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ites for efficient removal of dye
pollutants via synergistic adsorption and
degradation

Feifei Chen, *ab Xi Wu,a Ran Bua and Feng Yanga

Layered double hydroxides (LDHs) with hydrotalcite-like structures containing Co(II) and Fe(III) were

prepared and used for the removal of direct red 23 (DR23) from water solution. These CoFe–LDHs were

characterized before and after reaction by XRD, FTIR, BET, and XPS. The factors affecting the adsorption

and catalytic performance of the CoFe–LDHs were systematically investigated. The adsorption process

followed pseudo-first-order kinetics, while equilibrium adsorption isotherm data were well fitted by the

Freundlich model. Moreover, CoFe–LDHs exhibited high catalytic activity in the degradation of direct red

23 in the pH range 4–10. Under a catalyst dosage of 0.5 g L�1 and H2O2 concentration of 6.5 mmol L�1,

the degradation ratio of direct red 23 was 95.6% after 30 min. The adsorption–degradation relationship

in the presence of CoFe–LDHs was investigated. Intermediates were detected by GC/MS and a possible

pathway for DR23 degradation was proposed. The reaction mechanism showed that cobalt ions play

a critical role in the catalytic performance of CoFe–LDHs. Furthermore, the catalytic activity of CoFe–

LDHs was maintained after three reaction cycles, demonstrating the recyclability and stability of this

catalyst.
1. Introduction

Dye wastewater is among the most polluted types of wastewater
due to its high chemical oxygen demand (COD), strong color,
high pH, and low biodegradability. During the dyeing process,
10–15% of the utilized dyes are discharged into the environ-
ment. These effluents can have serious effects on the environ-
ment and public health when disposed of improperly.
Moreover, different types of dyes with various chemical struc-
tures are used in dyeing and nishing plants, which compli-
cates the treatment of textile wastewaters. Azo dyes,
characterized by one or more azo groups (–N]N–), constitute
over 50% of all textile dyes and have been widely used in the
printing and dyeing industries. Several methods have been
applied to removing dyes from wastewater, such as adsorption,
coagulation, occulation, and membrane treatment.1–4

However, conventional chemical and biological methods are
not efficient means of degrading azo dyes, only transferring the
dyes from the liquid phase to the solid phase or another liquid
phase, which can cause secondary pollution. Biological treat-
ments are regarded as environmentally friendly methods.
However, azo dye wastewaters with BOD5/COD ratios of less
ering, Wuhan Textile University, Wuhan,
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than 0.3 indicate low biodegradability and unsatisfactory
biodegradation.5 Therefore, it is necessary to nd an effective
method to remove azo dyes from wastewaters.

Advance oxidation processes (AOPs) are effective for
degrading dyes in water by destroying double bonds in the dyes
molecules. Hydroxyl free radicals (cOH) are generated in this
process, which are the most powerful oxidizing species. These
cOH species can decompose many organic pollutants to yield
short-chain organic components, H2O, and CO2 as the degra-
dation products. Fenton oxidation is a common AOP using
dissolved ferrous salt as catalyst. Electron transfer between Fe2+

and H2O2 generates cOH radicals via a simple process that is
low-cost and environmentally friendly. However, the common
homogenous Fenton reaction has some signicant disadvan-
tages, such as requiring low pH values (usually pH 2–4) and
generating large amounts of sludge. Therefore, it is necessary to
adjust the pH before and aer this reaction process to deal with
the iron sludge.6,7

To overcome these drawbacks, various heterogeneous Fen-
ton catalysts have been proposed. Active carbon, biosorbents,
clay, alumina, and silica have been used as efficient supports for
iron and iron oxides.8 Use of these supports enhances the
dispersion of iron-containing active sites, but produces marked
iron leaching. Other researchers have focused on heteroge-
neous Fenton catalysts containing ferrous and ferric ions, such
as goethite, hematite, ferrihydrite, and pyrite.9 Furthermore,
Co2+ and related cobalt salts can be used to degrade pollutants
in the presence of H2O2 as an oxidant.10
RSC Adv., 2017, 7, 41945–41954 | 41945
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Hydrotalcites are an important class of lamellar anionic clay
with the general formula [MII

