Chemical Engineering Journal 166 (2011) 81-87

Chemical Engineering Journal

Contents lists available at ScienceDirect

Chemical
Engineering
Journal

journal homepage: www.elsevier.com/locate/cej

Layered double hydroxide/eggshell membrane: An inorganic biocomposite
membrane as an efficient adsorbent for Cr(VI) removal

Xiaoxiao Guo, Fazhi Zhang*, Qing Peng, Sailong Xu, Xiaodong Lei, David G. Evans, Xue Duan

State Key Laboratory of Chemical Resource Engineering, Beijing University of Chemical Technology, Box 98, Beijing 100029, China

ARTICLE INFO

Article history:

Received 8 July 2010

Received in revised form 6 October 2010
Accepted 7 October 2010

Keywords:

Layered double hydroxides
Adsorption

Composites

Crystallization

Membrane

Cr(VI) removal

ABSTRACT

Hexavalent chromium, Cr(VI), is carcinogenic and mutagenic to the living organisms, and hence more
hazardous than other heavy metals. The choice of Cr(VI) removal adsorbents has always been a hot
issue in environmental protection. Here we report a novel inorganic biocomposite membrane, lay-
ered double hydroxide/eggshell membrane (LDH/ESM) as adsorbent for Cr(VI) removal, in which ESM
serves as the substrate and template to immobilize the LDH formed by an in situ hydrothermal crys-
tallization method. X-ray diffraction (XRD) and scanning electron microscope (SEM) images showed
that MgAI-CO32--LDH grown on the fibers of ESM, and the final LDH/ESM composite membrane both
maintained the network structure of the ESM substrate. After being treated with an NaCl/HCI mixed
solution, the interlayer COs2~ anions in the LDH portion of the composite membrane were exchanged
for Cl-. The ESM, MgAI-CO32~-LDH/ESM and MgAl-Cl--LDH/ESM composite membrane were evalu-
ated as adsorbent to remove Cr(VI), respectively, and the effect of the pH values on the adsorption was
mainly investigated. It showed that the MgAl-Cl--LDH/ESM composite membrane had a higher adsorp-
tion capacity than ESM and MgAl-CO32--LDH/ESM—even when the pH value of the Cr(VI) solution was
not further adjusted by addition of acid, which is of practical significance in a wastewater treatment
plant. The adsorption isotherm of the MgAl-Cl--LDH/ESM composite membrane showed a good fit with

the Langmuir isotherm model.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Hexavalent chromium, Cr(VI), is widely presented in wastew-
aters from electroplating and metal finishing processes, pigment
manufacture, tannery facilities, and chromium mining operations
[1]. Effluents of Cr(VI) occurs as highly soluble and toxic chromate
anions (HCrO4~ or Cr,0727), which are carcinogenic and muta-
genic to the living organisms, and hence more hazardous than other
heavy metals [2,3]. Therefore, it is necessary to eliminate Cr(VI)
from the environment, in order to prevent the deleterious impact
of Cr(VI) on ecosystem and public health. Because of the stricter
environmental regulations, a cost effective technology for the treat-
ment of Cr(VI) contaminated wastewater is highly desired by the
industries.

Sorption is one of the most common methods for the removal
of Cr(VI) from wastewaters, and the adsorbents are mainly con-
cerned on inorganic materials as activated carbon [4-6], zeolites
[7], iron [8,9] and oxides [10,11], and biomaterials as bacteria [12],
weed [13], tea and coffee dust [14], seaweed [15,16] and agricul-
tural biowastes [17]. In this manuscript, we aimed to fabricate a
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inorganic-bio composite material as adsorbent for Cr(VI) removal,
and layered double hydroxides (LDHs) and eggshell membrane
(ESM) were chosen as the materials, respectively.

LDHs are a class of anionic clays whose structure is based on
brucite-like layers in which some of the divalent cations in the lay-
ers have been replaced by trivalent ions giving positively charged
sheets [18,19]. The layer charge is balanced by intercalation of
anions in the hydrated interlayer galleries. LDHs can be repre-
sented by the general formula (M";_,M!",(OH), }**(A™~),,*yH,O.
The identities of the divalent and trivalent cations (M!! and M,
respectively) and the interlayer anion (A"~ ) together with the value
of the stoichiometric coefficient (x) may be varied over a wide
range, giving rise to a large class of isostructural materials [20].
This flexibility in composition allows LDHs with a wide variety of
properties to be prepared and is one of their most attractive fea-
tures [21]. In view of their ion exchange ability, LDHs have been
widely used as adsorbents for removal of oxyanions [22], arsenate
[23], selenite [24], pesticide [25] and so on. For the Cr(VI) removal,
Goswamee et al. [26] investigated the effect of the host cations of
LDHs on the removal of Cr(VI), and it showed that adsorption was
higher in the Mg-Al LDHs than in Ni-Al and Zn-Cr LDHs. Carri-
azo et al. [27] made a comparative study between the chloride and
calcined carbonate LDHs as adsorbents for Cr(VI), and the results
show that chloride LDHs are better adsorbents than calcined car-
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bonate LDHs. There were also several other reports [28-30] for
Cr(VI) removal by using LDHs as adsorbents which demonstrates
the applicability of LDHs in this field.

