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Nitrobenzene removal by novel pillared kaolinite-catalyzed
Fenton-like reaction
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ABSTRACT

In this study, a novel metal-pillared kaolinite (KDF) Fenton-like catalyst was prepared via a two-
step procedure involving intercalating and pillaring. The characterization results indicated that the
interlayer spacing, specific surface area, pore area and volume were dramatically enhanced for KDF
compared with raw kaolinite, and FeOOH crystals were present in the interlayer spaces of KDF.
When KDF was used to catalyze the Fenton-like reaction for nitrobenzene (NB) degradation in the
presence of H,O,, more than 85% of NB was removed. The influencing factors of H,0O, concentra-
tion, KDF dosage, NB initial concentration and reaction temperature as well the Fenton-like reac-
tion mechanism were examined. The optimal conditions were determined to be: 10 mmol/L H,0,,
75 mg/L NB, and KDF dosage of 1.0 g/L. The first-order kinetic reaction rate constants at differ-
ent temperatures were fitted by the Arrhenius equation and the activation energy (E,) was calcu-
lated to be 36.34 kJ/mol. The experimental results in the presence of a free radical scavenger showed
that the NB degradation mechanism catalyzed by KDF was mainly due to the generation of free
hydroxyl radicals. The low percentage of leaching Fe-containing active components showed that the
KDF catalyst has good stability, suggesting its potential application in environmental remediation.
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1. Introduction of 20 pg/L in the environment [8]. However, because of
industrial and agricultural activities, the concentration of
NB in some released wastewater can reach up to 35 mg/L
[9,10]. Hence, minimizing the severe pollution caused
by NB due to its extensive use, high toxicity and chemi-
cal stability in surface water or/and groundwater through
efficient approaches has received great attention recently.
At present, a variety of methods are utilized for NB
decomposition, especially advanced oxidation processes,
such as the Fenton process, ozonation and catalytic wet oxi-
dation [11,12]. Among these methods, the Fenton process is
widely applied in the decomposition of persistent organic
pollutants in drinking water and wastewater. Recently,
a Fenton-like reaction was also proved to be an effec-
tive method for degradation of nitroaromatic compounds
because of the advantages of high mineralization efficiency,

Nitrobenzene (NB), as one of the most representa-
tive nitroaromatic compounds, is extensively used in the
organic synthesis industry for the manufacture of dyes,
spices and explosives [1-3]. NB is known to be highly toxic
to organisms and plants, and resistant to microbial degra-
dation [4-6]. For this reason, NB is deemed a priority con-
trol pollutant by many countries. For instance, the U.S.
Environmental Protection Agency (EPA) recommends that
NB levels in lakes and water streams should be no more than
17 mg/L to avoid potential health effects by drinking water
or eating contaminated fish [7], and the discharge stan-
dards set by China have a maximum allowed concentration
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easy implementation and cost-saving [13-15]. Both in
the Fenton and Fenton-like process, the catalyst plays an
important role since it reacts with hydrogen peroxide (H,0,)
to generate highly reactive hydroxyl radicals (*OH), which
may react with the target pollutants. According to the phase
of catalyst, Fenton/Fenton-like process can be divided into
two categories, heterogeneous and homogeneous reactions
[16]. Some transition metal ions, such as Fe*, Fe*, Cu?* and
Mn?*, are usually employed as homogenous catalysts [7].
Although significant benefits were obtained in the deg-
radation of organic pollutants, the homogeneous Fenton/
Fenton-like process is not considered as an economical and
environment-friendly process due to the loss of catalysts
and the subsequent pollution to the water system.

