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Abstract—Hierarchically structured layered double hydroxides (LDHs)/ALO; composites were fabricated from waste
paper fibers using a two-step method. In the first step microscaled ALO, fibers were prepared by template-directed
synthesis employing waste paper fibers as templates; and in the second step nanoscaled LDHs platelets were fabricated
into hierarchical architectures based on crystal growth on ALO; fibers surface. The morphology and structure of as-
prepared samples were characterized by scanning electron microscopy (SEM), N, adsorption/desorption analysis and
X-ray diffraction (XRD) analysis. The SEM results revealed that the inorganic fibers were covered by LDHs platelets,
forming the hierarchical structures with micro- to nanoscales. The BET analysis showed that the surface area was in-
creased from 76.66 m*/g (ALO, fibers) to 165.0 m’*/g (composites) by the growth of LDHs platelets on the surfaces of
AlLO; fibers. As compared to bare LDHs particles and ALO; fibers, the LDHs/ALO; composites show a high fluoride
adsorption capacity, and the maximum adsorption capacity can reach up to 58.7 mg/g. The Langmuir isotherm model
was found to agree well with the equilibrium data, while the pseudo-second order model provided the highest correla-
tion of the kinetic data for fluoride adsorption. The as-prepared LDHs/Al,O; composites and corresponding design
strategies developed herein are expected to be applicable to the synthesis of other LDHs based composites for the re-

moval of pollutants from water.
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INTRODUCTION

Increasing public concern regarding energy consumption and
environmental pollution has led to the development of renewable
and eco-friendly materials. Much attention has been focused on
the development of paper-based materials because its source (cel-
lulose) is abundant in nature, low cost, and environmentally benign
[1]. However, the increasing use of paper-based materials has pro-
duced large amounts of waste paper. The utilization of waste paper
for pollution control has recently been reported as a potential alter-
native to the synthetic materials. In this regard, several adsorbents
like waste paper pulp [2], chemically modified waste paper [3], paper
industry waste material [4] have been studied for the removal of
heavy metals ions from aqueous solutions. In addition, Okada et
al. [5] used the waste paper to prepare activated carbons by chem-
ical and physical activation. However, the use of waste paper for
fabricating hierarchically porous composite adsorbent has not been
previously reported.

Fluoride contamination in drinking water has become a seri-
ous environmental problem due to natural and anthropogenic activ-
ities [6], which have posed significant risks to human and animal
health. Long-term ingestion of high fluoride drinking water may
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lead to dental fluorosis, skeletal fluorosis and even crippling skeletal
fluorosis [7]. According to the World Health Organization (WHO)
guidelines [8], the fluoride concentration recommended for pota-
ble water for human consumption is generally in the range of 0.5
mg/L to 1.5mg/L. However, high-fluoride levels in groundwater
are found in many parts of world, particularly in China, India, Africa
and Mexico [9]. Therefore, the efficient treatment of excess amount
of fluoride from drinking water is extremely important to protect
public health. Numerous methods have been developed for remove
excessive fluoride from drinking water such as ion exchange [10],
adsorption [7], nanofiltration [11], and electrodialysis [12]. Among
these, adsorption is highly effective due to being economical, sim-
ple and energy saving.

Many adsorbents such as rare earth oxides [6], LDHs [13] and
activated alumina [14] have been used to remove excessive fluo-
ride from water. Rare earth-based adsorbents have been confirmed
to have high sorption capacity for fluoride [15]. Rare earth metals
have been used to modify conventional adsorbents to prepare the
composite adsorbents [16]. However, the prices of these adsorbents
should be considered in practical application. The heavy metal pollu-
tion derived from rare earth elements should also be considered in
adsorbent preparation and adsorption process. Though fluoride
adsorption on LDHs and Al,O; is evident by some research work-
ers, there are no reports on the preparation of hierarchically struc-
tured LDHs/ALO; composites for fluoride removal from aqueous
solutions. Enhanced fluoride adsorption properties could possibly
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Scheme 1. Schematic illustration of the preparation of LDHs/ALO,
fiber using waste paper fibers as templates.

be achieved by the combination of the hierarchical structures of
composites with the functionality of LDHs and ALO,. We fabri-
cated hierarchically porous LDHs/ALO; composites from waste
paper fibers using a two-step method. In the first step the microscaled
AlL,O; fibers are prepared by template-directed synthesis employ-
ing paper fibers as templates, and in the second step the nanoscaled
LDHs platelets are fabricated into hierarchical architectures by in
situ growth on ALO; fibers surface. The synthesis process of hier-
archical LDHs/ALO; fiber composites is illustrated in Scheme 1.
The fabricated composites exhibit special surface structures, offer-
ing the combined benefit of the unique electrostatic interaction
and high surface areas, which have promising application in water
treatment.

