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ABSTRACT

Electrochemical reductive degradation of diclofenac in aqueous solution was studied using a
palladium-loaded multi-walled carbon nanotubes (Pd/MWCNTs) electrode. The Pd/MWCNTs elec-
trode was characterized using scanning electronic microscopy, X-ray diffraction, and cyclic voltam-
metry (CV). The PA/MWCNTs electrode was used as the cathode and a platinum wire was used as
the anode for the CV experiment. The various electrolysis parameters that affect the degradation of
diclofenac, including feed concentration, applied voltage, pH, supporting electrolyte concentration,
and electrolysis time were investigated. The PdA/MWCNTs electrode demonstrated the best perfor-
mance compared with that of the graphite and MWCNTs electrodes and achieved a removal efficiency
of 90.6% after 2 h. The electrochemical reduction degradation followed pseudo-first-order kinetics.
Finally, two possible degradation pathways were proposed based on the degradation products identi-
fied using high performance liquid chromatography-mass spectrometry (HPLC-MS).
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1. Introduction

Pharmaceuticals and personal care products (PPCPs)
have attracted considerable attention in recent years because
they are broadly used to improve the quality of daily life
and may have an ecological impact. PPCPs are consisted of
a large class of compounds, including drugs (such as antibi-
otics, steroids, analgesics, antihypertensive drugs, contracep-
tives, sleeping pills, and diet pills), cosmetic ingredients, food
supplements, and other personal care products, as well as
their respective metabolites and transformation products [1].
Although some PPCPs are degraded by water self-purification
process, low levels of PPCPs accumulated over time [2] can
affect water quality and may adversely impact drinking
water supplies, ecosystem, and human health [3-5].

* Corresponding author.

The main discharge source of PPCPs into water environ-
ment is raw wastewater or insufficiently treated effluents [6].
Effluents from urban sewage treatment plants still contain
small amounts of various PPCPs [7-9]. Some PPCPs (e.g.,
antibiotics antiepileptic drugs, blood lipid regulators, and
antiseptics) have been detected in the aquatic environment
[10,11]. It has been reported that PPCPs can produce a long-
term threat to the ecosystem [12-14]. Although the toxicity
of PPCPs is unknown at trace levels, chronic exposure to
these compounds may pose a risk to human health [15-17].
Diclofenac, a non-steroidal anti-inflammatory drug, is
broadly used to reduce pain and headache attacks, and even-
tually excreted through urine and feces. As high as 4.7 and
1.2 ug/L of diclofenac were detected in municipal WWTPs
effluent and aqueous environment, due to its persistence
to biological metabolism process. These levels of diclofenac
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concentration can be a threat to aquatic living life such as
rainbow trout, salmon, etc., and enriched in human bodies
through the food chain [18].

The most widely used method in conventional wastewater
treatment is coagulation and filtration [19,20]. However,
physical methods cannot thoroughly degrade PPCPs and
some are recalcitrant and toxic to the microorganisms; as a
result, conventional processes fail to effectively treat these
compounds [21-23]. Thus, new alternative methods for the
effective removal of PPCPs have been developed. The elec-
trochemical processes are versatile, cost-effective (energy
efficiency, possibility of automation, small in construction
area), and clean methods to remove toxic organic compounds
[24,25]. In an electrochemical process, the pollutants can be
destroyed by direct anodic oxidation, in which pollutants are
first adsorbed on the electrode surface and then destroyed
by an anodic electron transfer reaction or by cathodic depo-
sition [26,27]. However, the majority of practical cathodes are
still in plane structure with low electro-reduction and energy
efficiencies. Therefore, the electrode surface morphology is
very important, and its control can be used to improve the
pollutant removal efficiency.

Multi-walled carbon nanotubes (MWCNTs) have been
extensively studied because of their outstanding thermal and
chemical stability [28]. Moreover, MWCNTs exhibit superior
physical and chemical properties, including excellent elec-
trical conductivity, extremely high mechanical strength and
toughness, and large specific surface area, which make it
excellent candidates for electrode material, and also modified
MWCNT electrodes have been prepared to oxidize ceftazi-
dime [29], bisphenol A [30] and electrocatalytically reduce
thiamphenicol and florfenicol [31].

Some reports have shown that noble metals such as
ruthenium (Ru), platinum (Pt) and palladium (Pd) can pro-
mote catalytic dechlorination [32]. Thus, we prepared the
Pd/MWCNTs electrode for the removal of diclofenac by
establishing optimal reaction conditions. The possible degra-
dation mechanism for diclofenac was also analyzed.

