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In this work, polytetrafluoroethylene coating was firstly conducted to make stable and effective magnetic-
activated carbon as a heterogeneous electro-Fenton catalyst for diuron oxidation. The catalysts were
characterized by scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS) and X-ray
diffraction (XRD). In addition, the effects of operating parameters such as catalyst dosage, current
intensity, substrate concentration and pH on the degradation of diuron were investigated. The removal
efficiency of diuron was more than 95% within 120 min oxidation under the conditions of / = 100 mA,
pH = 6.7 + 0.2, catalyst loading 3 g L™* and diuron concentration 10 mg L™, Moreover, the catalyst
durability test demonstrated that the modification of 5% PTFE on the catalyst indeed has a significant
beneficial effect on the useful life of the catalyst. We compared the performance of catalysts with or
without PTFE modification in consecutive experiments; the modified catalysts exhibited remarkable
advantages in that the diuron removal efficiency was stable with relatively low iron leaching
(<0.1 mg L™) during ten consecutive degradation experiments, which proved the durability and
reusability of the modified catalyst. This work demonstrates that such a heterogeneous EF using stable
magnetic activated carbon catalyst with PTFE modification is promising for organic wastewater
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1. Introduction

Pesticides are widely used in agricultural production all over the
world. Their remnants may have adverse effects on the ecolog-
ical balance in the environment and be a potential threat to the
survival of many living organisms and plants. Diuron [3-(3,4-
dichlorophenyl)-1,1-dimethylurea], one of the most commonly
used herbicides, is widely used for weed elimination in pre- and
post-emergence to remove annual broadleaf weeds and peren-
nial broadleaf weeds."* Diuron has good chemical stability and
its half-life in nature is over 370 days. Despite its low solubility
in water, diuron can still slowly dissolve in water and penetrate
the soil, causing pollution of the groundwater and surface
water.* Hence, it is regarded as a priority hazardous substance
by the European Commission and the Occupational Safety and
Health Administration in the United States (OSHA Hazard
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catalyst increase the possibility of practical application.

Communication Standard 29 CFR 1910.1200).* In addition,
diuron is a suspected carcinogenic and genotoxic compound,®
and owing to the toxicity of diuron, diuron-containing waste-
water is difficult to handle in conventional biofilm-based
wastewater treatment plants.*

Nowadays, plenty of methods are investigated for the treat-
ment of persistent organic pollutants in effluent, such as pho-
tocatalysis,® electrochemistry,” Fenton's reaction® and
adsorption.® Among these methods, advanced oxidation
processes (AOPs) attract researchers’ attention because of the
clean and efficient features. In addition, AOPs have been further
developed through the combination of light (ultraviolet light,
sunlight) or electrochemical systems to obtain higher efficiency.
Indeed, various electrochemical advanced oxidation processes
(EAOPs) have been developed for effective degradation of
persistent organic pollutants (POPs)."* EAOPs with powerful
oxidation ability are applied to remove harmful persistent
pollutants, such as organic synthetic dyes, pharmaceuticals and
personal care products (PPCPs), in the aquatic environment.**
Electro-Fenton process (EF) based on the Fenton reaction
developed rapidly over the past decade. In contrast to the Fen-
ton reaction, which requires additional hydrogen peroxide,
hydrogen peroxide during the EF progress is electrogenerated in
situ at a suitable cathode fed with oxygen or air, as described in
eqn (1)."* The hydrogen peroxide reacts with the iron in the
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catalyst to generate a highly oxidizing hydroxyl radical ("OH)
(eqn (2)), which could lead to non-selective oxidation of organic
pollutants in wastewater.">**

02 + H+ +2¢ — HzOz (1)
H,0, + Fe** — Fe** + "OH + OH™ (2)

