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a b s t r a c t

Ni(OH)2 and NiO nanosheets with hierarchical porous structures were synthesized by a simple chem-
ical precipitation method using nickel chloride as precursors and urea as precipitating agent. The
as-prepared samples were characterized by X-ray diffraction, scanning electron microscopy and nitrogen
adsorption–desorption isotherms. Adsorption of Congo red (CR) onto the as-prepared samples from aque-
ous solutions was investigated and discussed. The pore structure analyses indicate that Ni(OH)2 and NiO
nanosheets are composed of at least three levels of hierarchical porous organization: small mesopores
(ca. 3–5 nm), large mesopores (ca. 10–50 nm) and macropores (100–500 nm). The equilibrium adsorption
data of CR on the as-prepared samples were analyzed by Langmuir and Freundlich models, suggesting
that the Langmuir model provides the better correlation of the experimental data. The adsorption capac-
ierarchical porous structures
ongo red
dsorption isotherm
inetics

ities for removal of CR was determined using the Langmuir equation and found to be 82.9, 151.7 and
39.7 mg/g for Ni(OH)2 nanosheets, NiO nanosheets and NiO nanoparticles, respectively. Adsorption data
were modeled using the pseudo-first-order, pseudo-second-order and intra-particle diffusion kinetics
equations. The results indicate that pseudo-second-order kinetic equation and intra-particle diffusion
model can better describe the adsorption kinetics. The as-prepared Ni(OH)2 and NiO nanosheets are
found to be effective adsorbents for the removal of Congo red pollutant from wastewater as a result of
their unique hierarchical porous structures and high specific surface areas.
. Introduction

In recent years, materials with hierarchically multimodal pore-
ize distributions have attracted a growing attention, because they
ombine the benefits of high surface area micro- and mesoporosity
ith the accessible diffusion pathways of macroporous networks

nd play key roles in industrial processes, from adsorption to
atalysis, catalytic supports, gas storage, purification, and separa-
ion [1–4]. The controlled synthesis of hierarchically nanoporous

aterials such as NiO [5,6], TiO2 [7,8], WO3 [9,10], and Al2O3
11–13] has led to higher adsorption and catalytic efficiency. Some

ethods including soft- and hard-templating synthesis, chemically
nduced self-transformation and precipitation in the presence of
mmonia, urea and metal salts have been used to prepare hier-
rchically porous structured metal oxides [11–16]. The formation

f hierarchical structures is widely considered to be due to a
elf-assembly process, in which building blocks, i.e., nanoparti-
les (0D), nanofibers, nanowires and nanoribbons (1D), nanosheets
nd nanofilms (2D) self-assemble into order higher level structures

∗ Corresponding author. Tel.: +86 27 87871029; fax: +86 27 87879468.
E-mail address: jiaguoyu@yahoo.com (J. Yu).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.09.104
© 2010 Elsevier B.V. All rights reserved.

with various morphologies [13,17,18]. However, it is still a great
challenge to develop simple, environmentally friendly and versa-
tile methods for the synthesis of hierarchically structured metal
oxides with designed chemical components and textures, which
could greatly facilitate their future applications.

Various kinds of synthetic dyestuffs appear in the effluents of
wastewater in some industries such as dyestuff, textiles, leather,
paper, plastics, etc. [19]. The colored effluents of waste from these
industries can be mixed in surface water and ground water sys-
tems, and then they may bring a chief threat to human health due
to either toxic or mutagenic and carcinogenic for most of dyes [20].
Therefore, it is necessary to remove the dye pollutions. Congo red
is an example of anionic diazo dyes and is prepared by coupling
tetrazotised benzidine with two molecules of napthionic acid. It
is the first synthetic dye produced that is capable of dying cotton
directly. Congo red containing effluents are generated from textiles,
printing and dyeing, paper, rubber plastics industries, etc. Due to
its structural stability, it is difficult to biodegrade. Physico-chemical

or chemical treatment of such wastewaters is, however, possible.
Adsorption is considered to be an attractive option in treating such
wastewater [21–26]. Adsorption using activated carbon is a com-
mon and popular method, because this method has considerable
potential for the purification of wastewater due to its low process

dx.doi.org/10.1016/j.jhazmat.2010.09.104
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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Table 1
Physical properties of the samples.

