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Abstract—The elimination of Pb*" and recovery of lead metal during the treatment of industrial sewage is
an important research topic. Montmorillonite (Mnt) is a promising material in this regard. The purpose of
the present study was to improve the Pb>" adsorption ability of Na-containing Mnt (Na-Mnt) by pillaring
titania (anatase) into its interlayer spaces using a sol-gel method. The samples were characterized by X-ray
diffraction (XRD), scanning electron microscopy (SEM), and transmission electron microscopy (TEM).
The ratio of Ti to Mnt affected the crystal phase of titania-pillared Na-Mnt (Ti-Mnt), and changed the
interlayer spacing of the (001) plane of Ti-Mnt and the growth of anatase. The Pb>"-adsorption capabilities
of Ti-Mnt were tested using an aqueous solution of lead nitrate as a wastewater model. The Ti-Mnt
prepared adsorbed >99.99% of the Pb>"; leached and activated Ti-Mnt adsorbed >95.7% of the Pb>",
indicating that Ti-Mnt could be recycled effectively. Furthermore, the Pb**-adsorption capability of Ti-
Mnt was related to the interlayer spacing of Mnt, the distribution of anatase particles pillared in Mnt, and
the specific surface area, especially with respect to the relationship between the anatase particles and the

interlayer spacing of the (001) plane.
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INTRODUCTION

Pb>" in industrial wastewater is very harmful to
human health and plant growth; the removal of Pb>" and
the recovery of lead metal from industrial wastewater is
a major challenge in protecting the environment. In the
treatment of industrial wastewater, direct adsorption of
Pb*" is viewed as the simplest and most economical
approach. Activated carbon is used widely as an
adsorbent to this end. The cost of the activated carbon,
compared to natural adsorbents, limits its utilization,
however; natural adsorbents such as montmorillonite
(Mnt) are promising alternative candidates for adsorp-
tion of Pb>". Mnt is an important natural silicate mineral
with a lamellar structure but its small particle size and
variable interlayer spacing lead to low porosity. By
placing pillars of metal oxides in the interlaminar spaces
of Mnt (known as ‘pillaring’), the interlayer spacing can
be homogenized and stabilized, the particle size
enlarged, and the porosity increased. Numerous efforts
have been made to expand the interlayer spacing of the
(001) plane of Mnt to increase its specific surface area
and to improve its adsorption capability for potential
applications (Fetter et al., 1997; Korosi et al., 2004;
Yaron-Marcovich et al., 2005; Hur et al., 2006; Miao et
al., 2006; Tabet et al., 2006; Zhou, 2011; Zhou and
Keeling, 2013; Zhou et al., 2016).
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Recently, titania has been pillared into the interlayers
of Mnt to form a Ti-Mnt nanocomposite (Chen et al.,
2013; Tahir et al; 2013; Djellabi et al., 2014; Zhang et
al., 2014; Tahir et al., 2015; Barama et al., 2017,
Mulewa et al., 2017). These composites have been
studied extensively to achieve better photocatalytic
activity. Ti-Mnt also exhibits excellent stability
(Mulewa et al., 2017), reusability (Djellabi et al.,
2014; Zhang et al., 2014), and adsorption capability
(Djellabi et al., 2014). As a result, Ti-Mnt is viewed as a
low-cost alternative adsorbent for wastewater treatment.
The application of Ti-Mnt in the treatment of Pb**-
containing wastewater has rarely been investigated,
however (Liang, 2013; Irannajad et al., 2017).

During the present study, the relationship between the
microstructure of Ti-Mnt and its Pb>" adsorption
capability in aqueous solution were investigated. The
Pb*" adsorption capability of Mnt was improved by Ti-
pillaring. This improvement is related to the enlargement
of the interlayer spacing, the loose layer structure of the
(001) plane, well dispersed anatase particles, and
sufficient active sites for adsorption which are provided
by both the Mnt layer and anatase particles. Ti-Mnt with
adsorbed Pb>" could also be recycled easily using a
nitric acid solution to leach out Pb*".

EXPERIMENTAL

Chemicals

Butyl titanate (CP) was purchased from Aladdin
(Tianjin, China). Sodium-containing montmorillonite
(Na-Mnt) was purchased from Sand Technology Co.
Ltd. (Anji, Zhejiang, China). Nitric acid (analytical
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grade, AR) and absolute ethyl alcohol (AR) were
purchased from Aladdin (Tianjin, China). All chemicals
were used without further purification.

