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ng strategy for assembling
a boron-doped diamond anode towards
electrocatalytic degradation of late landfill
leachate†

Juanmei Zeng,a Xi Liu,b Qizhi Chenc and Dongying Hu *a

The high efficiency electrocatalytic degradation of late landfill leachate is still not an easy task due to the

complexity and variability of organic pollutants. A chemical coating strategy for assembling a boron-

doped diamond anode (BDD) towards electrocatalytic degradation of late landfill leachate was adopted

and studied. The results shows the high removal rates of organic carbon (TOC) and ammonia nitrogen

(NH3–N) after electrochemical oxidation for 5 h can reach 99% and 100%. Further, the organic migration

and transformation depends on current density, A/V value, initial pH, electrochemical degradation time,

and composition of the stock solution. Specifically, alkaline conditions can increase both TOC and NH3–

N removal rates, which is reflected in the NH3–N removal rate of 100% when the pH is 8.5 after only 5 h.

The types of organic matter decreased from 63 species to 24 species in 5 h, in which the removal of

fulvic acids is superior to that of soluble biometabolites. Amides/olefins and phenolic alcohols are all

degraded and converted into other substances or decomposed into CO2 and H2O by BDD,

accompanied by the continuous decomposition of alcohol-phenols into alkanes. In all, this study

provides a core reference on electrocatalytic degradation of late landfill leachate.
1 Introduction

Late landll leachate is a kind of high concentration organic
wastewater with high pollution intensity and complex compo-
nents, and its direct discharge without treatment will cause
serious secondary pollution to the water environment.1,2 The
late landll leachate has the characteristics of serious imbal-
ance of nutrient elements, high concentration of ammonia
nitrogen and poor biodegradability.3 Due to the poor pollutant
removal effect of traditional biological treatment, the combined
process of “physical/chemical treatment” and “biological
treatment” is more suitable for deep treatment of late landll
leachate.4 As a powerful advanced oxidation technology, the
electrochemical oxidation method has the advantages of
versatility, simple operation, no or few chemicals, easy auto-
matic management, no secondary pollution and so on.5 In
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ent and Materials, Guangxi University,

du.cn; 1184604205@qq.com

Development Research Institute Co., Ltd,

tal Pollution Control and Ecological

hina. E-mail: liuxi1217@foxmail.com

o., Ltd, Laibin 546100, China. E-mail:

tion (ESI) available. See DOI:

the Royal Society of Chemistry
recent years, it has received extensive attention in the eld of
refractory wastewater, especially for late landll leachate.6

The development of high-performance electrodes with high
activity and long service life plays a decisive role applying for
various elds.7–9 Particularly in biodegradable wastewater,10

various anodes including Fe/C granules,11 Ti-based mixed metal
oxide (MMO) anodes (RuO2–TiO2, RuO2–IrO2, PtO2–IrO2, and
IrO2–Ta2O5).12,13 Fe3O4/N–rGO,14 and membrane-based elec-
trode engineering15 and boron-doped diamond (BDD)16 were
also developed and applied to the electrochemical oxidation of
late landll leachate. In contrast, the effect of Fe3O4-RGO elec-
trode to improve the biodegradability of leachate depends on
high current density, resulting in low COD removal rate of
64.7%.17 The COD removal efficiency by Fe-NiCAF/O3 only
increased from 39% to 57% compared with ozonation for high-
concentration landll leachate.18 Ti–Ru–Sn ternary oxide
(TiRuSnO2) anode achieved a COD removal rate of 35%.19 BDD
electrode has excellent electrochemical properties, especially
wide electrochemical potential window, low background
current, good corrosion resistance, high stability, and long
service life.20 It was mainly used as electrode on electrochemical
oxidation of organic matter, involving carcinoembryonic
antigen and carcinoma antigen,21 phenols and aniline
organics,22 azo dye Orange G,23 Escherichia coli-contaminated
water,24 X-GN dye wastewater,25 et al. BDD electrode modied by
bimetallic NiCu catalysts show a 44.8% of NH3–N oxidation
RSC Adv., 2024, 14, 18355–18366 | 18355
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efficiency in 6 h.26 The electrochemical degradation showed that
chemical oxygen demand (COD) was decreased from 67.8%,
69.0% and 71.8% on BDD, and 76.4%, 84.3% and 91.9% on Pt
NPs/BDD with current densities increased from 15, 50 to 100
mA cm−2.27 Specically, BDD electrode showed efficient
removal rates for COD (87.5%) and NH3–N (74.06%) aer 6 h in
the treatment of late landll leachate.28 However, the water
quality characteristics and electrochemical degradation condi-
tions (current densities, anode area/solution volume (A/V)
values, pH values, chloride area concentration, electrolysis
time) of late landll leachate differ in improving the biode-
gradability of landll leachate.29 Systematic research on elec-
trochemical oxidation process is particularly important and
urgent for the further treatment of landll leachate.