2. Materials and methods
2.1. Chemicals and instruments

Experimental chemicals include diclofenac (purity > 99%,
National Institutes for Food and Drug Control, Shanghai,
China), NaOH, NaSO, H,SO, AgSO, HNO, PdCl,
polytetrafluoroethylene (PTFE) (w/w =70%), NH,Cl, aqueous
ammonia (v/v = 28%), and NaH,PO,. Except for diclofenac,
all others used in this study were of analytical grade, and
purchased from Beijing Chemical Works (Beijing, China).

Instruments used for electrode preparation include
AR2140-type electronic analytical balance, DHG-9041A elec-
trothermal constant-temperature oven, DS-5510DTH-type
ultrasonic cleaner, DZTW-type heating jacket, HH-501-type
super thermostatic water-circulator bath, 769 YP-15A-type
manual powder tablet machine, and DZF-6020-type vacuum
dry box.

The detection and analytic equipment include high per-
formance liquid chromatography (HPLC, Shimadzu, Japan),
Thermo 3-star table model pH meter, and RST electrochem-
ical workstation (Zhengzhou Shiruisi Technology Co., Ltd.,
China).

2.2. Preparation of electrodes

1. Pristine MWCNTs were refluxed in the HNO, solution
for 12 h followed by filtering and washing with deion-
ized water until the solution reaches pH 7. The purified
MWCNTs were dried in an oven at 100°C for 24 h.

2. The purified MWCNTs and PTFE were added into a
100 mL beaker containing 60 mL of ethanol and then dis-
persed uniformly by ultrasonication to form a homoge-
neous black suspension. After oven drying, the mixture
was crushed into powder and pressed by tablet press
machine at room temperature to prepare the MWCNTs
reference electrode.

3. To make the PdA/MWCNTs-modified electrode, the puri-
fied MWCNTs were added to the palladium electrolyte
in a water bath for 1 h followed by filtering and wash-
ing with de-ionized water. The modified MWCNTs
were dried in a vacuum dry box at 100°C for 24 h. Then,
the Pd/MWCNTs electrode was prepared using the
above-mentioned procedure in step 2, except for the use
of modified MWCNTs.

The composition of the palladium electrolyte used for
the modified electrode was 4 g-L' PdCl, 54 g-L' NH/(],
320 mL-L" aqueous ammonia (v/v = 28%), and 20 gL
NaH,PO.,.

2.3. Experimental procedure and analysis

Electrolysis experiments were carried out in an electro-
chemical cell using the PA/MWCNTs cathode and Pt anode.
The pH was adjusted to a target value using NaOH and
H,SO,. The reaction mixture was magnetically stirred under
a given applied voltage at room temperature for a given time.
After completion of the electrochemical reaction, the concen-
tration of diclofenac was determined using HPLC-MS.

The removal efficiency of diclofenac was calculated using
Eq. (1), where 1 is the removal efficiency, C; is the initial
diclofenac concentration, and C is the residual diclofenac
concentration:

n=(C,-C)/C, )

3. Results and discussion
3.1. Characterization of Pd/IMWCNTs electrode
3.1.1. SEM analysis

To be useful in electro-reduction applications, it is neces-
sary to overcome CNT’s extreme hydrophobicity which could
result in serious aggregations in polar solutions. HNO, is
frequently used to tailor their surfaces without affecting the
intrinsic structures. As high as 9.5% of oxidation level (mea-
sured by X-ray photoelectron spectroscopy) can be achieved
with 70% HNO, and modified by hydroxyl, carboxyl, and
carbonyl functional groups [33]. Fig. 1 shows scanning elec-
tronic microscopy (SEM) images of pristine (a) and purified
(b) MWCNTs. It was found that MWCNTs were trimmed
much shorter after the acid treatment, which improved their
specific surface area, number of active sites, dispersity, and
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hydrophilicity. The surface functional groups played a key
role as active centers in the deposition of Pd on the surface of
MWCNTs, which promoted the uniform deposition of Pd [34].