EXPERIMENTAL SECTION

1. Preparation of Hierarchically Porous Mg-Al LDHs/ALO; Com-
posites

Waste papers were recycled from daily life. After being washed
several times with distilled water, they were cleaned with absolute
ethanol followed by drying at 80 °C for 12h in a ventilation dry-
ing oven. Other reagents (analytical grade) were used as received
from commercial suppliers without any further purification. The
alumina sol was prepared as described in our previous work [17].
Then, 04 g of washed papers was immersed into 200 mL of pre-
cursor sol and treated under ultrasound irradiation for 2h. The
infiltrated papers were washed with distilled water to remove non-
adsorbed metal ions. After being dried at 80 °C for 12 h, the sam-
ple was calcined at 550 °C for 4h to obtain cellulose fiber-based
ALO,; fibers.

The hierarchically porous Mg-Al LDHs/Al,O, composites were
fabricated by combining the template method and hydrothermal
method. Briefly, 0.512 g of Mg(NO;),-6H,0 and 0.560 g of HMT
were dissolved in 25 mL of distilled water in a 30 mL autoclave
Teflon vessel. Then, 0.102 g of as-prepared ALO; fiber was immersed
in the above mixed solution. The vessel was further treated under
a hydrothermal condition at 105 °C for 12 h and subsequently left
to cool to room temperature. After the hydrothermal reaction, the
obtained sample was filtered, washed with distilled water and eth-
anol for several times and dried at 120 °C to get the hierarchically
porous Mg-Al LDHs/ALO, composites.

2. Sample Characterization

The morphologies and microstructures of LDHs/ALO; com-
posites were characterized by obtaining scanning electron micro-
scope images using a Hitachi S-3400N SEM at an acceleration voltage
of 20kV. The general structure of the samples was investigated
using an X-ray diffraction measurement on a Bruker-AXS D8 X-

ray diffractometer system with Cu K radiation at 40kV and 40
mA. The surface areas and pore-size distributions of prepared prod-
ucts were analyzed by nitrogen adsorption measurements, oper-
ated at 77 K on a Micromeritics ASAP 2020 adsorption analyzer.
The Brunauer, Emmett, and Teller (BET) equation was used to ob-
tain the specific surface areas.
3. Adsorption Experiments

We measured the concentration of fluoride solution by a fluo-
ride ion-selective electrode (PF-1). Batch process was employed
for adsorption studies. The equilibrium adsorption isotherms were
as follows: 50 mg of the Mg-Al LDHs/AL O, composites was added
into 50 mL fluoride solution at different initial concentrations.

The amount of fluoride adsorbed at equilibrium, g, was calcu-
lated by Eq. (1).

C,—C)V
qez( 0 e) (1)

m
where q, is the adsorption capacity (mg/g) at equilibrium, C, and
C, are the initial concentration and equilibrium concentration, re-
spectively. V is the volume (L) of solution and m is the mass (g) of
adsorbent used.

RESULTS AND DISCUSSION

Fig. 1(a)-(c) shows the SEM images of the cellulose fiber-based
AlLO; prepared by template method. From Fig. 1(a), the ALO; fibers
are interlaced with each other forming the meshwork. The length
of the inorganic fibers ranges from tens to several hundred microm-
eters and the diameter varies from several to tens micrometers.
The lengths and dimensions of the ALO; fibers are not uniform,
which may be ascribed to the complexity of waste paper fibers. The
magnified SEM images of a single fiber are shown in Fig, 2(b), which
proves that the structure of paper fibers has been successfully rep-
licated by template method. Obviously; the microscaled ALO; fibers
can provide enough space for in situ growth nanoscaled LDHs. Fig.
1(c) illustrates the magnified images of ALO; fiber surfaces, indi-
cating that the fine structures of cellulose fibers are reserved in inor-
ganic replicas.