Compared with the traditional homogeneous electro-Fenton
reaction, the heterogeneous electro-Fenton reaction has several
advantages, such as a broader pH range and lesser generation of
iron sludge.">™® In the heterogeneous electro-Fenton reaction,
there are two different loading methods for catalysts. One is to
load catalysts on the electrode materials. Many scholars have
used this method to prepare highly efficient composite cath-
odes.”* Another is to load catalysts on the separated solid
particles. The various materials used as efficient supports for
iron and iron oxides are mostly porous in nature, such as
clay,*** activated carbon,*?* alumina, silica,”>*® and zeolite.
Recent research has shown that magnetite is the most effective
catalyst during the heterogeneous Fenton process in contrast to
other iron oxides. This may be because the Fe** in the structure
of the magnetite enhances the generation of hydroxyl
radicals.?**"

Activated carbon, a kind of porous material that can be used
as a catalyst carrier, exhibits many good characteristics, such as
good stability, conductivity and high specific surface. In order to
incorporate magnetic crystals into activated carbon, impreg-
nation and calcination have been developed in many studies.
However, there is still a problem that the activity of the catalyst
may decrease when iron element forms complexes with
carboxylic acid generated during the oxidation process.**
Herein, in this experiment, PTFE was used to modify the cata-
lyst to delay inactivation and prolong the service life of the
catalyst. We explored the activity and stability of the catalyst
modified with PTFE under near-neutral conditions using
diuron as the target pollutant in electro-Fenton, and 10 times
degradation experiments were carried out continuously under
the same conditions. It has proven that the catalyst with PTFE
modification exhibits good stability and reusability during the
electro-Fenton process under near-neutral conditions, which
makes sense for industrial applications.

27-29

2. Materials and methods

2.1 Chemicals and materials

Diuron (3-(3,4-dichlorophenyl)-1,1-dimethylurea >98%), which
was chosen as the model organic pollutant for the electro-
Fenton oxidation, was supplied by TCI and used without any
further purification. Commercial coconut shell-based activated
carbon was supplied by Jumeijing, China, and Fe(NOs);-9H,0
used in the experiment was obtained from Sinopharm Chemical
Reagent Beijing Co., Ltd. The graphite felt used as a cathode was
purchased from Jiuhua Carbon. The anhydrous sodium sulfate
(Na,S0,), sulfuric acid (H,SO,) and sodium hydroxide (NaOH)
used in the experiments were analytical grade and were used
without further purification. Methanol purchased from Tianjin
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Shield Company was used for the preparation of HPLC eluents.
All the solutions were prepared with deionized Milli-Q water.
Then, the activated carbon was filtered and dried completely at
room temperature.

2.2 Preparation of modified activated carbon catalyst

First, the activated carbon (3-5 mm) was washed repeatedly
with ultrapure water to remove surface dust. Next, in order to
remove the organic matter on the activated carbon, the acti-
vated carbon was washed into a certain amount of acetone
(solid-liquid ratio of 1 : 5) and sonicated for 15 min. Then the
activated carbon was washed several times with ultrapure water
to ensure that there was no residual acetone. After thoroughly
cleaning the activated carbon, it was dried in a blast drying oven
at 60 °C.

After pretreatment, the activated carbon (15 g) was immersed
in a mixed solution (100 mL) of nitric acid (10% wt) and ferric
nitrate (0.1 mol L") for 12 h. Then, the activated carbon was
separated from the impregnated solution and dried at room
temperature. The dried activated carbon was calcined at 600 °C
for the formation of magnetite for 0.5 h under the protection of
nitrogen. The calcinations process started from room temper-
ature at a heating rate of 5 °C min™".

Finally, the activated carbon was impregnated into different
concentrations of PTFE solution (5% wt, 10% wt, 15% wt and
20% wt). After 1 h dipping, the activated carbon was separated
from the solution by filtration and dried in a vacuum oven for
1h.

