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Dispersion of ZnAl-LDHs Nanosheets by Cellulose to Improve Adsorption
Capacity toward Phosphate
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Abstract: In order to take advantage of large specific surface area, the nanosheets obtained by delaminating ZnAl
layered double hydroxides (ZnAl-LDHs) in formamide were stabilized by cellulose in aqueous solution. The
structure, composition and morphology of the resulting nanocomposites of ZnAl-LDHs nanosheets and
carboxymethyl cellulose were characterized by XRD, FTIR, SEM, TEM, C, H, and N elemental analysis, ICP and
ion chromatograph techniques. In addition, the performance of ZnAl-LDHs nanosheets on phosphorus removal was
investigated. The results show that the nanocomposites have high selectivity and adsorption capacity toward
phosphate. The selectivity sequences are as follows: H,PO,>>S0,/>ClI>NO;". The maximum adsorption capacity

could reach 40 mg of P per gram of LDHs approximately.
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development of graphene research. INS usually exist

colloidal

0 Introduction

with their delamination solvent as a

Inorganic nanosheets (INS) of the 2D crystals
obtained by delamination of layered inorganic metal
oxides and hydroxides have been studied extensively"”,

and have attracted more attention due to the
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suspension, thus drying or introducing of flocculants,
etc. could cause the destruction of the colloidal
system, i.e. restacking process takes place to produce

3D crystals. Therefore, in order to study the unique
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properties of INS, INS must be separated from the
liquid, it may be necessary to prepare even a
unilamellar film by a layer-by-layer (LbL)® or by
Langmuir-Blodgett  (LLB)® method; on the other hand,
much more efforts have been devoted to constructing
nanocomposites or superlattice layered compounds
using INS as building blocks "™, by means of,
commonly, the Lbl. method.

ZnAl-layered double hydroxides (LDHs) can be
delaminated in formamide, like MgAI-LDHs . The
INS colloidal suspension of LDHs will flocculate in
aqueous system, but this can be avoided by introducing
a polymer, i.e. the interaction of the polymer and the
INS can stabilize the dispersion state . LDHs and
their calcined poroducts exhibit a highly selective
absorption toward phosphate!'?. The high selectivity
is important since phosphate as well as nitrogen in
water can cause the eutrophication even in a small
concentration, e.g. 0.03 mg-L™ phosphate would lead
to red tides, and the phosphate removal will be
disturbed by other coexisted anions. The adsorption
of 7ZnAl-LDHs is

complexation or electrostatic attraction on the surface

mechanism probably  ligand
of the adsorbents!"”. Thus, the greater the surface area
of the adsorbents, the more the sites available for the
complexation, and the larger the adsorption capacity.
Reducing the size of ZnAl-LDHs particles is certainly
a way to improve the capacity. However, the INS of
7ZnAl-LDHs has the maximum specific surface area of
the material. Accordingly, this work attempts to
optimize phosphate uptake property of Zn-Al LDHs
from aqueous solution, by stabilizing ZnAl-LDHs INS
using cellulose. The results for the INS-containing
composites show that no change in the selectivity
toward phosphate is found, but a marked increase in

the adsorption capacity is evident.
1 Experimental

1.1 Sample synthesis

All the reagents used were analytical grade.
NaNOQO;, NaH,PO,, NaCl, Na,SO; and ZnCl, were
obtained from Xilong Chemical Co., Ltd.; and AlCl;-

6H,0, urea formamide, and Carboxymethyl cellulose

(CMC) sodium salt (Acros, MW =90,000, degrees of
substitution =0.7), from Sinopharm Chemical Reagent
Beijing Co. Litd., Beijing Chemical Plant, Tianjin Bodi
Chemical Co. Ltd, and Sigma-Aldrich Sigma-Aldrich
Co. LLC., respectively.

CO;™ type ZnAl-LDHs precursor was synthesized
by homogeneous precipitation method as reported. In
a flask, a mixed aqueous solution (0.8 L) containing
10 mmol - L' Zn*, 5 mmol-L™" AI**, and 35 mmol - L™
urea was heated at 100 “C under continuously
magnetically stirring for 24 h. The precipitate was
filtered, washed, and then dried in air. From the CO;*
type LDHs (1 g), NO;~ LDHs was obtained via a salt-
acid mixed solution treatment by using 1L aqueous
solution containing 2 mol +L ™" NaNO;+9 mmol L™
HNOs, in a N, atmosphere!™.