No. Compositions Morphology Crystallinite
size (nm)

Pore
volume
(cm3/g)

SBET

(m2/g)
90 B. Cheng et al. / Journal of Haza

osts and relatively efficient dye removal. However, activated car-
on has some drawbacks such as slow adsorption kinetics and low
dsorption capacity of bulky adsorbates due to the microporous
ature of activated carbon. Therefore, adsorbents should have a
igh surface area with large pores as well as selective adsorption
ites [27–30]. In addition, wastewater containing anionic dyes such
s Congo red often contains other cationic and neutral pollutants,
nd the presence of large amounts of these pollutants in wastewa-
er sometimes reduces the effectiveness of anionic dyes removal
sing the adsorbents because the sorption of cationic and neu-
ral dye pollutants depress the sorption capacity and efficiency
f adsorbents [31]. Therefore, it is very important to find new
dsorbents with high selectivity to anionic dyes for the versatile
reatment of wastewater.

Nickel hydroxide (Ni(OH)2), as one of the most important tran-
ition metal hydroxides, has received more and more attention
ecause of its wide applications. Nickel oxide (NiO) is a very

mportant functional oxide, and it has been widely used in var-
ous fields, including catalysis, battery cathodes, electrochromic
lms and fuel cell electrodes. Therefore, many literatures have
eported the synthesis of Ni(OH)2 and NiO with hierarchical
anostructures [32–34]. For example, Wang et al. reported fabri-
ation of hollow spheres and thin films of nickel hydroxide and
ickel oxide with hierarchical structures using styrene–acrylic
cid copolymer (PSA) latex particles as templates [32]. Yang et
l. prepared hierarchical �-Ni(OH)2 and NiO carnations assem-
led from nanosheet building blocks via a hydrothermal method

n mixed solvents of water and glycerol [33]. Zhu et al. synthe-
ized three-dimensional (3D) flower-like hierarchical �-Ni(OH)2
ollow architectures by a facile hydrothermal route in mixed
olvents of water and ethanol. Furthermore, the feasibility of
i(OH)2 and NiO nanomaterials for their application in water

reatment is also reported and evaluated [35,36]. In our previous
ork, we reported the synthesis of boehmite hollow core–shell

nd hollow microspheres via sodium tartrate-mediated phase
ransformation and their enhanced adsorption performance for
emoval of Congo red and phenol [12]. Very recently, we further
eported template-free synthesis of hierarchical spindle-like �-
l2O3 materials and their adsorption affinity towards organic and

norganic pollutants in water [13]. However, the use of hierarchi-
ally porous Ni(OH)2 and NiO as adsorbents in water treatment
as been rarely studied [36]. Herein, we report the template-free
ynthesis of hierarchical porous Ni(OH)2 and NiO materials from
iCl2 and urea via a facile hydrothermal reaction–precipitation

oute and their potential application for the removal of Congo
ed.

. Experimental

.1. Sample preparation

All reagents used in the experiments were in analytical grade
purchased from Shanghai Chemical Industrial Company) and used
ithout further purification. Distilled water was used for all syn-

hesis and treatment processes.
The preparation of Ni(OH)2 nanosheets was performed as fol-

ows. Typically, 0.00024 mol of NiCl2 and 0.0048 mol of urea were
issolved in 100 mL of distilled water. After the mixture was
tirred for 10 min, the mixed solution was kept at 90 ◦C for 48 h.
inally, the precipitates were washed three times with water and

thanol, respectively, and dried at 80 ◦C for 6 h to obtain Ni(OH)2
anosheets. The dried sample was labeled sample A (see Table 1).
o obtain NiO nanosheets, the as-prepared sample A were heated
o 300 ◦C at a rate of 1 ◦C min−1 in air and kept at 300 ◦C for 5 h. The
alcined product was labeled sample B. The NiO reagent, obtained
A Ni(OH)2 Nanosheets 8.1 0.21 127
B NiO Nanosheets 5.5 0.28 201
C NiO reagents Nanoparticles 46.3 0.008 2.5

from Shanghai Chemical Industrial Company, was labeled sample C.
The detailed physical parameters for samples A, B and C are shown
in Table 1.

