastewater was less toxic than the original water. The use of Pb/BC
may have practical applications in the treatment of actual chemical wastewater.

Keywords: Chemical wastewater; Chemical oxygen demand removal; Energy consumption; Three-

dimensional electrocatalytic oxidation; Pb/biochar particle electrode

1. Introduction

Chemical wastewater is a major challenge in pollutant
treatment as it is highly toxic and bio-refractory, posing a
significant threat to the environment [1]. Electrochemical
oxidation is an advanced oxidation process that has proven
to be highly effective in degrading waste waters containing
recalcitrant substances due to its strong oxidation capacity
and high efficiency [2-5]. Unavoidably, electrochemical oxi-
dation also has significant drawbacks, such as high energy
consumption, the formation of by-products, and low energy
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efficiency. Addressing these issues remains a significant
challenge that must be effectively resolved [6,7].

Compared to two-dimensional (2D) electrochemical oxi-
dation, three-dimensional (3D) electrochemical oxidation
typically exhibits superior performance in terms of treat-
ment efficiency and energy consumption. This is due to the
use of particle electrodes that fill the gap between positive
and negative plate electrodes, can provide a larger contact
surface and a higher electron-transport capability [8,9], thus
it has been successfully applied for treating refractory waste
waters, such as dye [10], coal chemistry [11], nitrobenzene
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[12], norfloxacin [13,14], landfill leachate [15], and phenol
[16]. The type of particle electrode is crucial in determin-
ing treatment efficiency and cost-effectiveness. As a result,
the development of high-performance particle electrodes
has become increasingly important.

Biochar (BC) has been used extensively in recent years
to remedy environmental pollution because it is inexpen-
sive, environmentally acceptable, and readily available
from a variety of sources with adsorption ability [17-19].
Being impregnated with mineral ions can enable BC to cat-
alyze pollutants, along with changing its specific surface
area, pore size, and/or pore volume [20-22]. Previous stud-
ies have attempted to improve electrochemical degradation
efficiency of BC by combination with various metal oxides,
including Fe [23], Fe/N [24], Ni [25], and CoAl-layered dou-
ble hydroxide [26]. Currently, designing supported com-
ponents remains the most effective method for enhancing
the stability and catalytic activity of particle electrodes.

This study aims to explore the potential of using Pb/
biochar (Pb/BC) as a particle electrode for electrochemical
oxidation chemical wastewater. The structures and chemical
properties of the particle electrodes were investigated, with
a specific focus on the impact of various operating variables
on chemical oxygen demand (COD) oxidation. These vari-
ables include Pb loading, pH, Pb/BC dosage, and working
voltage. Finally, by optimizing the operational variables,
the energy consumption and possible COD degradation
ways were also proposed.

2. Materials and methods

2.1. Materials and chemicals
K,Cr,O

Pb(NO,),, NaOH, HCl, (NH,),FeSO, ,0,, and
CHOH were purchased from Aladdin Chemical Co.,
(China). All the chemicals used in this study were analyti-
cal reagent grade without further purification. Corn straw
was collected from local farmland.

2.2. Preparation of Pb/BC particle electrode

Corn straw was selected as the raw material, and washed
twice with distilled water to remove impurities. The mate-
rial was dried in an oven at 80°C for 12 h, and then ground
into powder. By hydrothermal method, BC was produced
[27]. Pb modified BC particle electrode was prepared by an
immersion—calcination method as following: pure BC was
added into Pb* solution at a solid-liquid ratio of 1:20 g/
mL and sonic for 2 h, then the solid substance was filtered
out, followed by dried at 80°C for 48 h. Subsequently, it was
calcined at 400°C for 2 h in an electric furnace. After cool-
ing, it was washed several times with distilled water until
it reached a constant pH, and then dried in an oven for
24 h. The obtained catalyst was named as Pb/BC.

2.3. Characterization of Pb/BC

The surface morphology and energy-dispersive X-ray
spectroscopy (EDS) of Pb/BC was examined using a scan-
ning electron microscopy (SEM) (XL30, FEI, USA) at a
working voltage of 10 kV. The crystalline phase was char-
acterized by X-ray diffraction (XRD; D/max-2500, Rigaku,

Japan) in a range of 20 = 10°-80° with Cu-Ka radiation
(A =1.5406 A, 40 kV, 200 mA). After grinding and thoroughly
mixing it with KBr powder, the powder mixture was com-
pressed into a transparent disk. Then an Fourier-transform
infrared spectroscopy (FTIR; Tensor 320, Bruker, German)
was used to scan from 4,000 to 400 cm™ using an average
of 16 scans, with a resolution of 1 cm™. The chemical states
were tested by X-ray photoelectron spectroscopy (XPS,
ESCALAB 250, USA). At the N, adsorption and desorption
analyzer, specific surface area, pore volume, and pore size
were evaluated utilizing Brunauer-Emmett-Teller (BET) and
Barrett-Joyner—Halenda calculation.