2.3 Apparatus

Electrochemical degradation of diuron was performed in
a 0.35 L undivided cell that was placed in a water bath with
a magnetic stirrer and under a constant current supplied by
a Keysight U2722A USB modular source measure unit. The
graphite-felt (6 cm x 12 cm) and Pt foil (1 cm x 6 cm) were
employed as the cathode and anode, respectively. The oxidation
experiment was conducted in an aqueous solution of 10 mg L™"
diuron with a total volume of 300 mL and sodium sulfate (0.05
M) was added into the solution as the electrolyte. The experi-
mental reactor used in the test is shown in Fig. 1. H,SO, and
NaOH were used to adjust the pH of the solution. The concen-
tration of diuron was determined by high performance liquid
chromatography (HPLC, Waters 1525, USA) with a Waters 2489
UV/Visible detector equipped with an HSS T3, 5 pm, 250 mm X
4.6 mm (id) column. The mobile phase was a mixture composed
of methanol and water (65 : 30, v/v), and its flow rate was 0.95
mL min~". The selected detection wavelength was 254 nm and
the column temperature was 40 °C.

2.4 Analytical methods

Field emission scanning electron microscopy (SEM, Cambridge
S-360, UK) was used for the morphology characterization of the
activated carbon catalyst. The total iron concentration was
analyzed on a UV-vis spectrophotometer (Agilent Cary 100, USA)
at Amax = 510 nm using the 1,10-phenanthroline method. The
structure of the activated carbon catalyst was determined by X-

n
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Fig.1 Schematic diagram of heterogeneous electro-Fenton reactor.

ray diffraction (XRD, Bruker AXS D8 Advance, Germany). X-ray
photoelectron spectra (XPS, ESCALAB 250, USA) analysis was
used to investigate the surface composition of the activated
carbon catalyst and the oxidation states of the iron species. VSM
(VSM, PPMS-9, USA) was used to determine the magnetic
properties of the catalyst. The specific surface area of the cata-
lyst before and after PTFE modification was characterized by
BET (BET, ASAP2020, USA). The water contact angle on the
catalyst surface was measured by a contact angle meter (JY-82B,
China). The diuron concentration was determined by high
performance liquid chromatography (HPLC, Waters 1525, USA).

3. Results and discussion

3.1 Characterizations of the modified activated carbon
catalyst

Fig. 2 shows the surface morphology of the catalyst before and
after modification with 5% PTFE. It can be seen that the surface
of the catalyst becomes slightly smooth after modification with
5% PTFE and the structure of the PTFE on the catalyst surface
after modification can be seen clearly. This dense polymer
membrane can effectively prevent the dissolution of iron and
deactivation due to ferric ion complexation.

XPS, an important method to identify a material's compo-
sition, was used to characterize the surface elements of the
activated carbon catalyst. It can be clearly observed from Fig. 3
that there are two main peaks at 710.8 eV and 724 eV, agreeing
with those of Fe 2p;/, and Fe 2p;,, respectively. The results are
in accordance with the standard Fe;O, XPS spectra.*® This
indicates that iron was successfully loaded on the activated
carbon substrate.

Fig. 4 shows the XRD results, which are consistent with those
mentioned in the literature. Characteristic peaks were observed
at 220, 311, 400, 511 and 440 at 26 of 30.1, 35.4, 43.1, 56.9 and
62.5, which indicates the successful synthesis of the magnetic
activated carbon catalyst.

ESI Fig. 11 shows the room temperature magnetization
curves of the catalyst before and after modification with 5%
PTFE. The saturation magnetization (M) of the catalyst is 0.26

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 SEM micrographs of (a) before PTFE modification, (b) after 5%
PTFE modification. (c) Higher resolution images of (b).

emu g ', decreasing to 0.11 emu g~ " after modification, and the
existence of PTFE may decrease magnetic properties of the
catalyst.

3.2 Effect of PTFE percentage

PTFE, a macromolecule material with properties such as
corrosion resistance, chemical stability and thermo stability,
can adapt to most kinds of complex electrochemical conditions.
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Fig. 3 XPS patterns of the catalyst after 5% PTFE modification.
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Fig. 4 XRD patterns of the catalyst after 5% PTFE modification.

Therefore, it would be a good material to protect the activated
carbon catalyst. The active component in the activated carbon
catalyst may complex with the intermediate during the degra-
dation of diuron, resulting in the deactivation of the catalyst.
PTFE was chosen to modify the surface of the activated carbon
catalyst to protect the active components of the catalyst. The
effects of PTFE percentage (5% wt, 10% wt, 15% wt and 20% wt)
on diuron degradation were investigated and the results are
shown in Fig. 5. The experiment related to the persistence of the
modified and unmodified catalysts is presented in the following
sections.