More importantly, active chlorine is involved in the oxidation
of both organic matter and NH3–N, and there is competition
between the removal of COD and NH3–N, involving a complex
reaction mechanism of the electrochemical oxidation of landll
leachate.30 In addition, the competition between direct oxida-
tion reaction and indirect oxidation reaction for the corre-
sponding relationship between COD and NH3–N removal effect
is still to be improved.31 So, there is still a lack of an in-depth
and systematic research for the mechanism of organic migra-
tion and transformation of late landll leachate by electro-
catalytic degradation on BDD anode to the best of our
knowledge.32 In view of the complexity of organic compounds in
leachate treated effluent, it is important to explore the reaction
mechanism of organic compounds removal by electrochemical
oxidation from the perspective of molecular structure and
species.33 Further research on the migration and trans-
formation of ammonia nitrogen in the electrochemical oxida-
tion process can provide solutions for the effective removal of
ammonia nitrogen.34 So, the high efficiency electrocatalytic
degradation of late landll leachate and its mechanism of
organic migration and transformation are still not an easy task
due to the complexity and variability of organic pollutants.

Herein, the boron-doped diamond (BDD) was deposited on
a Si substrate via hot-lament chemical vapor deposition
(HFCVD) for electrochemical oxidation of late landll leachate
(Fig. 1). On one side, the morphologies and growth character-
istics of boron-doped diamond on Si substrate were displayed
and analyzed by XRD, Raman, SEM, and EDS mapping.
Following, the electrochemical properties of BDD electrode
were tested and analyzed through CV, EIS, and LSV curves. On
the other side, the effects of current density, initial pH, A/V
value and electrolysis time on the removal of organic pollut-
ants and ammonia nitrogen during electrochemical oxidation
of late landll leachate were studied. Far beyond that, mecha-
nism of organic migration and transformation of late landll
leachate by BDD anode has been systematically studied, relying
on three-dimensional uorescence spectroscopy (EEM) and Gas
chromatography-mass spectrometry (GC-MS). Apart from the
above analysis, the relationship between pH change, tempera-
ture of landll leachate at initial and nal situation are further
invested for the analysis of the mechanism of electrochemical
oxidation. Overall, this study provides the core reference for the
development of short-range, high efficiency and easy operation
18356 | RSC Adv., 2024, 14, 18355–18366
of leachate advanced treatment technology. List of abbrevia-
tions is shown in Table S1.†
2 Materials and methods
2.1 Deposition of a boron-doped diamond thin lm on a Si
substrate

All chemicals were used without purication treatment and
purchased from Aladdin Co., Ltd, China. The boron-doped
diamond (BDD) is deposited on a Si substrate via hot-lament
chemical vapor deposition (HFCVD) by referring to previous
work.35 First, a silicon wafer (p type, 100 crystal direction, Huake
Electronic Materials Co., Ltd, Zhejiang, China) is polished to
remove surface oxides and other contaminants, and then
ultrasonic cleaned in ultra-pure water and ethanol for 15 min.
The treated Si substrate is then transferred to a mixed solution
with diamond powder of 1 mg mL−1 (average particle size z 50
nm), and the nucleation site is formed by ultrasound for 75min.
The following deposition process is conducted in a mixture of
methane (CH4), hydrogen (H2), and boron sources under
a pressure of 5 kPa. The liquid trimethyl borate (B(OCH3)3) as
boron source is introduced into the CVD chamber by bubbling
hydrogen (H2) gas. In the deposition process, the ow rates of
CH4, H2 and boron sources are 6, 300 and 336 sccm, respec-
tively. A DC bias electric eld is applied between the sample
station and the lament holder to gradually adjust the bias
current and voltage to 10 A and 200 V. BDD/Si electrodes can be
obtained by adjusting the distance between Si substrate and
lament to 3 cm, substrate temperature to 950 °C and deposi-
tion time to 8 h. The detailed schematic illustration is depicted
in Fig. 1a.
2.2 Characterization of boron-doped diamond anode

The X-ray diffraction (XRD) patterns of boron-doped diamond
anode and Si substrate were recorded by an X-ray diffractometer
(Dmax-2500VBX, Rigaku, Japan). The Raman spectra of boron-
doped diamond anode and Si substrate were performed by
a Raman spectrometer (inVia Reex, Renishaw, UK). The cross-
section and longitudinal-section morphologies of boron-doped
diamond anode and Si substrate were obtained by a eld-
emission scanning electron microscope (Nova nano SEM 230,
FEI, Netherlands) equipped with an energy-dispersive X-ray
(EDS) spectrometer. The landll leachate aer electrochemical
oxidation was diluted 150 times with distilled water, and the
three-dimensional uorescence spectrum (EEM) of the samples
was determined by uorescence spectrometer (Hitachi F-4500,
Hitachi, Japan). Specically, the scanning conditions are as
follows: EX/EM scanning range is 200–500 nm/220–650 nm,
interval is 5 nm, scanning rate is 60 000 nmmin−1; PMT voltage
is 550 V, response time is 0.002 s. The intermediates formed
during electrocatalytic degradation were analyzed by gas
chromatography-mass spectrometry (GC-MS) (7890A-G7038A
QZLYY003, Tsushima, Japan). The specic test conditions
were as follows: the chromatographic column is Hp-5 ms quartz
capillary tube (30 m × 0.25 mm × 0.25 mm), the carrier gas is
high purity helium with the ow rate of 1.0 mLmin−1, the linear
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Scheme of the fabrication of boron-doped diamond anode (a) for electrocatalytic degradation of late landfill leachate (b and c) with
efficient purification effect (d).
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View Article Online
velocity of 36 cm s−1, and the column pressure at 7.7 Psi.
Further, the heating procedure consisted of holding the column
temperature at 50 °C for 3 min and rising to 280 °C at 8 °
C min−1. Mass spectrum ion source was used with the ion
source temperature at 230 °C, the four-pole temperature at 150 °
C, the transmission line temperature at 240 °C, and the EM gain
factor was 1 with the EM voltage of 1196 V, and the scanning
ranging from 40 to 500 amu. The energy consumption of the
system was determined by the following eqn (1).36

