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ABSTRACT

The layered double hydroxides of nickel and iron (NiFe-LDH) and graphene oxide (GO)/NiFe-
LDH composite were synthesized in this paper. The adsorption properties of Congo red (CR)
on the composite were compared with that of NiFe-LDH. The effects of reaction time, pH, tem-
perature and initial concentration on the adsorption capacity of CR on these materials as well as
the reusability of the material were discussed. The structure of these materials and the removal
mechanism of CR on the composite material were analyzed by scanning electron microscopy,
Fourier-transform infrared spectroscopy, X-ray diffraction and nitrogen adsorption-desorption
analysis. The results show that the adsorption capacity of CR on the composite GO/NiFe-LDH-1%
was 421.35 mg g, which is higher than that of NiFe-LDH. The adsorption mechanism of CR is
based on ion exchange, electrostatic attraction and m—mt interaction. The composite adsorbent has
good reusability and it is a promising adsorbent for removal of CR from aqueous environment.
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1. Introduction

Due to rapid urbanization, industrialization and agri-
cultural activities in recent decades, water pollution has
gradually become a serious globally problem [1-3]. Many
industries discharge their effluents into water bodies with-
out pre-treatment which contains heavy metal ions, dyes
and other organic pollutants, that threaten the human
health, marine ecosystem and environment due to their
toxicity, carcinogenetic, mutagenic and poisoners features
[4]. Among various water pollutants, dyes have received
extensive attention of researchers since till now over 100,000
synthetic types of dyes have been produced. In other word
the world produces approximately 7 x 107 tons of synthetic
dyes for the textile industry each year. However, 10% of the
dyes are discharged into the environment as waste liquid
after dyeing and processing [5,6]. Synthetic dyes are mixed
with a large number of toxic and harmful substances, such
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as copper sulfate, lead chromate, mercury sulfide, etc. [7].
Existences of these substances over the normal range have
adverse effect on environment [8-10], and humans health.
Congo red is a typical organic dye, it will pollute local
waters when discharged into water [11]. Therefore, water
safety and converting contaminated water bodies into reus-
able water is one of the promising strategies for sustainable
water supply [12,13]. To date, numerous strategies has been
developed to treat wastewater include membrane technol-
ogy [14], biological [15], photocatalytic [16], flocculation
[17], adsorption [18,19], etc. Among them, adsorption has
received wide attention due to its high removal efficiency,
wide adsorption range, simple operation, low cost, less
energy requirement and environmentally friendly [20-22].
So far, a varieties of adsorbents material with excellent
performance have been researched and developed to remove
pollutants from water bodies [23-27]; in particular removal
of dyes by these adsorbents have been extensively stud-
ied [28-34]. Among numerous adsorbents, layered double
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hydroxides (LDHs for short, also known as hydrotalcite
compounds) which are anionic clays formed by stacking lay-
ers of positively charged metal hydroxides and negatively
charged anions between layers [35], proven as a promis-
ing adsorbent due to their high thermal stability, memory
effect [36,37], large specific surface area and high porosity.
At present, many researchers have been used this material
for the treatment of dyes in wastewater [38—40], but since its
monomer materials are prone to self-stacking, thus, impair
the high adsorption performance of LDHs. To overcome
this problem and enhance its high adsorption performance
many researchers synthesized LDHs with other materi-
als such as carbon nanotubes, montmorillonite and metal
organic frameworks [41-43].

Carbon materials are one of the most widely used
adsorption materials, and graphene oxide which is a
carbonic material displayed excellent features in wastewa-
ter treatment [44,45] due to its large specific surface area,
mechanical flexibility, thermal stability, good dispersibility,
and contains a large number of oxygen-containing func-
tional groups on its surface [46-48]. The monomer mate-
rial already shown good adsorption properties [47,49].
Furthermore, graphene oxide (GO) has a strong dispersibil-
ity properties which hinder the agglomeration of compos-
ites material result in higher specific surface area and better
adsorption performance of the adsorbent material [50,51].