2.2. Characterization

The X-ray diffraction (XRD) measurements, which were used
to characterize the crystalline phase and crystallite size of the
Ni(OH)2 and NiO nanosheets, were carried out on an X-ray diffrac-
tometer (type HZG41B-PC) using Cu K� radiation at a scan rate
of 0.05◦2� s−1. The accelerating voltage and applied current were
40 kV and 80 mA, respectively. The average crystallite size of
Ni(OH)2 and NiO was quantitatively calculated using Scherrer for-
mula (d = 0.9�/B cos �, where d, �, B and � are crystallite size, Cu
K� wavelength (0.15418 nm), full width at half maximum inten-
sity (FWHM) of Ni(OH)2 (0 0 3) and NiO (1 1 1) peaks in radians
and Bragg’s diffraction angle, respectively) after correcting the
instrumental broadening. Scanning electron microscopy (SEM) was
performed by an S-4800 Field Emission SEM (FESEM, Hitachi, Japan)
at an accelerating voltage of 10 kV and linked with an Oxford Instru-
ments X-ray analysis system. The Brunauer–Emmett–Teller (BET)
specific surface area (SBET) of the powders was analyzed by nitrogen
adsorption in a Micromeritics ASAP 2020 nitrogen adsorption appa-
ratus (USA). All the as-prepared samples were degassed at 100 ◦C
prior to nitrogen adsorption measurements. The BET surface areas
were determined by a multipoint BET method using the adsorption
data in the relative pressure (P/P0) range of 0.05–0.3. A desorp-
tion isotherm was used to determine the pore-size distribution by
the Barret–Joyner–Halender (BJH) method, assuming a cylindrical
pore model. The nitrogen adsorption volume at the relative pres-
sure (P/P0) of 0.994 was used to determine the pore volume and
average pore size.

2.3. Adsorption equilibrium and kinetic experiments

Adsorption isotherm experiments were carried out by adding a
fixed amount of adsorbent (5 mg) to a series of 100 mL beakers filled
with 25 mL diluted Congo red (CR) solutions (15–50 mg/L) at natu-
ral pH (ca. 7). The beakers were then sealed and stirred for 12 h at
room temperature. The effect of pH was investigated at room tem-
perature and initial concentration 15 mg/L. pH adjustments were
done using solutions of 0.1 M NaOH and 0.1 M HCl. The beakers
were then removed from the stirrer, and the final concentration
of CR in the solution was measured at maximum absorption wave-
lengths of CR (498 nm) using UV/vis spectrophotometer (Shimadzu
UV/vis 2550 Spectrophotometer, Japan). The amount of CR at equi-
librium qe (mg/g) on the adsorbent samples was calculated from
the following equation:

qe = (C0 − Ce)V
W

(1)

where C0 and Ce (mg/L) are the liquid phase concentrations of CR at

initial and equilibrium, respectively, V is the volume of the solution
(L) and W is the mass of adsorbent used (g).

The adsorption kinetic experiments were basically identical to
those of isotherm experiments. The aqueous samples were taken
to pre-set time intervals and the concentrations of CR were simi-
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arly measured. The amount of adsorption at time t, qt (mg/g), was
alculated by:

t = (C0 − Ct)V
W

(2)

here C0 and Ct (mg/L) are the liquid phase concentrations of CR at
nitial and any time t, respectively, V is the volume of the solution
L) and W is the mass of adsorbent used (g).