Recently, extensive research on the choice of adsorbents has
centered on biomaterials as mentioned above. These so-called
biosorbents are considered the cheapest, most abundant, and envi-
ronmentally friendly option [31]. ESM, which is stable in aqueous
and alcoholic media, consists of the outer shell membrane, inner
shell membrane, and limiting membrane surrounding the egg
white [32], and are mainly composed of biological molecules and
highly cross-linked protein fibers that are arranged so as to form a
semi-permeable membrane [33]. Therefore, the ESM possesses an
intricate lattice network of stable and water-insoluble fibers and
has high surface area, resulting in various applications as immo-
bilization supports [34-36], biotemplates [37-39], and adsorbents
[40].

Here we aimed to prepare an LDH/ESM inorganic biocompos-
ite membrane by an in situ hydrothermal crystallization method
in which the ESM was not only served as the substrate but also as
the structure template of the composite membrane. The compos-
ite membrane was investigated as adsorbents for Cr(VI) removal.
The initial pH values of the Cr solution and the anions between
the layers of LDHs were mainly concerned in adsorption. From
another point of view, it would also provide an effective way to pre-
pare LDH-based functional materials with complicated structures
by making use of the biomaterials as templates.

2. Materials and methods
2.1. Materials

Mg(N03 )2~6H20, AI(NO3 )3.~9H20, and CO(NHz )2, I<2CI'207, H(l,
NaCl, acetone, 1,5-diphenylcarbazide, HNO3, H,SO4, and H3POs5
were all analytical grade and purchased from Beijing Yili Fine
Chemical Reagent Co. and used without further purification. Deion-
ized water was used in all the experimental processes.

2.2. Preparation of LDH/composite membrane

Separation of eggshell membranes: Fresh eggs from a local
supermarket in Beijing were gently broken and emptied via the
bluntend and the eggshells then washed with water. The inner shell
membrane and the limiting membrane were manually removed
and the remaining eggshells were rinsed in 1M HCI to dissolve
the residual eggshell (i.e. CaCO3), leaving the organic outer shell
membrane. After washing thoroughly with water, the outer shell
membrane was used as the ESM template for the LDH coating.

Preparation of MgAI-CO32~-LDH/ESM composite membrane:
Mg(NO3),-6H,0 (1.71 g), Al(NO3)3-9H,0 (1.25 g) and urea (5.60 g)
were dissolved in deionized water to form a clear solution with a
total volume of 100 mL. The ESM was placed vertically in a Teflon-
lined stainless steel autoclave containing the resulting solution, and
the apparatus placed in a conventional oven at 90 °C for 3 days. After
completion of the growth of the LDH, the composite membrane was
taken out of the autoclave, thoroughly rinsed with deionized water,
and then dried at room temperature.

Preparation of MgAIl-Cl~-LDH/ESM composite membrane by
ion exchange: The anion exchange process was carried out by treat-
ing the as-prepared MgAl-CO32~-LDH/ESM composite membrane
with a salt/acid mixed solution as reported [41]. Typically, 1.0 g of
the composite membrane sample was dispersed into 500 mL of an
aqueous solution containing 0.5 M NaCl and 1.65 mM HCI under a
flow of Ny, and then the system was kept at ambient temperature
for 12 h with continuous stirring. The exchanged product was iso-
lated, thoroughly rinsed with deionized water and then dried at
room temperature under vacuum.
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Fig. 1. XRD patterns of (a) ESM and (b) MgAl-CO32~-LDH/ESM composite mem-
branes.

2.3. Characterization

X-ray diffraction (XRD) patterns of samples were obtained
on a Shimadzu XRD-6000 diffractometer, using Cu Ka radiation
(A=0.154nm) at 40kV, 30 mA, a scanning rate of 10°/min, a step
size of 0.02°/s, and a 26 angle ranging from 3 to 70°. The mor-
phology of the films was investigated by using a scanning electron
microscope (SEM, ZEISS supra 55). All samples were sputtered with
gold. Elemental analyses for metal elements were performed with a
Shimadzu ICPS-7500 inductively coupled plasma (ICP) spectrome-
ter on solutions prepared by dissolving the samples in dilute HNO3
(1:1). The composite membranes were weighed and then immersed
in the HNOs for 24 h in order to completely dissolve the LDH.

2.4. Cr(VI) removal experiments

Cr(VI) solutions (100 mg/L) were freshly prepared using analyt-
ical grade K,Cr,07 dissolved in distilled water. Sorption kinetics
were conducted in a continuously stirred solution in a plexiglass
beaker at ambient temperature. For the binding studies, 0.25 g of
adsorbent was exposed to 50 mL of Cr(VI) solution, and the pH of
the solution was adjusted by 1 mol/L H,SO4 solution. The Cr(VI)
concentration in the filtrate was subsequently determined using a
colorimetric method [42]. Samples were analyzed by UV at 540 nm
after complexation with 1,5-diphenylcarbazide. The amount of
Cr(VI) adsorbed by the adsorbent and the percentage removal of
Cr(VI) are calculated using the following Eqs. (A.1)and (A.2), respec-
tively.