1�xM
III
x (OH)2]

x+[An�]x/n$mH2O
(MII ¼ Mg, Zn, Ni, etc. MIII ¼ Al, Cr, etc.), in which MIII can
partially substitute for MII and the positive charge is balanced
by anions (carbonate, sulfate, nitrate, etc.) arranged in the
interlayer. Due to the exchangeability of interlayer anions and
high charge density of the laminate, hydrotalcites have attrac-
ted great interest for removing various anions. Currently,
layered double hydroxides (LDHs) and modied LDHs have
been employed in processes to remove pollutants from aqueous
solution, including uoride, heavy metals, humic acid, and
dyes.11–13 LDHs have also been shown to act as heterogeneous
Fenton catalysts to degrade organic pollutants.14,15

Oxidative degradations primarily occur on the surface of
a heterogeneous catalyst. Therefore, adsorption on the catalyst
surface plays a key role in the degradation process.16 Previous
research has demonstrated that an increase in the affinity of the
organic pollutant for the catalyst can accelerate degradation. In
this work, Co–Fe LDHs (CoFe–LDHs) are synthesized and used
as heterogeneous Fenton catalysts for the degradation of direct
red 23 (DR23), a typical azo dye oen used as a model pollutant.
The features of DR23 adsorption and degradation on CoFe–
LDHs were investigated under various experimental conditions.
The results show that the combination of Co2+ and Fe3+ has the
strongest acceleration effect on the Fenton reaction. Moreover,
CoFe–LDHs have very low solubility in water andmetal ions that
show reduced leaching. Furthermore, the reaction mechanism
for H2O2 activation on the catalyst surface is discussed.
2. Experimental
2.1 Materials

DR23 was purchased from Jiangsu Shenxin Dyestuff Chemicals
Co., Ltd and used without further purication. DR23 solution
was prepared by dissolving DR23 in double distilled water.
FeCl3$6H2O, CoCl2$6H2O, H2O2 (30 wt%), NaOH, and Na2CO3

were of analytical grade and obtained from Sinopharm Chem-
ical Reagent Co., Ltd.
2.2 Synthesis and characterization of CoFe–LDHs

CoFe–LDHs with a Co/Fe molar ratio of 2 were prepared using
the coprecipitation method. In this method, a mixture of
FeCl3$6H2O and CoCl2$6H2O solutions (total metal ion
concentration, 0.46 M) was combined with a precipitating
solution containing 0.8 MNaOH and Na2CO3 in deionized water
with vigorous stirring. During mixing, the pH was kept at
around 9.0. Aer complete addition, the suspension was aged at
65 �C for 24 h. The preparation was carried out under a nitrogen
atmosphere. The suspension was ltered, washed with a large
amount of deionized water, and dried in a vacuum oven.

X-ray diffraction (XRD) patterns were measured on Bruker D8
Advance X-ray diffractometer (Cu Ka source, l ¼ 0.154 nm) in
the 2q range of 5–80�. Fourier transform infrared (FT-IR) spectra
were analyzed on a Bruker spectrometer in the region
400–4000 cm�1. Chemical compositions of the CoFe–LDHs were
determined by inductively coupled plasma atomic emission
41946 | RSC Adv., 2017, 7, 41945–41954
spectroscopy (ICP-AES) (ICP2060T, Skyray Instrument Inc.).
Specic surface areas were analyzed using the BET method. N2

adsorption–desorption was performed on a micromeritics
TristarII3020 instrument at 77 K. X-ray photoelectron (XPS)
spectra were recorded on ESCALAB 250Xi X-ray photoelectron
spectroscope with monochromatic Al Ka (1486.6 eV). The
binding energies were calibrated with respect to C 1s (284.6 eV).
The zeta potentials of adsorbents were measured using a Zeta-
sizer Nano ZS90 instrument at pH values of 4–11.
2.3 Adsorption and catalytic degradation

Typical adsorption experiments were performed with catalyst
(0.1 g) in DR23 solution (100 mL, 150 mg L�1). This suspension
was mechanically stirred to establish an adsorption equilib-
rium. Aer reaching equilibrium, the suspension was ltered
through a 0.45 mm PES lter. Dye concentrations in the ltrate
were measured using UV-visible spectrophotometry at the
maximum adsorption wavelength (l¼ 506 nm). Investigation of
the adsorption process kinetics was performed at 25 �C.
Suspensions were stirred for different times (5–600 min). To
study the sorption isotherms, the adsorbents (50 mg L�1) and
dye solutions at different concentrations (10–200 mg L�1) were
stirred at equilibrium at 25 �C.

