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High adsorption capacity for dye removal by CuZn
hydroxyl double saltst

Shiyao Zhu, Shihui Jiao, Ziwei Liu, Guangsheng Pang* and Shouhua Feng

CuZn hydroxyl double salts (CuzZn-HDS) were prepared using the same synthesis method of LHZS by
adding a copper source. When tested as adsorbents for methyl orange (MO) removal, CuZn-HDS
exhibited better performance than layered hydroxyl zinc salt (LHZS). CuZn-1 had a surface area of
33.8 m? gt and displayed a maximum adsorption capacity of 847 mg g™* for MO, which made it a potentially
attractive adsorbent in water purification. The adsorption process followed a pseudo-second-order
kinetic model, and the adsorption isotherm has been satisfactorily fitted using the Langmuir model. The

rsc.li/es-nano

Nano impact

adsorption mechanism for MO on CuZn-1 was also investigated.

Environmental pollution is increasingly serious due to dye wastewater emissions. Many dyes are toxic and bring about a serious hazard to aquatic

organisms as well as human health. Adsorption is an efficient way to remove dyes especially when they are non-biodegradable. In our paper, CuZn hydroxyl
double salts (CuZn-HDS) have been synthesized and used as adsorbent materials in water purification. CuZn-1 with Cu/Zn molar ratio of 2.47:1 exhibited

a multivalve flower-like structure constructed with stacked nanoplates. The thickness of the nanoplates was 10-20 nm which indicated that CuZn-1 was a

nanomaterial. CuzZn-1 displayed a maximum adsorption capacity of 847 mg g™* for methyl orange, which makes it a potential adsorbent for removal of dye

pollutants from wastewater.

Introduction

The effluent discharged by many industries, such as dye-
stuffs, plastics, and textiles, contains a considerable amount
of dyes. Environmental pollution is increasingly serious due
to the dye wastewater emissions. It is recognized that public
perception of water quality is greatly influenced by the colour.
Colour is often the first characteristic of such wastewater to be
noticed. The presence of very small amounts of dyes in water is
highly visible and undesirable." The presence of dye in water
interferes with light penetration and thus reduces the photosyn-
thesis of aquatic plants which destroys aquatic ecosystems.>
Many dyes are toxic, even carcinogenic and mutagenic such as
azo dyes, and this brings about a serious hazard to aquatic organ-
isms as well as human health.’

Wastewater containing dyes is difficult to remove because
most dyes are resistant to biological degradation. Various
conventional technologies, such as photocatalytic degradation,*

State Key Laboratory of Inorganic Synthesis and Preparative Chemistry, College of
Chemistry, Jilin University, Changchun 130012, PR China. E-mail: panggs@jlu.edu.cn;
Fax: +86 431 85168624

 Electronic supplementary information (ESI) available: IR spectrum of LHZS,
TG-DTA curve of LHZS, and N, adsorption-desorption isotherms. See DOI:
10.1039/ccen00078h

This journal is © The Royal Society of Chemistry 2014

adsorption on activated carbon,” bacterial action,® and
electrochemical degradation’ have been developed to remove
dyes from wastewater. Among the numerous techniques,
adsorption is an efficient way to remove dyes especially when
they are non-biodegradable, and thus this method has found
wide applications.®®

Many adsorbents are used to remove dyes from wastewater,
such as activated carbons,® clays,'® zeolites,"" and chitosan.'”
Among the different adsorbents, layered materials with inter-
lamellar reactivity are promising adsorbents for the removal
of dyes.” Layered double hydroxides (LDH), also known as
anionic clays or hydrotalcite like compounds, have been
widely reported in biotechnology, catalysis, and environmental
application."*™® The general formula can be described
as [M*";_,M** (OH),](A™ )y/mnH,0, where M>" and M** are
metal cations, and A™ is an anion. The structure of LDH is a
derivative of brucite with M(OH)s octahedra, and partial
substitution of M*" for M>" induces positively-charged host
layers, which are balanced by the interlayer anions. A large
surface area, ease of preparation, exchangeable interlayer
anions, compositional flexibilities, and low cost make LDH
an attractive candidate for adsorbents to selectively remove
anionic pollutants."”>*