Sample preparation

The Ti-Mnt nanocomposite was prepared in two
steps: (1) preparation of pillaring solution; and
(2) pillaring the Na-Mnt with the solution. The pillaring
solution was prepared as follows: first, 100 mL of butyl
titanate was added dropwise to 100 mL of absolute ethyl
alcohol under stirring at 0°C to obtain solution A. This
solution was stirred at room temperature for 30 min.
Next, 40 mL of HNO; (1.0 mol/L) was added dropwise
to 25 mL of absolute ethyl alcohol under stirring at 0°C
to prepare an acidic solution (Sp). Then, 40 mL of
NaOH (1.0 mol/L) was added dropwise to 25 mL of
absolute ethyl alcohol under stirring at 0°C to prepare an
alkaline solution (Sg). Finally, solution A was added
dropwise to S, and Sp under stirring at 0°C. The acidic
and alkaline pillaring solutions were named P, and Pp,
respectively.

The samples were prepared as follows: first, 10 g of
Na-Mnt was dispersed in 1000 mL of deionized water
under stirring at room temperature to obtain a suspension
liquid. Secondly, pillaring solution P, or Pz was added
dropwise to the suspension at various temperatures
(0—20°C) and stirred for 3 h, followed by aging for
24 h. A certain amount of pillaring solution P, or Py
was added to adjust the ratio of Ti:Mnt to between 0.3
and 2.0 (mmol/g). The mixed liquid was filtered to
obtain a filtered cake. The cake was rinsed six times with
deionized water and once with absolute ethyl alcohol,
dried at 80°C overnight, and calcined at 500°C for 4 h to
obtain pillared Mnt powder.

Measurement of properties

A solution with a Pb>" concentration of 1000.0 mg/L
was obtained by adding 1.60 g of Pb(NO3), to a 100 mL
volumetric flask and dissolving it with deionized water to
the mark of the flask. Similarly, 1.60 g of Pb(NO3), was
added to a 1000 mL volumetric flask and dissolved by
deionized water to the mark of the flask to obtain another
solution with a Pb>" concentration of 100.0 mg/L.
Adsorption tests were carried out according to the
following steps. The Pb>" solutions prepared were used
as models of wastewater. 0.2 g of Ti-Mnt was added to
100 mL of the Pb>" solutions (1000.0 and 100.0 mg/L)
and stirred for 30 min to form two suspension liquids.
The Ti-Mnt sat in the two liquids at room temperature for
2 h, and then the liquids were centrifuged at 5600 x g.
Finally, the concentrations of the remaining Pb>" in the
liquids were measured by flame atomic absorption
spectroscopy (FLAAS). The Pb>" adsorption efficiency
of the Ti-Mnt was calculated according to the following
equation:

Adsorption capability (%) = (Co—C1)/Cy x 100% (1)
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where Cy and C; are the initial and equilibrium
concentrations of Pb*>" in the aqueous solution, respec-
tively. For the control experiment, 0.2 g of Na-Mnt and
0.2 g of anatase nanoparticles prepared by a sol-gel
method were subjected to the same procedure.

To investigate the recyclability of the sample, a
leaching experiment was carried out using nitric acid
solution as a leaching agent. Firstly, 10 mL of nitric acid
solution with a concentration of 1.0 mol/L was prepared.
Secondly, Ti-Mnt was centrifuged after an adsorption
experiment and then added to the nitric acid solution
under stirring. After 15 min, a suspension liquid formed.
The suspension liquid was kept for 2 h and then
centrifuged at 5600 x g. Finally, the Pb>" concentrations
in the nitric acid solution were measured by FLAAS.
The Pb>'-leaching ratio from the Ti-Mnt was calculated
as follows:

Leaching ratio (%) = C>/(Co—C) x 100% 2)

where C, is the Pb>" concentration in the nitric acid
solution after the leaching experiment.

The centrifuged Ti-Mnt after the leaching experiment
was rinsed with deionized water six times and with
absolute ethanol once and then dried at 80°C overnight
to obtain sample 1. This sample was then activated at
100°C for 1 h to obtain sample 2. Next, 0.2 g of sample 1
and sample 2 were added to 100 mL of aqueous Pb*"
solution (1000.0 mg/L). A liquid suspension formed
after stirring at room temperature for 2 h. The suspen-
sion was centrifuged at 5600 x g. The remaining Pb*"
concentrations in the liquids were measured by FLAAS.
The adsorption efficiency of the leached and activated
Ti-Mnt was calculated according to equation 1.