The catalytic activities of the CoFe–LDHs were evaluated using
DR23 degradation in the presence of a certain amount of H2O2.
The pH was adjusted using 0.1 M HCl and NaOH solutions.
At regular time intervals, the suspension was ltered through
a 0.45 mm PES lter to completely remove catalyst particles. In
each recyclability test, the catalyst was ltered, washed thor-
oughly with deionized water, and dried at 50 �C. The dye
concentration in the solution was measured by UV-visible spec-
trophotometry (METASH, V-5600) at the maximum adsorption
wavelength of the dye. Total organic carbon (TOC) was measured
using a Vario TOC Elementar analyzer. TOC was calculated from
the difference between total carbon and total inorganic carbon.
Electron paramagnetic resonance (EPR) spectra were collected
using a Bruker A300 spectrometer. The nitrone spin trap,
5,5-dimethyl-1-pyrroline N-oxide (DMPO), was used to detect free
radicals. Intermediate products of DR23 were analyzed by
GC/MS. The GC column was operated at 80 �C for 2min and then
increased to 250 �C at a rate of 15 �C min�1.
3. Results and discussion
3.1 Characterization of CoFe–LDHs

XRD analysis of CoFe–LDHs before and aer the Fenton reac-
tion was performed to identify the phase structure (Fig. 1(a)). In
the XRD patterns of the CoFe–LDHs, diffraction signals located
at 11.6�, 23.2�, 34.0�, 38.7�, 59.1�, and 60.5� were characteristic
of CoFe–LDHs (PDF 50-0235). These peaks corresponded to the
(003), (006), (009), (015), (110), and (113) planes of typical
hydrotalcite structures. The unit cell parameters of CoFe–LDHs
a and c were calculated using the equations (a ¼ 2d110, c ¼
3d003). Lattice parameters a and c were 0.3124 nm and
2.3588 nm, respectively. A similar result was observed in
previous research.17 Moreover, sharp and symmetric diffraction
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Characterization of CoFe–LDHs by (a) XRD, (b) FTIR, and (c) BET
N2 adsorption–desorption before and after the Fenton reaction.

Table 1 BET surface and porosity characteristics of CoFe–LDHs

Catalyst
BET surface
area (m2 g�1)

Pore volume
(cm3 g�1)

Pore diameter
(nm)

CoFe–LDHs
(before reaction)

108.9 0.244 7.45

CoFe–LDHs
(aer reaction)

108.7 0.223 9.62
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peaks at low values of 2q angles showed that the hydrotalcite
phase was highly formed and that the samples were well crys-
tallized. The SEM image (Fig. 1(a)) of the prepared CoFe–LDHs
showed a plate-like morphology, containing plates several nan-
ometers thick with a lateral distance of approximately 5–10 mm.
This journal is © The Royal Society of Chemistry 2017
Moreover, SEM images of the CoFe–LDHs aer the Fenton
reaction showed that the lamellar structure was retained.

FTIR spectra of CoFe–LDHs before and aer the Fenton reac-
tion are shown in Fig. 1(b). The adsorption band at around
3440 cm�1 was attributed to the stretching vibration of –OH in the
layer hydroxyl groups and interlayer watermolecules. Themedium
intensity band at 1631 cm�1 was attributed to the bonding mode
of interlayer water molecules.18 The band at 1356 cm�1 was
assigned to the antisymmetric stretching vibration of carbonate
species.19 The peak at 1125 cm�1 was attributed to the NO3

�

stretching vibration in the CoFe–LDH layers.20 Bands in the region
500–700 cm�1 were attributed to metal–oxygen–metal stretching.21