It can be seen that the degradation efficiency was slower
during the first 15 minutes of the reaction, which may be
because the degradation of diuron by the activated carbon
catalysts is a simultaneous process of adsorption and
degradation.

Before the power supply, aeration was performed for 15
minutes to increase the dissolved oxygen in the solution. After
the aeration, the diuron adsorbed on the activated carbon in the
period of the aeration was firstly degraded, which led to a slower
degradation efficiency in the pre-reaction period. As the PTFE
concentration increased, the adsorption effect of activated
carbon weakened and the oxidation efficiency also declined
rapidly. It can be seen from Fig. 5 that the degradation effect of
diuron with 5% PTFE modified catalyst was almost the same as
that of the 10% PTFE modified catalyst, and on account of
energy-saving and catalytic efficiency, the catalyst surface was
modified with 5% PTFE and applied to the subsequent
experiments.

In addition, it can be observed from Fig. 5 that the diuron
removal efficiency reached 99-100% with the unmodified
catalyst in 2 h, while removal efficiency of around 95% was
obtained with the modified catalyst within 2 h, indicating that
the efficiency of the catalyst is lower than that without PTFE
modification. The adsorption performance of the activated
carbon catalyst is directly related to its degradation effect on
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Fig. 5 Effect of PTFE percentage. Conditions: | = 100 mA, pH 6.7 +
0.2, catalyst 6 g L%, 300 mL diuron 10 mg L~

diuron. This conjecture was verified by characterizing the
contact angle and surface area of the catalyst before and after
the PTFE modification. The test results are shown in Table 1.

A large area of graphite felt was used as the cathode in the
system, which may adsorb organics during the oxidation
process. In order to determine the adsorption ability of the
graphite cathode for diuron, the adsorption experiment without
catalyst at 100 mA was conducted in a separate reactor. The
results showed that 10% of diuron was adsorbed by the graphite
cathode after 2 h of reaction (ESI Fig. 11).

As shown in Table 1, the surface area and hydrophilicity of
the catalyst changed significantly after modification with 5%
PTFE. The surface area of the catalyst reduced from 223.24 m?*
¢ ' to 54.54 m* g~ ! after modification. The water contact angle
of the catalyst increased from 59.7° to 114.5° after modification,
indicating that the catalyst changed from relatively hydrophilic
to hydrophobic after PTFE modification. These changes in the
properties reduced iron leaching and weakened the adsorption
capacity during the oxidation process. In addition, direct
adsorption experiments were used to verify this conclusion, the
catalyst without modification could adsorb approximately 25%
of diuron in 2 h under the conditions of pH = 6.7 & 0.2, catalyst
3 g L', 300 mL diuron 10 mg L™", and the modified catalyst
could only adsorb 12% of diuron.

3.3 Effect of activated carbon catalyst loading

The dosage of the catalyst is an important parameter of hydroxyl
radical produced by heterogeneous Fenton reaction and has
a direct impact on the efficiency of the Fenton system. It

Table 1 Results of BET and water contact angle analysis for the
catalyst

Catalyst Sper (m* g™ 1) Water contact angle
Before modification 223.24 59.7°
After modification 54.54 114.5°

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Effect of catalyst loading. Conditions: 5% PTFE modified, | =
100 mA, pH 6.7 £ 0.2, 300 mL diuron 10 mg Lt

negatively affects the efficiency of the EF process unless the
catalyst concentration is suitable. Therefore, the impact of the
modified catalyst dosage on the degradation of diuron was
investigated in the range of 0.1-6 g L™, and the results are
presented in Fig. 6. It could be observed that the removal effi-
ciency of diuron was enhanced as the dosage of catalyst
increased. A lower catalyst dosage would lead to less and slower
generation of hydroxyl radical. With the increase of catalyst
dosage, the increased generation of hydroxyl radical resulted in
a promotion in efficiency. When the quantity of catalyst
increased from 3 g L™ " to 6 g L', there were almost no changes
in the degradation of diuron. This phenomenon may be due to
the active site involved in the reaction in the activated carbon
catalyst being sufficient, so it could no longer improve the
reaction efficiency by increasing the amount of catalyst. The
modified activated carbon catalyst loading of 3 g L™' was
selected as the best degradation condition for cost reasons.