RESULTS AND DISCUSSION
XRD

Acid or alkaline pillaring solution was added to the
Na-Mnt suspension with a Ti:Mnt ratio of 1.0 (mmol/g)
(Figure 1) at 5°C; then the anatase was pillared success-
fully into Na-Mnt, consistent with a previous report by
Tahir and Amin (2013). The diffraction peaks of anatase
in the Ti-Mnt pillared in alkaline solution were not as
obvious as expected, however, possibly because that part
of the titania pillared into the Mnt was amorphous
(Mogyorosi, et al., 2003). Furthermore, the crystal planes
of anatase in the Ti-Mnt pillared in alkaline solution are
more complex than those pillared in acidic solution
(Figure 1). Specifically, the diffraction peaks of the (101),
(004), (200), (105), and (204) planes of anatase in the Ti-
Mnt pillared in acidic solution are much clearer than those
pillared in alkaline solution except for the (213) plane of
anatase. This indicates that the crystallinity of the anatase
pillared in acidic solution is greater than that pillared in
alkaline solution. The results suggest that the development
of the crystal planes of anatase pillared in acidic solution
is different from that pillared in alkaline solution.
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Figure 1. XRD patterns of Na-Mnt and Ti-Mnt prepared under acidic or alkaline conditions. M: Montmorillonite (Mnt); A: anatase;

(001): crystal plane (001).

Compared to the diffraction peak of the (001) plane
of Na-Mnt, the corresponding diffraction peak of Ti-Mnt
pillared in alkaline solution shifted slightly to a lower
angle (Figure 1). According to the Scherrer formula, the
interlayer spaces of the (001) plane of Na-Mnt and
Ti-Mnt pillared in alkaline solution were estimated to be
1.219 and 1.529 nm, respectively. These results are
consistent with those reported by Ooka et al. (2003),
indicating that anatase particles were located in the
interlayer spaces of the Na-Mnt. This resulted in
enlargement of the interlayer spacing of the (001)

M(001)

e

plane of Ti-Mnt. Based on these results, the Ti-Mnt
pillared in alkaline solution was selected to adsorb Pb>"
ions from wastewater.

To investigate the dependence of the pillaring
temperature on the crystal phase of Ti-Mnt, the Ti-Mnt
was pillared at 0, 5, 10, 15, and 20°C with a Ti:Mnt ratio
of 1.0 (mmol/g) and then calcined at 500°C for 4 h. The
Ti-Mnt pillared at various temperatures showed similar
XRD patterns (Figure 2). This implies that the crystal
phase was not affected by the pillaring temperature,
which is consistent with previous reports (Chen ef al.,
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Figure 2. XRD patterns of Ti-Mnt pillared in alkaline solution at various temperatures.
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2013; Sun et al., 2015).

To study the dependence of the Ti:Mnt ratio on the
crystal phase of Ti-Mnt, the Ti-Mnt was pillared with
ratios of 0.3, 0.7, 1.0, 1.6, and 2.0 at 5°C and then
calcined at 500°C for 4 h. The Ti-Mnt with various ratios
exhibited similar diffraction peaks (Figure 3), implying
that the crystal phase was not obviously affected by the
ratio. According to the Scherrer formula, the interlayer
spacing of the (001) plane of the Ti-Mnt with ratios of
0.3, 0.7, 1.0, 1.6, and 2.0 were estimated to be 1.288,
1.529, 1.307, 1.437, and 1.414 nm, respectively. These
results show that the interlayer spacing of Ti-Mnt was
not related linearly to the Ti:Mnt ratio, implying that the
ratio is not the only factor in the interlayer spacing of the
(001) plane during the pillaring process.

The order of diffraction intensity of the crystal planes
of anatase is known to be: (101) > (200) > (004) = (105)
= (211) (JCPDS#21-1272). When anatase was pillared
into Ti-Mnt, however, the diffraction peaks of the (200)
and (004) planes of anatase were not observed clearly,
while distinct (213), (204), and (116) planes were
obtained (Figures 1, 2, 3). These results indicate that
the growth of anatase crystallite pillared into Ti-Mnt was
transformed, which can be attributed to the pillaring of
the crystallite in the interlayer space and the typical
structure of the basal surface of Mnt (Underwood et al.,
2016).

SEM

A layered structure was observed clearly in the
Na-Mnt and Ti-Mnt pillared at 5°C with various Ti:Mnt
ratios calcined at 500°C for 4 h (Figure 4). The layer
structure of Na-Mnt was tight (Figure 4a), and the layer
surfaces were smooth and clean (Figure 4b). The layer
structure of Ti-Mnt was loose, however, and some

M(001)
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irregular aggregates were observed on the layer surface
(Figures 4c, d). These results confirm that the layer and
surface structures of the Ti-Mnt had been altered.
Furthermore, with the XRD patterns, the anatase
particles were clearly pillared into the interlayer space
of Mnt, leading to an enlargement of the layer distance
of the (001) plane of Na-Mnt.