The NO; -LDHs (0.1 g) was added into
(100 mL) and then stirred for 24 h. Into
colloidal suspension, a
solution of 0.067 0 g of CMC in formamide (50 mL)

prepared as reported previously "), was poured. In the

formamide

the obtained nanosheets

present case, the charge number ratio of CMC to
LDHs nanosheets, referred to as Rewopn, was 1
different amounts of CMC were designed with the ratio

of 1/2, 1/4, 1/8, 1/16, and the
correspondingly called R-1, R-1/2, etc. After being

samples were

stirred for 4 h, the suspension was centrifuged. The
solid samples were water-washed several times until
formamide was removed completely, as confirmed by
non-existence of the stretching vibrations of C=0 and
C-N, respectively, at 1690 and 1312 ecm™",in Fourier
transform infrared (FTIR) spectrum (Fig.3) and then
dried at 40 °C in vacuum.
1.2 Phosphate adsorption

The K, of different

determined and

values anions were

calculated using the following
equation: K, (mL-g™)=anion adsorbed in solid (mg-g™)
/(anion concentration in solution (mg-mL™). The wet
composite sample containing 0.11 g NO;-LDHs was
immersed in 25 mL of the mixed solution: 2mmol - L™
NaCl 42 mmol L' NaNO;+2 mmol L Na,SO, +2
mmol L™ NaH,PO, for 3 d with shaking. After being

centrifuged, the supernatant solution was subjected to
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ion chromatograph (Dionex DX-600).

The capacity of phosphate adsorption was
measured by immersing the wet composite samples
(0.05 ¢ NO; -LDHs exfoliated) in a 2 mmol -L ™
NaH,PO, solution (150 mL) with shaking for 3 d,
which is longer than the period to reach the
equilibration of the adsorption (1 d, as we checked).
1.3 Characterization

FTIR spectra were collected by a Nicolet 380
FTIR spectrometer at room temperature using the KBr
method. X-ray diffraction (XRD) measurements were
performed Phillips  Xpert Pro MPD
diffractometer with Cu K« radiation (A=0.154 18 nm),

at the room temperature, with a scanning rate of 10 °-

using a

min~', a step size of 0.0167°+s™ and 26 ranging from
4.5°~70° as well as 0.8°~6°. The generator setting is
40 kV and 40 mA. C, H and N analysis was
performed in a LECO CS-444 analyzer. Zn and Al
contents were analyzed using inductively coupled
plasma (ICP) atomic emission spectroscopy (Jarrel-
ASH, ICAP-9000). Transmission electron microscopy
(TEM) images were collected using JEM-2100F (JEOL
Ltd.). (SEM)
observations were carried out using a model S-4800
(Hitachi, Ltd.) operating at 5.0 kV.

Scanning  electron  microscope

2 Results and discussion

The XRD patterns
NO;™  type

(Fig.1) show that COs*" and
ZnAl-LDHs crystals precursor has a
hexagonal symmetry with R3m space group. The dyys
values of COs*~ and NO;~ type ZnAl-LDHs are 0.75
and 0.88 nm, respectively. The patterns imply that
pure phase LDHs with good crystallinity have been
obtained. Fig.lc shows the wet-state pattern of the
NO;-LDHs colloidal suspension. In the pattern, only
the small peak at d,,p=0.152 nm and the amorphous
halo in 26 range of 20° ~30° are observable. This
indicates that the LDHs crytals are exfoliated to 2D
nanosheets, and even so, the layer is not changed
remarkably.