Heterogeneous catalysts in Fenton and Fenton-like
processes have more advantages in the decomposition of
organic contaminants than the homogeneous species due
to their reusability and extensive sources. Numerous mate-
rials have been used in heterogeneous Fenton or Fenton-like
processes, including Fe-containing compounds, activated
carbon, transition metals, clay minerals, etc. [17-22]. Clay
minerals and their modified products such as mont-
morillonite, kaolinite and zeolite were demonstrated to
be efficient catalysts for the decomposition of organic
pollutants [4,8,23,24]. For instance, Fe pillared montmoril-
lonite clay displayed a special promoting effect in hydroxyl
radical generation due to its abundant hydroxyl groups on
the surface and presented excellent efficiency in catalytic
Fenton-like reaction [25,26]. However, montmorillonite and
its pillared derivatives easily swell and are difficult to pre-
cipitate in an aqueous solution, which severely limits their
use as catalysts in the Fenton-like method [27]. Although
it is layered mineral-like montmorillonite, kaolinite is
non-swelling in water and has a higher porosity content
and surface area that can be readily hydroxylated [28,29].
Therefore, using pillared kaolinite to catalyze the Fenton-
like reaction may overcome the shortcomings of pillared
montmorillonite catalysts and broaden the applications of
the Fenton-like method. However, it is difficult to perform
pillaring modification with commonly-used ion exchange
methods due to few exchangeable cations between the
kaolinite layers and the presence of strong interlayer hydro-
gen bonding. Hence, only a few studies have focused on
pillared kaolinite and its application for catalyzing the
Fenton-like reaction to remove NB from wastewater.

Hence, based on the potential superior characteristics
of kaolinite as a Fenton-like catalyst, in this study, a new
type of metal-pillared kaolinite (KDF) was prepared by
intercalating and pillaring processes. Using NB as the tar-
get pollutant and the removal percentage as the evaluation
index, the use of KDF as a catalyst for the Fenton-like reac-
tion was evaluated, and the mechanism and influencing
factors were simultaneously studied.

2. Materials and methods
2.1. Materials

Kaolinite, which is a certified reference material
(Approved by State Bureau of Technical Supervision, China)
obtained from the Geological Survey of Jiangsu Province
(Nanjing, China), consisting of about 96% of kaolinite [26].

The chemical reagents of ferric nitrate, NB and H,O, (30%, v/v)
were purchased from the Xi'an Chemical Corporation (Xi‘an,
China), and dimethyl sulfoxide (DMSO) (>99.8%) was obtained
from Shanghai Macklin Biochemical Co., Ltd. All other chem-
icals used in this study were of analytical grade. Deionized
water (resistance > 18 MQ)) was used to prepare all reagents.

2.2. Preparation of KDF

The Fenton-like catalyst of pillared kaolinite (KDF)
was prepared by the hydrolysis precipitation method.
Specifically, 10 g kaolinite was added to the mixed solvent
system of 10 mL deionized water and 90 mL DMSO and
stirred under 80°C. After a reaction of 24 h, the solid was
separated through centrifugation, and washed repeatedly
with ethanol and dried under 40°C to obtain the precursor
of kaolinite-DMSO (KD) for further use.

The prepared KD was ground into a powder. Fe** with
a concentration of 0.1 mol/L and aqueous ethanol solution
were mixed in a certain volume ratio to obtain a 50 mL
homogeneous solution. Then, the KD powder was added
to the solution and magnetically stirred for 24 h at the tem-
perature of 25°C. Strong ammonia water was slowly added
to the system until the pH was 8 and then the system was
allowed to settle for 12 h. The reaction system was sub-
jected to centrifugal separation. The solid was washed with
deionized water several times until the conductivity was
constant and then dried at 80°C. It was then subjected to
grinding, followed by calcination at 200°C for 3 h to obtain
the composite of KDF (kaolinite-DMSO-Fe(NQO,),-9H,0).

2.3. Batch experiments

Using NB as the target pollutant and the removal per-
cent as the evaluation index, an NB stock solution was
prepared by dissolving 0.4 g NB in 1.0 L of deionized water.
The working solutions with designed concentrations of
the experiment were prepared by diluting the stock solution.

The catalytic Fenton-like reaction was carried out in
a 250 mL glass reactor. The pH of 100 mL aqueous nitro-
benzene solution was adjusted to 3.0 + 0.05 by adding
dilute H,SO, solution or NaOH solution. Next, 1.0 mL
of H,0, solution with a concentration of 1.0 mol/L was
added and stirred by a magnetic stirrer. Then, 0.1 g of
prepared catalyst sample was added. Sample aliquots of
5.0 mL were extracted at various time points and centri-
fuged. The supernatant was transferred to a 5.0 mL glass
reagent bottle which was sealed and refrigerated until
further use. At each sampling, the pH value of the reac-
tion system was measured. The procedure for the control
experiment of adsorption was the same as above, except
that no H,O, solution was added.