Herein, GO is combined with NiFe-LDH, to form a coat-
ing structure with many small layers wrapped in large lay-
ers through self-assembly in the reactor, and synthesize new
composite adsorbent. In this study, we prepared NiFe-LDH
and GO/NiFe-LDH composites by hydrothermal method.
NiFe-LDH grows on the GO surface containing a large
number of oxygen-containing functional groups, which
contribute in the formation of a compact coating structure.
Therefore, the addition of GO hinders the phenomenon
of LDH self-stacking, result in high specific surface area
and increase adsorption active sites, which improves the
adsorption capacity of the composite material. The opti-
mum adsorption capacity of the composite material toward
Congo red was investigated by adjusting the mass ratio of
GO and NiFe-LDH to find out the best ratio of NiFe-LDH
and GO/NiFe-LDH composite materials.

2. Experiment
2.1. Materials

Chemical substances used to prepare NiFe-LDH,
including iron nitrate nonahydrate (Fe(NO,),-9H,0), nickel
nitrate hexahydrate (Ni(NO,),-6H,0), urea (CO(NH,),), and
citric acid trisodium dihydrate (Na,CH,O,2H,O) were
purchased from Sinopharm Chemical Reagent Co., Ltd.,
(China). Other chemicals such as, absolute ethanol, and
Congo red (C,H,NNa,OS,) were all analytically pure
and provided by Sinopharm Chemical Reagent Co., Ltd.,
(China). The deionized (DI) water was used for preparing
the solution and washing the prepared samples.

2.2. Synthesis of NiFe-LDH and GO/NiFe-LDH

® Preparation of GO and NiFe-LDH: GO was prepared
by classic Hummers method. NiFe-LDH was prepared

by adding 0.909 g (2.25 mmol) Fe(NO,),-9H,O, 1.9643 g
(6.75 mmol) Ni(NO,),-6H,O, 1.08 g (18 mmol) urea and
0.2322 g (0.9 mmol) of trisodium citrate sequentially into
70 mL of deionized water and stirred for 10 min. Then the
obtained mixture was sealed and transferred to 100 mL
Teflon-lined stainless-steel autoclave and placed in an
oven at 150°C for 12 h, following that the dried material
washed with ethanol and DI water for 6 times alternately
and placed in an oven at 60°C to dry until the weight no
longer decreased.

e Preparation of GO/NiFe-LDH composite adsorption
material: the same procedure applied as (1), except
changing the weight of 0.2%, 0.5%, 1%, 2% and 5% of the
material in (1) before stirring and adding the as prepared
graphene oxide to the mixture.

2.3. Characterization

The JSM-7200F (JEOL, Japan) electron microscope
was used to scan the adsorbent material to observe
the surface structure and microscopic composition of
the adsorbent material. The XD-3 type X-ray powder
diffraction was used to analysis the crystalline struc-
ture of the adsorbent material, the scanning step was
0.02°, and the scanning range 20 was 5°~75°. A Perkin-
Elmer 550 s Fourier-transform infrared spectrometer
(PerkinElmer Co., Ltd., USA) was used for the infrared
test, and a scanning test was performed at a wavenumber
of 4,000~400 cm™. In this experiment, a JW-BK122W N,
physical adsorption instrument (Beijing JWGB Science &
Technology Co., Ltd., China) was used to test the specific
surface area of the adsorbent material. The Brunauer-
Emmett-Teller (BET) and Barrett-Joyner-Halenda meth-
ods were used to calculate the BET specific surface area,
pore volume and pore diameter of the adsorbent materials.

2.4. Adsorption experiments

In order to adsorption capacity of the prepared adsor-
bent toward Congo red (CR), a solution of 100 mg L™ CR
was prepared and placed in a 1,000 mL volumetric flask
Then, 100 mL of the prepared solution was poured in a bea-
ker, 0.1 g of the adsorbent was added, and the samples were
taken at 10, 30, 60, 90, 120, 150, and 180 min time interval after
the start of adsorption. The absorbance was measured under
an ultraviolet-visible spectrophotometer using UV-Vis spec-
troscopy at the absorption peak of 497 nm (UV-6100S dou-
ble beam spectrophotometer, Shanghai Mapada Instrument
and Meter Co., Ltd., China), and the concentration was
then calculated. Influencing parameter such as pH, tem-
perature, initial concentration, and dosage of the experi-
ment were adjusted separately to explore their impact on
adsorption process. The adsorption capacity and removal
efficiency were calculated by the following equations:
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where g, shows the adsorption equilibrium, mg g7;
C, indicate the initial concentration of simulated waste-
water, mg L; C is concentration of simulated wastewater
at adsorption equilibrium, mg L™; V is the volume of sim-
ulated wastewater, L; m is the mass of the adsorbent; 1 is
adsorption efficiency, %; C, is initial mass concentration
of CR solution, mg L™; and C, is the mass concentration of
CR after adsorption, mg L.