3.4 Effect of current intensity

The current intensity is an important parameter that deter-
mines anodic oxidation and the generation of hydrogen
peroxide, which has a great impact on the electro-Fenton
system. For the purpose of investigating the influence of this
parameter on diuron degradation, currents ranging from 25 to
150 mA were applied to the electro-Fenton system. The results
are presented in Fig. 7. It could be observed that the degrada-
tion of diuron was improved obviously with the increase of the
current intensity. Fig. 7 indicates that for the applied current in
the range 25-100 mA, the degradation efficiency increased with
the gradually increased applied current. The increase of current
accelerated the generation and accumulation of hydrogen
peroxide and also promoted the conversion from Fe®* to Fe®*,
which regenerates ferrous iron to catalyze the Fenton reaction

(eqn (3))-

Fe’* + e~ — Fe** (3)

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Effect of current intensity. Conditions: 5% PTFE modified,
catalyst 3 g L%, pH 6.7 = 0.2, 300 mL diuron 10 mg L%

When the current was increased from 100 mA to 150 mA, the
degradation efficiency of diuron was not improved. As
mentioned in many papers,*** the rate of H,0, formation on
graphite felt is affected by the applied current. With the
continuous increasing of the current, the amount of hydrogen
peroxide generated at the cathode was no longer enhanced, and
even breaks down, which limits the efficiency of the Fenton
reaction. Besides, the excessively increased current could cause
an increase in side reactions.*® This helps to explain why the
removal efficiency of diuron stayed the same when the current
increased from 100 mA to 150 mA.

On the other side, the current efficiency (CE) at 25 mA, 50
mA, 100 mA, and 150 mA was calculated by the following
equation:

_ Charge used to oxidize organics

P
Total charge

x 100

It could be seen that the current efficiency decreased
significantly as the current increased. Considering both current
efficiency and diuron removal efficiency, 100 mA was chosen as
the optimum current.

3.5 Effect of initial pH

It is well known that ferric species will form precipitates as ferric
hydroxide under alkaline conditions, which is detrimental to
establishing a good redox system between H,0, and Fe*'/Fe®* .37
Heterogeneous catalysts may overcome this drawback of
homogeneous systems but only for acidic conditions. The effect
of initial pH on the degradation of diuron solutions during the
heterogeneous electro-Fenton treatment with the modified
activated carbon catalyst was examined.

As can be seen in Fig. 8, with the increase of pH, the removal
efficiency of diuron decreased. Although under neutral (pH =
6.7) and alkaline conditions (pH = 9), the removal efficiency of
diuron had a significant decline compared with acidic condi-
tions (pH = 3), the diuron removal rate still reached 95% after

RSC Adv., 2018, 8, 19971-19978 | 19975
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Fig. 8 Effect of initial pH. Conditions: 5% PTFE modified, / = 100 mA,
catalyst 3 g L% 300 mL diuron 10 mg L™,

two hours of degradation. These results point out that pH = 3
corresponds to the optimum pH conditions for the EF process
but, at the same time, the catalyst could be active under neutral
and weak alkaline conditions, and maintained high efficiency,
achieving the purpose of broadening the applicable pH range
for Fenton's reaction. Furthermore, it is meaningful for the
application of heterogeneous EF for the actual wastewater that
is near neutral or weakly alkaline.

Acidic pH was advantageous to the formation of hydrogen
peroxide as well as anodization, which increased the reaction
efficiency of the entire electro-Fenton process. In addition,
acidic conditions cause a greater loss of iron (0.8 mg L™") from
the activated carbon catalyst, which also accelerates the degra-
dation of diuron. However, the leaching of iron is not conducive
to the durability of the catalyst and effluent quality. On the
contrary, the leaching of iron from the modified catalyst is
extremely low under neutral conditions (<0.1 mg L™ ). This may
help to explain the low oxidation efficiency in neutral
conditions.