2.4. Analysis and characterization

Scanning electron microscopy (SEM; VEGA 3 LMH,
TESCAN, Czech) was used to view the surface characteris-
tics and morphology of raw kaolinite and KDF, and energy-
dispersive X-ray spectra (EDS) were obtained using Oxford
INCA X-Act equipment in SEM. X-ray diffraction (XRD)
spectra were recorded over the range of 20 = 10°~80° by
powder diffractometer (Model D8, Bruker, Germany) with
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Cu K, radiation (0.154 nm). The instrument was operated with
40 kV and 30 mA at a scanning speed of 2°/min (20). Fourier-
transform infrared spectroscopy (FTIR) was performed over
the wavenumber range of 4,000-400 cm™ using a Nicolet 510
Magna-IR Spectrometer (Nicolet Instrument Corporation,
USA). The specific surface area, porosity and pore size of
samples were measured by a Brunauer-Emmett-Teller
(BET) instrument 3H-2000PS2 (BeiShiDe Instrument, China).

NB concentrations were determined using high-
performance liquid chromatography equipped with a
Waters Symmetry C18 column (150 mm x 4.6 mm id.,,
5.0 pm). The mobile phase was a mixture of methanol and
5 mM H,PO, in the ratio of 3:2 (v/v) [30]. The flow rate was
set at 1.0 mL/min, and the detection wavelength was set to
267.5 nm. The samples were filtered through 0.45 um filters
and then 20 uL was injected manually through an injection
port. All the prepared samples were taken for analysis imme-
diately [31]. Fenton-like reactions were conducted in tripli-
cate and only the data meeting the requirements were used.

The concentration of dissolved iron ions leached from
the catalyst into the reaction solution was determined
using atomic absorption spectrophotometry (Zeeman 2000
Series, Hitachi, Japan) with a detection limit of 0.004 mg/L
[32]. The pH value of the solution was measured by a
PHS]J-4A monitor (Shanghai, China).
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3. Results and discussion
3.1. Catalyst characterization

To analyze the structure of the prepared KDF, FeOOH
was prepared based on the method described in the lit-
erature [33,34]. As shown in the XRD patterns in Fig. 1a,
the structure of KDF contained crystalline regions. After
pillaring, the interlayer spaces of kaolinite expanded from
0.68 nm to 0.72 nm, as calculated by the Bragg equation.
The FTIR spectrum presented in Fig. 1b indicates that the
functional group composition of KDF did not change sig-
nificantly compared with the original kaolinite. The SEM
micrographs of kaolinite and KDF are shown in Figs. 1c
and d. As seen from Fig. 1c, the kaolinite was an elongated
flaky solid with an obvious rod-like morphology, and there
were some rod-like agglomerates in the kaolinite sample.
The SEM image of KDF in Fig. 1d indicates that, after pil-
lar modification, there are no significant differences in
terms of rod-like structure and the edges of kaolinite. This
illustrates that pillaring modification does not change the
basic surface structure of kaolinite. However, according
to the results of EDS (Table 1), the Fe content was 4.45%
in KDF, which remarkably increased after pillaring modi-
fication. As is known, the Fenton-like reaction is a com-
plex reaction that proceeds via the activation of hydrogen
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peroxide (H,O,) by ferrous ions to generate highly active
hydroxyl radical ("OH) (Egs. (1) and (2)), which then oxi-
dizes and degrades the NB pollutant [35,36]. Hence, the
increase in iron content and formation of FeOOH after
pillaring of kaolinite can facilitate the Fenton-like reaction
to generate more *OH. Moreover, the expanded interlayer
space of kaolinite allows NB and hydroxyl radicals to
enter the interior of kaolinite to improve the efficiency of
catalytic reactions and prevent the loss of the catalyst [29].