3. Results and discussion
3.1. Morphology and microstructure

The scanning electron microscopy (SEM) images of
GO/NiFe-LDH-1% are shown in Figs. 1a and b. The small
pieces of NiFe-LDH are assembled and synthesized on
the surface of GO, and the GO is completely covered. The
morphology of NiFe-LDH and GO is similar to the previ-
ous research results [52-54], which proves that we suc-
cessfully synthesized these two materials and assembled
them together. The addition of GO makes the arrange-
ment of NiFe-LDH more uniform and orderly, reduces
the self-stacking phenomenon that occurs in NiFe-LDH
itself [55], which result in presence of more active groups

(a)

— 1pm
10.0kV LED

JSM7200F 10/27/2020

x10,000 WD 9.6mm

— 1um
10.0KV LED SEM

JSM7200F 10/27/2020
WD 9.5mm

on the surface material and enhanced adsorption perfor-
mance. The SEM images of GO/NiFe-LDH-5% is shown
in Figs. 1c and d. Compared with GO/NiFe-LDH-1%, the
LDH lamella in this figure is significantly reduced, and there
is a considerable part of the lamella that is not completely
formed, it is due the larger GO sheet which will block the
combination and reaction of LDH precursor materials and
affect the quality of the composite material. This proves that
excessive GO will inhibit the synthesis of NiFe-LDH, it’s also
reflected in the adsorption kinetics analysis. Certainly, add-
ing a small amount of GO to NiFe-LDH may have positive
effect since it arranged the LDH slices over the GO and pre-
vent the reduction of active groups caused by self-stacking.
While excessive GO will block the synthesis of NiFe-LDH
precursor materials, making it difficult to form smoothly.
Therefore, it is necessary to discuss the optimal ratio.

3.2. Crystal structure

The crystal structure of the adsorbent is shown in
Fig. 2. The diffraction peaks of the NiFe-LDH sample were
located at 11.3°, 23.0°, 34.0°, 39.3°, 46.1°, 61.0° and 65.4°.
These diffraction peaks can be attributed to (003), (006),
(012), (015), (110), (113), (116), which indicate that the

(b)

d

x40,000

100nm JSM7200F 10/27/2020
10.0kV LED SEM WD 9.6mm

(d)

- 100nm JSM7200F 10/27/2020

x40,000 10.0kV LED SEM WD 9.5mm

Fig. 1. SEM images of the GO-NiFe-LDH-1% (a and b); GO-NiFe-LDH-5% (c and d).
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Fig. 2. X-ray diffraction patterns of samples.

samples we prepared were nickel-iron hydrotalcite with
a diamond structure (JCPDS No.40-0215) [56]. Compared
with the standard card, the diffraction peak was slightly
shifted, which was caused by different anions embed-
ded in the interlayer. The remaining curves show diffrac-
tion peaks similar to NiFe-LDH, indicating the presence
of NiFe-LDH in the composite material. It can be seen
that GO/NiFe-LDH doped with different proportions of
GO, while it still retains the crystalline structure.

3.3. Nitrogen adsorption—desorption analysis

It can be seen from Fig. 3 that the two isotherms rose
sharply when the pressure was close to P, and dropped
steeply in the middle pressure section during desorption.
In addition, similar hysteresis loops were detected in both
samples. Based on Fig. 3, it is a typical type IV adsorp-
tion-desorption isotherm. The characteristic of the line
proves that it has a typical mesoporous structure, and
the adsorption hysteresis ring is H4 type, which indicat-
ing that the adsorbent contains narrow slit pores and uni-
form pore size distribution. The addition of GO makes
the NiFe-LDH arrangement more orderly and hinder the
specific surface area reduction caused by agglomeration.
Therefore, the specific surface area increases from 194.82
to 198.14 m? g'. The pore volumes of NiFe-LDH and GO/
NiFe-LDH are 0.20 and 0.22 cm® g7, respectively, and the
pore diameters are 5.47 and 5.36 nm, respectively. This indi-
cates that the two composite have similar pore structure and
porosity, which is aligned with the previous studies [42].