E = U × I × t/V × (DCOD)t (1)

I stand for the applied current (A), t is the electrolysis time
(h), U is the voltage (V), V is the solution volume (L) and (DCOD)t
is the experimental COD concentration decay (mg L−1).

The electrochemical performance of BDD electrode was
tested by electrochemical workstation (Xinfeng Technology Co.,
Ltd, China) with BDD (17 cm2) as working electrode, platinum
sheet as opposing electrode, and Ag/AgCl (sat. KCl) as reference
electrode in a three-electrode test system. Specically, cyclic
voltammetry (CV) and Nyquist (EIS) curves were recorded in
a 4 mM K3[Fe (CN)6] + 1 M KCl solution at different scan rates of
10–50 mV s−1 in the frequency range of 0.01–100 kHz. The
polarization curves of BDD electrodes at 50 mV s−1 were
recorded with and without 50 mg L−1 landll leachate in 0.5 M
H2SO4 or 0.1 M Na2SO4 solution. The potential of these BDD
electrodes for landll leachate was measured on a 3 V current
© 2024 The Author(s). Published by the Royal Society of Chemistry
density–time curve by electrocatalytic oxidation. The concen-
tration of hydroxyl radical was detected by the trapping ability of
N-subunit N-methylaniline.
2.3 Electrocatalytic degradation of late landll leachate

Late landll leachate was obtained from BOSSCO Environ-
mental Technology Co., Ltd, China. The composition of the late
landll leachate is 8 of pH at 20 °C, 2523 mg L−1 of COD
(chemical oxygen demand), 150 mg L−1 of BOD5 (5 days
biochemical oxygen demand), 1721 mg L−1 of TOC (total
organic carbon), 1249.5 mg L−1 of chloride, 9.85 mg L−1 of
UV254, 39.71 mg L−1 of NH3–N (ammonia nitrogen),
115.8 mg L−1 of NO3–N (nitrate), 267.25 mg L−1 of TN (total
nitrogen), 16.4 mS cm−1 of electrical conductivity.

The late landll leachate was degraded by electrocatalysis in
a batch electrochemical reactor. BDD and stainless steel were
used as the anode and cathode with the adopted effective area
(17 cm2) and a xed distance of 5 cm. The effects of different
current densities (50 mA cm−2, 70 mA cm−2, 90 mA cm−2),
different A/V values (3.4 m−1, 4.25 m−1, 5.67 m−1), and initial
pH values (5.5, 7, 8.5) on the degradation performance were
tested and collected to study the degradation mechanism.
Concretely, conductivity was measured using a conductivity
meter (DDS-11A). The pH was measured by pH meter (E-201).
The concentration of UV254, COD, NH3–N, TOC, BOD5, NO3–N,
TN, and chloride were measured by UV–Vis absorption (254
RSC Adv., 2024, 14, 18355–18366 | 18357
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nm), potassium dichromate titration (reux digestion), Ness-
ler's reagent colorimetry, total organic carbon analyzer, dilution
inoculation method, UV–Vis absorption (275, 220 nm), alkaline
potassium persulfate ultraviolet spectrophotometry, and silver
nitrate titration, respectively.

3 Results and discussion

BDD electrode with the best overall performance: the electro-
catalytic degradation of late landll leachate to reach 100%
removal rate of COD, 99% removal rate of TOC, 97% of UV254,
100% of NH3–N, 180.9 mg L−1 content of NO3–N, Cl

− removal of
96%, pH of 7.6, has been fabricated using Si wafer as substrate
via a simple hot-lament chemical vapor deposition (HFCVD) in
Fig. 1b–d. As a result, the morphologies of obtained BDD were
displayed in Fig. 2a and b. As shown in Fig. S1,† aer 90 h of
degradation, the electrode surface remains intact and it still
retains good electrochemical degradation properties (Fig. S2†),
indicating its good stability.

Compared with the surface morphology of Si substrate, the
diamond grains on the surface of BDD electrode are mainly
exposed with triangular (111) crystal faces.37 In addition, a small
amount of pore structure and uneven surface morphology are
conducive to increasing the contact surface between BDD
electrode and late landll leachate, and improving the electro-
chemical degradation efficiency. Further, the typical uniform V-
Fig. 2 The morphology of surface (a) and cross-section (b) and EDS scan
of BDD electrode and Si substrate.