Fe* + H,0O, —» Fe** + *OH + OH~ (1)
Fe*+H,0O, » Fe* + *O,H + H" ()

Furthermore, the nitrogen adsorption—-desorption results
are shown in Table 2. These results indicate that after
pillaring, the Langmuir specific surface area of kaolin-
ite increased from 35.440 to 64.095 m?/g. The BET spe-
cific surface area increased from 25.638 to 45.845 m?/g
and the Barrett-Joyner-Halenda (BJH) specific surface
area increased from 26.792 to 44.848 m?/g, while the total
pore volume increased from 0.0527 to 0.0849 cm?/g. In
addition, the average pore diameter of kaolinite after pil-
lar modification decreased to about 7.5 nm with a nar-
rower pore diameter distribution. Obviously, the pillaring
modification significantly improved the surface features
of kaolinite whose surface area and pore structure were
increased, which is very important for the catalytic per-
formance of kaolinite as a Fenton-like catalyst. Generally,
according to the mechanism of the Fenton reaction, the
increase in iron content, surface area and pore volume, and
especially the formation of FeOOH in KDF, are beneficial
to the Fenton-like catalytic effect for the removal of NB.

3.2. Catalytic performance of pillared kaolinite

The effect of initial pH on the degradation of NB by
the KDF/H, O, system was tested, and it was found that the
optimal NB removal efficiency occurred when the pH was
3.05 = 0.05 (Fig. S1). In order to verify the catalytic effect
of KDF, the NB removal experiment was conducted in an
aqueous solution (H,0, concentration of 10 mmol/L) and

Table 1
Elements weight composed of kaolinite and KDF

Samples O (%) Al(%) Si(%) Fe(%) Total (%)

Kaolinite  47.19 24.64 28.17 - 100

KDF 49.72 21.81 24.02 4.45 100
Table 2

Specific surface area and pore analysis of kaolinite and KDF

also an NB adsorption experiment was conducted (without
H,0,), using KDF or raw kaolinite with a pH of 3.0 + 0.05,
KDF or kaolinite content of 1.0 g/L, and an initial NB con-
centration of about 65.0 mg/L (actual measured concentra-
tion 64.31, 64.83, 66.14 and 65.12 mg/L for KDF, kaolinite,
kaolinite with H,O,, and KDF with H,O,). The results are
shown in Fig. 2 with the relative errors lower than +5%.
For the single kaolinite or KDF, and kaolinite/H,O, system,
the removal rates of NB were less than 10%, mainly due
to the adsorption of kaolinite and KDF which are porous
materials. On the other hand, the removal percentage of
NB in the KDF catalytic system reached 89%. Hence, the
results from the control experiments clearly show that the
increased removal of NB using KDF for the Fenton-like
reaction was mainly due to its catalytic effect. Therefore,
pillared kaolinite significantly increased the NB removal
efficiency of the Fenton-like reaction.

3.3. Influencing factors of the Fenton-like reaction
catalyzed by KDF

3.3.1. H,O, concentration

The initial concentration of H,O, was varied from
0.5~20.0 mmol/L to determine the optimal initial H,0O, con-
centration during the catalytic Fenton-like reaction, with
the other reaction conditions as described in the batch
experiment. The results are shown in Fig. 3. The results
in Fig. 3a indicate that, as the initial H,O, concentration
increased from 0.5~5.0 mmol/L, both the final removal
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Fig. 2. Catalytic effect of KDF to remove NB by Fenton-like
reaction.

Samples BET Langmuir BJH Pore volume Pore size
(m?/g) (m?/g) (m?/g) (cm/g) 4)

Kaolinite 25.638 35.440 26.792 0.0527 91.255

KDF 45.845 64.095 44.848 0.0849 79.520




214

1.0 —&—0.5mmol/L

- == 1.0mmol/L

= —— 2. 0mmo/L
H (a) == 5.0mmol/L
< 0.8 —&— 10.0mmol/L
= —<—20.0mmaol/L
=

o

£ 06-

o

2

=

=]

o
m 044
z
-

¥
s
—gg 0.2
z
0.0 - T ™ T T T T T
0 50 100 150 200 250 300

Time (min)

Y. Zhang et al. / Desalination and Water Treatment 218 (2021) 210-219

0.010

(b)

0.008 -

0.006 +

0.004

k (min'l)

0.002

n
“m

0.000 - T T T T T
0 5 10 15
H>05 concentration (mmol/L)

20

Fig. 3. Initial H,O, concentration effects on Fenton-like reaction (a) and kinetic constants (b) catalytic by KDF.

percentage and the degradation rate of NB rapidly increased.
However, from 5.0~20.0 mmol/L, increasing the initial H,O,
concentration had little effect on the final removal percent-
age of NB or the time to reach reaction equilibrium, and it
only slightly affected the NB degradation rate. Moreover,
there was a clear inflection point between the two concen-
trations over the studied range of concentrations (Fig. 3a).