3.4. Fourier-transform infrared spectroscopy analysis

As shown in Fig. 4, the Fourier-transform infrared
spectroscopy (FTIR) of GO contained two characteristic
peaks near 1,611 and 1,719 cm™ respectively. These two
characteristic peaks are associated to the oxygen func-
tional groups on the GO surface (such as C=O and -OH).
The FTIR of NiFe-LDH showed different FTIR patterns,
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-
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1
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Fig. 3. N, adsorption—desorption isotherms and corresponding
pore size distribution curves (inset) of samples.
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Fig. 4. FTIR spectra of samples.

with characteristic peaks at 1,070; 1,397; 1,561; 1,645 and
3,445 cm™ respectively. The broad peak at 3,445 cm™, and
the peaks at 1,645 and 1,561 cm™ are correspond to the
hydroxyl (-OH) in the water adsorbed on the sample sur-
face. The strong peak at 1,397 cm™ was symmetrical to
COZ. The stretching mode was related, mainly from the
decomposition and conversion of urea. The absorption
peak below 1,000 cm™ could be attributed to the lattice
vibration of M-O-M and M-O (M standing for Fe or Ni).
GO/NiFe-LDH retained the crystal structure of NiFe-LDH,
and characteristic peaks of the two. After the two samples
adsorbed the CR, several new absorption peaks appeared
near 1,037; 1,196 and 1,608 cm™. The peak at 1,608 cm™ orig-
inated from the tensile vibration of the C=C bond in the CR
molecule. The other two peaks came from the S=O tensile
shock in the CR sulfonic acid group which proved that CR
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was successfully adsorbed to the surface of GO/NiFe-LDH
and NiFe-LDH.

3.5. Effect of pH

It can be seen from Fig. 5 that under different pH con-
ditions, the adsorption capacity of GO/NiFe-LDH-1%
on CR is much higher than that of NiFe-LDH. As the
pH value increased, the adsorption capacity of both on
CR gradually decreased. When the pH value was less
than 7, the solution contained a large amount of H*, and
the H* combined with the surface functional groups of
NiFe-LDH to form a positively charged.

3.6. Adsorption kinetics

It can be seen from Fig. 6 that the adsorption rate was
very fast before 30 min. This is due to presence of a large
number of active sites on the surface of samples, which
could quickly adsorb CR. With the increasing of time, most
of the adsorption active sites were gradually occupied, and
the adsorption rate slowed down until it finally reaches
equilibrium about 180 min. When GO < 1%, the addition of
GO does not significantly improve the adsorption perfor-
mance of NiFe-LDH. When it is >1%, the synthesis of NiFe-
LDH is greatly inhibited, so 1% is the ratio that enables it
to play the best performance. The Lagergren pseudo-first-
order reaction kinetic model and the pseudo-second-order
reaction kinetic model were used to compare samples.
The experimental data of adsorption CR was fitted for
both. The linear form of the Lagergren pseudo-first-order
adsorption kinetic equation is calculate as below:

k]
t 3
2.303 ®

log(q, —4,) =logq, -
where g, is the adsorption capacity at time t, mg g7;
g, is the equilibrium adsorption capacity, mg g7; k, is
the pseudo-first-order adsorption rate constant, min.

The pseudo-second-order reaction rate equation:

N . 4

q, ka 4,

The Lagergren pseudo-first-order and pseudo-second-
order reaction rate equations were used to process the data
in Fig. 6 and the results are shown in Fig. 7. The regres-
sion parameters are shown in Table 1. It can be seen from
Table 1 that the degree of fitting between the adsorption
of CR and the Lagergren pseudo-second-order adsorp-
tion kinetic model was higher, and the linear correlation
coefficient R* were 0.99956 and 0.99727, respectively.

3.7. Adsorption isotherms

Fig. 8 shows the adsorption isotherms of samples.
It can be seen from the figure that when C, was low, the
adsorption site filling rate of the adsorbent to CR was low.
With the increase in concentration, the filling rate gradually
increased, the adsorption gradually reached saturation, and
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Fig. 5. Effect of pH on adsorption of CR onto samples.
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Fig. 6. Adsorption of CR onto samples at different adsorption
times.

the adsorption effect of GO/NiFe-LDH-1% was better than
NiFe-LDH on CR.