The XRD patterns (Fig.2A and 2B) show haloes
in 26 range of 20° ~30° and 25° ~45° for the
before and after water-

nanocomposite samples

washing, respectively. The patterns are characteristics
of amorphous materials, however, for each sample a
small peak at d;,0=0.152 nm showing the existence of
nanosheets is also been observed. Thus, the patterns
confirm that the nanosheets exist in the samples and
that CMC prevents the INS from restacking in water.
The chemical formula of the INS (Table 1), [ZngsAlys,
(OH),***, and the specific surface area is 1.3x10* m?-
g

After dried, the peaks in the patterns (Fig.2C and
2D) indicate the

nanocomposites with a large basal spacing of ~2.5 nm

layered  structures of the

for the samples except for R-1/16 that contains less
amounts of CMC. Taking the thickness (0.48 nm)"® of
the LDHs layer into account, the interlayer distance
(Ad) of the nanocomposites is estimated to be about 2
nm. Since the size of a glucose ring in cellulose

crystal is ca. 0.40 nm™ in the large spacing, the

1000

©

(003)
50 000

(006)

L T T I T O O O B A
30 40 50 60

e ®)

(003)

50 000

(113)
(116)

(102)
(115)

S g
S 3
Z|<
N

~{(1019)

<
(=3
S
x6
RN
30 40 60
Y A

L

TTT T T T T T T T T T T T T T T T T T T T T T I TTTT]
10 20 30 40 50 60
20/ (°)

()

Fig.1 XRD patterns of the samples (a) CO;>-LDHs,
and (b) NO;-LDHs and (c) wet colloidal slurry
of NO;™ type LDHs in formamide
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Fig.2 XRD patterns of the samples of (a) R-1, (b) R-1/2,
(c) R-1/4, (d) R-1/8, and (e) R-1/16, in wet-state

A: in formamide, B: in water, and C, D: dried at

%
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40 °C for 12 h in vacuum; d-value in nanometers

interlayer gallery could be considered as a multilayer
arrangement of CMC. In the pattern of R-1/16, there
is no peak in the range of high 260 but a small peak at
d =0.77 nm, which may indicate that some sheets
restack to a layered structure with small spacing. In
addition, a halo at 20 15°~30° in the patterns of the
dried samples indicates the amorphous structure
formed too, implying a portion of INS does not restack
since they could be intertwined by CMC. This is
probably the reason why almost the same basal
(~2.5 nm) is formed for different CMC
contents. The FTIR spectra (Fig.3A) indicate the
existence of CMC and LDHs. The bands at 1 420, 1
325, 1 060 ¢m ™ are characteristic of CMC ™! The
band at 1684 cm™ assigned to C=0 vibration for the

spacing

composites appears compared with that of CMC,
maybe due to the loss of sodium ion CMC. The
bending vibration of O-H appears at 1 600 cm™ for
CMC, whereas at 1 630 cm™ for LDHs. Both of the
bands are observed for the composites and the latter
increases in intensity, showing the relative amount

decrease of CMC. Corresponding to this change, the
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Fig.3 FTIR spectra of the samples before (A) and after
(B) adsorption of phosphate

relative intensity of 1 384 ¢cm™ band, characteristic of
N =0 vibration in NO;~, is increased for the charge
compensation. No remarkable band at 1 360 cm ™
assigned to CO;™ is observed in the composites.

(Table 1)
shows that the Zn/Al molar ratio decreases markedly
with the decrease of CMC. Sasaki et al.”™ considered
the smaller Mg/Al ratio of MgAl-LDHs nanosheets

than that of the precursor as a result of the gradual

The composition of the composites

dissolution of the nanosheets in formamide. Thus the
dissolution of Zn should be severer than that of Mg,
and CMC exhibits an inhibitory action on the
dissolution of Zn**. Compared with the designed ratio
of INS/CMC, the experimental ratio is smaller for each
composite. This means the loss of some nanosheets in
the solid-liquid separation process, because they do
not form the composite with CMC. Zn/Al ratio<1 in
the LDHs

vacancies in the layers®, thus the Zn dissolution maybe

implies the existence of octahedral
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Table 1 Chemical composition analysis and the molar ratios of Zn/Al and INS/CMC

INS/CMC
Sample Composition Zn/Al
Des. Expt.
LDHs" Zn0.45Alo51(OH)5(CO3)007(NO3)o30 0.3H,0 0.87
R-1 Zno36Alog(OH)(CMC)o54(N O35+ 1.6H0 0.60 3.1 1.9
R-1/2 Znp5A1o6(OH)(CMC)o35(NO3)ogo+ 1.6H0 0.47 6.2 2.6
R-1/4 Zn29Alo55(OH)(CMC)g15(NO3)gs+ 0.5H0 0.55 12.4 5.4
R-1/8 Zng16Aloe(OH),(CMC)o2i(NO3)o o+ 1.4H0 0.26 24.8 4.8
R-1/16 ZnosAlo s OH)(CMC)os(NO3) 00+ 0.5H0 0.12 49.6 12.8

Note: “ZnAl-LDHs INS was washed by water and then dried at 40 °C for 12 h in vacuum.