2.4. Electrochemical oxidation of real chemical wastewater

The wastewater sample was obtained from Jianxin
Chemical Plant located in Hebei, China. To ensure consis-
tency in the sample quality, it was stored at a temperature
of 4°C in a deep freezer. The sample has a high concen-
tration of COD (35,000 mg/L) and poor biodegradability
(BOD,/COD,, < 0.13) with suspended matter. The conduc-
tivity of the sample was measured to be 12.6 mS/cm, and
the pH was approximately 7.2. In order to prevent the
blockage of pores in the particle electrode by suspended
matter, a pretreatment process was carried out. A certain
amount of polyaluminum chloride and polyacrylamide
was added into the wastewater and stirred slowly for 5 min
until flocculation occurred. The solution was then left to
stand for 30 min to allow for precipitation, after which it
was filtered for use. Prior to electrochemical oxidation, an
adsorption process was allowed to occur for a period of
90 min until equilibrium was reached. The electrocatalytic
degradation was then conducted in a reactor measuring
8 cm x 6 cm x 21 cm and containing 0.4 L of chemical waste-
water. The cathode and anode were made of 304 stainless
steel plates and were parallel to each other with a gap of
2.5 cm. Additionally, Pb/BC particles were filled in to create
a 3D electrochemical oxidation system.

2.5. Analytical methods

COD was measured using the standard dichromate
method on the samples. The samples were refluxed at 150°C
for 2 h and then allowed to cool to ambient temperature. The
residual dichromate ions were titrated using (NH,),’FeSO,
solution. Conductivity and pH were measured using a
conductivity meter and a pH meter, respectively.

2.6. Toxic experiment

Randomly selected 2 h post fertilization (hpf) zebrafish
embryos, and divided into 3 groups, including ultrapure
water (control), original wastewater, and treated water. All
groups include three parallel experiments. Each treatment
contained 100 embryos and 30 mL of diluted exposure solu-
tion. The diluted exposure solutions were diluted tenfold
and renewed every 48 h, and dead embryos were removed
in time during the exposure experiment. The exposure was
conducted in an illumination incubator at a temperature of
28°C with a photo period of 14:10 h (light:dark). The hatch-
ing and mortality rates were recorded at 96 and 72 hpf,
respectively.
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3. Results and discussions
3.1. Characterization of Pb/BC

In Fig. 1 SEM images of pure BC and Pb/BC compos-
ites are presented. The surface of pure BC appeared rela-
tively smooth, although some pores and cracks were visible.
Following catalyst loading, the surface of the catalyst became
rough with noticeable pores. Both Fig. 1 and Table 1 pres-
ent EDS data, which demonstrate the successful loading of
Pb onto pure BC with a content of 7.16%. This result was
slightly lower than the theoretical load amount of 8%.

In Fig. 2a the XRD patterns of different samples were
presented. The raw BC spectrum was significantly different
from that of the catalyst-loaded BC. The typical diffraction
peak of the BC was observed at approximately 23.97° of 20,
which was attributed to the carbon crystal plane (JCPDS
card no. 22-1069). On the other hand, for Pb/BC, the dif-
fraction peak located at 26.2° can be indexed to the (110)
planes (JCPDS card no. 76-0564), indicating that PbO, was
loaded [28]. The presence of functional groups on the adsor-
bent surface was identified through FTIR spectroscopy and
the results are displayed in Fig. 2b. The analysis revealed
the presence of O-H (3,428-3,365 cm™), C-H (2,913 cm™),
C-O (1,610-1,567 cm™), and C-C (1,387-1,385 c¢m™) in
both BC and Pb/BC [29]. The introduction of Pb do not
alter the functional groups on BC.

The XPS spectra of Pb/BC are presented in Fig. 3, reveal-
ing the presence of C, O, and Pb elements with atomic per-
centage contents of 87.08%, 12.84%, and 0.08%, respectively

Table 1
Energy-dispersive X-ray spectroscopy results of BC and Pb/BC

Sample Element content (%)

C (@) Pb
BC 71.39 28.61 /
Pb/BC 66.28 26.56 7.16

(Table 2). The C 1s XPS spectrum in Fig. 3b exhibits two car-
bon bonds, namely C-O (286.9 eV) and C-C (284.8 eV). The
O 1s spectrum in Fig. 3c displays peaks of C=0, C-O, and
Pb-O at 401.2, 399.7, and 398.6 eV, respectively. Additionally,
Fig. 3d shows the appearance of double peaks in the Pb 4f
cleavage energy levels (f5, f7) [30], and the peak of PbO,
(139.5 and 143.5 eV) and PbCO, (138.0 and 142.7 eV) can
be observed, which indicated the generation of PbO, and
PbCQO, on the surface of BC [31,32]. As shown in Table 2, the
atomic percentage of Pb* was 62.36%, and that was 37.64%
for Pb*".