Fig. 1(c) shows that well-dispersed Pd nanoparticles
were homogeneously attached to the functional groups on
the external walls of MWCNTs and the deposition of Pd on
MWCNTs was similar to that on metals [35]. Although it is
revealed the well distribution of Pd on MWCNT and a rel-
atively large degree of agglomeration is observed which is
in accordance with previous study [36], the particle sizes
observed were distributed in a very narrow range (2-5 nm).
These results accord with the general opinion that the acti-
vated MWCNTs surface is suitable for anchoring metal par-
ticles [37]. On the other hand, the very small sizes of Pd
particles could provide substantial amount of catalytic sites
combining with the X-ray diffraction (XRD) analysis. It can
also be seen from Fig. 1(c) that there are carbon nanotubes
that bridge the palladium agglomerations, which can serve to
enhance the electrochemical connection between palladium
catalyst particles [38].

3.1.2. XRD analysis

The XRD spectra of the Pd standard, MWCNTs and the
modified electrode are presented in Fig. 2. In comparison
with pure MWCNTs, the XRD spectrum of the PdA/MWCNTs
electrode showed three additional diffraction peaks at 40.1°,
68.1°, and 82.1° corresponding to the respective (11 1), (220),
and (3 1 1) planes of Pd standard. These peak positions are
consistent with a face-centered cubic arrangement [39]. A
peak at 26.5° was noticed, which is indicative of the excess
carbon nanotubes present. Another carbon (004) peak is also
observed at 54.6°. The XRD results illustrate that the active
phases of catalysts are in the form of metallic Pd [40], and
the intensity of Pd with and without PTFE is identical which
means no aggregation or other change occurred. The (220)
peak can be used to calculate the crystallite sizes of the Pd
nanoparticles because the isolation from graphite diffraction
peaks, according to Scherrer’s equation:

de 0.91
Bcos©

2

where d is the crystallite size, B is the width of the diffraction
peak (in radians), 6 is the angle at the position of the peak,
and A is the X-ray wavelength (CuKa = 1.54056 A). Thus, the
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mean particle size of these Pd-MWCNT catalysts is 3.2 nm.
The MWCNTs-supported Pd catalyst had much smaller crys-
tallite size than AC (6.6 nm) and graphite (10.6 nm). The cal-
culated Pd size is quite approximated to the size observed in
SEM which proved the uniform and homogeneous deposi-
tion of Pd particles [41].

3.1.3. Cyclic voltammetry analysis

The Pd/MWCNTs working electrode was tested using
an Hg/HgCl -saturated KCl as the reference electrode and a
platinum wire as the auxiliary electrode. The cyclic voltam-
metry (CV) curve of the PdA/MWCNTs-modified electrode
was recorded in 0.1 mol-L™" Na,SO, solution at 50 mV-s™ scan
rate with 5 s residence time. The reference CV curves were
recorded separately in 0.1 mol'L" Na,SO, solution (blank
solution) and the diclofenac solution.

No redox peaks were detected for the blank solution as
seen in Fig. 3. For the two CV cycles in diclofenac solution,
the peak oxidation (anodic) current was —4.59 mA for poten-
tials between 0.4 and 0.6 V, and the peak reduction (cathodic)
current was 3.94 mA for potentials between 0.1 and 0.3 V at
the Pd/MWCNTs electrode. The higher redox peak intensities
indicate enhanced electrochemical reactivity [42]. Moreover,
the peak potential for diclofenac reduction is more positive
than the evolution potential of hydrogen (approximately
-1.0 V vs. an Ag/AgCl electrode), which illustrate a higher

1 Pd/MWCNTSs (PTFE)

4000~ 3 2 PA/MWCNTs
3 pure MWCNTs
3000 4 e C
2 (111) =Pd
5 <4 -
3 1 o (220)  (311)
L]
i 2000 - -
2> (111)
(2} =
S 1 .
1000
\Lj A et
O T T T T T T T T 1
10 20 30 40 50 60 70 80 90

Theta (deg)

Fig. 2. XRD patterns of PdA/MWCNTs (PTFE), PA/MWCNTs and
pure MWCNTs.

(a)

Fig. 1. SEM analysis of pristine MWCNTs (a), purified MWCNTs (b), and PA/MWCNTs (c).

(b)
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energy efficiency at a proper potential. These results con-
firmed the reductive degradation of diclofenac, and a good
dechlorination performance on Pd/MWCNTs electrode.
Moreover, the CV analysis is a useful method for pharma-
ceutical drug detection [31].

3.2. Effect of feed concentration

The influence of the feed concentration of diclofenac was
investigated under the following electrolysis conditions:
1,000 mg-L™" Na,SO,, pH 10, and 30 V for 2 h. Fig. 4 shows
the removal efficiency of diclofenac as a function of the initial
diclofenac concentration.