Des.=designed

produce more such vacancies, leading to a decrease in
positive charge of the dried composites (~2.5 nm,
shown in Fig.2D), which is larger than that (1.75 nm)
for the composite of MgAl-LDHs and CMC!™.

The SEM images (Fig.4a) show that NO;-LDHs
has hexagonal platelets among which the largest one is
~2 pm in size. The image for the dried composite
(Fig.4b) indicates restacked LDHs plates, agreeing
with the XRD diffraction peaks in Fig.2C, even
though the LDHs plates become irregular on the edges

and some particles become smaller after undergoing

the exfoliation/restacking process. The TEM images
(Fig.4c~d) of the wet sample ultrasonically dispersed
in water and freeze-dried show very thin sheets of the
LDHs, with wrinkles. Cellulose was not observed due
to the contrast difference of the organic substance
with the LDHs sheets.

Using the R-1

equilibrium distribution coefficients

sample as adsorbent,

(Ky) of different
anions were determined. The K, values of Cl~, NO;~,

SOz~ and H,PO,~ are 14.8, 0.844, 29.1 and >10°,
respectively, showing that phosphate has much higher

wet

Fig.4 SEM images of (a) NO;-LDHs, (b) dried R-1/4, and TEM images of (c, d) wet R-1/4
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K, than other anions, and the composite has the same
selectivity sequence, H,P0,>>S0,>ClI>NO;", as the
calcined LDHs products . Thus, the adsorption
mechanism may be also ligand complexation or
electrostatic attraction between ZnO and phosphate, as
we reported previously!.

Fig.5 indicates that the adsorption capacity is
larger than 26 mg (P) per gram of LDHs added, and the
maximum reaches 40 mg (P) per gram of LDHs added.
The value is much larger than that of the LDHs
(16 mg (P) per gram of LDHs added)!™. If

converting the weight of LDHs to nanosheets, a

materials

maximum of 54 mg (P) per gram of LDHs added is
reached by the composite. After the adsorption
treatment, the pH value of the solution is changed
from 5.1 to 5.9~6.1 for these samples. This pH value
increase agrees with OH ™ increase predicted by the
adsorption mechanism mentioned above. In Fig.3B,
the enveloped band at 1 066 cm™ is the remarkable
change after the adsorption. This change may be
attributed to phosphate since the v; (P-O) of phosphate
would appear in the range. Another change is that 1
384 ¢cm™ (Fig.3A) becomes obscure, probably implying
the ion-exchange of phosphate with NO;~.

above, the INS could be

intertwined by CMC via the electrostatic interaction

As mentioned

and the hydrogen bonds between -OH groups of INS
of CMC. This is
disadvantage for INS to react with phosphate, by

and oxygen-containing groups

forming the steric hindrance, according to the

mechanism of ligand complexation or electrostatic

60
O NO;-type LDHs added

50 ® LDHs nanosheets

T 40
30 1

20

Phosphate-adsorption
capacity/(mg-g~

R-1 R-1/2 R-1/4 R-1/8 R-1/16

Fig.5 Phosphate-adsorption capacity based on per gram
of NO;™ type LDHs added and its equivalent

LDHs nanosheets, respectively

attraction ZnO and phosphate. The two inverse
influences, (1) the decrease of adsorption sites due to
the Zn dissolution, and (2) decrease of the steric
hindrance of CMC due to the decrease of CMC
content, may give rise to the maximum phosphate-
(Fig.5). Because of

Zn** dissolution and the steric hindrance, the compos-

adsorption in the series samples

ites do not show a large adsorption amount as

predicted by the high specific surface area of the INS.

3 Conclusions

The ZnAl-LDHs INS was stabilized in an
aqueous system by forming composite with CMC,
which inhibits not only restacking of INS to layered
structures but also the dissolution of Zn** from INS.
As an application of INS with high specific surface
area, the composites obtained show high selectivity
toward phosphate and highly increased phosphate-

uptake amount.
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