. Results and discussion

.1. XRD

XRD was used to characterize the phase structure and crystallite
ize of the samples A, B and C. Fig. 1a shows XRD pattern of sample A.
uantitative analysis of this pattern shows that all peaks in the pat-

ern can be assigned to the diffraction of (0 0 3), (0 0 6), (1 0 1), and
1 1 0) planes of Rhombohedral �-Ni(OH)2 (JCPDS card no. 38-0715,
= 3.08 Å and c = 23.41 Å), indicating the formation of �-Ni(OH)2

36–38]. XRD pattern of sample B (Fig. 1b) indicates that compared
ith Fig. 1a, new peaks appear, which can be attributed to cubic
iO phase with lattice constant a = 4.1946 Å (JCPDS No. 65-2901,

pace group: Fm-3m (225)) [39,40]. The broad diffraction peaks of
amples A and B suggest that the crystallite sizes of the Ni(OH)2 and
iO samples are small and the corresponding crystallite sizes, cal-
ulated by Scherrer formula, are 8.1 and 5.5 nm, respectively. The
harp diffraction peaks of sample C suggest that sample C is com-
osed of large grains and the corresponding crystallite size is about
6.3 nm (see Table 1).

.2. SEM

The morphology and microstructure of the samples were
bserved by SEM (Fig. 2). SEM image shows that Ni(OH)2 pow-
ers are highly porous films (Fig. 2a), with a wide size distribution
f ca. 2–10 �m and mean thickness of about 1 �m (see inset in
ig. 2b). High-magnification SEM image reveals that the external
urface of the films consists of randomly aggregated and intercon-
ecting 10 nm-thick nanosheets (Fig. 2b). As a consequence, the
uter surface was extensively roughened in the form of a highly
isordered porous superstructure. In contrast, the inner surface of
he films (attached beaker) is relatively smooth (see inset in Fig. 2b).

urther investigations show that the �-Ni(OH)2 nanosheets can
e readily converted into intact NiO nanosheets by calcination at
00 ◦C (Fig. 2c and d). No large morphology change is observed. The
bove XRD results indicate that the as-prepared Ni(OH)2 and NiO
anosheet samples consist of 8.1 and 5.5 nm crystallites, respec-
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Fig. 1. XRD patterns of samples A (a), B (b) and C (c).
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tively. This implies that the observed nanosheets are composed of
many smaller crystallites. Contrarily, SEM image indicates that NiO
reagent (sample C) contains a large amount of nanoparticles with
size of several hundred nm (see Fig. 2e). This indicates that the
particle size of sample C obtained by SEM observation is obviously
bigger than the crystallite size (46.3 nm) determined by the XRD.
This is not surprising because the particle size observed by SEM is
the size of secondary (or aggregated) particles.

3.3. Specific surface areas and porosity

To characterize the specific surface areas and porosity of the as-
prepared samples A and B, N2 adsorption analysis was carried out.
Fig. 3a and b, respectively, presents the N2 adsorption–desorption
isotherms and the corresponding pore-size distribution curves for
the A and B samples. The desorption branches of the isotherms
show a stepwise behavior and ends at the limiting pressure of
the hysteresis closure, implying non-uniformity of pore openings
associated with pore constrictions and/or ink-bottle pores with
narrow necks [31,41]. The hysteresis loop in the relative pressure
range between 0.4 and 0.9 is probably related to the pores present
within nanosheets, which are formed between primary crystallites.
The high-pressure parts of the hysteresis loop (0.9 < P/P0 < 1) are
probably associated with textural larger pores that can be formed
between secondary particles due to aggregation of nanoflakes into
the flower-like superstructures. As can be seen from Fig. 3b, the
pore-size distribution curves are quite broad and bimodal with
small mesopores (peak pore at ca. 4.0 nm) and larger ones (peak
pore at ca. 45 nm). The smaller mesopores reflects porosity in
nanoflakes, while larger mesopores can be related to the pores
formed between stacked nanoflakes. The macroporous structure
(ca. 100–500 nm) can be directly observed on the SEM images of
samples A and B shown in Fig. 2, which cannot be accessed by N2
adsorption–desorption analysis. As mentioned above, the A and
B samples exhibit a disordered slit-like macroporous framework
created by stacking nanoflakes. Their unique three-dimensional
macroporous framework is well suited for adsorption and intro-
ducing reactive molecules into the interior space of the samples
[41]. The BET specific surface areas of samples A and B are 127
and 201 m2/g, respectively, indicating that the samples have the
relatively high surface-to-volume ratio. Usually, for adsorbent, a
large surface area can offer more active adsorption sites. The hierar-
chical macro-/mesoporous structures are beneficial to enhance the
adsorption efficiency of adsorbate molecules and their flow rates
[3,41].