The Langmuir isotherm model and the Freundlich iso-
therm model were used to process the data in Fig. 8, and the
results are shown in Fig. 9. The regression parameters are
shown in Table 2.

It can be seen that the adsorption of CR by the two sam-
ples has a high degree of fit with the Langmuir isotherm
model, and the linear correlation coefficient R* was greater
than the Freundlich isotherm model; which indicated that the
adsorption monolayer.

The Langmuir isotherm equation is:

1o () 5
5o\
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Table 1

Parameters in the two kinetic models for CR adsorption by NiFe-LDH and GO/NiFe-LDH-1% composite

Adsorbents q,(mgg™) Pseudo-first-order model Pseudo-second-order model
k; (min™) q.. (mg g™) R k, (g mg™ min”) q, (mg g™ R
NiFe-LDH 64.4 0.0180 46.73 0.9847 0.00058 70.62 0.9996
GO/NiFe-LDH-1% 90.71 0.0310 96.37 0.8952 0.00078 96.06 0.9973
2.0 500
(a) , .
GO/NiFe-LDH-1%
400
1.0 4
< NiFe-LDH| | .
T o0
) S
= 0.0+ o0 .
< ) E NiFe-LDH
2 GO/NiFe-LDH-1% X 2004
-1.0 4
. 100
-2.0 ' T ! ' 0 T T T T T T T
. 5 A e 200 il 0 100 200 300 400 500 600 700
t(min) Cy(mg/L)
Fig. 8. CR adsorption isotherms for samples.
4.0
(b)
where K, and n are adsorption constants related to fac-
tors such as temperature and specific surface area of
3.0
the adsorbent.
-~ NiFe-LDH 3.8. Adsorption thermodynamics
= 2.0+

1.0 GO/NiFe-LDH-1%

0-0 T T T T T
0 50 100 150 200 250

t(min)

Fig. 7. Lagergren first-order (a) and second-order (b) kinetics
equation plot.

where Q, is the unit saturated adsorption capacity when
forming the monolayer adsorption, mg g7; C, is the equi-
librium mass concentration of the solution, mg L™; g, is the
equilibrium adsorption capacity, mg g; b is the Langmuir
equilibrium constant.

The Freundlich isotherm equation is:

logg, =logK, +110gCe (6)
n

It can be seen from Fig. 10 that with an increase in tem-
perature, the adsorption capacity of the adsorbent on CR
gradually decreases. Hence the higher temperature is not
conducive to the progress of the reaction. When the tem-
perature is high, it may cause changes in the adsorbent
and affect the adsorption capacity.

The fitting data of the thermodynamic model is
shown in Fig. 11, and according to the following adsorp-
tion thermodynamic formula, we can get the relevant
thermodynamic parameters of NiFe-LDH as well as GO/
NiFe-LDH-1% adsorbents adsorbing CR.

AG = AH —TAS @)

where AG is the Gibbs free energy change, ] mol™”; AH is
the adsorption enthalpy change, ] mol™; AS is the adsorp-
tion entropy change, ] K™ mol”; T is the thermodynamic
temperature, meanwhile K is the unit of the temperature
and calculated according to the following equation.

long:A—S AH

R 2.303RT @®
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Table 2
Parameters of the Langmuir and Freundlich isotherm models for CR adsorption onto the samples
Adsorbents Langmuir Freundlich
Q,(mgg™ b (Lmg™) R? K, n R?
NiFe-LDH 370.37 0.0064 0.9974 8.22 1.66 0.9186
GO/NiFe-LDH-1% 471.70 0.0163 0.9975 23.44 1.99 0.9119
100
(2)
%931 NiFe-LDH 0.
GO/NiFe-LDH-1%
& 60
g-’ 0.02 - éﬂ
~ S 40- .
NiFe-LDH
nil GO/NiFe-LDH-1% 20
0 T T T T T
0.00 : : : : 290 300 310 320 330 340
0.00 0.04 0.08 0.12 0.16 T(K)
1/Ce
Fig. 10. Effects of different temperatures on CR adsorption.
2.8
(b) 05
GO/NiFe-LDH-1Y ' :
2.4+ . 0
o4] GO/NiFe-LDH-1%
S =
g : 5
= 2.0 NiFe-LDH 2 00l
NiFe-LDH
1.6 -0.4-
o
n
0.5 1.0 15 2.0 25 3.0 35 0.0029  0.0030  0.0031  0.0032  0.0033  0.0034
1/T(/K)
logC,