Table 3 presents the surface area and pore parameters
obtained from the N, adsorption isotherms. The surface
area, total pore volume, and pore diameter were determined
to be 56.08 m%*g, 0.4162 cm?®/g, and 2.06 nm, respectively.
Upon catalyst loading, the surface areas were significantly
increased to higher than 70 m?/g, while the pore volume and
diameter remained relatively unchanged.

3.2. Effect of working conditions on COD degradation

This study investigated the effect of varying Pb load-
ing amounts on COD removal. Results showed that COD
removal efficiency in 90 min increased with increasing Pb
loading, reaching a maximum of 67.60% at 8% Pb loading.
However, excessive Pb loading (15%) was found to inhibit
COD removal, resulting in a lower efficiency of 53%. These
findings suggested that while Pb loading can enhance COD
removal, an optimal loading amount should be determined
to achieve maximum efficiency. As Table 1 demonstrates,
a decrease in surface area occurred when the Pb concen-
tration exceeds 8%. This decrease in surface area subse-
quently led to a reduction in the amount of COD adsorbed
on Pb/BC, potentially limiting the catalytic degradation of
COD that follows.

The pH value is a crucial operational parameter in the
electrochemical oxidation of organics. This is because, in
most cases, the COD removal efficiency is highest at an opti-
mum pH value. According to the findings in Fig. 4b, COD
reduction increased with time from pH 3 to pH 7. However,

Fig. 1. Scanning electron microscopy and energy-dispersive X-ray spectroscopy images for Pb/BC.
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Fig. 2. Spectra of (a) X-ray diffraction and (b) Fourier-transform infrared spectroscopy of Pb/BC with different loading amount of Pb.
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Fig. 3. X-ray photoelectron spectra of (a) full, (b) C, (c) O, and (d) Pb.

it decreased with further increase in pH up to 9. After 90 min,
the following COD reductions were obtained: 46.8% at pH
3, 48.02% at pH 5, 67.6% at pH 7, and 50.95% at pH 9. In
our study, a real-time decrease in pH levels within the sys-
tem was observed. Specifically, when the initial pH was 7,
the pH gradually decreased to 5.9 after 90 min, indicating a
continuous production of H* during the electrolysis process.

Two electrochemical and/or chemical processes may be
responsible for the production of H*: (1) the formation of
hydroxyl radicals from water at the anode surface, which
then react with organics in the diffusion layer; (2) the pro-
duction of strong oxidizing species through the oxidation of
inorganic ions at the anode surface, which then react with
organics in the bulk solution [33].This study showed that
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Table 2
Atomic percentage by X-ray photoelectron spectroscopy
analysis
Name Peak BE Atomic (%)
C 284.80 87.08
O 532.62 12.84
Pb 139.08 0.08
Pb* 4f,, 137.94 62.36
Pb* 4f, 142.77
Pb* 4f, 138.59 37.64
Pb* 4f,, 143.35
Table 3

Brunauer-Emmett-Teller surface area and pore parameters of

different samples

321

the chemical wastewater can be treated without the need
for pH adjustment, resulting in a reduction in running costs.
This finding was consistent with Jia et al. [16] research, who
examined the impact of pH levels (3, 5, 6.6, and 8) on phe-
nol removal. They found that Sn-Mn-Ce-supported granu-
lar activated carbon (AC) was effective in breaking down
phenol at a pH level of 6.6.

The results depicted in Fig. 4c indicate that the opti-
mal Pb/BC dosage leads to effective COD removal.
Specifically, a Pb/BC dosage of 25 g/L resulted in the high-
est COD removal efficiency (approximately 67.60%) within
90 min. However, at higher concentrations of Pb/BC (above
50 g/L), the current efficiency was decreased due to stron-
ger bypass current, and thus the removal efficiency was
decreased.