18358 | RSC Adv., 2024, 14, 18355–18366
shaped structure of diamond was observed on the Si substrate,
which further conrmed the successful fabrication of BDD
electrode in Fig. 2b.38 Apparently, the uniform distribution of C
and B elements on the surface of the BDD electrode, coupled
with up to 96% of C content, indicates that diamond are well
doped with boron on the Si substrate in Fig. 2c and d.

In order to further explore the growth characteristics of
boron-doped diamond, XRD patterns of BDD electrode and Si
matrix were analyzed (Fig. 2e).39 The diffraction patterns of BDD
are located at 43.9° and 75.3°, corresponding to the (111) and
(220) crystal faces of the diamond, respectively. In addition to
the diamond phase, the (400) diffraction plane (corresponding
to 2q = 69.1°) can also be observed with a reduced peak
strength, indicating a good combination of Si and diamond.
Besides, no corresponding carbide characteristic pattern was
observed on BDD electrode, which is related to the fast nucle-
ation rate of diamond on Si substrate and the low SiC content.40

The characteristic absorption peaks at 1324 cm−1 and 285 cm−1

attributed to diamond and B were also conrmed by Raman
spectra in Fig. 2f. Moreover, the asymmetry of diamond peaks is
caused by the Fano effect caused by doped boron atoms.41

Indeed, the boron-doped diamond electrode on silicon
substrate was successfully conducted and expected to
contribute excellent electrochemical degradation ability of late
landll leachate.
ning of C, B elements (c and d), XRD patterns (e) and Raman patterns (f)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Before assembling electrochemical degradation ability of
late landll leachate, the electrochemical properties of BDD
electrode were tested and analyzed through CV, EIS, and LSV
curves in Fig. 3. Correspondingly, the CV curves of BDD elec-
trode were evaluated in K3[Fe(CN)6] solution (Fig. 3a). Clearly,
BDD electrode showed two clearly symmetrical oxidation-
reduction peaks. The linear relationship between the peak
anode/cathode current and the RMS of the scanning rate
conrms that a reversible electrochemical reaction controlled
by mass diffusion occurs at the BDD electrode, with amaximum
difference of 1.08 mA cm−2 between the oxidation and reduc-
tion peaks (Fig. 3b). Nevertheless, the reversibility of the elec-
tron pairs is further supported by the Randles–Sevcik equation.

Nyquist curves for EIS and Randles equivalent circuit tests
are shown in Fig. 3c. The Nyquist curve consists of an arc in the
middle and high frequency region and a slash in the low
frequency region. The Randles equivalent circuit includes the
internal resistance (Rs) of the electrochemical system, the
charge transfer resistance (Rct) at the electrode/solution inter-
face, the Warburg impedance (Zw) of material diffusion, and the
constant phase element (CPE) of the double-layer capacitor.42,43

Rct reects the electron transfer ability of the electrode at the
Fig. 3 The CV curves (a) of BDD electrodes with linear relationship betwe
(b), Nyquist diagram of BDD and Randles equivalent circuit (c), current de
without 50mg L−1 landfill leachate added to 0.1 M Na2SO4, oxygen evolu
curve (g) and linear relationship between current density and square root
and detection of hydroxyl free concentration with time (i).

© 2024 The Author(s). Published by the Royal Society of Chemistry
liquid–solid interface and is an important parameter to char-
acterize the electrode performance. The Rs and Rct values of
BDD electrode are 1.54 U and 11.75 U, indicating a fast ion
transport, which is benecial for increasing the degradation
rate. The BDD electrode has an extremely low specic surface
area of 9.42 m2 g−1, which contribute to reduce side reactions,
consequently increasing the degradation rate.

In addition, the Oxygen evolution potential (OEP) of BDD
electrode was measured by LSV curve in Fig. 3e–h. A higher OEP
means that less oxygen is likely to be produced, and the
production of more hydroxyl radicals (⇝OH) facilitates the
oxidation of organic compounds on the electrode surface. As
can be seen from Fig. 3e and f, the OEP of BDD electrode at
0.1 M Na2SO4 and 0.5 MH2SO4 is 1.66 V and 2.41 V, respectively,
and the OPE of BDD electrode at the addition of 50 mg L−1

landll leachate is 1.27 V, indicating that the presence of
species that start to be oxidized at lower potentials. To further
investigate the electrocatalytic degradation capacity of the BDD
electrode, current density–time curves were recorded in 0.1 M
Na2SO4 with and without 50 mg L−1 landll leachate (Fig. 3d).
When no landll leachate was added, the response current
density of BDD electrode was 14.06 mA cm−2, and when landll
en current density and square root of scanning rate of BDD electrodes
nsity vs. time curve (d), oxygen evolution polarization curve (e) with and
tion polarization curve (f) in 0.5 M H2SO4, oxygen evolution polarization
of scan rate in 0.1 M Na2SO4 containing 50 mg L−1 landfill leachate (h),