3.4. Adsorption kinetics

The adsorption kinetics is important for adsorption studies
because it can predict the rate at which a pollutant is removed from
aqueous solutions and provides valuable data for understanding
the mechanism of sorption reactions [42]. Fig. 4 shows the kinet-
ics of CR adsorption on the samples A, B and C obtained by batch
contact time studies for an initial CR concentration of 25 mg/L at
pH 7.0. As expected, for samples A and B, the adsorptions are very
fast during the first 10 min, and the equilibrium is achieved within
300 min. In addition, under the same experimental conditions used,
the adsorption capacities were much different for the samples A, B
and C. Sample B has the highest capacity, and then sample A, and
finally sample C. The fast CR uptake indicates a high complexation
rate between the dye molecules and adsorbent, which is related to

their small primary crystallite size of adsorbents and high specific
surface areas, pore volume and porous structures as presented in
Table 1, Figs. 2 and 3. The above results also suggest that the smaller
the crystallite size, the larger the specific surface areas, the more
the adsorption or active sites, the faster the adsorption rates are.



892 B. Cheng et al. / Journal of Hazardous Materials 185 (2011) 889–897

s A (a

T
r

n
h
f

l

w
r
c
l
u
n
(

r

Fig. 2. SEM images of sample

herefore, the equilibrium is rapidly achieved. The fast sorption
epresents an advantage for water treatment system design.

Three known kinetic models are used to investigate the mecha-
ism of the adsorption [43,44]. Firstly, pseudo-first-order equation
as been widely used for analyzing the adsorption of an adsorbate

rom an aqueous solution.

og(qe − qt) = log qe − k1

2.303
t (3)

here qe and qt are the amounts of CR adsorbed (mg/g) at equilib-
ium and at time t (min), respectively, and k1 (min−1) is the rate
onstant adsorption. Values of k1 are calculated from the plots of
og (qe − qt) versus t (see Fig. 5a) for samples A and B. The R2 val-
es obtained are relatively small and the experimental qe values do
ot agree with the calculated values obtained from the linear plots
Table 2).
Secondly, the pseudo-second-order equation based on equilib-
ium adsorption is expressed as follows [43]:

t

qt
= 1

k2qe2
+ 1

qe
t (4)
and b), B (c and d) and C (e).

where k2 (g/mg min) is the rate constant of second-order adsorp-
tion. The linear plot of t/qt versus t is shown in Fig. 5b and the
obtained R2 values are greater than 0.999 for samples A, B and C.
It also shows a good agreement between the experimental and the
calculated qe values (Table 3), indicating the applicability of this
model to describe the adsorption process of CR onto the prepared
samples.

As the above two kinetic models were not able to explain the
diffusion mechanism, thus intra-particle diffusion kinetic model
based on the theory or equation proposed by Weber and Morris
is tested [45], which is an empirically functional relationship, com-
mon to the most adsorption processes. The adsorbate uptake varies
almost proportionally with t1/2 rather than with the contact time t.
According to the following Weber-Morris’s equation:

qt = kdi

√
t + ci (5)
where kdi is the rate parameter of stage i (mg/g h1/2), calculated
from the slope of the straight line of qt versus t1/2. Ci is the intercept
of stage i, giving an idea about the thickness of boundary layer, i.e.,
the larger the intercept, the greater the boundary layer effect is. For
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ntra-particle diffusion, qt versus t1/2 will be linear and if the plot
asses through the origin, then the rate-limiting process is only due
o the intra-particle diffusion [43,46].