In addition to the well-known layered double hydroxides
(LDH), divalent metals hydroxides or hydroxyl double salts
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(HDS) can also be classified as anionic clays.>” One of them
is related to the structure of zinc hydroxide nitrate with the
formula Zns(OH)g(NO3),-2H,0.>* Three fifths of Zn>* are
located in the center of the octahedron made by six OH groups,
and two fifths of Zn>" are positioned just above and below
the vacancy sites, forming a tetrahedron coordinated by three
OH ligands and one water molecule. Another one is derived
from the structure of brucite, in which some OH groups are
replaced by another anion. The general formula of this family
can be written as [M;_,>"Mey.” (OH)31-y)Aqay)n” ZH20,
where M>" and Me?*" are divalent metal cations such as Co*",
Zn”*, Ni**, Cu®", etc. and A" represents anions such as NO;",
CI', CO;*7, etc.”* Such compounds deserve much attention
owing to their potential applications in anion exchange and
intercalation.””*” However, there is little research on the
application of these materials as adsorbents.

In this work, we demonstrate the facile synthesis of 3D
hierarchical materials with different Cu/Zn molar ratios via a
solution method. When tested as adsorbent materials in
water purification, the prepared CuZn-HDS samples showed
better adsorption performance than LHZS for MO removal.
The adsorption isotherm, kinetics and mechanism of MO on
CuZn-HDS were also discussed.

Experimental section

Materials synthesis

Zn(CH3C00),-2H,0, Cu(CH3C00),-2H,0, and KOH were of
analytical grade and used as received without further purifi-
cation. In a typical procedure, 2.195 g Zn(CH3COO),-2H,0
(0.01 mol), 1.997 g Cu(CH3COO0),-2H,0 (0.01 mol), and
100 ml absolute ethanol were added into a 250 ml round
flask. The solution was refluxed for 1 h at 80 °C under mag-
netic stirring. The refluxed solution was cooled down to room
temperature naturally for the subsequent experiment. 100 ml
KOH ethanol solution (0.15 mol L") was added into the
refluxed solution. The resulting mixture was sonicatad for
1 h in an ice water bath, and a transparent colloid appeared.
A precipitate was obtained after adding water (10, 60, and
80 ml) and incubating at room temperature for 2 days, and
washed with distilled water and ethanol for twice, respec-
tively, then dried at room temperature. The products
obtained by adding 10, 60, and 80 ml water into 20 ml of the
colloid were denoted as CuZn-1, CuZn-2, and CuZn-3,
respectively.

For comparison, LHZS was prepared by only using
Zn(CH;3;CO0O0),-2H,0 (0.01 mol) as the metal ion source and
adding 10 ml deionized water into 20 ml colloid.

Characterization

The X-ray diffraction patterns (XRD) of all samples were
obtained using a Rigaku D/MAX 2550 V/PC diffractometer with
graphite-filtered Cu K, radiation (1 = 1.5418 A). Elemental
analysis was carried out by using an OPTIMA 3300DV ICP
spectrometer and a vario Micro CHN analyzer. Field emis-
sion scanning electron microscopic (SEM) images were
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obtained using a HITACHI SU8020 electron microscope.
Thermogravimetry-differential thermal analysis (TG-DTA) was
carried out using a NETZSCH STA 449C thermal analyzer in
nitrogen at a heating rate of 10 °C min". Infrared (IR) spec-
tra were measured with a WQF-510A IR spectrometer in the
range of 400-4000 cm™". N, adsorption-desorption isotherms
at 77 K were obtained using an ASAP 2420 system. Specific
surface areas were evaluated with the multipoint Brunauer-
Emmett-Teller (BET) method. Prior to the measurements,
samples were outgassed at 100 °C under vacuum for 6 h.

Adsorption experiments

0.02 g HDS was added into 200 ml MO solution (50 mg L™)
and stirred at 25 °C for 24 h. The suspensions were separated
by filtering to get the supernatant. Absorbance was tested by
a UV-2450 UV-vis spectrophotometer at 464.5 nm.

To investigate the adsorption kinetics, the suspensions
were extracted at time points 15, 30, 45, 60, 90, and 120 min.
The removal efficiency (RE, %) and adsorption capacity g,
(mg g™") at equilibrium and g, (mg g™') at time ¢ (min) were
calculated by eqn (1)—(3), respectively:

RE=S0"Ce . 100% (1)
Co
Co—C.)V
gm0 @
m
Co-C )V
qt=(07t) (3)
m

where C, (mg L™) is the initial concentration of MO, C. and
C, (mg L") are the concentrations of MO at equilibrium and
at time ¢ (min), respectively, V (L) is the initial volume of the
MO solution, and m (g) is the mass of adsorbent.