RSC Adv., 2024, 14, 18355–18366 | 18359

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra03107e


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

4:
27

:4
8 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
leachate was added, the response current density of BDD elec-
trode was 15.42 mA cm−2. The addition of landll leachate
increases the response current density of the electrode, which is
thought to be caused by the oxidation of the leachate. This
further proves that BDD has greater potential for electrocatalytic
degradation of late landll leachate. Thereaer, the LSV curve
of landll leachate added with 50 mg L−1 was tested (Fig. 3g) to
analyze its oxidation mechanism. As expected, no oxidation
peak occurred before the oxygen evolution reaction due to the
direct oxidation. The linear relationship between the peak
current density and the square root of the scanning rate
(Fig. 3h) indicates that the electrochemical oxidation of landll
leachate at the BDD electrode is controlled by mass transfer,
where the diffusion of the ltrate from the primary solution to
the electrode surface may be the limiting step. In order to verify
the degradation rate of BDD electrode, N-subunit N-methyl-
aniline was used to detect the concentration of cOH radical
(Fig. 3i). Notedly, it was found that the cOH radical concentra-
tion basically increased linearly with the increase of time, which
was consistent with the literature reports,44 ensuring the
contribution of electrochemical degradation of late landll
leachate.

Moreover, the analysis of the inuence factors and effect of
BDD electrode on the electrochemical degradation of late
landll leachate is the key to evaluate the organic migration and
transformation path of boron-doped diamond electrocatalytic
degradation of landll leachate. To explore the promising
potential in electrocatalytic degradation of landll leachate, the
inuence factors of current density, A/V, and pH values on the
effect (COD, TOC, and UV254 removal rate) of BDD electrode
were investigated in Fig. 4.

Current density is an important factor affecting the removal
of pollutants in the electrochemical oxidation process, and its
selection usually depends on the concentration of pollutants
and the expected treatment effect. Under the condition that A/V
value is 4.25 m−1, initial pH is not adjusted, plate spacing is
5 cm, and reaction time is 1 to 5 h, the effect of current densities
(50, 70, 90) mA cm−2 on COD, UV254 and TOC were evaluated in
Fig. 4a–c. The COD removal rate of landll leachate can be
improved by increasing the current density. As shown in Fig. 4a,
when the current density is 50 mA cm−2, the COD removal rate
is 76.85% aer electrochemical oxidation for 5 h. When the
current density continues to increase to 90 mA cm−2, the COD
removal rate can be increased to 97.27%. When the current
density is constant, the degradation rate increases linearly with
the increase of time and temperature, contributing to a stronger
COD degradation rate. Meanwhile, the absorption rate of UV254

increased signicantly with the increase of reaction, and grad-
ually becomes stable when the reaction time is greater than 4 h
at different current densities in Fig. 4b. As the current density
increased from 50 mA cm−2 to 90 mA cm−2, the removal rate of
UV254 increased signicantly from 58% to 98%. Moreover, TOC
removal rate showed the same trend as COD and UV254 results,
increasing signicantly with the increase of current density.
When the current density increases from 50 mA cm−2 to 90 mA
cm−2, the TOC removal rate increases from 77% to 90%, and the
further increase has no signicant contribution to the TOC
18360 | RSC Adv., 2024, 14, 18355–18366
removal rate Fig. 4c. Notedly, the change trend of TOC
concentration satises the exponential equation, indicating
that TOC removal is mainly controlled by mass transfer process
during electrochemical oxidation.

Apparently, the A/V values (3.4 m−1, 4.25 m−1, 5.67 m−1) do
have a certain inuence on the removal of organic matter in the
electrochemical oxidation of landll leachate under current
density of 90 mA cm−2 in Fig. 4d–f. The effects of A/V values on
electrochemical oxidation of landll leachate (COD, TOC, and
UV254 removal rate) by BDD electrode show a same trend as the
analysis of current density. Typically, the inuence of A/V value
on COD, TOC and UV254 may be attributed to the following
reasons. When the current density is constant, the total amount
of organic matter contained in landll leachate will also
decrease when the water quantity decreases, so the removal rate
of organic matter per unit time will increase. When the water
volume is small, the temperature of landll leachate increases
greatly due to the thermal effect of the current, which helps to
strengthen the mass transfer process. Obviously, with the
increase of current density, the effluent temperature aer
degradation of landll leachate increases gradually in Fig. S3†
Hence, the removal effect of COD, TOC and UV254 is signi-
cantly enhanced with the increase of A/V value, especially the A/
V value of 5.67 m−1.

Furthermore, a slight difference of electrochemical oxidation
of landll leachate under the increased pH values was noticed
as compared with current density and A/V values. As shown in
Fig. 4g–i, as the initial pH decreased from 8.5 to 5.5, the COD
removal rate showed a gradual upward trend from 90% to about
98%. This increase in acidic condition was mainly attributed to
that a large amount of carbonates and bicarbonates are con-
verted into CO2, leading to a decrease in consuming hydroxyl
radicals produced by electrochemical oxidation process. Hence,
it is conducive to the removal of organic matter for improving
the COD removal rate. Similarly, with the increase of initial pH,
the removal rate of UV254 decreased, indicating that acidic
conditions were conducive to increasing the removal rate of
UV254. However, compared to acidic conditions, TOC removal
was up to 93% at pH 8.5. It is suggested that alkaline condition
is benecial to improve TOC removal of late stage landll
leachate by electrochemical oxidation of BDD electrode. This
may be due to the fact that the landll leachate contains a lot of
NH3–N and carbonate, which has a strong buffering capacity.
However, adjusting pH will consume a lot of chemicals, which
will cause an increase in cost. So, comprehensive analysis shows
that pH 8.5 can take into account both degradation effect and
cost-effectiveness.