(G -GV
qe = m (A1)
% Removal of Cr(VI) = % x 100 (A.2)
0

where g (mg/g) is the adsorption loading of the composite mem-
brane at time t, V the volume of solution (L), Co (mg/L) and C; (mg/L)
the initial concentrations of Cr(VI) and that at time t, and m the mass
of adsorbent (g).

3. Results and discussion

3.1. Characterization of the MgAl-CO32~-LDH/ESM composite
membrane

The XRD patterns of the ESM and the as-prepared
MgAl-CO32--LDH/ESM composite membrane are shown in
Fig. 1. It can be seen that the ESM is almost amorphous. After the
LDH film growth, the typical characteristic peaks of an LDH phase
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Fig. 2. Top view and cross-sectional views of (a and b) the ESM and (c and d) the MgAI-CO32--LDH/ESM composite membranes.

could be clearly observed, demonstrating the successful formation
of the LDH film on the ESM. The two peaks below 25° can be
assigned to the [003] and [006] reflections of an LDH phase with
a basal spacing of 0.75 nm, which agrees well with the published
values for MgAl-LDH with interlayer carbonate anions [43].

As mentioned above, the structure of the ESM is an intricate
lattice network composed of highly cross-linked protein fibers.
However, is the composite membrane able to maintain the net-
work structure? SEM was used to characterize the morphology of
the films and the images are shown in Fig. 2.

The hexagonal LDH crystals grown on the fiber of ESM can
be clearly observed, and the whole hybrid membrane maintains
the network structure. In addition, because the ESM is a semi-
permeable membrane, the LDH crystals can be formed throughout
the whole membrane. LDH crystals with a size of about 1.5 um are
studded in the intricate lattice network of ESM, as the ESM contains
an abundance of amine, amide and carboxylate surface functional
groups [44], which may interact with the magnesium and alu-
minum precursor cations, anchoring them on the membrane fiber
surface thus facilitating growth of the LDH coating. This mecha-
nism is agreed with other reports about the preparation of BaCrO4
[45], CaCOs3 [33] and Pd#PdO [46] nanoparticles by using ESM as
template. This is the first time that an LDH has been directly incor-
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Fig. 3. Effect of pH values on Cr(VI) removal by ESM (initial Cr(VI) concentration:
100 mg/L, solid to liquid ratio (s/1): 5 g/L, temperature: 25 °C).

porated in such a material by a simple one-step in situ hydrothermal
crystallization process, and an LDH/ESM composite membrane was
successfully obtained (see Fig. 3).

3.2. ESM and MgAl-CO32~-LDH/ESM composite membrane as
adsorbent

It is well known that the initial pH of a system is an impor-
tant parameter in the adsorption of Cr(VI). Here, we firstly used
ESM as adsorbent for Cr(VI) removal, and the effect of pH val-
ues was concerned. The initial pH value of the Cr(VI) solution is
5.1, and 0.1 mol/L H,SO4 solution was used to adjust it. We can
clearly observe that the removal efficiency of Cr(VI) by ESM is seri-
ously related to the pH value of the solution, the removal efficiency
increases with the decrease of the pH value, which is in accordance
with the published papers [12-17].

Compared with the adsorption behavior of ESM, the effect of the
pH values on the CO32~-LDH/ESM is much lower as Fig. 4 illustrates.
In addition, the percentage of the Cr(VI) removal is not high in
different pH values although the composite membrane containing
LDH. It is not hard to come to that CO32~-LDH is very stable in com-
position and the interlayer CO32~ anions are hard to be exchanged
by other anions as Cr,072~.
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Fig. 4. Effect of pH values on Cr(VI) removal by CO32~-LDH/ESM (initial Cr(VI) con-
centration: 100 mg/L, solid to liquid ratio (s/1): 5 g/L, temperature: 25°C).
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Fig. 5. (a) XRD pattern and SEM images of the MgAI-Cl--LDH/ESM composite membrane after anion exchange ((b and c) top view and (d) cross-sectional view).

3.3. Characterization of the MgAI-Cl~-LDH/ESM composite
membrane

In order to improve the adsorption ability of the LDH in the
composite membrane, we tried to obtain CI-LDH/ESM composite
membrane by using an anion exchange treatment. The as-prepared
hybrid LDH/ESM film was treated with a mixed solution of NaCl/HCl
to exchange the CO32~-LDH to CI--LDH. The XRD pattern of the
treated hybrid (Fig. 5a) shows the typical peaks of an LDH phase.
However, in this pattern, the basal reflection with a d value of
0.75nm (003 reflection) for the CO32~ form has completely dis-
appeared, and a new series of intense basal reflections at lower
20 angles appeared instead, corresponding to a basal spacing of
0.77 nm. This interlayer expansion is consistent with that reported
in previous work [47,48], suggesting that the decarbonation was
successful and that a crystalline CI~-LDH product had been formed.
The SEM images (Fig. 5 b-d) show that the CI~-LDH/ESM compos-
ite membrane exhibits almost the same morphology and crystallite
size as that of the CO32~-LDH/ESM precursor.