Each experiment was repeated at least three times. The
typical experimental error is lower than 5% for all the experi-
mental results.

Results and discussion

Elemental analysis results of CuZn-HDS samples are shown
in Table 1. The Cu/Zn molar ratios were 2.47, 5.88, and 7.41
in CuZn-1, CuZn-2, and CuZn-3, respectively, which indicated
that the reaction was not stoichiometric.

Fig. 1 shows the XRD patterns of CuZn-1, CuZn-2, and CuZn-3.
With the increasing of the Cu/Zn molar ratios, the intensity of the
diffraction peaks increased. The peak at 26 = 9.47° suggested an
interlayer d-spacing of 0.934 nm corresponding to the (001) diffrac-
tion of the lamellar phase. The peak at 26 = 18.96° could be
assigned to its second-order reflection. The main peaks of the
CuZn-HDS samples (001, 002, 003) were similar to those of
Cu,(OH);(CH3CO0)-H,0, in which the acetate anions were located
in the interlayer and were coordinated directly to the Cu®" cations
through one oxygen atom.”® In the case of CuZn-HDS, the acetate
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Table 1 Elemental analysis results of CuZn HDS samples
Zn (%) Cu (%) C (%) H (%) Chemical formula

CuZn-1 13.36 32.50 13.55 3.177 Zn 5,Cu; 43(OH), 43(CH;C0O0); 5,-0.84H,0
CuzZn-2 7.375 42.19 32.37 4.626 Zng 50CU, 71(OH) 50(CH3C00); 50:0.50H,0
CuZn-3 4.950 35.64 19.96 3.604 Zn»4CU, 76(OH); 3,(CH;C00), 65-1.07H,0

001

002
3
I c

Intensity

\ 2 Theta / degree
Fig. 1 XRD patterns of a) CuZn-1, b) CuZn-2, and c) CuZn-3.

anions should be directly coordinated to the Zn>* or Cu** ions in
the lamellar structures.

Fig. 2 shows SEM images of CuZn-1, CuZn-2, and CuZn-3.
When adding water into the colloid, Cu®** and Zn*' ions
formed CuZn HDS crystal nuclei, which provided the neces-
sary heterogeneous nucleation sites. When the amount of
water was less (10 ml), the saturation of the solution was
high and CuZn HDS crystal nuclei would form nanoplates
first. With extension of the crystallization time, these nano-
plates would self-assemble into flower-like nanostructures.
When the amount of water was higher (60 ml or 80 ml), the
saturation of the solution was low. The precipitation of CuZn
HDS crystal nuclei would result in condensed microstruc-
tures. The image of CuZn-1 (Fig. 2a) exhibited a multivalve
flower-like structure constructed of stacked nanoplates with a
thickness of 10-20 nm. The center part of flower-like nano-
structure was a stack of well-aligned and oriented nanoplates
and appeared as a condensed particle, which resulted in
sharp peaks in the XRD pattern (Fig. 1a). CuZn-2 (Fig. 2b)
and CuZn-3 (Fig. 2c) exhibited an olive-like condensed
morphology.

Fig. 3 shows the IR spectra of CuZn-1, CuZn-2, and CuZn-3.
The IR spectra confirmed the presence of acetate ions in
the CuZn-HDS. At a higher wavenumber range, the broad
absorption band at 3429 cm™ was due to the O-H stretching
vibration of the hydroxyl groups and water. The absorption
bands at 1345 cm™ and 1021 cm™ corresponded to the
deformation and rocking modes of the methyl group, respec-
tively.>® The carboxylate ions displayed two absorption bands
at 1560 cm ' and 1412 em™ " resulting from the antisymmetric
COO' stretching vibration (v,(COO")) and the symmetric COO~
stretching vibration (vs(COO7)) modes, respectively.>*?° At a
lower wavenumber range, the bands below 1000 cm™ were
due to lattice vibrations involving the metal-oxygen bonds.

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 SEM images of a) CuZn-1, b) CuZn-2, and c) CuZn-3. The inset
is a magnification of the image.
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Fig. 3 IR spectra of a) CuZn-1, b) CuZn-2, and c) CuZn-3.