The CoFe–LDHs had a BET surface area of 108 m2 g�1 both
before and aer the reaction (Table 1). Furthermore, the pore
volume showed little change during Fenton reaction, suggesting
that the CoFe–LDH framework remained intact aer Fenton
reaction process. Both isotherms of the CoFe–LDHs were type IV
(Fig. 1(c)), which indicated that CoFe–LDHs contained amixture of
micropores andmesopores.22 Hysteresis loops were of type H1 and
attributed to narrow pore size distributions and well-dened
structures.23

These results showed that CoFe–LDHs before and aer the
Fenton reaction were almost the same, suggesting that there
was no detectable change in their physicochemical properties
during Fenton reaction.

To investigate the surface elemental composition and valence
states of CoFe–LDHs, X-ray photoelectron spectroscopy (XPS) was
conducted. Fig. 2(a) shows peaks from the XPS survey spectra,
which were mainly attributed to C 1s, O 1s, Co 2p, and Fe 2p
regions.24 Furthermore, Co/Fe ratios were almost constant before
and aer the Fenton reaction. Fig. 2(b) shows high-resolution Co
2p XPS spectra before and aer the Fenton reaction. The Co 2p
spectrum before the reaction shows two prominent peaks corre-
sponding to Co 2p3/2 and Co 2p1/2 observed at 780.9 and 796.8 eV,
respectively, along with satellite peaks. This suggested that the
surface of the CoFe–LDHs was composed of Co2+. This result
match reported data for Co(OH)2.24,25 Aer the reaction, the Co 2p3/2
peak shied to a lower binding energy region (779.8 eV), indi-
cating a partial valence state transformation from Co2+ to Co3+,25

which indicated that the activities of the cobalt ions were related.
No obvious change was observed in the high-resolution XPS
spectra of Fe 2p before and aer the Fenton reaction (Fig. 2(c)).
The appearance of satellite bands near the Fe 2p main peaks
indicated the presence of the Fe3+ valence state. Moreover,
Fig. 2(d) shows the bonding energies of Fe 2p3/2 and Fe 2p1/2 of
709.2 eV and 711.6 eV, which were ascribed to Fe2+ and Fe3+,
RSC Adv., 2017, 7, 41945–41954 | 41947
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Fig. 2 (a) Full XPS spectra of CoFe–LDHs before and after the Fenton reaction, high resolution spectra of (b) Co 2p and (c) Fe 2p, (d) XPS of Fe
peaks, and (e) XPS of O peaks.
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respectively.26 This revealed the coexistence of Fe2+ and Fe3+ at the
CoFe–LDH surface. The electron couples of Fe3+/Fe2+ and Co3+/
Co2+ coexisted in the CoFe–LDH structure, providing notable
catalytic activity. In the O 1s spectrum (Fig. 2(e)), the peak at
531.0 eV was ascribed to surface hydroxyls and the peak at 529.9 eV
was attributed to bridging oxygen M (Co, Fe)–O linkages.27
3.2 Decolorization of DR23

The decolorization of DR23 in solutions at neutral pH was
carried out under various reaction conditions, as shown in
41948 | RSC Adv., 2017, 7, 41945–41954
Fig. 3(a). The results in Fig. 3(a) showed that the decolorization
efficiency was almost negligible for H2O2 alone. This might be
due to the low oxidation potential of hydrogen peroxide.28

Without H2O2, decolorization of DR23 with CoFe–LDHs alone
was attributed to the adsorption process. DR23 decolorization
reached 73% aer 30 min, which conrmed that the CoFe–
LDHs had a good adsorption storage capacity for DR23. When
both CoFe–LDHs and H2O2 were present, excellent DR23
removal efficiency was obtained (up to 95.6% aer 30 min). It
was speculated that H2O2 was activated by CoFe–LDHs and the
Fenton reaction occurred at the surface of the CoFe–LDHs. To
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) Decomposition of dye under different reaction conditions (reaction conditions: temperature, 25 �C; H2O2 concentration, 6.5 mM;
catalyst loading, 0.5 g L�1). (b) DMPO trapped electron paramagnetic resonance spectra over CoFe–LDHs.
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prove this point, a DMPO-trapped EPR experiment was per-
formed to detect cOH by measuring the intensity of the DMPO–
OH adduct signal (Fig. 3(b)). Quartet lines with peak height
ratios of 1 : 2 : 2 : 1 were observed in the specic spectrum. This
result conrmed that cOH was generated in the presence of
CoFe–LDHs.29,30 These results showed that CoFe–LDHs could be
used as an effective catalyst for the heterogeneous oxidation of
DR23.