The composition and mass loading percentage of the LDHs in
the composite membrane were measured by ICP and the results are
shown in Table 1. The Mg/Al molar ratios in the LDHs in the final
composite membranes are similar to that in the initial synthesis
mixtures.

3.4. MgAI-Cl~-LDH/ESM composite membrane as adsorbent

The final CI"-LDH/ESM composite membrane was used as
an adsorbent to remove Cr(VI) from wastewater, and the result
is shown in Fig. 6. We could clearly observe that the removal
percentage of Cr(VI) was evidently improved by using the
Cl~-LDH/ESM composite membrane as adsorbent. Cr(VI) uptake
initially increased with contact time, and then slowed down as

Table 1
Elemental analysis of the composite membrane by ICP.
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Fig. 6. Effect of pH values on Cr(VI) removal by CI-LDH/ESM (Initial Cr(VI) concen-
tration: 100 mg/L, solid to liquid ratio (s/1): 5 g/L, temperature: 25 °C).

fewer active surface sites remained available on the compos-
ite membrane. After stirring for about 30 min, the Cr(VI) loading
became almost constant, indicating attainment of equilibrium.
Besides, the pH value also has effect on the removal efficiency. Be
different from ESM, the removal efficiency of the CI~-LDH/ESM is
much lower when the pH value is 2. We proposed that the LDH will
mildly dissolve when the pH value is low to 2, and the adsorbed
Cr(VI) would be released to the solution over again. On contrast,
LDHs is relatively stable when the pH values are above 3. When the
pH value is 3, the Cr(VI) removal rised to 89.0%, and when the pH
value is between 4 and 5.1, the removal efficiency could be above
90%. It is worthy to mention that most of these adsorbents can
achieve a high adsorption capacity only when the wastewater has
extremely low pH values, which means that subsequent neutral-
ization is needed before the treated wastewater can be discharged.
Here, the CI~-LDH/ESM composite membrane we obtained shows

Sample Chemical composition Mg/Al ratio Mass loading of LDH (wt.%)
MgA]—CO327—LDH/ESM Mgg_7gAlo_3o(OH)2(CO3 )0_15'0,68]'[20 2.33 19.3
MgAl—Cl*—LDH/ESM MggA57Alo_33(OH)2C10_33'0.63H20 2.05 14.4
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Fig. 7. Kinetics of Cr(VI) removal by an MgAI-Cl--LDH/ESM composite membrane
and a physical mixture of 85.6 wt.% ESM and 14.4 wt.% LDH for comparison (initial
Cr(VI) concentration: 100 mg/L, pH value: 5.1, solid to liquid ratio (s/1): 5g/L).

high adsorption ability even when the initial pH value is at 5.1 with-
out any further adjustment. We further investigated the adsorption
behavior of the composite membrane fixing the pH value at 5.1.

For comparison, we also tested the removal efficiency of Cr(VI)
using an adsorbent composed of a physical mixture of 85.6 wt.%
ESM and 14.4wt.% LDHs under identical conditions as shown in
Fig. 7. The amount of LDH in the mixture was the same as the loading
of LDH in the composite membrane. The adsorption behavior of the
mixed adsorbent was similar to that of the composite membrane
with a rapid initial uptake and a subsequent stable stage. However,
the equilibrium removal of Cr(VI) by the mixed adsorbent was only
about 76%, much lower than that for the composite membrane. We
believe that, in case of the composite membrane, the ESM not only
serves as an adsorbent in its own right but also as a support to
uniformly disperse the LDH and increase the adsorption capacity
of the latter, resulting in the superior performance of the composite
membrane.

3.5. Adsorption isothermal study

Adsorption isotherms are important way of probing the mecha-
nism of adsorption of Cr(VI) on the adsorbent surface. Equilibrium
studies are useful in order to obtain the adsorption capacity of sor-
bents for Cr(VI) removal. In the present study, two general-purpose
equilibrium models were used to fit the experimental data: (i) the
Langmuir adsorption model [49] (Eq. (B.1)) and (ii) the Freundlich
adsorption model [50] (Eq. (B.2)).