The TG-DTA curves of CuZn-1, CuZn-2, and CuZn-3 are
shown in Fig. 4. It is well-known that the HDS lose weight
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Fig. 4 TG-DTA curves of a) CuZn-1, b) CuZn-2, and c) CuZn-3.

generally in two main stages: (i) dehydration of interlamellar
water molecules and (ii) dehydroxylation of the double
hydroxide layers and destruction of the material.** The first
gradual weight loss step with a weak endothermic peak at
104 °C for CuZn-1 was due to release of the water adsorbed
onto the layers. For CuZn-2 and CuZn-3, the endothermic
peaks were at 114 °C. The second weight loss was accompa-
nied by endothermic peak, which occurred around 190 °C for
CuZn-1 and CuZn-2, was attributed to dehydration and
dehydroxylation of the layers. For CuZn-3, the second weight
loss with an endothermic peak was divided into two steps
around 158 °C and 193 °C. The last weight loss occurring at
higher temperature with exothermic peaks around 256 °C
and 400 °C for all of the three samples might be interpreted
to the loss of acetate and the decomposition of the layered
structure. The net losses of CuZn-1 (44.31%), CuZn-2
(53.86%), and CuZn-3 (51.13%) were matched with the pro-
posed formula.

The XRD pattern and SEM image of LHZS are shown in
Fig. 5. The diffraction pattern (Fig. 5a) was similar to XRD
pattern of Zn;(OH)g(CH3C00),-2H,0 as reported in ref. 32.

4 | Environ. Sci.: Nano, 2014, 00, 1-9
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Fig. 5 a) XRD pattern and b) SEM image of LHZS, the inset is a
magnification of the image.

The most intense (001) peak at 20 = 6.6° correspondeds to an
interlayer d-spacing of 1.34 nm. The peaks at 26 = 13.2° and
19.9° could be assigned to its second- and third-order reflec-
tions, respectively. The SEM image (Fig. 5b) indicated a layer-
structure for LHZS.

The IR spectrum of LHZS is given in Fig. S1,}f which was
similar with that of CuZn-HDS (Fig. 3). The IR spectrum con-
firmed the presence of acetate ions in LHZS. The absorption
bands at 1338 cm™* and 1020 cm ™" correspond to the defor-
mation and rocking modes of the methyl group, respectively.
The carboxylate ions displayed two absorption bands at
1552 em™* and 1395 cm™" resulting from v,(COO™) and v,(COO")
modes, respectively.

The TG-DTA curve of the LHZS is shown in Fig. S2.f The
first weight loss step at 74 °C was mainly due to the release
of the ethanol adsorbed onto the layers. As shown in Fig. 5b,
the structure of LHZS was made of stacked nanoplates. LHZS
was washed with ethanol, then dried at room temperature.
There should be some ethanol residual between the stacked
nanoplates. The second weight loss occurring around 130 °C
was attributed to dehydration and dehydroxylation of the
layers, accompanied by endothermic peaks. The last weight
loss occurring at higher temperature between 220 °C and
470 °C corresponded to the loss of the acetate and the decom-
position of the layered structure.

Adsorption capacity and the surface area of the samples
are listed in Table 2. CuZn-1 showed the highest adsorption
capacity for MO with a removal efficiency of 95.3%. The MO
removal efficiencies of CuZn-2 and CuZn-3 were 63.7% and
35.8%, respectively. Whereas LHZS showed the lowest
adsorption capacity with a removal efficiency of 5.5%. This

This journal is © The Royal Society of Chemistry 2014
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Table 2 The removal efficiency, adsorption capacity and surface area of different samples

Sample Cu/Zn ratio Removal efficiency (%) Adsorption capacity (mg g™") Surface area (m”> g™")
LHZS 0 5.5 27.6 26.3
CuZn-1 2.47:1 95.3 476 33.8
CuZn-2 5.88:1 63.7 318 6.5
CuZn-3 7.41:1 35.8 179 6.0

was due to the poor structural and chemical stability of
LHZS, which was confirmed by the XRD pattern (Fig. 6a) and
SEM image of the sample (Fig. 7a) after MO adsorption. The
adsorption performance of MO on HDS improved while
copper ions were introduced. It is well-known that the
adsorption capacity of the adsorbents is related to their sur-
face area.®® The surface area of the samples was investigated
by using nitrogen adsorption-desorption isotherms. The
nitrogen adsorption-desorption isotherms of all the samples
are shown in Fig. S3,f which has the characteristic features of
a type IV isotherm. The surface area of CuZn-1 was 33.8 m”> g~
due to the multivalve flower-like nanostructure with stacked
nanoplatelets (Fig. 2a). However, the surface areas of CuZn-2
and CuZn-3 were only ca. 6 m* g* due to their olive-like con-
densed morphology (Fig. 2b and c). Consequently, CuZn-1
possessing the highest surface area had the highest adsorp-
tion capacity for MO.