Working voltage is also an important parameter influ-
encing removal efficiency of COD. As shown in Fig. 4d, it
was approximately 49.98% at 12.0 V after 90 min, and the
maximum value was achieved at 14 V. As the working volt-

Sample Surface area (m?/g) V (em?/g) D (nm) age increased further, the COD removal efficiency gradually
Pure BC 56.08 0.4162 2.06 decreased. At 20 V, it was only about 53.02%. Although the
39% Pb/BC 73.81 0.4265 220 ?Dldel.ectrochemiczl reacfcolr exlr;ibi.ts an incr.e}?sehin.electric
5% Pb/BC 7286 0.4238 216 ie mtenglty an par’slc e polarization with the increase
of the applied voltage, it may also lead to more noticeable
8% Pb/BC 73.69 0.4289 2.14 id . This. i d dizati
% Pb/BC 71.81 0.4001 215 side reactions. This, in turn, can decrease current utilization
10% ‘ . : efficiency and has a negative impact on the degradation of
15% Pb/BC 7208 0.4002 2.15 organic compounds.
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Fig. 4. Effect of (a) Pb loading amount, (b) pH (inset: pH changes during chemical oxygen demand removal at initial pH 7),
(c) Pb/BC dosage, and (d) working voltage on chemical oxygen demand removal in 3D system.
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To investigate the kinetic characteristics, the first-or-
der model was utilized to analyze COD removal process.
Both Table 4 and Fig. 5 showed that all reactions, regardless
of Pb loading, following the first-order reaction dynamic
model. The rate constants of oxidation using Pb/BC were
0.3672, 0.4122, 0.5670, 0.3474, and 0.3216 h™ for Pb load-
ings of 3%, 5%, 8%, 10%, and 15%, respectively. The results
were consistent with the degradation experiments as illus-
trated in Fig. 4a, confirming that the composite containing
8% Pb exhibited the best catalytic activity compared to
other composites.

3.3. Energy consumption during COD degradation in 3D system

In Fig. 6a it is observed that COD removal efficiency
for pure BC was 34.34% in 90 min, while Pb/BC with 8% Pb
loaded on BC showed a higher efficiency of 67.6%. Moreover,
the degradation rate of COD was faster with Pb/BC than
with BC, indicating that Pb loading on BC could effectively
improve COD removal. This is because each particle can be
acted as a micro-electrolytic cell, with the formation of polar-
ized micro-electrodes. When assessing the feasibility of waste-
water treatment for larger-scale applications, energy con-
sumption is a significant consideration. The specific energy
consumption (E) is calculated using the following equation:

t

3
(cop, —cop )xv

E=UxIx

Table 4
First-order kinetic parameters of chemical oxygen demand
degradation in 3D system

Pb loading amount k(™) R?

3% 0.3672 0.9518
5% 0.4122 0.8928
8% 0.567 0.9678
10% 0.3474 0.9548
15% 0.3216 0.9939
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where E (kW-h/kg ) is energy consumption, U (V) is the
working voltage, I (A) is the current intensity, ¢ (h) is reac-
tion time, V (L) is the volume of the chemical wastewater,
COD, and COD, (mg/L) are the concentration before and
after electrochemical oxidation, respectively.

Table 5 shows that in a 90 min treatment, the removal effi-
ciency and energy consumption were 67.6% and 6.21 kW-h/
kg . respectively. However, when using pure BC as a
particle electrode, the removal efficiency and energy con-
sumption were 34.34% and 15.28 kW-h/kg_, respectively.
When Pb was loaded, the catalyst’s active centers and hole
sites were increased, resulting in a beneficial transforma-
tion of O, into strong oxidizing active components on the
particle electrode. Furthermore, the presence of Pb, which
contains the 4f orbital, may alter the energy level distribu-
tion of PbO, and increase the energy level states of the cat-
alysts, resulting in enhanced catalytic activity and oxygen
storage capacity of the particle electrode. Additionally, Pb/
BC can absorb 24.19% of COD, indicating that the Pb/BC
first adsorb COD and then electrochemical degrade it. Our
results were compared to previous studies that reported on
COD removal and/or corresponding energy consumption,
despite differences in experimental conditions. Our findings,

3% Pb
5% Pb
8% Pb
10% Pb
15% Pb

100

)
Time (min)

®©
S{reman

0 20

Fig. 5. The InC—t curve of chemical oxygen demand degrada-
tion by Pb/BC with different Pb loading.