It is found that the removal efficiency of diclofenac
increased continuously with feed concentration of diclofenac.
This result can be explained by electrocatalytic dechlori-
nation mechanism put forward by Quintus Fernando and
Korte [43] and Tsyganok [44]. The electro-catalytic reduction
of diclofenac is initiated by the reduction of hydrogen ions,
rather than the direct reduction of chlorinated organic com-
pounds. Instead, dechlorination is completed with active
hydrogens on the surface of the electrode which is an indirect
reduction reaction limited by mass transfer. Therefore, relative
high mass transfer coefficients tend to be achieved in higher
density of diclofenac, resulting in enhanced dechlorination
efficiencies, which is in accordance with previous study [45].

The MWCNTs electrode demonstrated higher removal
efficiency compared with that of the graphite electrode due to

——Dblank solution

——diclofenac solution

-0.4 -0.2

Current /mA

Potential (V vs. SCE)

Fig. 3. CV of PA/MWCNTs in the blank solution and diclofenac
solution.
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Fig. 4. Effect of feed concentration on diclofenac removal
efficiency.

its larger surface area and excellent hydrogen storage capac-
ity. The main active catalysts for the diclofenac degradation
were H- and hydrogen from the dechlorination process. The
formation of a large number of bubbles on the graphite elec-
trode during the electrolysis process was observed, whereas
almost no bubbles were generated on the MWCNTs elec-
trode. This further confirmed that the MWCNTs electrode
has excellent hydrogen storage capacity. In addition, the
bubbles formed on the graphite electrode may prevent the
direct contact between the intermediates of diclofenac and
the electrode, affecting the electrolysis process.

The Pd/MWCNTs electrode exhibited higher diclofenac
removal efficiency indicating the dechlorinating ability
of Pd [32]. Diclofenac formed different chlorinated and
non-chlorinated compounds as the degradation intermediates;
hence, the dechlorination efficiency greatly increased with
increase in the initial diclofenac concentration. The reduction
reaction at the cathode was: H'+ e — H-, H- + RCl —» R+ H*+
CI;, and the CI- ions oxidized into CI, at the anode. Moreover,
Cl, is a strong oxidant, which could promote the electrolysis.

Diclofenac degradation is preferred over the dechlorina-
tion because it is easy to break at the -NH- bond connect-
ing the aromatic rings in diclofenac. However, the presence
of palladium could effectively improve the dechlorination
efficiency.

3.3. Effect of applied voltage

Electrolysis process was carried out under different con-
stant voltages to study the effect of applied voltage on the
degradation process of diclofenac. The electrolysis conditions
used for this study were as follows: 50 mg-L™" diclofenac,
1,000 mg-L"Na,SO,, and pH 10 for 2 h. The applied voltage
varied from 5 to 35 V, ensuring the value was below 36 V,
which meant the safety voltage for human body.

The removal efficiency of diclofenac was found to be
higher at a higher applied voltage. Fig. 5 shows that the
removal efficiency of diclofenac significantly increased from
52.7% to0 90.6% with increase in the applied voltage from 10 to
30 V using the PdA/MWCNTs electrode, and finally increased
to 92% at 35 V. Arapid increase in the diclofenac removal effi-
ciency was observed below 30 V, whereas the removal rate
slowed down and increased more gradually above 30 V. The
graphite and MWCNTs electrodes exhibited similar trend to

—4&—Pd/MWCNTs electrode
20 —8—MWCNTs electrode
graphite electrode

Removal efficiency (%)

0 5 10 15 20 25 30 35
Voltage (V)

Fig. 5. Effect of applied voltage on diclofenac removal efficiency.
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that of the modified MWCNTs electrode. The observed trend
is because of the increase in the active groups such as H,0,
(strong oxidizer) and HO- formed at the anode with increas-
ing applied voltage below 30 V.