The XRD patterns and SEM images of samples after MO
adsorption are shown in Fig. 6 and 7. It was found that the
XRD peaks of LHZS disappeared after adsorption (Fig. 6a)
and the morphology of LHZS was also changed (Fig. 7a),
which indicated that LHZS was unstable in aqueous solution.
The XRD patterns of the CuZn-HDS samples after MO
adsorption (Fig. 6b-d) confirmed the formation of bilamellar
phase. One of the d-spacings of 0.936 nm was consistent with
the d-spacing of CuZn-HDS. The other one of 2.027 nm
suggested that partial MO was intercalated into the interlayer
of CuZn-HDS due to the dimension of the long axis of
MO (1.31 nm).** It was noticed that the intensities of the
characteristic diffraction peaks for HDS were weakened after
adsorption, indicating that the adsorption behavior of MO on
CuZn-HDS influenced the crystallinity of HDS. Due to

+
\
#
# oo+
) S AR d
£
z |
20 c
— st vt
S AT b
— d
10 20 30 40 50 60 70 80

2 Theta / degree

Fig. 6 XRD patterns of a) LHZS, b) CuZn-1, c) CuZn-2, and d) CuZn-3
after MO adsorption (# represents d-spacing of 2.027 nm, + represents
d-spacing of 0.936 nm).

This journal is © The Royal Society of Chemistry 2014
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Fig. 7 SEM images of a) LHZS, b) CuZn-1, c) CuZn-2, and d) CuZn-3
after MO adsorption, the inset is a magnification of the image.

relatively poor crystallization of CuZn-1 compared with that
of CuZn-2 and CuZn-3, the crystallization of CuZn-1 after
adsorption was poor. Although the crystallinity of CuZn-1 was
poor, the main XRD peak at 20 = 9.44° was obvious and

Environ. Sci.: Nano, 2014, 00, 1-9 | 5

10

15

20

25

30

35

40

45

50

55



10

15

20

25

30

35

40

45

50

55

Paper

confirmed that the layer structure was retained after adsorp-
tion; another XRD peak at 26 = 4.36° suggested the formation
of a new d-spacing after adsorption. After adsorption of MO,
the diffraction peaks of the CuZn HDS remained but had
weakened, which indicated that the original layer structure
still existed. The morphology of CuZn-HDS samples (Fig. 7b-d)
had no significant changes before and after adsorption.

Fig. 8 shows that the removal efficiency of MO increased
with time. The adsorption of MO on CuZn-HDS samples
increased sharply within the first 15 min, then it rose slowly.
The fast MO removal rate in the beginning was attributed to
the rapid diffusion of MO from the solution to the external
surfaces of CuZn-HDS. The subsequent slow adsorption
process was attributed to the MO ion exchange into the inter-
layer of CuZn-HDS which was confirmed by the XRD patterns
of CuZn-HDS after adsorption (Fig. 6). It can be seen that the
surface adsorption and the interlayer ion exchange occurred
concurrently during the adsorption process. This also
explained why CuZn-2 and CuZn-3 had similar surface area
but different adsorption capacity (Table 2). CuZn-2 and
CuZn-3 had different compositions, as well as a different
amount of exchangeable acetate groups, which had an influ-
ence on the adsorption capacity.

Fig. 9 shows the IR spectra of CuZn-1, CuZn-2, and CuZn-3
after MO adsorption. The IR results confirmed that MO was
adsorbed on CuZn-HDS. Compared with the IR spectra of

0 20 40 60 8 100 120

Time (min)
Fig. 8 The removal efficiency of MO on a) CuZn-1, b) CuZn-2, and
c) CuZn-3 at different times.