Fig. 5c presents a linear fit of intra-particle diffusion model for
dsorption of CR onto samples A and B. Such types of plots present

ultilinearity, indicating that two or more steps take place. The

rst, sharper region is the instantaneous adsorption or external
urface adsorption stage, which was completed within the first
0 min. This is not surprising because the high initial CR concentra-
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ig. 4. The variation of adsorption capacity with adsorption time for CR on samples
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Fig. 5. Pseudo-first-order kinetics (a), second-order kinetics (b) and intra-particle
diffusion kinetics (c) for adsorption of CR onto samples A and B (T = 25 ◦C; adsorbent
dose = 200 mg/L; CR concentration = 25 mg/L and pH 7).

tion is driving force of diffusion. The second region is the gradual
or slow adsorption stage where intra-particle diffusion is the rate-
limiting step. The third region is the final equilibrium stage where
intra-particle diffusion further slows down due to the extremely
low concentrations of adsorbate left in the solutions [43]. It is evi-
dent that the rate of external surface adsorption (stage 1) with

sample B is higher than that with samples A and C for the adsorp-
tion of CR (Table 4). Stage 1 is rapidly completed within about
10 min and the stage of intra-particle diffusion control (stage 2)
is then attained. As discussed above, CR is slowly transported via
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Table 2
Pseudo-first-order adsorption kinetic constants of samples A, B and C.

Samples C0 (mg/L) qe,exp (mg/g) Pseudo-first-order model

qe,cal (mg/g) K1 (×10−3 min−1) R2 S.D. (%)

A
25

60.10 47.35 82.56 0.978 8.7
B 72.31 41.47 7.83 0.979 15.1
C 3.18 1.60 3.73 0.988 20.3

Table 3
Pseudo-second-order adsorption kinetic constants of samples A, B and C.

Samples C0 (mg/L) qe,exp (mg/g) Pseudo-second-order model

qe,cal (mg/g) K2 (×10−4 g/mg min−1) R2 S.D. (%)

5 7.05 0.999 3.23
8 7.81 0.999 4.09
6 9.72 1 2.28
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ntra-particle diffusion into the particles and is finally retained in
ierarchical nanopores. The rate parameters for CR (Table 4) show
hat the value of kd1 and kd2 with sample B is larger than that with
ample A or C. This is because sample B has a larger surface area and
ore volume for solute adsorption instantaneously. Further obser-
ation indicates kd1 > kd2 > kd3. This is easy to understand because
he concentration of CR left in the solutions gradually decreases.

Normalized standard deviation, S.D. (%), is used to find the most
pplicable model that could describe the kinetic study of adsorp-
ion of CR dye on the samples A, B and C. The normalized standard
eviation S.D. (%) was calculated using the following equation:

.D. (%) = 100 ×
{∑ [(qe,exp − qe,cal)/qe,exp]2

N − 1

}1/2

(6)

here n is the number of data points, qt,exp the experimental values
nd qe,cal is the calculated value by the above three models. Based
n the values of S.D. (%) given in Tables 2–4, it is clear that pseudo-
econd-order equation and intra-particle diffusion model are better
n describing the adsorption kinetics of CR using samples A, B and

[44,46].

.5. Adsorption isotherms

Adsorption capacity at different aqueous equilibrium concen-
ration can be illustrated by the adsorption isotherm. Fig. 6 shows
dsorption isotherms for CR on samples A and B at pH 7 and 25 ◦C.
he adsorption process is normally described by the Langmuir and
he Freundlich isotherms. The Langmuir equation assumes that
here is no interaction between the adsorbate molecules and that
he sorption is localized in a monolayer. It is then assumes that once
dye molecule occupies a site, no further adsorption can take place
t that site. The Langmuir equation is expressed as follows [47]:

qmaxK Ce

e = L

1 + KLCe
(7)

here Ce is the equilibrium concentration of CR in solution (mg/L),
e is the equilibrium capacity of CR on the adsorbent (mg/g), qmax is
he maximum adsorption capacity of the adsorbent corresponding

able 4
ntra-particle diffusion model constants and correlation coefficients for adsorption of Con

No. C0 (mg/L) Intra-particle diffusion model

Kd1 (mg/g min1/2) Kd2 (mg/g min1/2) Kd3 (mg/g m

A
25

9.06 2.59 0.24
B 11.79 2.78 0.80
C 0.29 0.09 0.04
Fig. 6. Adsorption isotherms for CR on samples A and B (T = 25 ◦C; adsorbent
dose = 200 mg/L; CR concentration = 15–50 mg/L and pH 7).