3.2.1 DR23 adsorption on CoFe–LDHs. Pseudo-rst-order
and pseudo-second-order kinetic equations were adopted to
describe the adsorption process. These models can be
expressed by the following equations:

Pseudo-rst-order kinetic equation:

lgðqe � qtÞ ¼ lg qe � K1

2:303
t (1)

Pseudo-second-order kinetic equation:

t

qt
¼ 1

K2qe2
þ 1

qe
t (2)
Fig. 4 Pseudo-first-order kinetics for adsorption of DR23 on CoFe–
LDHs.

This journal is © The Royal Society of Chemistry 2017
where qe and qt are the equilibrium adsorption capacity and
amount adsorbed in time t, respectively, K1 (min�1) is the pseudo-
rst-order equilibrium rate constant, and K2 (g mg�1 min�1) is the
pseudo-second-order rate constant.

As shown in Fig. 4 and Table 2, the high correlation coeffi-
cients (0.97) suggested that the adsorption process followed
a pseudo-rst-order kinetic model. Furthermore, the difference
between the calculated qe obtained from pseudo-rst-order
kinetic equation and the experimental qe was small, meaning
that the pseudo-rst-order kinetic model was reasonable. The
DR23 adsorption capacity was found to be above 200 mg g�1,
which indicated that CoFe–LDHs are efficient materials for the
adsorption of DR23 from aqueous solutions.

Equilibrium adsorption data were explored using Langmuir
and Freundlich models. The Langmuir model is given by the
equation:

Ce

qe
¼ 1

qmaxkL
þ Ce

qmax

(3)

where qmax is the maximum adsorption capacity (mg g�1) and kL
is the adsorption intensity related to the affinity of the binding
site (L mg�1).

The Freundlich model is given by the equation:

ln qe ¼ ln kF þ ln Ce

n
(4)

where kF is the adsorption constant related to the bonding
energy and n is associated with the surface heterogeneity.
Table 2 Kinetic parameters of DR23 adsorption on CoFe–LDHs

Pseudo-rst-order model qe cal (mg g�1) 223.2
qe Exp (mg g�1) 210.0
K1 (min�1) 0.01052
R2 0.97

Pseudo-second-order
model

qe cal (mg g�1) 45.5
qe Exp (mg g�1) 210.0
K2 (g mg�1 min�1) 6.24 � 10�4

R2 0.79

RSC Adv., 2017, 7, 41945–41954 | 41949
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Table 3 Parameters of Freundlich and Langmuir isotherms for
adsorption of DR23 on CoFe–LDHs

Model Parameters

Langmuir model qmax (mg g�1) 173.3
KL (L mg�1) 6.22 � 10�3

R2 0.62
Freundlich model KF (mg1/n L1/n g�1) 10.8

1/n 0.1627
R2 0.98

Fig. 5 Freundlich isotherm for adsorption of DR23 on CoFe–LDHs.
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The isotherm parameters were calculated from the intercept
and slope of the plot and are presented in Table 3. Linear plots
of the Freundlich models of the DR23 adsorptions are shown in
Fig. 5. According to the correlation coefficient values, the
adsorption data were conformed better to the Freundlich model
than the Langmuir model, perhaps due to the nonuniform
distribution of active sites on the CoFe–LDH surface.