Fig. 1(d)-(f) shows the morphologies and microstructures of
the fabricated Mg-Al LDHs/Al,O, composites. It can be seen from
Fig. 1(d) that the unique fibrous structures of the target product
are faithfully inherited from that of the ALO; fibers. The magni-
fied SEM images (Fig. 1(e)) of a single fiber clearly show the diam-
eters of the fiber composites ranges from 5 to 10 pm, approaching
that of AL O, fibers. Compared with the SEM images of the cellu-
lose fiber-based ALO; fibers displayed in Fig. 1(b), the surface mor-
phology of the inorganic fibers is complicated by the growth of LDH
nanosheets. The ALO; fibers are covered by thousands of flat plate-
lets, indicating the prepared composites show a hierarchical struc-
ture at scales ranging from micro- to nanoscales. Fig. 1(f) presents
the magnified image of the LDHs nanoplatelets. The results clearly
show that the LDHs sheets are dispersed disorderly on the surface
of inorganic fibers. Compared with the relatively smooth surfaces
of ALO; fibers (Fig. 1(c)), the LDHs/ALO; composites contain a
large numbers of macroporous on the surfaces of fibers, forming
hierarchical structures with high surface-to-volume ratios.
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Fig. 1. SEM images of as-obtained (a)-(c) cellulose fiber-based Al,O; fibers and (d)-(f) Mg-Al LDHs/AL,O; composites.
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Fig. 2. (A) XRD patterns of as-synthesized (a) ALO; fibers, (b) Mg-Al LDHs/ALO; composites and (inset) bare LDHs; (B) BJH pore size dis-
tributions and N, adsorption-desorption isotherms (inset) of Al,O; fibers and LDHs/ALO; composites.

The XRD patterns of as-synthesized ALO; fibers and Mg-Al LDHs/
AL O; composites are shown in Fig. 2(A). The sample of ALO; fiber
shows only very broad and diffuse patterns, which reveals its amor-
phous nature. To compare the structural changes, the bare Mg-Al
LDHs particles are synthesized by hydrothermal method as described
previously [18], and the corresponding XRD pattern is shown in
inset of Fig. 2(A). The reflections of synthesized LDHs particles
show sharp and symmetric peaks, even at a high angle range, indi-
cating the highly crystalline nature of the samples. However, LDHs
phase in Mg-Al LDHs/Al,O, composites shows the relatively broad
and asymmetric reflections, implying the random and disordered
structures of Mg-Al LDHs on the surface of ALO:.

The adsorption capacity of an adsorbent often follows the pore
structure and total surface area, since there are usually more avail-
able active binding sites on a material with higher surface area. The
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surface and porosity of the samples were characterized by N, ad-
sorption - desorption analysis. Fig. 2(B) shows the pore size distri-
bution and nitrogen adsorption - desorption isotherms of cellu-
lose fiber-based Al O; fibers and Mg-Al LDHs/ALO; composites.
The BET specific surface areas of cellulose fiber-based Al O; fibers
and composites were measured to be 76.66 m*/g and 165.0 m*/g,
respectively. The larger surface areas provide more active sites for
fluoride adsorption, making the adsorption process more efficient.
The significant changes in BET surface areas observed for materi-
als prepared by in situ growth method are attributed to the verti-
cal growth of the LDHs nanosheets on the surface of AlL,O;. The
corresponding pore size distributions indicate that the pore struc-
tures are basically mesoporous with pore sizes predominantly less
than 30 nm with average pore diameters of ~3.63 nm (ALO; fibers)
and ~3.67 nm (LDHs/ALO; composites), respectively. The closed
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Fig. 3. Comparison of adsorption capacity of fluoride on different
adsorbents (conditions: fluoride concentration, 30 mg/L; pH,
5-7; does, 1 g/L and adsorption temperature: 30 °C).

pore diameter may be attributed to the composition of mesoporous
AL O;. The isotherms (inset of Fig. 2(B)) present characteristic fea-
tures of a type IV with a broad H; hysteresis loops, indicating the
presence of mesopores as well as macropores in morphology anal-
ysis. The amount of N, adsorbed at the surface of LDHs/ALO; com-
posites was greater than that of ALO; fibers, indicating the excel-
lent adsorption properties of composites. Besides, the macropo-
rous structure, ranging from nanometer to micrometer scales, can
be directly observed in morphology analysis as shown in Fig. 1(f),
which cannot be accessed by N, adsorption-desorption analysis.
The positively charged hydroxide sheets are orderly stacked based
on the strong electrostatic interaction and hydrogen bonding, result-
ing in the highly ordered structures and extremely limited interlayer
space of LDH. It is unfavorable for adsorption due to the limited
diffusion of adsorbate in the interlayer of the LDHs. The in situ
growth technique suggests that the LDHs nanosheets are perpen-
dicular to the substrate materials, which avoid the formation of multi-
layer stack of LDHs sheets. Fig. 3. shows the comparison of ad-
sorption capacity of fluoride on different adsorbents, confirming
the excellent fluoride adsorption properties of the hierarchically
structured LDHs/AL O, composites. The fluoride adsorption capac-
ity could reach up to 19.03 mg/g with the adsorption time of 24 h,
accompanied by the initial concentration of fluoride reduces from
30mg/L to 10.97 mg/L. The adsorption capacity of LDHs/ALO;
composites is two times higher than that of ALO; fibers under the
same adsorption conditions. The fluoride adsorption on LDHs was
rapid in the first 60 min and became almost asymptotic after 80
min. However, it took 120 min for ALO; fibers to reach the adsorp-
tion equilibrium. The slower adsorption process for ALO; may be
attributed to a very slow diffusion of the adsorbents from the sur-
face film to micro-pores. The results also revealed that the adsorp-
tion of fluoride on the LDHs/ALO; composites was fast, and the
adsorption equilibrium could be attained within 40 min. The fast
fluoride adsorption may be attributed to higher surface area and
porosity of composites. The fluoride ions are readily diffused into
the composites and are rapidly adsorbed on positively charged LDHs