The removal reaction can be described as a pseudo-first-
order reaction with respect to NB concentration as given
in Eq. (3):

v:—ﬁzkxq
dt

®)
where k is the observed first-order reaction rate con-
stant, which is the slope of the regression lines obtained
by plotting a natural logarithm graph with respect to NB
concentration and reaction time according to Eq. (4):

In[c’]zkxt
CO

where ¢ is the reaction time, C; is the initial NB concentra-
tion, and C, is the NB concentration at ¢ time, respectively.
A linear regression of the first-order kinetic Eq. (4) was
performed for each group of data.

The first-order reaction kinetic model was used to fit
the NB concentration change under different H,O, con-
centrations, and the relationship between the initial H,0O,
concentration and the reaction rate constant k is shown
in Fig. 3b. The change in the reaction rate constant also
suggests that there is an optimal H,O, concentration
with an initial concentration of pollutants at given con-
ditions. Under the experimental conditions, the value
of k increased sharply from 0.5 to 5.0 mol/L while the k
increased moderately from 5.0 to 20.0 mmol/L (Fig. 3b).

Similar phenomena have been found in the degra-
dation of other organic pollutants by Fenton or Fenton-
like reaction. For instance, the experiments carried out by

4)

Li et al. [37] revealed that when using an Al/Fe-UV method
to degrade the azo dye X-3B, increasing the H,O, con-
centration to a certain extent had only a small impact on
the degradation rate. Several studies have indicated that
a high HO, concentration will react with the generated
free radicals ("OH) as shown in Egs. (5)~(7):

H,0, + *OH - H,0 + HO; 5)
HO; +*OH - H,0 +0, ©)
HO" + *OH - H,0, )

Such reactions can weaken the oxidation capability of
the Fenton-like system and affect the utilization efficiency of
H,O, [25,38]. Thus, increasing the initial H,O, concentration
had little effect on the Fenton-like catalytic effect.

3.3.2. Catalyst KDF dose

The KDF dose of 0.5~1.5 g/L was selected to carry out
the catalytic Fenton-like degradation of NB and other reac-
tion conditions were maintained as described in the batch
experiments. The results in Fig. 4a show that the catalyst
dosage slightly affected both the final removal percentage
of NB and the shape of the degradation curve. This can
also be proved by the first-order reaction rate constant k
shown in Fig. 4b. When the dose of KDF increased from
0.5 to 1.5 g/L, the constant k increased from 8.93 x 107 to
13.63 x 10~

The results suggest that 0.5 g/L of KDF was enough to
catalyze the Fenton-like reaction for the degradation of NB.
The main reason is attributed to the large specific surface
area and highly porous structure of KDF catalyst, whose
characteristics were improved greatly after intercalation
and pillar modification. Hence, a higher KDF concentration
transferred more H,O, and NB molecules from the liquid
phase to the solid-liquid interface within the same period.
This increased the probability of contact between NB and
the hydroxyl radicals generated during H,O,-catalyzed
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decomposition, which further accelerated the degradation
of NB [39,40].

3.3.3. NB concentration

The concentration of NB was varied from 25.0~100.0 mg/L
in the Fenton-like reaction, and its effects on the catalytic
Fenton-like degradation are shown in Fig. 5a. The data
shows that the NB concentration had little effect on the
equilibrium of catalytic degradation since the equilibrium
removal rates of NB were 83% (25 mg/L), 89% (50 mg/L),
89% (70 mg/L), and 89% (100 mg/L). Apparently, the final
removal percent of low-concentration NB was lower than
that of high-concentration NB. This phenomenon could
be due to the fact that, under the same catalyst dose and
H,O, concentration, the number of “OH free radicals gen-
erated by the catalytic decomposition of H,O, were nearly
the same. Thus, when the NB concentration was low, due
to the higher *OH/NB ratio, most NB molecules in water
quickly decomposed into small-molecule organic acids,
such as acetic acid and oxalic acid [7,9]. These substances
rapidly accumulated and reacted with *OH to form other
free radical species with lower activities, which decreased
the oxidizing capability of the system and lowered the
removal efficiency of NB [41-43].