3.2.2 DR23 degradation on CoFe–LDHs. H2O2 played an
important role in the Fenton reaction. Fig. 6(a) shows the effect
of H2O2 concentration on DR23 degradation. DR23 degradation
increased from 74% to 95% when increasing the H2O2

concentration from 3.2 mM to 6.5 mM. However, further
increasing the H2O2 concentration reduced the degradation
efficiency because the degradation rate was primarily related to
the concentration of cOH generated during the reaction. The
amount of cOH was highly dependent on H2O2 concentration.
The decrease in catalytic activity when the H2O2 concentration
was too high could be attributed to the formation of cHO2 from
excess H2O2 being used as an cOH scavenger, as described
previously:31

cOH + H2O2 / cHO2 + H2O (5)

To achieve a high degradation efficiency and prevent the
occurrence of radical scavengers, an H2O2 concentration of
6.5 mM was adopted for further experiments.
41950 | RSC Adv., 2017, 7, 41945–41954
Fig. 6(b) shows the effect of CoFe–LDH dosage on DR23
degradation under the following conditions: H2O2 concentration,
6.5 mM; initial dye concentration, 0.02 g L�1; neutral pH. DR23
degradation increased sharply with increasing catalyst amount
from 0.1 to 0.5 g L�1. This enhanced degradationmight be due to
the increase in concentration of active sites of CoFe–LDHs.
Further increasing the amount of CoFe–LDHs resulted in a slight
increase. It was speculated that using too much CoFe–LDHs
generated excessive Fe3+ irons, which might eliminate H2O2.31,32

Furthermore, different types of dyes (anionic and cationic
dyes) were used in the Fenton reaction. Anionic dyes (acid
orange, DR23) and cationic dyes (methylene blue) were adopted
in the following experiments and the results are shown in
Fig. 6(c). The degradation efficiencies of acid orange and DR23
were much higher than that of methylene blue. To explain this,
it is necessary to understand the surface charge on the CoFe–
LDHs and dyes. The surface charge of LDHs is positive due to
the partial replacement of divalent metal ions with trivalent
metal ions. Methylene blue with positive charges was difficult to
adsorb on the surface of CoFe–LDHs because of electrostatic
repulsion. Improving the degradation efficiency of cationic dyes
by changing the surface properties of CoFe–LDHs should be
further investigated in future.

The effect of reaction temperature on DR23 degradation was
also tested, and the results are depicted in Fig. 6(d). The
degradation performance of the CoFe–LDH catalyst increased
with increasing reaction temperature, perhaps because the
number of cOH radicals increased at a higher temperature,
leading to faster discoloration of DR23.33

DR23 mineralization, related to TOC removal from the dye
aqueous solution, is shown in Fig. 7. Dye mineralization was
slower than dye decolorization. For instance, DR23 decoloriza-
tion was about 95.6% aer 30 min, while only 45% of DR23 was
mineralized aer 30 min. This occurred because intermediate
products were produced during the dye degradation process,
resulting in a longer reaction time being needed. Aer 60 min,
TOC removal reached about 80%. These results indicated that
the CoFe–LDH catalyst could effectively mineralize DR23 into
CO2 and H2O.

3.2.3 Adsorption and degradation at different pH values.
The effect of initial pH on DR23 adsorption and degradation
was investigated. To elucidate the interaction mechanisms
between DR23 and CoFe–LDHs, variations in the zeta potentials
of CoFe–LDH suspensions were measured under various pH
conditions. The experimental results are presented in Fig. 8.
The zeta potential decreased with increasing pH. This was due
to particles of CoFe–LDHs capturing more negative charge. This
behavior was in accordance with the effect of pH on the
adsorption efficiency (see Fig. 8). Lower pH values caused the
positive charge of the CoFe–LDH surface to easily attract the
sulfonate group of DR23. The electrostatic interaction between
the anionic dye ions (–SO3

�) of DR23 and CoFe–LDHs might be
a prominent factor affecting adsorption capacity. In general, the
degradation capacity showed almost the same trend as
adsorption capacity, because a higher adsorption capacity of
organic pollutant on the catalyst surface facilitated a degrada-
tion reaction. However, compared with the adsorption capacity,
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Effects of experimental factors on DR23 degradation: (a) H2O2 concentration (reaction conditions: temperature, 25 �C; catalyst loading,
0.5 g L�1; initial dye concentration, 0.02 g L�1), (b) catalyst loading (H2O2 concentration, 6.5 mM; initial dye concentration, 0.02 g L�1; and neutral
pH), (c) type of dye (temperature, 25 �C; catalyst loading, 0.5 g L�1; H2O2 concentration, 6.5 mM; initial dye concentration, 0.02 g L�1), and (d)
temperature (catalyst loading, 0.5 g L�1; H2O2 concentration, 6.5 mM; initial dye concentration, 0.06 g L�1).