Table 1. Comparison of several reported adsorbents for fluoride

removal
Adsorbents e . References
(mgg)
Activated alumina 54 (6]
Polyaniline/Alumina 5.6 [19]
Kaolin clay 17.8 [20]
Activated red mud 5.7 [21]
La*"-exchanged zeolite F-9 11.0 [22]
Precipitated waste mud 27.2 [23]
Zn-Al layered double hydroxides 1.1-4.2 (5]
Calcined Mg-Al layered double hydroxides ~ 80.1 [24]
Mg-Al LDHs/ALO; composites 58.7*  This work

*Adsorption conditions: fluoride concentration, 105 mg/L; does, 1 g/
L; adsorption time, 24 h and adsorption temperature: 60 °C)
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Fig. 4. Experimental equilibrium data (dots) and Langmuir fits
(curves) for the fluoride adsorption onto cellulose fiber-based
Mg-Al LDHs/ALO; composites at different temperatures
(conditions: fluoride concentration, 15-105 mg/L; pH, 5-7;
does, 1 g/L and adsorption time: 24 h).

platelet. Compared with several reported adsorbents (Table 1) for
fluoride removal from aqueous solutions, the LDHs/Al,O; com-
posites show a high fluoride adsorption capacity, and the maximum
adsorption capacity can reach up to 58.7 mg/g (See Fig. 4).

Equilibrium isotherms are fundamental to understanding the
mechanism of fluoride adsorption [25]. The equilibrium distribu-
tion of fluoride between the liquid phase and the solid phase is im-
portant in determining the fluoride adsorption capacity. To estab-
lish the most appropriate correlation for the equilibrium curves,
three well-known isotherm models, namely Langmuir, Freudlich
and Dubinin-Radushkevich (D-R) equations [15,17,26], were adopted
to examine the mechanism of the fluoride adsorption.

The linear form of Langmuir isotherm is expressed as follows:

: ©)

Korean J. Chem. Eng.(Vol. 33, No. 2)



724 T. Zhang et al.

Table 2. Langmuir isotherm model constants and correlation coef-
ficients for adsorption of fluoride onto adsorbents at dif-
ferent temperature

Temperature (°C) K, (L/mg) R* Q. (mg/g) q,, (mg/g)
30 0.0971 0.97 46.49 53.39
45 0.1207 0.98 50.88 57.60
60 0.1400 0.98 58.68 65.02

The Freundlich isotherm is an empirical equation based upon
the assumption of multilayer formation of adsorbate onto a het-
erogeneous surface adsorbent [3]:

Ing,=InK+ ilnCe 3)

The D-R isotherm is more general than the Langmuir isotherm,
which was proposed by Dubinin and Radushkevich [27]. From the
model, the adsorption on a single type of uniform pores can be
applied to distinguish between physical and chemical adsorption
[28]:

In qczln Qnax— ﬂgz (4)

The effect of adsorption temperatures on fluoride adsorption
was studied in the range of 30-60 °C at initial fluoride concentra-
tions ranging from 15 to 105 mg/L. Fig. 4 shows the experimental
equilibrium data and Langmuir fits (curves) for the fluoride adsorp-
tion onto composites at different temperatures. The calculated val-
ues for Langmuir parameters are summarized in Table 2. As shown
in Fig. 4, the adsorption capacity was increased with increasing
fluoride concentrations and became almost asymptotic at higher
concentrations. These curves indicate that the Langmuir isotherm
model is consistent with the data at different adsorption tempera-
tures. The fact was further supported by the correlation coefficient
(R’ in Table 2. However, the theoretical maximum adsorption
capacity (q,,) was slightly increased as compared to the maximum
experimental value (q,,,), which may be attributed to the increasing
trend of fitted curves. Note that adsorption capacity increased with
increasing temperature, indicating the endothermic nature of the
adsorption process. This is in agreement with the results of Langmuir
parameter that the K; was increased with increasing temperature.