_ qmaxbCe
qe = 1+bC, (B.1)

In the Langmuir adsorption model, gmax (mg/g) is the amount
of adsorption corresponding to complete monolayer coverage, i.e.,
the maximum adsorption capacity and b (L/mg) is the Langmuir
constant. For a Langmuir type adsorption process, to determine if
the adsorption is favorable or not, a dimensionless separation factor
[51] is defined as:

1

R = 1+bCo

(B.3)
If R, > 1, the isotherm is unfavorable; when R, =1, the isotherm
is linear; in the range 0<Ry <1, the isotherm is favorable; when
Ry =0, the isotherm is irreversible.
In the Freundlich adsorption model, K¢ (mg!=1/"L1/"/g) is the
Freundlich constant, which indicates the relative adsorption capac-
ity of the adsorbent related to the bonding energy, and n is the
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Fig. 8. Plot of equilibrium experimental data and calculated equilibrium data using
the Langmuir isotherm model and the Freundlich isotherm model for the adsorption
of Cr(VI) onto the MgAl-Cl--LDH/ESM composite membrane.

heterogeneity factor representing the deviation from linearity of
adsorption and is also known as the Freundlich coefficient.

Fig. 8 shows that the Langmuir isotherm is a much better fit to
the experimental data than the Freundlich isotherm on the basis
of the correlation coefficients (R 2 =0.997, R¢2 = 0.858), confirming
the monolayer adsorption of Cr(VI) onto the composite membrane
surface. The Langmuir constant qmax, which is a measure of the
monolayer adsorption capacity of the composite membrane, was
27.9mg/g. The Langmuir constant, b, which denotes adsorption
energy, was found to be 0.176 L/mg. The dimensionless parame-
ter, Ry, which is a measure of adsorption favorability was 0.0537
(i.e., 0<Ry <1) suggesting that the adsorption of Cr(VI) on the
composite membrane is favorable, as observed experimentally. In
the experiments, we also studied the adsorption isotherms of the
adsorbent composed of a physical mixture of 85.6 wt.% ESM and
14.4 wt.% LDHs under identical conditions. However, it seems that
the adsorption behavior of the mixed adsorbent is much more
complicated than the composite membrane. The correlated coef-
ficient R 2 is only 0.761 which indicates that the Langmuir model
is not the suitable model for describing the sorption behavior of
the mixed adsorbents used here. The monolayer coverage was thus
notobtained. On contrast, the Freundlich model is much more fitted
to the experimental data than the Langmuir model, the correlated
coefficient Ry? achieved 0.935, and the values of the K; and ny are
0.620 and 0.843, respectively.

In Table 2, the adsorption capacity of the MgAl-Cl~-LDH/ESM
composite membrane is compared with the values for other
adsorbents for the removal of Cr(VI) reported in the literature.
The comparison indicates that the maximum adsorption capacity
obtained with our composite membrane is higher compared than
those obtained with many other low-cost adsorbents. It should be
noted that all the other adsorbents are only effective after the pH is
adjusted to low pH values (1.0-4.0) whereas our composite mem-
brane was effective at the natural pH of the solution (5.1) without

Table 2

Summary of Cr(VI) adsorption capacities of various adsorbents.
Adsorbent gmax (Mmg/g) pH  Temperature (°C)  Reference
Coconut tree sawdust 3.46 3.0 25 [52]
Lignin 5.64 25 25 [53]
Activated carbon 15.47 40 25 [54]
Beech sawdust 16.13 1.0 25 [55]
Hazelnut shell 17.7 20 20 [56]
LDH/ESM 279 51 20 This work
Modified jacobsite 31.55 20 25 [57]
Neem leaves 62.97 20 30 [58]
Alligator weed 82.57 1.0 30 [13]
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the necessity for addition of acid to lower the pH. This result is very
encouraging as far as practical application in a wastewater treat-
ment plant is concerned, because if the pH of the treated effluent
is low, a further neutralization treatment would be necessary.

4. Conclusion

A novel inorganic biocomposite MgAl-CO32--LDH/ESM mem-
brane has been obtained by using an in situ growth method. The
LDH was immobilized on the surface of the ESM fibers, and the
composite membrane maintained the network structure of the ESM
precursor. Elemental analysis showed that the mass loading of the
LDH in the composite membrane was about 19.3 wt.%. By treat-
ing the as-prepared CO32~-LDH/ESM composite membrane with
a salt/acid mixed solution, the interlayer carbonate anions in the
LDH were exchanged by Cl- and a MgAl-Cl~-LDH/ESM composite
membrane was obtained. The ESM, MgAl-CO32~-LDH/ESM mem-
brane and MgAl-Cl~--LDH/ESM composite membrane was used
as adsorbent for Cr(VI) removal respectively, and the effect of
the pH value on the removal efficiency was mainly investigated.
It resulted that the MgAl-ClI--LDH/ESM composite membrane
could be an efficient adsorbent for the Cr(VI) removal even
at pH values not requiring addition of acid. The removal effi-
ciency was more that 90% and equilibrium was attained after
only 30 min. The equilibrium data were tested with the Langmuir
isotherm model and the Freundlich isotherm model. The data gave
the best fit with the Langmuir isotherm model which confirms
that there is monolayer adsorption of Cr(VI) on the composite
membrane. The maximum adsorption capacity obtained with the
Langmuir isotherm model was 27.9 mg/g, which is comparatively
high in relation to that for other materials reported in the litera-
ture.