Fig. 7 TOC removal after degradation for 60min (reaction conditions:
temperature, 25 �C; H2O2 concentration, 6.5 mM; catalyst loading,
0.5 g L�1; initial dye concentration, 0.02 g L�1).

This journal is © The Royal Society of Chemistry 2017
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the variation in DR23 degradation with changing pH was rela-
tively small. DR23 degradation reached 80% within 30 min,
even at an initial pH value of 10. This suggested that synergistic
effects were present in this Fenton reaction. The conversion of
^Co2+ / ^Co3+ would be thermodynamically favorable in
a basic medium ðEo

CoðOHÞ3=CoðOHÞ2 ¼ 0:17 V; pH 14Þ, but ther-
modynamically unfavorable in an acidic medium
ðEo

Co3þ=Co2þ ¼ 1:82 V; pH 0Þ.34 In contrast, LDH layers were
built up by condensation of the octahedral unit, OH groups
were shared by three octahedral cations (Co2+ and Fe3+), and
Co–OH was formed in the CoFe–LDH layers.35 It could be
deduced that an alkaline environment was benecial to^Co2+/
^Co3+ conversion (eqn (6)). This compensated for the disad-
vantage in adsorption with increasing pH values. In brief, this
showed that adsorption was benecial for promoting Fenton
reaction, but there was no linear relationship between adsorp-
tion and degradation. Furthermore, this result demonstrated
that the CoFe–LDHs could be used to degrade DR23 over a wide
pH range, making CoFe–LDHs advantageous regarding the
working environment.
RSC Adv., 2017, 7, 41945–41954 | 41951
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Fig. 8 Effect of initial pH on adsorption and dye degradation, and plots
of CoFe–LDH zeta potentials vs. solution pH (reaction conditions:
temperature, 25 �C; H2O2 concentration, 6.5 mM; catalyst loading,
0.5 g L�1; initial dye concentration, 0.02 g L�1).

Table 4 Intermediate compounds identified by GC/MS

Intermediates Structural formula

Samples
time (min)

30 60

1-Naphthol 3 3

Hydroquinone 3

(4-Hydroxynaphthalene-
2-sulfonic acid)sodium

3

Maleic acid 3

Phthalic acid 3 3

Urea 3 3
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3.3 Mechanism of adsorption and catalytic oxidations

Based on the above results, a possible mechanism for DR23
adsorption on CoFe–LDHs was proposed. There were three
main interaction forces between DR23 and CoFe–LDHs. The
rst was the electrostatic attraction between the anionic sulfate
groups and positively charged CoFe–LDH surface. The second
was hydrogen bonds between the sulfate groups and hydroxyl
groups on the CoFe–LDH surface. Furthermore, ion exchange
process between the interlayer anions of LDHs and anionic
groups of dyes might exist. Fig. 8 shows that there was an
obvious change in DR23 removal by CoFe–LDHs with changing
pH. This indicated that electrostatic interaction between the
DR23 and CoFe–LDHs was predominant.

The main processes involved in the catalytic activation of
H2O2 by CoFe–LDHs were proposed as follows. The activation
mechanism of H2O2 by cobalt ions was attributed to the redox
pairs ^Co2+/^Co3+.36,37

^Co2+ + H2O2 / ^Co3+ + cOH + OH� (6)

H2O2 + OH� / OOH� + H2O (7)

^Co3+ + OOH� / ^Co2+cOOH (8)