Moreover, it is also because the elemental palladium has
a saturated active hydrogen storage concentration in which
volume ratio of H/Pd equals to 500-2,800:1. Therefore the
dechlorination rate on Pd/MWCNT electrode is also restricted
by the saturated active hydrogen storage concentration. At
low voltages, it takes a certain time to reach the saturation
concentration which leads to the low dechlorination effi-
ciency. On the contrary, as the voltage increases, the active
hydrogen concentration at the electrode interface is quickly
saturated and then provide the active hydrogen required for
dechlorination. While the voltage is beyond 30 V, the reac-
tion rate is no longer restricted by active hydrogen, but the
mass transfer of diclofenac which decelerates the removal
efficiency. Another reason may be the bubbles formed at high
voltages hindered the direct contact between diclofenac and
electrode. Similar results were observed for the electrocata-
lytic hydrogenolysis dechlorination of chlorinated phenols
using a Pd-modified Ti cathode by the Scott group [46]. So
the effective electrode area became the new limiting factor
for electrolysis above 30 V. The effective area was selected
such that the removal efficiency and dechlorination could
increase gradually. The higher applied voltage could lead to
an energy loss, and could promote a side reaction. Therefore,
we chose 30 V as the optimum applied voltage.

In a small experiment, we found that the wet potassium
iodide-starch test paper turned blue next to the anode gener-
ating a pungent smell, which is characteristic of Cl,. During
the dechlorination process, chloride ions in the solution
above certain concentration could oxidize to Cl- atoms at the
anode followed by the formation and release of Cl,.

3.4. Effect of pH

The pH of the solution was adjusted to a value between 8
and 12 using NaOH and H,SO,. The results of the pH study
are shown in Fig. 6.

The H' or OH" concentration plays an important role
in the degradation process [35]. The pH range of 8-12 was
chosen because diclofenac is readily soluble under alkaline
than acidic conditions. Fig. 6 shows that the removal effi-
ciency of diclofenac increased rapidly with increase in a pH
value from 8 to 10, and the increase was more gradual at a
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Fig. 6. Effect of pH on diclofenac removal efficiency.

pH above 10. OH- density can drastically promote the elec-
trocatalytic dechlorination process. This positive effect of
OH- probably originates from its neutralization towards the
adsorbed HCI produced by a catalytic hydrogenation step
between adsorbed diclofenac and chemisorbed hydrogen.
The adsorbed HCI would block the reaction sites if it was not
quickly removed from the cathode surface [47,48].

The initial rapid increase was because diclofenac has Cl
groups and formed ClO-, which is the dominant oxidant spe-
cies under the alkaline conditions. However, under alkaline
conditions, dechlorination is suffocated because the produc-
tion of active hydrogen keeps low. Meanwhile, the -NH-
bond is difficult to break under the highly alkaline condition,
which slowed down the removal rate.

The Pd/MWCNTs electrode showed the best removal
efficiency at pH 10 compared with that of the graphite and
MWCNTs electrodes.

3.5. Effect of electrolyte concentration

To investigate the effect of electrolyte concentration,
Na,SO, was selected as the supporting electrolyte in this
experiment (Fig. 7). The electrolysis conditions were as fol-
lows: 50 mg-L' diclofenac, 30 V, and pH 10 for 2 h.

The removal efficiency of diclofenac greatly increased
with increasing Na,SO, concentration from 500 to 1,000 mg-L™
and then showed a gradual increase with further increase
in the concentration from 1,000 to 4,000 mg-L-. The use of
Na,SO, solution as the supporting electrolyte provided a
large number of conductive free ions, which increased the
ionic strength and solution conductivity at higher concentra-
tion. However, when the Na,SO, concentration was too high,
some of the electric energy was converted into heat, thereby
increasing the temperature of the solution and resulting in
some energy loss.

As a result, 1,000 mg-L" was determined as the optimal
Na,SO, concentration and it is close to the salt concentration
in the tap water.

3.6. Effect of electrolysis time

Batch experiments were carried out to determine the
optimal electrolysis time. The electrolysis conditions were as
follows: 50 mg-L™ diclofenac, 30 V, pH 10, and 1,000 mg-L™
Na,SO,. The results of the degradation study as a function
of electrolysis time for all the electrodes are shown in Fig. 8.

100
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Fig. 7. Effect of electrolyte concentration on diclofenac removal
efficiency.
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The removal efficiency and dechlorination efficiency
increased with increase in the electrolysis time. Fig. 8 shows
that the removal efficiency of diclofenac increased sig-
nificantly in first few hours for the MWCNTs and the Pd/
MWCNTs electrodes but the increase slowed down over
time. This could be attributed to the increase in the concentra-
tion of oxidant ClO- due to dechlorination in first 2 h, which
promoted the degradation of diclofenac. Nevertheless, the
ClO concentration decreased after 2 h, affecting the removal
efficiency and producing a large number of intermediates.
Although removal efficiency of 98% can be achieved after
8 h, the 2-h electrolysis with a removal efficiency of 90.6%
was considered as the optimal electrolysis time for the sake
of time and cost saving.