Acknowledgements

This work was financially supported by the National Natural Sci-
ence Foundation of China, the 111 Project (No. BO7004), the 973
Program (No. 2009CB939802), the Program for New Century Excel-
lent Talents in Universities (No. NCET-07-0055), the Beijing Nova
Program (No. 2007B021), and Chinese Universities Scientific Fund
(No. ZZ0916).

References

[1] F. Gode, E. Pehlivan, Removal of Cr(VI) from aqueous solution by two Lewatit-
anion exchange resins, J. Hazard. Mater. B119 (2005) 175-182.

[2] A. Baral, R.D. Engelken, Chromium-based regulations and greening in metal
finishing industries in the USA, Environ. Sci. Policy 5 (2002) 121-133.

[3] M. Costa, Potential hazards of hexavalent chromate in our drinking water,
Toxicol. Appl. Pharm. 188 (2003) 1-5.

[4] ZR. Yue, S.E. Bender, J.W. Wang, J. Economy, Removal of chromium Cr(VI) by
low-cost chemically activated carbon materials from water, ]. Hazard. Mater.
166 (2009) 74-78.

[5] G.L. Huang, ].X. Shi, T.A.G. Langrish, Removal of Cr(VI) from aqueous solution
using activated carbon modified with nitric acid, Chem. Eng. J. 152 (2009)
434-439.

[6] P.K. Ghosh, Hexavalent chromium [Cr(VI)] removal by acid modified waste
activated carbons, J. Hazard. Mater. 171 (2009) 116-122.

[7] A.M.Yusof, N.A.N.N. Malek, Removal of Cr(VI) and As(V) from aqueous solutions
by HDTMA-modified zeolite Y, J. Hazard. Mater. 162 (2009) 1019-1024.

[8] K.C.K.Lai, LM.C.LO, Removal of chromium (VI) by acid-washed zero-valent iron
under various groundwater geochemistry conditions, Environ. Sci. Technol. 42
(2008) 1238-1244.

[9] Z.H. Aj, Y. Cheng, L.Z. Zhang, J.R. Qiu, Efficient removal of Cr(VI) from aqueous
solution with Fe@Fe, 03 core-shell nanowires, Environ. Sci. Technol. 42 (2008)
6955-6960.

[10] E. Alvarez-Ayuso, A. Garcia-Sanchez, X. Querol, Adsorption of Cr(VI) from syn-
thetic solutions and electroplating wastewaters on amorphous aluminium
oxide, J. Hazard. Mater. 142 (2007) 191-198.

[11] P. Wang, LM.C. Lo, Synthesis of mesoporous magnetic y-Fe203 and its appli-
cation to Cr(VI) removal from contaminated water, Water Res. 43 (2009)
3727-3734.

[12] L.Y.Chai, S.H. Huang, Z.H. Yang, B. Peng, Y. Huang, Y.H. Chen, Cr(VI) remediation
by indigenous bacteria in soils contaminated by chromium-containing slag, J.
Hazard. Mater. 167 (2009) 516-522.

[13] X.S. Wang, Y.P. Tang, S.R. Tao, Kinetics, equilibrium and thermodynamic study
onremoval of Cr (VI) from aqueous solutions using low-cost adsorbent Alligator
weed, Chem. Eng. J. 148 (2009) 217-225.

[14] S.K. Prabhakaran, K. Vijayaraghavan, R. Balasubramanian, Removal of Cr(VI)
ions by spent tea and coffee dusts: reduction to Cr(Ill) and biosorption, Ind.
Eng. Chem. Res. 48 (2009) 2113-2117.

[15] D.Park, Y.S. Yun, .M. Park, Reduction of hexavalent chromium with the brown
seaweed Ecklonia biomass, Environ. Sci. Technol. 38 (2004) 4860-4864.

[16] V.Murphy, S.A.M.Tofail, H. Hughesa, P. McLoughlin, A novel study of hexavalent
chromium detoxification by selected seaweed species using SEM-EDX and XPS
analysis, Chem. Eng. J. 148 (2009) 425-433.

[17] D. Park, S. Lim, Y.S. Yun, J.M. Park, Development of a new Cr(VI)-biosorbent
from agricultural biowaste, Bioresour. Technol. 99 (2008) 8810-8818.

[18] P.S. Braterman, Z.P. Xu, F. Yarberry, in: S.M. Auerbach, K.A. Carrado, P.K. Dutta
(Eds.), Handbook of Layered Materials, Marcel Dekker, New York, 2004, Chapter
8, pp. 373-474.

[19] D.G. Evans, X. Duan, Preparation of layered double hydroxides and their appli-
cations as additives in polymers, as precursors to magnetic materials and in
biology and medicine, Commun. Chem. (2006) 485-496.

[20] D.G.Evans,R.C.T.Slade, Structural aspects of layered double hydroxides, Struct.
Bond. 119 (2006) 1-87.