At NB concentrations from 25~100 mg/L, the reac-
tion rate constant k decreased with the increase in con-
centration (Fig. 5b). However, at NB concentrations from
50~75 mg/L, the reaction rate constant k remained nearly
the same because the types and concentrations of interme-
diate products in the reaction system were similar. Ruppert
et al. [44] reached a similar conclusion when examining
the degradation effect of hydroxyl radicals on aromatic
hydrocarbons with different structures, that is, the oxidiz-
ing ability of hydroxyl free radicals was affected by the
pollutant species. In addition, when the NB concentration
was low, H,O, will compete with *OH due to the high H,0,/
NB ratio. The reaction between H,O, and *OH can form
less-active HO; free radicals, which decreases the oxidative
degradation of NB [45,46].
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3.3.4. Reaction temperature

The catalytic Fenton-like reactions were carried out
at three temperatures of 300, 308, and 313 K adjusted by
a constant-temperature water bath, with the other reac-
tion conditions the same as described above. The results
are shown in Fig. 6. It is clearly observed that tempera-
ture only slightly affected the equilibrium of the cata-
lytic removal of NB by the Fenton-like reaction since the
percent removal of NB was nearly the same once equilib-
rium was reached. However, the temperature significantly
affected the reaction process and time to reach equilibrium,
which is consistent with the trends observed by Ramirez
et al. [47] who used Fe-pillared soapstone to catalyze the
Fenton-like degradation of orange II dye. The results also
suggest that a higher reaction temperature accelerated
the catalytic Fenton-like degradation of NB. However, the
research conducted by Najjar et al. [25] showed that the
slower degradation of organic matter at lower tempera-
tures was not due to a reduction in the oxidizing capability
of H,O,, but rather due to a reduction in the rate of free
radical generation. An increase in the reaction tempera-
ture can accelerate the mass transfer of molecules, allowing
the free radicals to contact more organic molecules before
annihilation or deactivation, thereby promoting the com-
plete degradation of organics and the efficient use of free
radicals.

The first-order reaction equation was used to fit the
reaction kinetics data at different temperatures, and
the results are shown in Fig. 6b. The slope of each fit-
ted linear line corresponds to the rate constant k at each
temperature, as presented in Table 3. As the reaction tem-
perature increased, the reaction rate constant became larger.
The relationship between the reaction rate constant and the
temperature did not show a linear relationship (Fig. 6c),
but it could be described by the Arrhenius equation:

k=k,-exp {;ﬁfj ®)
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Table 3
First-order kinetics fitting of rate constants at different
temperatures

T (K) K(s) R T Ink

300 0.01055 0.96 0.003333 -455163
308 0.01588 0.96 0.003247 ~4.14269
313 0.01918 0.94 0.003195 -3.95389

where E denotes the activation energy of the reaction.
The equation can be converted into the following form
after taking the natural logarithms of both sides:

Ink = Ink, —[IET]

As shown in Fig. 6¢, Ink and 1/T data from Table 3 were
fit with a straight line whose slope was E /R. The linear
data was substituted into the calculation, and the activa-
tion energy E_ was calculated to be 36.34 k]/mol. The activa-
tion energy is much lower than those of ordinary chemical
reactions, which is in accordance with the characteristics of
free radical reactions and indicates that free radicals par-
ticipated in the catalytic Fenton-like removal of NB by KDF.