TEM

The TEM images of Na-Mnt and Ti-Mnt pillared at
various ratios showed that the microstructures changed
with the ratios (Figure 5). The layer structure of Na-Mnt
was tight (Figure 5a), and no particles were observed on
the layer surface (Figure 5a inset). This is consistent
with the SEM results (Figure 4).

The layer structure of Ti-Mnt prepared at a ratio of
0.3 became loose (Figure 5b), and almost no particles
were observed on the layer surface (Figure 5b inset).
These observations are consistent with the XRD results,
where no obvious diffraction peaks of anatase were
detected. As the ratio of Ti to Mnt increased to 0.7, some
particles were observed on the surface of the Ti-Mnt
(Figure 5c¢).

Compared to Na-Mnt and Ti-Mnt pillared with a
Ti:Mnt ratio of 0.3, the microstructures of Ti-Mnt
pillared with ratios of >0.7 changed significantly
(Figures Sc—f insets). When the Ti:Mnt ratio increased
to 1.0, some particles assigned to anatase (according to
the XRD results) were pillared into the interlayer spaces
of Ti-Mnt (Figure 5d). When the Ti:Mnt ratio increased
to 1.6, most of the anatase particles were pillared into
the interlayer spaces of Ti-Mnt, while a small portion of
the particles were found on the surface of the Ti-Mnt
layer. The layers of Ti-Mnt were obviously pillared apart
(Figure Se), compared to the other ratios. When the
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Figure 3. XRD patterns of Ti-Mnt pillared with various ratios of Ti to Mnt (mmol/g).
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Figure 4. SEM images of Na-Mnt (a,b) and Ti-Mnt (c,d).

Ti:Mnt ratio increased to 2.0, anatase particles were
pillared into the interlayer spaces and aggregated beyond
the interlayer space (Figure 5f). The TEM results show
that the distribution of anatase particles in Ti-Mnt is
related to the Ti:Mnt ratio. Furthermore, the relationship
between anatase particles and the interlayer space of Mnt
can be adjusted by changing the ratio of Ti to Mnt.

Brunauer-Emmett-Teller (BET) results

Compared to Na-Mnt, the specific surface areas of
Ti-Mnt with various Ti:Mnt ratios increased signifi-
cantly (Table 1). When the ratio of Ti:Mnt was <2.0, the
specific surface area of Ti-Mnt decreased with increas-
ing interlayer distances. When the ratio of Ti:Mnt was
2.0, the specific surface area of Ti-Mnt was the greatest
noted during the present experiments. The decrease in

surface area can be attributed to the separately pillared
layers of Mnt (Figure 5e). The increase in surface area
may result from anatase nanoparticles distributed
beyond the Mnt at the Ti:Mnt ratio of 2.0 (Figure 5f).

Adsorption properties

The Pb>" adsorption efficiency was >99.9% for Ti-Mnt
and 88.6% for Na-Mnt (Table 2), indicating that the Pb**
adsorption capability of Na-Mnt can be improved by
titania pillaring. The adsorption efficiency of anatase
nanoparticles prepared by the sol-gel method was only
2.3%, however. The improvement in the Pb** adsorption
capability of Ti-Mnt can be attributed to the enlargement
of the interlayer spacing of the (001) plane (Table 2).

The Pb*>" leaching ratio of Ti-Mnt containing
absorbed Pb*" was 84.8% (Table 3), indicating that the

Table 1. The surface area and interlayer distance of Ti-Mnt pillared with various Ti:Mnt ratios.

Ti:Mnt Na-Mnt 0.7 1.0 1.6 2.0
Total surface area (m>/g) 24.7 514 46.5 32.6 326.3
Basal spacing (001) (nm) 1.219 1.529 1.307 1.437 1.414
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Figure 5. TEM images of Na-Mnt and Ti-Mnt (a) with various Ti:Mnt ratios: (b) 0.3, (c¢) 0.7, (d) 1.0, (e) 1.6, and (f) 2.0.

Pb?" adsorbed can be leached efficiently by nitric acid
solution. The Pb*" adsorption efficiencies of Ti-Mnt,
leached Ti-Mnt (sample 1), and activated Ti-Mnt
(sample 2) were >99.9%, 95.7%, and 96.0%, respec-
tively (Table 4). These results show that Ti-Mnt can be
recycled easily via leaching of adsorbed Pb** by nitric

acid solution. This conclusion is consistent with
previous results reported by Zhang et al. (2014) and
Djellabi et al. (2014). Furthermore, the activation of
leached Ti-Mnt did not improve significantly the Pb**
adsorption capability, implying that the activation
process is not necessary for the recycling of Ti-Mnt.