Fig. 9. Fitting results of linearized Langmuir (a) and Freundlich
(b) adsorption isotherms of CR adsorption on samples.

where K, is the distribution coefficient and R is the
thermodynamic constant, taking 8.314 ] K mol™.

The fitting results are shown in Fig. 11, and the param-
eters are shown in Table 3. It can be seen from Table 3 that
the AH during the adsorption of CR by NiFe-LDH and GO/
NiFe-LDH-1% were negative; which indicate that the reac-
tion of samples when adsorbing CR was an exothermic
response. This was consistent with the results shown in Fig. 10.

AS was a negative value, which indicates that the dis-
order at the solid-liquid interface decreased when CR was

Fig. 11. The logK ~1/T relation diagram of CR adsorbed by
adsorbent.

adsorbed by NiFe-LDH and GO/NiFe-LDH-1%. When AG
was negative, it was a spontaneous process. In summary,
NiFe-LDH and GO/NiFe-LDH-1% adsorption of CR were
spontaneous thermal reactions.

3.9. Adsorption mechanism

Acidic conditions promote the adsorption process,
so there is electrostatic attraction between the negatively
charged CR and GO/NiFe-LDH-1% surface. LDH has inter-
layer anion exchange, thus CR can also exchange anions
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Table 3
Thermodynamic parameters of CR adsorption on NiFe-LDH and
GO/NiFe-LDH-1%

Adsorbents T (K) AG AH AS
(k) mol)  (kJmol?) (J (Kmol)™)
298.15 -19.02
308.15 -18.56
NiFe-LDH 318.15 -18.10 -32.71 —45.92
328.15 -17.64
338.15 -17.18
298.15 -28.72
GO/NiFe- ?1)212 —ﬁﬁi 4767 6357
LDH-1%
328.15 -26.81
338.15 -26.17

between LDH layers to achieve the purpose of adsorption.
CR molecule contains a benzene ring, which can promote
adsorption through m-m interaction with GO. In short, the
main adsorption mechanism of GO/NiFe-LDH-1% to CR is
electrostatic attraction, ion exchange and m—m interaction.

3.10. Recycle adsorption experiments

The results of recycle adsorption experiments are shown
in Fig. 12. It can be seen that after 4 times of reuse, the
adsorption capacity of NiFe-LDH and GO/NiFe-LDH-1%
adsorbents on CR continued to decrease, and the removal
rate of CR by NiFe-LDH dropped from 80.26% to 34.84%.
The removal rate of CR by NiFe-LDH-1% decreased from
94.1% to 40.16%, indicating that the adsorbent has a good
reproducibility and reusability.

4. Conclusions

In this work, GO/NiFe-LDH composite adsorbent was
successfully synthesized through hydrothermal reaction.
GO/NiFe-LDH has a “sandwich biscuit” structure. The

100% - [ NiFe-LDH
71 GO/NiFe-LDH-1%
P
S 80%
z
=
D
S 60%
b=
>
S 40%-
£
&
20% -
0%

1 2 3 4

Cycle numbers

Fig. 12. Regeneration cycles of samples.
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existence of GO improves the self-stacking phenomenon
of NiFe-LDH, and provide more active sites, result in high
adsorption capacity. GO/NiFe-LDH-1% ratio displayed
the highest removal rate (90.71%) toward CR. The adsorp-
tion kinetic experiment showed that the adsorption pro-
cess is a single-layer adsorption. The adsorption isotherm
experiment displayed that the adsorption process is more
similar to the Langmuir model. Moreover, the adsorption
thermodynamic experiment indicated that the adsorption
process emits heat spontaneously. The adsorption effect
of GO/NiFe-LDH-1% is far better than that of NiFe-LDH,
and the composite material exhibited certain potential for
treatment of wastewater.
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