3.6 Effect of diuron concentration

The impact of the initial diuron concentration on the
degradation process was investigated from 5 mg L' to
20 mg L™, and the results are presented in Fig. 9. It can be
seen from the figure that the diuron removal rate decreased
slightly with increasing initial diuron concentration. It is
worth mentioning that the removal of diuron was basically
the same with diuron concentrations of 10 mg L™' and
15 mg L™". This phenomenon may be due to the low diuron
concentration in the solution reducing the probability of
oxidation at the active site of the catalyst during the reaction
progress. At a diuron concentration of 10 mg L', the
hydroxyl radical generated in the reaction was excessive and
the removal rate of diuron was controlled by the excess
hydroxyl radicals. Moreover, it was clear that the employment
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Fig.9 Effect of diuron concentration. Conditions: 5% PTFE modified, /
=100 mA, catalyst 3g L™, pH 6.7 = 0.2.

of greater initial pollutant content led to the greater removal
of pollutants per unit of time, i.e. higher pollutant removal
rates,*® and resulted in almost the same removal rates of
10 mg L' and 15 mg L~ '. As the diuron concentration
further increases, the increased diuron molecules enhance
competition with the limited hydroxyl radicals in solution,
which reduces the removal of diuron.

3.7 Catalyst reusability test

The reusability of the catalyst is an important advantage of the
heterogeneous EF compared to the homogeneous EF. In the
practical application process, the catalyst should have the
ability to be separated from the effluent easily and reused
several times without activity loss. Therefore, the long-term
stability of the catalyst is quite important, which helps to save
costs and stabilize the effluent quality.

In order to investigate whether the PTFE modification
enhances the stability and durability of the catalyst, we ran the
5% PTFE-modified catalyst and unmodified catalyst continu-
ously for ten times under the same conditions. After each
experiment, the catalyst was separated from the solution by
filtration, washed with ultrapure water and dried at 80 °C for the
next use. As Fig. 10 shows, after 10 consecutive uses of the
unmodified catalyst, the removal efficiency of diuron dropped
significantly and the removal rate decreased by about 8%.
Obviously, the apparent downward trend of the unmodified
catalyst indicated that PTFE modification indeed protects the
catalyst from deactivation owing to the complexation with some
iron complexing reagents® and improves the durability of the
catalyst.

Moreover, it is worth mentioning that the leaching of ferric
ions from the modified catalyst was less than 0.1 mg L™ " in ten
consecutive degradation experiments, which is far below the EU
emission standards (<2 ppm).*

This journal is © The Royal Society of Chemistry 2018
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4. Conclusions

To summarize, we provide an effective and simple method
using activated carbon supported magnetic iron oxide (Fe;0,)
as a solid catalyst for the heterogeneous electro-Fenton process.
Moreover, the durability of the catalyst is significantly increased
by modifying the surface of the catalyst with PTFE. In addition,
we can obtain these conclusions in the degradation test for
diuron:

- This work verifies the feasibility of the degradation of
diuron under near neutral pH condition in heterogeneous
electro-Fenton system using modified catalysts. 95% removal
for 10 mg L~ " diuron could be achieved within 2 h under the
conditions of modified catalysts 3 g L', current intensity 100
mA and initial pH 6.7.

- Comparing the performances of the activated carbon
catalyst modified by PTFE and the unmodified catalyst in ten
continuous degradation experiments, the modified catalyst
showed good stability, which indicated that the modification of
the catalyst by PTFE was successful. In addition, the catalyst
modified with 5% PTFE exhibited the advantages of good
stability and catalytic activity, increasing the possibility for the
practical application of heterogeneous EF.

- The range of pH suitable for electro-Fenton reaction has
been significantly broadened. The modified catalyst still pres-
ents good performance in neutral or alkaline conditions. The
leaching of ferric ions from the modified catalyst was less than
0.1 mg L™ " in ten consecutive degradation experiments, which
is far below the EU emission standards (<2 ppm).
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