to complete monolayer coverage on the surface (mg/g), and KL is
the Langmuir adsorption constant (L/mg) and related to the free
energy of adsorption. Eq. (7) can be rearranged to a linear form:

Ce

qe
= 1

qmaxKL
+ Ce

qmax
(8)

The constants qmax and KL can be calculated from the intercepts
and the slopes of the linear plots of Ce/qe versus Ce (Fig. 7).
It can be observed that the equilibrium adsorption data follow
Langmuir’s isotherm. Conformation of the experimental data into
Langmuir isotherm model indicates the homogeneous nature of
sample surface, i.e., each dye molecule/adsorbent adsorption has
equal adsorption activation energy and demonstrates the forma-
tion of monolayer coverage of CR molecule on the outer surface of

adsorbent. Langmuir parameters calculated from Eq. (8) are listed
in Table 5.

The essential characteristics of the Langmuir equation can be
expressed in term of a dimensionless separation factor, RL, defined

go red on samples A, B and C.

in1/2) C1 C2 C3 (R1)2 (R2)2 (R3)2

0 22.39 56.20 1.00 0.971 1.00
0 32.93 59.22 1.00 0.949 1.00
0 1.48 2.38 1.00 0.915 1.00
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Table 6
Comparison of the maximum monolayer adsorption of CR onto various adsorbents.

Adsorbents Maximum monolayer
adsorption capacity
(mg/g)

References

Hierarchical Ni(OH)2 nanosheets 82.9 This work
Hierarchical NiO nanosheets 151.7 This work
Reagent NiO nanoparticles 39.7 This work
Single-crystalline NiO nanosheets 36.1 [33]
NaBentonite (Clay materials) 35.84 [22]
Kaolin (Clay materials) 5.44 [22]

The pH of the CR solution is an important parameter influenc-
ing the adsorption capacity of CR onto adsorbents. Fig. 9 shows the
effects of pH on the adsorption capacity of CR on NiO nanosheets.
It can be observed that the adsorption capacity of NiO decreases

54
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66

q e
(m

g/
g)

T
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Fig. 7. Langmuir isotherms for CR adsorption onto samples A and B at 25 ◦C.

s follows [48]:

L = 1
1 + KLC0

(9)

here C0 is the highest initial solute concentration and KL is the
angmuir’s adsorption constant (L/mg). Table 5 shows the values
f RL (0.027–0.22) are in the range of 0–1, confirming the favorable
ptake of the CR dye.

The Freundlich adsorption model assumes that adsorption takes
lace on heterogeneous surfaces. The Freundlich equation is an
mpirical equation and can be written as follows [49]:

e = KFCe
1/n (10)

here qe is the solid phase adsorbate concentration in equilibrium
mg/g), Ce the equilibrium liquid phase concentration (mg/L), KF the
reundlich constant (mg/g)(L/mg)1/n and 1/n is the heterogeneity
actor. A linear form of the Freundlich expression can be obtained
y taking logarithms of Eq. (10):

n qe = ln KF + 1
n

ln Ce (11)

Therefore, a plot of ln qe versus ln Ce (Fig. 8) enables the constant
F and exponent 1/n to be determined. The Freundlich isotherm
escribes reversible adsorption and is not restricted to the forma-
ion of the monolayer. The Freundlich equation predicts that the
R concentration on the adsorbent will increase so long as there

s an increased in the CR concentration in the liquid. It is clear
rom Table 5 that the values of the Freundlich exponent n were
reater than 1 values, n > 1 represent favorable adsorption condi-
ion [46,50]. The result shows that Freundlich isotherm can fit the
quilibrium data for adsorption of CR on the as-prepared samples.

Table 6 lists the comparison of maximum monolayer adsorption

apacity of CR onto various adsorbents. The hierarchical porous
i(OH)2 and NiO prepared in this work have a relatively large
dsorption capacity of 82.9 and 151.7 mg/g, respectively, if com-
ared with some data obtained from the literatures.

able 5
dsorption isotherm parameters of samples A, B and C.