3.7. Kinetics of diclofenac degradation

The kinetics of diclofenac degradation using the
Pd/MWCNTs electrode was investigated at pH 10 and 30 V
for 2 h. The simulation results are shown in Table 1.

Linear fit results showed that the electrochemical
reductive degradation of diclofenac was pseudo-first-order
reaction, which indicated that the degradation of diclofenac
occurred at the electrode surface. This agrees well with the
related result by using Pd/PPy—-SLS/Ti electrode [49].

3.8. Analysis of degradation process

The intermediates and final degradation products were
analyzed using HPLC-MS. The possible degradation mecha-
nism is proposed in Fig. 9.

Two paralleled possible degradation pathways for
diclofenac were detected. The first removal pathway was
initiated by cleavage diclofenac into phenylacetic acid and
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Fig. 8. Effect of electrolysis time on diclofenac removal efficiency.

2,6-dichloroaniline because the -NH- bond was easily bro-
ken. Then, intermediates could be further hydroxylated to
replace the chlorine atoms of the benzene ring and yield phe-
nylamine at the cathode. The second pathway was originated
from dihydrogen process to form C H,CIL,NO, followed by
cleavage on the unstable N-heterocyclic rings to form C.H,NO
or C,;H,CLNO. Compound C H,CLNO was first hydroxylated
into CH,N and oxidized into phenylamine together with
C,HNO. The accumulation of phenylamine in the mixed
electrolyte is responsible for the slower mineralization which
control the degradation rate to some extent. Altogether, the
dechlorination of diclofenac was achieved at the Pd/MWCNTs
interface similar to the dechlorination of 4-chlorophenol [43].

The Cl- atoms derived from diclofenac tend to form CI,
at the anode electrode. The acceleration attributed from chlo-
ride and chlorine oxides was paid much attention because
toxic by-products are very likely to form. To investigate the
mineralization of diclofenac, concentrations of chloride ions
significantly increased as the electro-reduction proceeded,
and reached 93% of initial diclofenac concentration after 2 h.
Significant release of chloride ions indicates mineralization
of diclofenac to HCl and CO, in this system. Similar degrada-
tion process was also analyzed in pyrite Fenton system and
electro-Fenton system [50,51].

3.9. Stability of PA/IMWCNTs electrode

MWCNT is proved in previous studies as stable mate-
rial both physically and chemically. Sn-Sb/MWCNT, Ce/
MWCNT, Pd/Graphene, etc. were fabricated and showed
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Fig. 9. Electrochemical degradation mechanism of diclofenac.

Table 1
Kinetics of diclofenac degradation
Kinetic models Kinetic equations Rate constant R?
Pseudo-zero-order q,=kt+q, 0.0013 0.9668
Pseudo-first-order 0.3656 0.9961
In(q, —q,) =Inq, —kt
Pseudo-second-order ¢ 1 ¢ 0.0211 0.9595
- = + —
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Fig. 10. Successive electrolysis of diclofenac on Pd/MWCNTs
electrode.

great performance in electro-oxidation and stability
[25,29,52]. As shown in Fig. 10, the stability of PA/MWCNT
electrode was evaluated with three cycles under reaction
with initial concentration of 10 mg/L, voltage of 30 V, Na,SO,
dosage of 1,000 mg/L, reaction time of 2 h, respectively. It is
indicated that 70.4%, 71.5%, and 69.2% of removal efficiency
were achieved during the first, second, and third cycles,
suggesting a good stability and reusability of the novel Pd/
MWCNT electrode.

4. Conclusion

Electrochemical reductive degradation of diclofenac in
aqueous solution was investigated in this study. The Pd/
MWCNTs electrode was used as the cathode. Physical char-
acterization, such as SEM, XRD, and CV, demonstrated fine
partial sizes and distribution were achieved. Batch experi-
ment results showed that the removal efficiency of diclofenac
was above 90% under the following conditions: the diclofenac
concentration of 50 mg-L™, the applied voltage of 30 V, the
pH of 10, the Na,SO, concentration of 1,000 mg-L™, and the
electrolysis time of 2 h. Degradation of diclofenac was found
to follow pseudo-first-order kinetics. Moreover, the two pos-
sible degradation pathways of diclofenac were proposed,
and stability of the electrode was proved reliable.
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