More importantly, mechanism of organic migration and
transformation through electrocatalytic degradation of late
landll leachate by boron-doped diamond anode has still not
been systematically studied. Three-dimensional uorescence
spectroscopy (EEM) and GC-MS spectra were adopted to study
the migration and transformation of organic pollutants from
late landll leachate at different electrolysis time because of its
high accuracy and sensitivity in characterizing pollutant types
and structure information. As shown in Fig. 5a–d and Table S2,†
the organic uorescent substances contained in the landll
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The influence factors of current density (a–c), A/V values (d–f), pH values (g–i) on the effect (COD, TOC, and UV254 removal rate) of BDD
electrode on the electrochemical degradation of late landfill leachate.
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leachate were mainly aromatic proteins, fulvic acids, humic
acids and soluble biometabolites, among which fulvic acids
accounted for a large proportion in the leachate. Indeed, with
the extension of electrochemical degradation time, the
concentrations and types of various organic uorescent
substances in landll leachate changed in Fig. 5e. It indicates
that the composition proportion of organic uorescent
substances in landll leachate is constantly changing, and
indirectly conrms that there are differences in the removal
efficiency of organic compounds with different properties by
electrochemical degradation. Concretely, aer electrochemical
degradation, the content of humic acid has signicantly
decreased. Although the proportion has changed, the overall
content still decreases in Fig. S4.† And more, before the reac-
tion, the percentage of uorescence intensity of each region in
the total uorescence intensity was V, III, IV, II and I in
descending order. When the reaction time is less than 4 h, the
percentage content of several regions remains unchanged,
while when the reaction time is 5 h, the percentage of the
uorescence intensity of each region in the total uorescence
intensity is III, IV, V, II, and I in descending order. The results
showed that the degradation effect of humic acid by electro-
chemical oxidation was better than that of fulvic acid and
soluble biometabolites.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Biodegradability (BOD5/COD) is an important indicator for
evaluating the difficulty of microbial degradation of pollutants
in water. As shown in Fig. 5f, when the current density remains
constant, the biodegradability of the effluent from the leachate
treatment gradually increases with the prolongation of reaction
time. When the current density is less than 90 mA cm−2, the
increase in biodegradability of the leachate decreases when the
reaction time is > 3 h. The reason is that OH selectively oxidizes
both biodegradable and non biodegradable organic
compounds, resulting in a decrease in the content of biode-
gradable organic compounds. When the current density is 90
mA cm−2 at <3 h, the effluent from electrochemical oxidation of
landll leachate has the best biodegradability. When the A/V
value increases, the biochemical properties signicantly
increase over time. The reason is that electrochemical oxidation
makes it easier to biodegrade difficult organic compounds,
increasing the proportion of biodegradable organic compounds
in the total organic matter. The effects of different initial pH
showed that alkaline conditions were benecial to the degra-
dation of landll leachate by BDD electrode. This is because
more hydroxyl radicals participate in the electrochemical
oxidation process of organic matter under acidic conditions,
and the selectivity of this process is low. Besides, a large amount
of biodegradable organic matter will also be decomposed.
RSC Adv., 2024, 14, 18355–18366 | 18361
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Fig. 5 The excitation-emission matrix spectroscopy (EEM) (a–d) of late landfill leachate at different electrolysis time testing condition: current
density of 90 mA cm−2, A/V value of 5.67 m−1, pH of 5.67, the percentage of fluorescence intensity in different reaction times and regions to the
total fluorescence intensity (e), comparison of biodegradability under different conditions (f).
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Therefore, the biodegradability of leachate treatment effluent is
lower than that of other pH values.

Simultaneously, the organic species from late landll
leachate at different electrolysis time were analyzed by GC-MS
spectra. As can be seen from Fig. 6 and Table S3,† the organic
composition of landll leachate is very complex, and there are
more than 60 distinct characteristic peaks on the GC-MS spec-
trum, with more organic compounds such as phenols, esters,
amides and heterocycles occupying a large percentage.

As shown in Table S4,† with the extension of electrochemical
degradation time, the types of organic matter decreased, and
the amide/olen and alcohol phenolic compounds were all
degraded aer 5 h of degradation, indicating that these two
substances were transformed into other substances or decom-
posed into CO2 and H2O in the electrochemical oxidation
process. In addition, the types and quantities of alkane organic
substances gradually increased, especially the content of
straight chain alkane increased signicantly. This indicates that
other macromolecular organic compounds (alcohols, phenols,
etc.) are continuously decomposed into alkanes in the electro-
chemical oxidation process. But, the types and quantities of
ester compounds rst increase and then decrease, which may
be due to the fact that there are more acidic substances in the
stock solution, and the pH value decreases and ester substances
are formed with the consumption of OH. Besides, organic
compounds with a molecular weight less than 300 gradually
decrease, indicating the gradual decomposition of alcohols and
olens; An increase in organic matter with a weight greater than
300 indicates that unsaturated organic matter is continuously
decomposing into stable substance.
18362 | RSC Adv., 2024, 14, 18355–18366
Followingly, migration and transformation of ammonia
nitrogen during electrochemical oxidation was evaluated at
different current densities, A/V, and pH values in Fig. 7a–c.
When the current density is 50 mA cm−2 and the reaction time
is less than 4 h, the ammonia nitrogen concentration is
increased, and the removal rate of ammonia nitrogen reaches
50% aer 5 h (Fig. S5†). When the current density is 70mA cm−2