Transmittance (a.u.)
\
=
37
on

MM
! t 020

10 1560 13740
3547 16101560 07 1118

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 9 IR spectra of a) CuZn-1, b) CuZn-2, and c) CuZn-3 after MO
adsorption and d) MO.
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MO and CuZn-HDS before MO adsorption, MO absorption
bands appeared after adsorption. For all the three samples
after adsorption, the absorption band at 1610 cm™* was
assigned to the C=C stretching vibration of the benzene
ring, and absorption band at 1118 cm™ belonged to the
stretching vibration of the 1,4 substituent in the benzene
ring. The absorption band at 1374 and 1190 cm™' belonged
to the C-N stretching vibration. The absorption band at
1029 cm ™" corresponds to the vibration of the -SO;~ group.*”
The adsorption behavior of MO onto CuZn-1 was further
investigated due to the high adsorption capacity of CuZn-1.
Adsorbent dose is an important parameter because it deter-
mines the adsorption capacity of an adsorbent for a given
initial concentration of the adsorbate. The relationship of
CuZn-1 dose and the adsorption of MO is shown in Fig. 10.
The removal efficiency of MO increased from 70.6 to 98.3%
with CuZn-1 dose increasing from 0.05 to 0.1 g L™". The exter-
nal surfaces of CuZn-1 and interlayer exchangeable ions
increased when the CuZn-1 dose increased, which were bene-
ficial for MO removal. However, there was only a small change
of MO removal efficiency when CuZn-1 dose was over 0.1 g L.
Fig. 11 shows the effect of initial MO concentration on the
adsorption of MO. When the initial concentration of MO
increased from 0.05 to 0.14 g L', the removal efficiency of
MO decreased from 98.3 to 61.2%. Due to the amount of
available adsorption sites for MO was fixed for a fixed CuZn-1
dose, CuZn-1 could adsorb almost the same amount of MO.

704 =

005 010 015 020 025 030 035
Adsorbent dose (g/L)

Fig. 10 Effect of CuZn-1 dose on the adsorption of MO, the initial MO
concentration is 0.05 g L™

40 60 80 100 120 140
Co (mg/L)

Fig. 11 Effect of initial MO concentration on the adsorption of MO,
CuZn-1doseis 0.10 g L%

This journal is © The Royal Society of Chemistry 2014
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Thus, the removal efficiency of MO decreased with an
increase in initial MO concentration.

The adsorption capacity at different equilibrium concen-
trations can be illustrated by the adsorption isotherms. The
equilibrium adsorption data obtained in this work were
analyzed using Langmuir and Freundlich isotherm models.
The linear forms of the Langmuir and Freundlich isotherms
are expressed by eqn (4) and (5), respectively:

C

o 1 + C. )

9de  ImKL  dm

1
logq, = ;log C, +log Ky (5)

where C. is the equilibrium concentration of MO (mg L ™), g
is the adsorption capacity at equilibrium (mg g¢™), g, is the
maximum adsorption capacity (mg ¢™'), Ky is Langmuir con-
stant representing the energy of adsorption, Kr and n are
Freundlich constants related to adsorption capacity and
adsorption intensity, respectively.

The Langmuir isotherm equation is based on the assump-
tion that there are a definite and energetically equivalent
number of adsorption sites on the adsorbent surface. This
model supposes that the adsorption sites are homogeneous
with each site accommodating one molecule only, the
adsorption has a monolayer coverage, and there is no interac-
tion among adsorbed molecules. The Freundlich isotherm is
an empirical model based on adsorption on the heteroge-
neous surfaces and is not restricted to the formation of a
monolayer.

The Langmuir and Freundlich isotherms for MO adsorp-
tion on CnZn-1 are shown in Fig. 12 and their calculated
parameters are inserted. It was observed that the Langmuir
isotherm model could fit the experiment equilibrium data
better than the Freundlich isotherm model on the basis of the
correlation coefficient (R?). The calculated gy, was 847 mg g .
The g, value of CnZn-1 was compared with the reported
values as shown in Table 3. It was found that the adsorption
capacity of CuZn-1 in this report was equivalent to the
highest value in the literature, which makes it useful as a
potential efficient adsorbent for dyes from aqueous solutions.

The kinetics of adsorption is one of the most important
characteristics which defines the adsorption efficiency. To
investigate the mechanism of adsorption, a pseudo-first-order
model (eqn (6)) and pseudo-second-order model (eqn (7))
are tested.

k_, ©)

logde =3303

log(ge — 1) =

Lo )
N YRS

where g. (mg g™*) and g, (mg g™') are the adsorption capacity
at equilibrium and at time ¢ (min), respectively, k; (min™")

This journal is © The Royal Society of Chemistry 2014
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q,, =847 mg/g
K, =123 L/mg
R =0.998

3.00
2.95- b )
2.904 -
2.85-
2.80

logq,

n=944
K, =574 (mg/g)(L/mg)"
R =0.824

2.65 T T T T
-0.5 0.0 0.5 1.0 15 2.0
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Fig. 12 a) Langmuir and b) Freundlich isotherms for MO adsorption
on CuZn-1.