^Co2+cOOH / ^Co2+ + cO2H (9)

where ^ represents surface species. As previously mentioned,
the CoFe–LDH catalyst showed superior catalytic performance
at pH values in the range 4–10 (Fig. 8). Similar results have
been reported previously.33 The mechanism above further
explained that increasing the initial pH values facilitated H2O2

activation, generating a larger number of OOH�, which
accelerated the reduction of Co3+ (eqn (7)–(9)). However,
a further increase in the initial pH (>10) led to H2O2 decom-
position into water and oxygen. This was consistent with the
results shown in Fig. 8.
41952 | RSC Adv., 2017, 7, 41945–41954
In the CoFe–LDH catalysts, iron ions played an important
role in dye degradation. The mechanism of the Fe3+-initiated
Fenton reaction can be described by the following reactions:38,39

^Fe3+ + H2O2 / ^Fe2+ + HO2c + H+ (10)

^Fe3+ + HO2c / ^Fe2+ + H+ + O2c
� (11)

^Fe2+ + H2O2 / ^Fe3+ + cOH + OH� (12)

It should be noted that iron ions facilitate the reduction of
^Co3+. Considering the standard reduction potentials of Co2+/
Co3+, the reduction of Co3+ by Fe2+ was thermodynamically
favorable (eqn (13)),39 meaning that ^Co2+/^Co3+ and ^Fe2+/
^Fe3+ were redox couples, as also evidenced by XPS (Fig. 2). The
efficient regeneration of Co2+ at the catalyst surface would also
be responsible for the superior catalytic activity of the CoFe–
LDHs.

Co3+ + Fe2+ / Fe3+ + Co2+ (13)

Organic intermediates generated during the Fenton reaction
were detected by the GC/MS, as shown in Table 4. Based on the
determined intermediates, a possible degradation reaction
mechanism was speculated, as shown in Fig. 9. C–N bond
This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Proposed mechanism for DR23 degradation on CoFe–LDHs.
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cleavage was the rst step of DR23 degradation, forming species
including 1-naphthol, phthalic acid, urea, and hydroquinone.
These intermediates were then further cleaved to form maleic
acid and, nally, carboxylic acids, H2O, and CO2. The degra-
dation products obtained in this work were consistent with
those reported in the literature.40
3.4 Catalyst reusability and stability

The recyclability of the CoFe–LDH catalyst was assessed during
three consecutive cycles. As shown in Fig. 10, the degradation
Fig. 10 DR23 degradation efficiencies of recycled CoFe–LDHs
(reaction conditions: temperature, 25 �C; H2O2 concentration,
6.5 mM; catalyst loading, 0.5 g L�1; initial dye concentration, 0.02 g
L�1).

This journal is © The Royal Society of Chemistry 2017
efficiency of DR23 remained almost unchanged, indicating
good catalyst stability and reusability. Moreover, the excellent
chemical stability of the CoFe–LDH was further conrmed by
XRD, FTIR, and BET (Fig. 1). No considerable change was
observed aer the Fenton reaction, further demonstrating the
catalyst durability. The concentration of leached cobalt in the
solution was less than 1 mg L�1 at natural pH aer reaction for
30 min, which was lower than the permissible limit imposed by
the Chinese government. No iron leaching was detected. The
results indicated CoFe–LDH could behave as a stable and effi-
cient heterogeneous catalyst for the removal of DR23.

4. Conclusions

CoFe–LDH was synthesized and tested as an adsorbent and
heterogeneous catalyst for the removal of DR23 from aqueous
solution. The degradation and adsorption of DR23 were studied
in aqueous solutions, and the effects of initial solution pH on
the adsorption and degradation characteristics of DR23 on
CoFe–LDH were investigated. The adsorption capacity
decreased with increasing solution pH, but the variation in
DR23 degradation with changing pH was relatively small. The
experimental results showed that CoFe–LDH can be used to
degrade DR23 over a wide pH range. XPS studies of the catalysts
showed that ^Co2+/^Co3+ and ^Fe2+/^Fe3+ were the active
catalyst species. Redox cycling during the Fenton reaction was
identied and reaction mechanisms on CoFe–LDH were
proposed. The metal leaching of CoFe–LDH was quite limited.
These ndings suggested that CoFe–LDH was a promising
catalyst for dye adsorption and degradation in aqueous
solution.
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