[21] J. He, M. Wei, B. Li, Y. Kang, D.G. Evans, X. Duan, Preparation of layered double
hydroxides, Struct. Bond. 119 (2006) 89-119.

[22] KH. Goh, T.T. Lim, Z.L. Dong, Application of layered double hydroxides for
removal of oxyanions: a review, Water Res. 42 (2008) 1343-1368.

[23] T. Tiirk, i. Alp, H. Deveci, Adsorption of As(V) from water using Mg-Fe-based
hydrotalcite (FeHT), J. Hazard. Mater. 171 (2009) 665-670.

[24] S. Mandal, S. Mayadevi, B.D. Kulkarni, Adsorption of aqueous selenite [Se(IV)]
species on synthetic layered double hydroxide materials, Ind. Eng. Chem. Res.
48 (2009) 7893-7898.

[25] F.Li, Y.F. Wang, Q.Z. Yang, D.G. Evans, C. Forano, X. Duan, Study on adsorption
of glyphosate (N-phosphonomethyl glycine) pesticide on MgAl-layered double
hydroxides in aqueous solution, J. Hazard. Mater. B125 (2005) 89-95.

[26] R.L. Goswamee, P. Sengupta, K.G. Bhattacharyya, D.K. Dutta, Adsorption of
Cr(VI) in layered double hydroxides, Appl. Clay Sci. 13 (1998) 21-34.

[27] D. Carriazo, M.D. Arco, C. Martin, V. Rives, A comparative study between chlo-
ride and calcined carbonate hydrotalcites as adsorbents for Cr(VI), Appl. Clay
Sci. 37 (2007) 231-239.

[28] E.A. Lvarez-Ayuso, HW. Nugteren, Purification of chromium(VI) finishing
wastewaters using calcinedand uncalcined Mg-Al-COs-hydrotalcite, Water
Res. 39 (2005) 2535-2542.

[29] N.K.Lazaridis, T.A. Pandi, K.A. Matis, Chromium(VI) removal from aqueous solu-
tions by Mg-Al-COs; hydrotalcite: sorption-desorption kinetic and equilibrium
studies, Ind. Eng. Chem. Res. 43 (2004) 2209-2215.

[30] E.R. Ramirez, N.L.G. Ortega, C.A.C. Soto, M.T.O. Gutiérrez, Adsorption isotherm
studies of chromium (VI) from aqueous solutions using sol-gel hydrotalcite-
like compounds, J. Hazard. Mater. 172 (2009) 1527-1531.

[31] B. Volesky, Biosorption and me, Water Res. 41 (2007) 4017-4029.

[32] M.T. Hincke, ]J. Gautron, M. Panheleux, ]J. Garcia-Ruiz, M.D. McKee, Y. Nys,
Identification and localization of lysozyme as a component of the eggshell
membranes and shell matrix, Matrix Biol. 19 (2000) 443-453.

[33] M. Takiguchi, K. Igarashi, M. Azuma, H. Ooshima, Flowerlike agglomerates of
calcium carbonate crystals formed on an eggshell membrane, Cryst. Growth
Des. 6 (2006) 2754-2757.

[34] W.W. Chen, BX. Li, C.L. Xu, L. Wang, Chemiluminescence flow biosensor for
hydrogen peroxide using DNAzyme immobilized on eggshell membrane as a
thermally stable biocatalyst, Biosens. Bioelectron. 24 (2009) 2534-2540.

[35] S. Alacam, S. Timur, A. Telefoncu, A novel biosensor based on I-homocysteine
desulfhydrase enzyme immobilized in eggshell membrane, J. Mol. Catal. B:
Enzymatic 49 (2007) 55-60.

[36] D.Xiao, M.M.F. Choi, Aspartame optical biosensor with bienzyme-immobilized
eggshell membrane and oxygen-sensitive optode membrane, Anal. Chem. 74
(2002) 863-870.

[37] D. Yang, L.M. Qi, .M. Ma, Eggshell membrane templating of hierarchically
ordered macroporous networks composed of TiO, tubes, Adv. Mater. 14 (2002)
1543-1546.

[38] S.M. Lee, G. Grass, G.M. Kim, C. Dresbach, L.B. Zhang, U. Gosele, M. Knez,
Low-temperature ZnO atomic layer deposition on biotemplates: flexible pho-
tocatalytic ZnO structures from eggshell membranes, Phys. Chem. Chem. Phys.
11 (2009) 3608-3614.

[39] Q. Dong, H.L. Su, D. Zhang, W. Cao, N. Wang, Biogenic synthesis of tubular SnO,
with hierarchical intertextures by an aqueous technique involving glycopro-
tein, Langmuir 23 (2007) 8108-8113.

[40] B.Koumanova, P. Peeva, S.J. Allen, K.A. Gallagher, M.G. Healy, Biosorption from
aqueous solutions by eggshell membranes and Rhiropus oryzae: equilibrium
and kinetic studies, J. Chem. Technol. Biotechnol. 77 (2002) 539-545.