and the reaction time is less than 2 h, ammonia nitrogen
concentration gradually decreases, and all ammonia nitrogen is
removed at 5 h. When the current density is 90 mA cm−2, the
removal rate of ammonia nitrogen increases signicantly from
1 to 5 h, and all ammonia nitrogen is removed at 5 h. The reason
for the rise of ammonia nitrogen may be from the breaking of
the high molecular weight nitrogenated compounds. When the
current density is low, the ammonia nitrogen generation rate of
ammonia nitrogen is greater than the removal rate of ammonia
nitrogen. Therefore, when the current density is 50 mA cm−2

and 70 mA cm−2, the removal rate of ammonia nitrogen is
negative when the degradation time is less than 3 h (Fig. S5†).
When the current density is 90 mA cm−2, the removal rate of
ammonia nitrogen is higher than the generation rate, showing
a different trend from that under 50 mA cm−2 and 70 mA cm−2

(Fig. S5†). In order to verify this phenomenon, the removal
efficiency of ammonia nitrogen can reach 30% for only 1 h at
100 mA cm−2 (Fig. S6†). The results show that increasing the
current density can effectively reduce the proportion of
ammonia nitrogen converted into chloramine. The decreases in
ammonia nitrogen concentration was attributed to that the
amount of active chlorine is gradually increased, which speeds
up the reaction rate of chloramine conversion to nitrogen in the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 GC-MS spectra of late landfill leachate degraded by BDD electrodes during oxidation at 0 h (a), 2 h (b), 4 h (c), and 5 h (d).
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electrochemical oxidation process. In addition, as show in
Fig. 7a, nitrate concentration increased signicantly during
nitrogen conversion. As shown in Fig. S7,† the rate and
concentration of nitrate production increased signicantly with
the increase of current density, and the nitrate concentration
was 206.68 mg L−1 at 90 mA cm−2. For other nitrogen conver-
sions, including nitrogen and chloramines, the content of other
nitrogen decreases as the current density increases.

For the effect of A/V values on evolution of ammonia
nitrogen, when the A/V value is 3.4 m−1 and the reaction time is
1 h, the ammonia nitrogen concentration increases, and the
ammonia nitrogen removal rate increases signicantly aer 1 h;
while when the A/V value is 4.25 m−1 and 5.67 m−1, the
ammonia nitrogen removal rate rises linearly, and the ammonia
nitrogen is completely removed aer 5 h of electrochemical
oxidation (Fig. S8†). The reason for the short-term increase of
© 2024 The Author(s). Published by the Royal Society of Chemistry
ammonia nitrogen concentration caused by low A/V value may
be that the mass transfer is affected by low temperature,
resulting in the formation rate greater than the consumption
rate. However, with the increase of A/V value, the conversion
rate of other nitrogen also increases gradually along with the
linear decline of ammonia nitrogen concentration in Fig. 7b.
When A/V value is 5.67 m−1, the electrochemical oxidation for
4 h will remove all ammonia nitrogen, and the concentration of
other nitrogen is also very low. When the A/V value is 4.25 m−1

and the electrochemical oxidation takes place for 4 h, all
ammonia nitrogen is removed, and the concentration of other
nitrogen is higher than that of other nitrogen with A/V of 5.67
m−1, and there may be accumulation of chloramines in the
intermediate process. As the A/V value increases, the concen-
tration of nitrate increases linearly with reaction time, when all
ammonia nitrogen is removed, the accumulation rate of nitrate
RSC Adv., 2024, 14, 18355–18366 | 18363
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Fig. 7 The evolution of ammonia (a–c) and Cl− removal rate (d) at different current density, A/V values, and pH values, schematic of ammonia
nitrogen conversion pathway (e), pH change with time at different initial pH values (f), electrolysis mechanism on late landfill leachate by BDD
electrode (g).
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gradually decreases in Fig. S9.† For the effect of pH values on
evolution of ammonia nitrogen, the removal rate of ammonia
nitrogen increased signicantly with the increase of pH values
in Fig. S10.†

Aer 1 h of reaction, the concentration of ammonia nitrogen
remained almost unchanged. This is because the initial pH has
an impact on the change of active chlorine species during the
electrochemical oxidation process. As time increased, the
removal rate of ammonia nitrogen signicantly increased. Aer
5 h of electrochemical oxidation, all ammonia nitrogen was
removed. When pH = 8.5, the reaction time was less than 5 h,
and the rate of ammonia nitrogen decrease was the fastest in
Fig. S10.† This is because under alkaline conditions, NH4

+ tends
to convert to NH3 H2O, at this time, ammonia nitrogen in the
solution mainly exists in the form of NH3 H2O, and the vola-
tilization and escape of ammonia gas promote the removal of
ammonia nitrogen in the solution. In addition, other nitrogen
concentrations decrease with increasing pH in Fig. 7c, while
nitrate concentration increases linearly. Fig. S11† show that
nitrate concentration is the lowest at pH = 8.5, indicating that
alkaline conditions help to reduce nitrate concentration.