)

3.4. Regenerability and stability of KDF

The catalyst regeneration performance is crucially
important for its practical application [28]. Therefore, this
study examined the effect of reusing KDF catalyst on the
properties of Fenton-like degradation of nitrobenzene, and
the results are shown in Fig. 7a. It can be seen that the cat-
alytic Fenton-like degradation of nitrobenzene achieved an
excellent removal rate (87%) with three cycles, but the effect
of extended time increased with the increase in a number of
recycling. When used for the first time, after a short period
of slow reaction (about 60 min), nitrobenzene was rapidly
removed and the removal rate reached 84% after 180 min
reaction. When used for the second time, the slow reaction
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period was significantly prolonged to 180 min, and the
nitrobenzene removal rate was only 73% after 300 min, and
the removal rate reached 87% after 420 min reaction. When
used for the third time, the slow reaction period was sim-
ilar to the second use, and the removal rate was 88% after
540 min reaction. The experimental results illustrated that
the modified catalyst of KDF can be reused, although the
catalytic efficiency was slightly reduced after cyclic utili-
zation. This phenomenon is common in the experiments of
heterogeneous Fenton-like degradation of organic pollut-
ants. For instance, Catrinescu et al. [48] also found that the
removal efficiency after recycling was reduced when pillared
beidellite was used for the degradation of phenol pollutants.
Fig. 7b shows the variation in the concentration of
dissolved Fe-containing components and pH values in
the reaction system with an initial NB concentration of
50.0 mg/L, pH of 3.08, H,O, concentration of 10 mmol,
and KDF dose of 1.0 g/L. Over the process of reaction, the
maximum dissolved Fe concentration of about 1.1 mg/L
was observed at 30 min. This indicates that the modified
catalyst of KDF has good stability which can reduce iron
leaching in Fenton-like reaction. The pH first slightly
increased and then decreased, but the overall pH ranged
from 2.8 to 3.25, which is within the optimal pH range (~3.0)
for the Fenton-like reaction. Generally, the survey results
showed that the KDF catalyst was not only stable but
also had high catalytic activity, which is a good potential
heterogeneous catalyst for a Fenton-like reaction.

3.5. Catalytic mechanism of KDF

In order to further verify the presence of free radicals
in the reaction system, heterogeneous Fenton-like reac-
tions were carried out using two scavengers (ethanol and
tert-butanol) of hydroxyl free radicals, and the results are
shown in Fig. 8.

Obviously, when ethanol or tert-butanol was present
in the system, the final percent removal of NB was signifi-
cantly reduced. Compared with the NB adsorption by KDF,
NB removal in the presence of ethanol or fert-butanol was
mainly induced by adsorption by KDF. However, the exper-
imental results in section 3.3.3 showed that the NB initial

1.0
- —a— Recycle 1
f —C— Recycle 2
g 0.8 - —a&— Recycle 3
= ~
2 | S
s =
£ 0.6 \ E
5 -
o =
g \ e
S . 9 =
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— 7 e -
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Fig. 7. Catalyst recycling (a) and dissolved iron ions as well as pH change (b) in Fenton-like reaction.
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Fig. 8. Effects of free radical scavengers on NB removal by the
Fenton-like reaction.

concentration did not significantly affect the equilibrium
removal percent of NB [49,50]. Therefore, the sharp decrease
in the percent removal of NB in the presence of ethanol or
tert-butanol was not due to an increase in pollutant concen-
tration in the system, but rather due to the rapid reaction
between the two alcohols and *OH and the formation of inert
species. Consequently, the experimental results indirectly
verified that KDF can catalyze the Fenton-like degradation
of NB mainly due to the presence of strongly oxidizing
*OH free radicals generated during Fenton-like reaction.

4. Conclusions

A new type of metal-pillared kaolinite (KDF) Fenton-
like catalyst was prepared by intercalation and pillaring
processes and its catalytic activity in Fenton-like reaction to
remove NB was tested. The main conclusions are as follows:

e The structural characteristics of kaolinite were improved
by pillaring with metal ions, and the interlayer spac-
ing, specific surface area, pore area and pore content
of KDF were significantly enhanced.

e KDF had a significant catalytic effect on the degrada-
tion of NB in an aqueous solution by the Fenton-like
reaction and the removal percent of NB reached more
than 85% under the optimal experimental conditions.
The degradation was mainly due to the generation of
hydroxyl radicals in the Fenton-like system. The activa-
tion energy E of NB degradation was 36.34 kJ/mol and
the reaction conditions strongly affected the efficiency
of Fenton-like process catalyzed by KDF.
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