Samples Langmuir isotherm model

qmax (mg/g) KL (L/mg) R2

A 82.9 0.72 0.992
B 151.7 0.55 0.995
C 39.7 0.07 0.947
Zeolite (Clay materials) 3.77 [22]
Bottom ash 2.05 [47]
Deoiled soya 15.55 [47]

3.6. Effect of pH and selective adsorption
1210864
pH

Fig. 9. Effects of pHs on the adsorption capacity of CR onto NiO (sample B) (T = 25 ◦C;
adsorbent dose = 200 mg/L and CR concentration = 15 mg/L).

Freundlich isotherm model

RL KF (mg/g)(L/mg)1/n n R2

0.027 36.7 3.67 0.944
0.035 65.9 3.38 0.883
0.22 7.8 2.52 0.788
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Fig. 10. Selective adsorption property of sample B to CR.

ith increasing pH of the CR solution from 4 to 12. The effect of
H can be qualitatively accounted by the pH of CR solution relative
o the isoelectric points of NiO [51]. When the pH of the CR solu-
ion is below the isoelectric point of NiO (reported values is 10.3)
52], NiO will have a positive surface charge density and would be
xpected to experience a significant electrostatic attraction to dye
olecules with negative surface charge density. CR is the sodium

alt of benzidinediazobis-1-naphthylamine-4-sulfonic acid, a kind
f anionic dye. This means that the surface of NiO nanosheets is
ositively charged at pH lower than 10.3, also, with decreasing pH,
he surface positive charge density of NiO nanosheets increases.
herefore, it is not surprising that negative CR molecules are easily
dsorbed on the NiO surface at a low pH range due to strong elec-
rostatic attraction between CR and NiO. As expected, the lower
he pH, the stronger the adsorption is. When the pH of the CR solu-
ion is higher than 10.3 (above the isoelectric point of NiO), NiO
ill have a negative surface charge density. Therefore, adsorption

f CR decreases rapidly on the surface of NiO due to the repulse
nteraction between CR and NiO.

To investigate the selective adsorption of the prepared sample,
e add 50 mg of sample A into 25 mL 1.0 × 10−3 M phenol and

5 mL 50 mg/L CR aqueous solution, all the CR are removed from
olution after 30 min, while phenol shows no significant decrease
Fig. 10). This is due to the fact that in the neutral solution, the
urface of NiO is positively charged, and CR is an anionic dye, then
he adsorbents are apt to adsorb CR. On the contrary, phenol is a
eutral molecule and is not easily adsorbed by NiO. Further exper-

ments indicate that the adsorption capacity of the as-prepared
iO to anion dyes is much better than cationic and neutral dyes,

howing a high selective adsorption [53].

. Conclusion

Ni(OH)2 and NiO nanosheets with hierarchical porous struc-
ures can be synthesized by a simple homogeneous precipitation

ethod without using templates. The as-prepared Ni(OH)2 and
iO powders show trimodal pore-size distributions in the macro-

mesoporous region: fine intrasheet mesopores with peak pore
iameters of ca. 4.0 nm, larger intersheet mesopores with peak pore
iameters of ca. 45 nm, and macropore with pore diameter of ca.
00–500 nm. Congo red is found to adsorb strongly onto the sur-
ace of the Ni(OH)2 and NiO nanosheets. Equilibrium data are fitted

y Langmuir and Freundlich isotherms and the equilibrium data
re better described by Langmuir isotherm model, with maximum
onolayer adsorption capacity of 82.9 and 151.7 mg/g for Ni(OH)2

anosheets and NiO nanosheets, respectively. The kinetics of the
dsorption process is found to follow the pseudo-second-order

[

[

Materials 185 (2011) 889–897

kinetic model and intra-particle diffusion model. The as-prepared
Ni(OH)2 and NiO nanosheets are found to be effective adsorbents
for the removal of Congo red pollutant from wastewater as a result
of its unique hierarchical porous structure and high specific surface
areas.
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