Table 3 presents the values of correlation coefficients and con-
stants of Freundlich and D-R isotherm model for the adsorption
of fluoride. The isotherms are not to be linear as evidenced from
the values of correlation coefficients. Hence the adsorption equi-
librium data do not exactly fit the Freundlich and D-R models.

To determine the adsorption kinetics and rate-limiting step during

2 —a—15mgl
[} —e—30mg/L
—A— 45 mg/L

24

20

q, (mg/g)

i i " i i " " 1 i 1 i 1
0 20 40 60 80 100 120 140 160 180
Time (min)

Fig. 5. Adsorption kinetics of fluoride on the Mg-Al LDHs/ALO,
composites at different initial fluoride concentration (con-
ditions: fluoride concentration, 15-45 mg/L; pH, 5-7; does,
1 g/L and adsorption temperature: 30 °C).

adsorption process, the effects of adsorption time obtained from
different initial fluoride concentration were further analyzed by differ-
ent kinetic models. These models, including the pseudo-first-order
model, pseudo-second-order model, and intraparticle diffusion
[29-31], were used to fit the experimental data:

In(q.—q)=In gkt ©)
4 kq
q=kt"+C ?)

Fig. 5 shows the effect of adsorption time on the amount of ad-
sorbed fluoride on composites. The results show that the adsorp-
tion equilibrium could be reached within 100 min. Note that the
time required for reaching adsorption equilibrium increased from
40 min to 100 min with the fluoride concentration increased from
15 mg/L to 45 mg/L. The slow adsorption at higher fluoride con-
centrations was further confirmed by the calculated rate constants
as shown in Table 4. In the fluoride adsorption process, the adsorp-
tion sites of composites were occupied by the adsorbed fluoride
ions. It is a slow process to adsorb the excess fluoride ions on nearly
saturated adsorption sites. This might explain the decrease in rate
constants with increase in fluoride concentration. In addition, from
Fig. 5, the fluoride adsorption capacity was increased with increas-
ing fluoride concentration.

Table 3. Freundlich and Dubunin-Radushkevich isotherm model constants and correlation coefficients for adsorption of fluoride onto

adsorbents at different temperature

Temperature Freundlich Dubunin-Radushkevich
(OC) R2 n KF (mg/g (L/mg)lln) RZ
30 0.96 2.906 11.51 0.65
45 0.97 3.003 13.67 0.67
60 0.99 2.898 15.54 0.69
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Table 4. Kinetic parameters for adsorption of fluoride onto LDHs/Al,O; composites

Model Pseudo-first-order Pseudo-second-order Intraparticle diffusion
Parameters R’ K, (min™")  quem (mg/g) R’ K, (g mg"' min™") Qeea (ME/E) R’ K, (mg g ' min"?)
15 mg/L 0.90 2.35x107° 9.78 0.98 331x107° 14.98 0.96 1.50
30mgL 091  363x10° 13.44 0.99 2.94x10°7° 23.77 0.95 2.55
45 mg/L 0.97 2.42x107 31.64 0.99 6.62x10™ 43.12 0.99 3.63
A comparison of the kinetic data with the linearized plot of those (2011).

models is presented in Table 4. The results indicate that the pseudo-
second-order kinetic model was followed better than pseudo-first-
order and intraparticle diffusion kinetic model according to the
high correlation coefficient (R*>0.98). The experimental data fitted
well to the second-order kinetic model, which indicates that chemi-
cal adsorption is the rate-limiting step, instead of mass transfer.

CONCLUSIONS

Hierarchically porous LDHs/AlO; composites with porous struc-
tures were successfully fabricated by combining the template method
and hydrothermal method. This environmentally friendly strategy
not only involves the replication the fiber structures to obtain morph-
AlL,O;, but also involves the fabrication of 2D LDHs nanoplatelets
into complex 3D architectures. The amorphous ALO; fibers are
obtained by template-directed synthesis employing waste paper fibers
as templates. After hydrothermal treatment, the amorphous ALO;
fibers change into crystalline structures composed of LDHs plate-
lets, forming hierarchical LDHs/ALO, fiber composites. As com-
pared to bare LDHs particles and ALO; fibers, the LDHs/ALO;
composites exhibit excellent adsorption properties. The equilib-
rium adsorption data were well-fitted to the Langmuir model, while
the second-order kinetic model provided the better correlation of
the kinetic data. This work not only provides a simple approach to
fabricate hierarchically porous materials by low cost papers, but
also gives an excellent adsorbent for fluoride adsorption in pollu-
tion control.
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