Table 2. Adsorption data and interlayer distances for Na-Mnt and Ti-Mnt.

Sample name Cy C Adsorption capability Uncertainty doo1

(mg/L) (mg/L) (%) (%) (nm)
Na-Mnt 1000 11.4 88.6 +0.1 1.219
Ti-Mnt 1000 nd 99.9 +0.1 1.529

nd: below the detection limit (0.1 mg/L); Cy: initial concentration of Pb%"; Cy: equilibrium concentration of Pb*" in the

aqueous solution.

Table 3. Leaching data for Ti-Mnt.

Sample name Co—C, (mg/L)

G, (mg/L)

Leaching ratio (%) Uncertainty (%)

Ti-Mnt 1000 848

84.8 +0.1

Cy: initial concentration of Pb2+; Cy: the equilibrium concentration of Pb2+; C,: the concentration of Pb>" in the nitric acid

solution after leaching.
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Table 4. Comparative data for adsorption experiments.

Sample name Cy (mg/L) C, (mg/L) Adsorption capability (%) Uncertainty (%)
Ti-Mnt 100 nd 99.9 +0.1
Sample 1 100 43 95.7 +0.1
Sample 2 100 4.0 96.0 +0.1

nd is below the detection limit (0.1 mg/L); Cy: initial concentration; C,: concentration of Pb*" in the nitric acid solution after

adsorption.

Relationship between microstructure and adsorption
capability

The relationship between the Pb>" adsorption cap-
ability and the interlayer spacing of Mnt indicated that
the adsorption capability could be improved by pillaring
with anatase (Figure 6). The Pb>" adsorption capability
of Ti-Mnt first increased with its interlayer spacing and
then decreased when the spacing reached 1.529 nm. This
suggests that the interlayer spacing is not the only factor
that determines the Pb>" adsorption capability of Ti-Mnt.
In particular, when the Pb>" adsorption capability of Ti-
Mnt was >99.9%, the corresponding basal (001) spacings
were 1.414 nm and 1.437 nm (Figure 6). The basal
spacing was neither the largest nor the smallest among
the five samples (Figure 6). In addition, the specific
surface areas of these two samples, the basal (001)
spacings of which were 1.414 nm and 1.437 nm, were at
medium levels compared with all the others of the five
samples (Table 1), and their layer structures were loose
(Figures 4, 5). Anatase particles in these two samples
were well distributed and located in both the interlayer
space of the (001) plane and beyond the interlayer space
of Ti-Mnt (Figure Se, f). In these cases, sufficient
interlayer space and well-dispersed anatase particles
provided enough space to adsorb Pb>* from the aqueous
solution. Furthermore, the basal surface of Mnt contain-
ing efficient active sites for adsorbing metal ions can be
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Figure 6. Relationship between adsorption ability and interlayer
spacing of the samples.
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exposed sufficiently (Underwood et al., 2016).
Therefore, the Ti-Mnt exhibited very well the adsorption
capability.

Overall, the results indicated that the Pb>" adsorption
capability of Ti-Mnt is related to the interlayer spacing
of Mnt, the distribution of anatase particles pillared in
Mnt, and the specific surface area. Neither a linear
relationship between Pb*" adsorption ability and specific
surface area of Ti-Mnt, nor a linear relationship between
Pb*" adsorption ability and the interlayer spacing of the
(001) plane of Ti-Mnt was found.

CONCLUSIONS

Anatase was pillared successfully in the interlayer
space of Na-Mnt. The Pb>" adsorption capability of Ti-
Mnt is related to the interlayer spacing of Mnt, the
distribution of anatase particles, and the specific surface
area. The improvement in Pb>" adsorption capability is
related to the enlarged interlayer spacing and to the loose
layer structure of the (001) plane of Mnt, as well as well
dispersed anatase particles and sufficient adsorptive
active sites provided by both the Mnt layers and anatase
particles. In addition, the Pb*" adsorbed in Ti-Mnt could
be leached by nitric acid solution, demonstrating that the
Ti-Mnt can be recycled easily and utilized to recover
lead metal resources from industrial sewage. These
findings could be exploited to adjust the Pb>" adsorption
capability of other inorganic nanocomposites with
lamellar structures and set a basic foundation for the
application of Mnt in environmental protection.
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