[41] Z.P.Liu, R.Z. Ma, M. Osada, N. lyi, Y. Ebina, K. Takada, T. Sasaki, Synthesis, anion
exchange, and delamination of Co-Al layered double hydroxide: assembly
of the exfoliated nanosheet/polyanion composite films and magneto-optical
studies, ]. Am. Chem. Soc. 128 (2006) 4872-4880.

[42] V.Murphy, S.A.M. Tofail, H. Hughes, P. McLoughlin, A novel study of hexavalent
chromium detoxification by selected seaweed species using SEM-EDX and XPS
analysis, Chem. Eng. J. 148 (2009) 425-433.



X. Guo et al. / Chemical Engineering Journal 166 (2011) 81-87 87

[43] U. Costantino, F. Marmottini, M. Nocchetti, R. Vivani, New synthetic routes to
hydrotalcite-like compounds-characterisation and properties of the obtained
materials, Eur. J. Inorg. Chem. (1998) 1439-1446.

[44] S.I Ishikawa, K. Suyama, K. Arihara, M. Itoh, Uptake and recovery of gold ions
from electroplating wastes using eggshell membrane, Bioresour. Technol. 81
(2002) 201-206.

[45] J.K. Liu, Q.S. Wu, Y.P. Ding, Y. Yi, Bull assembling synthesis of barium chro-
mate nano-superstructures using eggshell membrane as template, Bull. Korean
Chem. Soc. 25 (2004) 1775-1778.

[46] HLL. Su, Q. Dong, J. Han, D. Zhang, Q.X. Guo, Biogenic synthesis and
photocatalysis of Pd#PdO nanoclusters reinforced hierarchical TiO, films
with interwoven and tubular conformations, Biomacromolecules 9 (2008)
499-504.

[47] Z.P.Xu,N.D.Kurniawan, P.F. Bartlett, G.Q. Lu, Enhancement of relaxivity rates of
Gd-DTPA complexes by intercalation into layered double hydroxide nanopar-
ticles, Chem. Eur. J. 13 (2007) 2824-2830.

[48] Z. Gu, A.C. Thomas, Z.P. Xu, J.H. Campbell, G.Q. Lu, In vitro sustained release
of LMWH from MgAl-layered double hydroxide nanohybrids, Chem. Mater. 20
(2008) 3715-3722.

[49] 1. Langmuir, The adsorption of gases on plane surfaces of glass, mica and plat-
inum, J. Am. Chem. Soc. 40 (1918) 1361-1403.

[50] H. Freundlich, Uber die adsorption In laosungen, Z. Phys. Chem. 57 (1906)
385-470.

[51] K.R.Hall, L.C. Eagleton, A. Acrivos, T. Vermeulen, Pore- and solid-diffuion kinet-
ics in fixed-bed adsorption under constant-pattern conditions, Ind. Eng. Chem.
Fund. 5 (1966) 212-223.

[52] K. Selvi, S. Pattabi, K. Kadirvedu, Removal of Cr(VI) from aqueous solution by
adsorption onto activated carbon, Bioresour. Technol. 80 (2001) 87-89.

[53] S.B.Lalvani, A. Hubner, T.S. Wiltowski, Chromium adsorption by lignin, Energy
Sources 22 (2000) 45-56.

[54] B.Sandhya, A.K. Tonni, Cr(VI) removal from synthetic wastewater using coconut
shell charcoal and commercial activated carbon modified with oxidizing agents
and/or chitosan, Chemosphere 54 (2004) 951-967.

[55] F.N. Acar, E. Malkoc, The removal of chromium(VI) from aqueous solutions by
Fagus orientalis L., Bioresour. Technol. 94 (2004) 13-15.

[56] G. Cimino, A. Passerini, G. Toscano, Removal of toxic cations and Cr(VI) from
aqueous solution by hazelnut shell, Water Res. 34 (2000) 2955-2962.

[57] J. Hu, LO.F LM.C,, G.H. Chen, Fast removal and recovery of Cr(VI) using
surface-modified jacobsite (MnFe,04) nanoparticles, Langmuir 21 (2005)
11173-11179.

[58] B.V. Babu, S. Gupta, Adsorption of Cr(VI) using activated neem leaves: kinetic
studies, Adsorption 14 (2008) 85-92.



	Layered double hydroxide/eggshell membrane: An inorganic biocomposite membrane as an efficient adsorbent for Cr(VI) removal
	Introduction
	Materials and methods
	Materials
	Preparation of LDH/composite membrane
	Characterization
	Cr(VI) removal experiments

	Results and discussion
	Characterization of the MgAl–CO32−–LDH/ESM composite membrane
	ESM and MgAl–CO32−–LDH/ESM composite membrane as adsorbent
	Characterization of the MgAl–Cl−–LDH/ESM composite membrane
	MgAl–Cl−–LDH/ESM composite membrane as adsorbent
	Adsorption isothermal study

	Conclusion
	Acknowledgements
	References