As the landll leachate contains a large number of active
chloride ions, which cannot be fully utilized during the removal
18364 | RSC Adv., 2024, 14, 18355–18366
of ammonia nitrogen, chloramines will also be produced during
in the electrochemical oxidation process. So, the electro-
chemical oxidation method used as a pre-treatment unit, these
chlorine-containing compounds may adversely affect the
pollutant removal effect of subsequent biological treatment. As
shown in Fig. 7d, the removal rate of chloride ions increased
from 56% to 96% with the current density increasing from 50
mA cm−2 to 90 mA cm−2. When the current density is constant,
the removal rate of chloride ions increases signicantly with the
increase of A/V value. It is worth mentioning that when the A/V
value is 5.67 m−1, chloride ions are completely removed.
Through the ve-step test, it is found that chloride in water
mainly exists in ClO3

−, with a small amount of chlorine gas.
When the current density is 90 mA cm−2, A/V value is 4.25 m−1,
and the initial pH value is adjusted to 5.5, 7 and 8.5, it can be
seen that the chloride ion concentration decreases signicantly
with the increase of pH value. When pH is 8.5, the chloride ion
removal rate is the highest. By detecting the chloride, the
concentrations of ClO3

− and ClO2
− increase signicantly. The

measure of electrical conductivity show that the rate of decrease
of electrical conductivity is slow, which indicates the existence
of free chlorine in water on the other hand. It also further shows
that the production of active chlorine is conducive to the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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degradation of pollutants (Table S5†). Fig. S12† show that the
slow decrease in conductivity indicates the presence of free
chlorine in the water. The production of active chlorine is
benecial for the degradation of organic matter. Themagnitude
of conductivity is directly proportional to the salt content in
water, and its decrease also indicates that organic matter is
constantly degrading with large molecules breaking down into
small molecules and continuously combining with ions in
water, ultimately becoming CO2 and H2O.

Apart from migration and transformation of ammonia
nitrogen and chloramines, the relationship between the initial
pH change of landll leachate and the pH change of effluent
aer electrochemical oxidation is crucial and indispensable for
the analysis of the mechanism of electrochemical oxidation,
recorded in Fig. 7e and f. Remarkably, with the increase of time,
the pH value rst decreases and then rises. The pH value drops
to the lowest point at 3 h and then gradually rises. The reason is
that with the increase of oxidation time, the pH value decreases
due to the continuous consumption of OH−, but when the
ammonia nitrogen is exhausted, the continuous accumulation
of OH− leads to the rise of pH values. Also, the consumption of
the organic acid formed during the degradation of the organic
compounds. Given the ability to degrade BDD, the energy
consumption of the proposed system also has been determined.
As shown in Fig. S13,† the increase in current densities and A/V
values leads to an increase in energy consumption, while pH
changes have little effect on variable in energy consumption.
Overall, this relatively high energy consumption may be due to
the large spacing between electrodes, high current density, and
high A/V value.

Overall, the BDD electrode is a typical inactive electrode, and
the reactive oxygen species formed on its surface belongs to the
physically adsorbent “reactive oxygen species” (Fig. 7g). That is,
OH− is only physically adsorbed on the electrode surface and
will not bind to the active site on the electrode surface. Obvi-
ously, no selectivity in oxidizing organic matter, OHc has a good
oxidative degradation effect on most organic compounds in late
landll leachate. Moreover, in addition to hydroxyl radicals,
organics may also be oxidized by active chlorine (Cl2, HClO,
ClO−), C2O6

2−, S2O8
2−, P2O8

2− and other reactive oxygen species
(Oc, HO�

2, O3, H2O2).

4 Conclusion

In summary, the effect of BDD anode on the removal of
pollutants from late landll leachate was studied by electro-
chemical oxidation. Detailedly, the inuence of factors on the
removal of organic matter and ammonia nitrogen in the elec-
trochemical oxidation process was analyzed to obtain the opti-
mized conditions for improving the biodegradability of late
stage leachate. Increasing the current density and A/V value can
improve the removal effect of organic matter and ammonia
nitrogen. When the current density is 90 mA cm−2, pH is 8.5,
plate spacing is 5 cm, and A/V value is 5.67 m−1, the removal
rates of TOC and NH3–N aer electrochemical oxidation for 5 h
can reach 99% and 100%, respectively. Alkaline conditions not
only help to improve the removal rate of TOC and ammonia
© 2024 The Author(s). Published by the Royal Society of Chemistry
nitrogen, but also play a positive role in reducing the concen-
tration of nitrate. More importantly, EEM and GC-MS showed
that BDD electrode could effectively degrade organic matter in
landll leachate, and the types of organic matter decreased with
the increase of time, in which amides and olen substances
were all degraded, and ester substances decreased. Therefore,
this study affords the comprehensive analysis of electrocatalytic
degradation of late landll leachate by boron-doped diamond
anode for the mechanism of organic migration and trans-
formation, which is signicant for practical application.
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