Table 3 Comparison of maximum adsorption capacity of various
adsorbents for MO

Adsorbents gm (mgg™)  Temperature (K)
Co-NPs/carbon nanocomposites®® 380 298
Ag/AgBr/Co-Ni-NO; LDH*’ 230 298
magnetic Fe;0,/ZnCr LDH?® 240.16 298
Zn/Al-LDO? 178.6 308
Calcined MgNiAl LDH* 375.4 298
MgNiAl LDH*® 118.5 298
ZnMgAl-LDH" 883.24 298
CuZn-1 (this report) 847 298

and k, (g mg™" min™") are the rate constants of the pseudo-
first-order and pseudo-second-order models, respectively.

The kinetic models are illustrated in Fig. 13 and their
kinetic parameters are inserted. As shown in Fig. 13b, the
pseudo-second-order model had a better correlation coeffi-
cient. The g. value calculated with this model was close to
the experimental value (g. = 476 mg g ' in Table 2), indi-
cating the applicability of this model to describe the adsorp-
tion process. It indicated that the rate limiting step was a
chemical adsorption process between each adsorbate and the
adsorbent."

To identify the diffusion mechanism of the adsorption of
MO on CuZn-1, the intraparticle diffusion model (eqn (8)) is
also tested.

qe=kit"* + ¢ (8)
where g, (mg g™) is the adsorption capacity at time ¢ (min),

k; (mg g * min*?) is the intraparticle diffusion rate constant,
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Fig. 13 a) The pseudo-first-order and b) the pseudo-second-order
plots for MO adsorption on ZnCu-1.

and c is the intercept reflecting the importance of the boundary
layer thickness.**

For this model, if the plot of g versus t“? is linear and
passes through the origin, then the intraparticle diffusion is
the rate limiting step.** When the plot does not pass through
the origin, this indicates that the intraparticle diffusion is
not only rate limiting step, but also other kinetic models may
control the rate of adsorption, all of which may be operating
simultaneously.”* From Fig. 14, it was found that the plot of
intraparticle diffusion model was curved, which implied that
the adsorption process was a rather complex process. The
first portion was the instantaneous external surface adsorp-
tion. The second portion was the gradual adsorption stage
when the adsorbates diffused gradually into the interior sur-
faces of the adsorbents and ion exchange happened, where
intraparticle diffusion was the rate limiting step. This result
was consistent with the result of the pseudo-second-order
model. Both of them indicated that the rate limiting step

5001

450 .

400

3501

300+

250

200+ -

150{ =

100-+—— ; ; ; ;
2 4 6 8 10 12

tI/2 (minllz)

q, (mg/g)

Fig. 14 The intraparticle diffusion plots for MO adsorption on CuZn-1.
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was an ion exchange reaction, which was also a chemical
adsorption process. The third portion was the final equilib-
rium stage where the intraparticle diffusion started to slow
down owing to saturation of the majority of the adsorption
sites. These results were consistent with studies of fluoride
removal by calcined Li/Mg LDH"! and adsorption of MO on
Fe,0,/ZnCr LDH.>®

Conclusions

In summary, we have synthesized CuZn-HDS and LHZS via a
solution method. Compared with the bad adsorption perfor-
mance of LHZS, the adsorption performance of CuZn-HDS
had been improved greatly. CuZn-1 with 3D flower-like mor-
phology showed a relatively high surface area and displayed
the maximum adsorption capacity of 847 mg g™* for MO.
Adsorption isotherm was fitted according to the Langmuir
model, which indicated that adsorption sites were homoge-
neous with each site accommodating one molecule only and
there was no interaction among the adsorbed molecules. The
adsorption process followed the pseudo-second-order kinetic
model, which suggested that the rate limiting step was a
chemical adsorption process. The plot of the intraparticle dif-
fusion model was not linear, which implied that the adsorp-
tion process was a complex process. The surface adsorption
and the interlayer ion exchange occurred concurrently. The
high adsorption capacity of CuZn-HDS reported here demon-
strates that an important role for these materials as potential
adsorbents for the removal of pollutants from wastewater.
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