10.0

0 20 40 60 80 100120 140 160 180 200
Time (min)

Fig. 6. Effect of (a) particle electrode and (b) conductivity change during reaction in 3D system.
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Table 5
Energy consumption during chemical oxygen demand electrochemical oxidation
Particle electrode E (kW-h/kg_p) Removal efficiency (%) u(v) I(A) t (min)
BC 15.28 34.34 14 0.35 90
Pb/BC 6.21 67.60 14 0.28 90
Table 6
Energy consumption reported by previous works
Reaction E (kW-h/ Removal efficiency Particle electrode pH Wastewater t References
system  kg..) of COD (%) (min)
3D / 87.5 Iron-loaded needle coke  2.62 Real coking wastewater 360  [34]
spherical electrodes
3D / 80 Ni/algal BC 3 Real electronic industry wastewater 60 [25]
2D 11.12 100 / 2.0 Real textile wastewater 180  [33]
2D 114 84 / 6.0 Real sugar industry wastewater 120 [35]
3D 135 56.9 AC 6.6  Simulated phenol wastewater 90 [16]
3D 7.6 75.6 Sn—-Mn-Ce/AC 6.6 Simulated phenol wastewater 90 [16]
3D 80 80 Carbon black/polytetra- 4.0 Simulated phenol wastewater 120 [36]
fluoroethylene composite
3D 15.28 34.34 BC 7 Real chemical wastewater 90 This work
3D 6.21 67.6 Pb/BC 7 Real chemical wastewater 90 This work
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Fig. 7. (a) Effect of tert-butyl alcohol on chemical oxygen demand removal efficiency and (b) degradation mechanism.

presented in Table 6, demonstrate that Pb/BC particle elec-
trodes have the potential to be a cost-effective solution for
organic-compound degradation in 3D electrochemical
oxidation. Fig. 6b shows that during COD reduction, the
conductivity of the wastewater decreased, indicating that
the electrochemical reaction can reduce free ions in the 3D
system and therefore lowered conductivity.

3.4. Degradation mechanism

A quenching test was performed using tert-butyl alco-
hol (TBA) as radical scavengers. The results, as shown in
Fig. 7a, indicate that the degradation efficiency of COD sig-
nificantly decreased from 67.60% to 14.63% after introduc-
ing TBA into the 3D electrode system. This is because TBA

may inhibit the hydroxyl radical in the system, which pre-
vents it from participating in the electrochemical reaction.
It was noteworthy that COD was still removed even after
TBA addition, indicating that direct oxidation occurred.
The electrochemical oxidation of organics in a 3D system
occurs through two possible mechanisms: direct electron
transfer from the anode to the organics, and oxidation medi-
ated by hydroxyl radicals that produced near the anodic
surface. The degradation mechanism is schemed as Fig. 7b.

3.5. Toxicity assessment

We investigated the toxic effects of the original waste-
water and treated water on zebrafish. Zebrafish embryos
of 2 hpf were exposed to the above solution for 96 h, and
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Fig. 8. (a) Normal larvae of the control group at 96 hpf. Malformation larvae of the test group including (b) spinal curvature,

(c) pericardial oedema, and (d) co-occurrences at 96 hpf.

Table 7
Zebrafish hatching rate at 96 hpf and mortality rate at 72 hpf
Blank Treated Original
water wastewater
Value o Value o Value o
Mortality rate  12.67 2.06 13.00 245 74.67 11.32
Hatching rate  86.67 249 84.67 262 24.67 11.67

the toxicity changes were analyzed. As shown in Fig. 8a-d,
the malformations of zebrafish (96 hpf) in original water,
including pericardial oedema and spinal curvature, were
recorded under a stereomicroscope. The zebrafish hatch-
ing rate at 96 hpf and mortality rate at 72 hpf are provided
in Table 7. The hatched embryos in the blank group was
86.67%, while it was decreased slightly in the treated groups
(84.67%) but decreased significantly in the original groups
(24.67%). The mortality rate at 72 hpf was 12.67%, 13.00%,
and 74.67% for blank, treated water, and original water,
respectively. These results indicated that the treated waste-
water was less toxic than the original water.

4. Conclusion

This study designed a 3D electrochemical oxidation
reactor that utilizes Pb/BC as particle electrode to effec-
tively degrade chemical wastewater. The Pb/BC composite
was prepared using the coprecipitation—calcination method
and characterized through various methods such as SEM,

EDS, XRD, FTIR, XPS, and BET. For the 3D reactor with
Pb/BC particle electrode, the most favorable results were
observed under neutrality conditions at a working voltage
of 14 V with the addition of 25 g/L of 8% Pb/BC. The deg-
radation process was well-suited to the first-order kinetic
model. COD removal efficiency and energy consumption
were 67.60% and 6.21 kW-h/kg__, respectively. Additionally,
the conductivity in wastewater decreased after electrochem-
ical oxidation. The hydroxyl radicals produced during the
reaction were the primary means of mineralization, rather
than direct electro-oxidation. Toxic results indicated that the
treated wastewater was less toxic than the original water.
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