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Abstract: This paper highlights the synthesis of a one-dimensional (1D) hierarchical material
mesosilica/palygorskite (Pal) composite and evaluates its adsorption performance for anionic dye
methyl orange (MO) in comparison with Pal and Mobile crystalline material-41 (MCM-41). The
Mesosilica/Pal composite is consisted of mesosilica coated Pal nanorods and prepared through
a dual template approach using cetyltrimethyl ammonium bromide (CTAB) and Pal as soft
and hard templates, respectively. The composition and structure of the resultant material was
characterized by a scanning electron microscope (SEM), transmissionelectron microscopy (TEM),
N2 adsorption-desorption analysis, small-angle X-Ray powder diffraction (XRD), and zeta potential
measurement. Adsorption experiments were carried out with different absorbents at different contact
times and pH levels. Compared with Pal and MCM-41, the mesosilica/Pal composite exhibited
the best efficiency for MO adsorption. Its adsorption ratio is as high as 70.4%. Its adsorption
equilibrium time is as short as 30 min. Results testify that the MO retention is promoted for the
micro-mesoporous hierarchical structure and positive surface charge electrostatic interactions of the
mesosilica/Pal composite. The regenerability of the mesosilica/Pal composite absorbent was also
assessed. 1D morphology makes it facile to separate from aqueous solutions. It can be effortlessly
recovered and reused for up to nine cycles.

Keywords: adsorption; mesosilica; methyl orange; palygorskite

1. Introduction

The colored wastewater generated from the extensive use of dyes has produced toxicological
problems and has become a major environmental concern [1]. Among the various techniques developed
for effectively removing toxic dyes, adsorption is considered a simple and facile method that is adaptive
to the personal and portable use for water supply [2]. Considerable efforts have been devoted to the
preparation of mesoporous silica-based (mesosilica) adsorbents because of their high surface area,
ordered pore structure, and tunable pore diameters [3–5]. In addition, mesosilica adsorbents have
the advantage of high thermo-stability due to their silica skeleton. However, conventional mesosilica
materials are difficult to separate from aqueous solutions, especially when the particle size is at
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the nanoscale, at which adsorbents possess considerably larger surface areas and higher adsorption
capacities [6].

In recent years, one-dimensional (1D) nano-materials, such as nanofibers, nanorods, and
nanotubes, have been extensively studied for environmental applications owing to their advanced
properties such as large surface to volume ratio, high efficiency, and appreciable physical and chemical
properties, etc. [7–10]. 1D nano-material absorbents possess a maximum surface area owing to their
nanosize diameter with a high surface-to-volume ratio [11]. At the same time, their length ranges at
several micrometers, at which they can be easily separated from solution by conventional methods
such as filtration and centrifugation, etc. [12]. Therefore, aside from promoting dye retention with
mesoporous channels, mesosilica adsorbents with 1D morphology can solve the recovery problem in
liquid samples.

1D mesosilica materials can be synthesized through several methods, such as the sol-gel
process [13], spray-drying method [14], laser deposition [15], and solvent evaporation techniques [16].
However, these techniques are typically hindered by their complex processes and high-cost templates.
Palygorskite (Pal) is a hydrated magnesium aluminum silicate that exists in nature as a 1D fibrous
mineral. The diameter of Pal is generally in the nanosize range of approximately 10 nm, and its length
ranges from several hundred nanometers to several micrometers. In view of its 1D morphology and
low cost, lots of 1D structures and mesoporous materials such as amorphous carbon nanotubes and
mesoporous carbon nanosheets [17,18] have been prepared using Pal as a hard template. Additionally,
in our previous work, Pal was used simultaneously as hard templates and a silica source to prepare
amorphous carbon nanotubes and SBA-15 mesoporous materials [19]. Usually, the clay hard template
should be removed with hydrofluoric acid (HF) treatment. Nevertheless, HF is a strong toxic and
corrosive acid. Sacrificial clay templates cannot be recycled, and the waste leaching solution presents
another environmental hazard. Actually, Pal itself is a good candidate to remove ionic dyes due to
its rough surface, relatively high surface area, and moderate cation exchange capacity [20]. Even if
compared with other clay minerals, Pal has superiorities in salt resistance and a rapid hydration rate.
However, Pal cannot provide abundant active adsorption sites due to its aggregate crystal bundles,
micropore channels, and low specific surface area.

In the present study, a 1D mesosilica/Pal composite which consisted of mesosilica coated Pal
was prepared for the removal of methyl orange (MO) from solution. The Pal hard template was
retained as a component, and a micro-mesoporous hierarchical structure and 1D nanorod morphology
were generated. The advantages of Pal, consisting of a 1D morphology and superior adsorption
performance, were extensively and innovatively taken simultaneously as the hard template and part of
absorbent in this report. The micro-mesoporous hierarchical structure of 1D mesosilica/Pal composite
will improve the retention time of MO and promote the MO adsorption ratio. Furthermore, its 1D
nanorod morphology makes it facile to be recovered from the solution and improves its recyclability.
In comparison with Pal original clay and MCM-41 mesoporous zeolite, the mesosilica/Pal composite
absorbent shows the best adsorption efficiency. Results testified that it possesses superior regenerability
and can be reused for up to nine cycles in the removal of MO.

2. Experimental Section

2.1. Preparation of Mesosilica/Pal Composite

The preparation of the mesosilica/Pal composite is illustrated in Scheme 1. As shown,
the fabrication process includes three steps. Firstly, the Pal original clay was purified and dissociated
to the scattered Pal nanorod suspension. Secondly, the surfactant cetyltrimethyl ammonium bromide
(CTAB) was used to modify the Pal nanorod, resulting in the dual-template Pal-CTAB. Thirdly, under
the structure-direction effect of the Pal-CTAB, the mesosilica/Pal composite was synthesized through
hydrothermal crystallization.
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2.1.1. Purifying and Dissociation of Pal Original Clay

To purify Pal, 5 g of the original clay was treated with 100 mL of hydrochloride acid (1 mol/L)
for 48 h. The upper white Pal cake collected through high-speed centrifugation was neutralized by
repeated washing, followed by freeze-drying for 12 h. In this way, loose Pal powder was obtained.
Then, a given amount of Pal powder was roll extruded five times, followed by beat and ultrasonic
dispersion in water. Finally, the scattered Pal nanorod suspension was obtained.

α

– –

−

Scheme 1. Schematic illustration of mesosilica/Pal composite preparation.

2.1.2. Fabrication of Dual-Template Pal-CTAB

A total of 0.75 g of CTAB was dissolved in 10 mL deionized water and added to the scattered
Pal nanorod suspension. The mixture was refluxed in an oil bath for 12 h at 80 ◦C. The obtained
suspension was the dual-template Pal-CTAB without further treatment.

2.1.3. Preparation of Mesosilica/Pal Composite

A total of 9 g of ethanol and 4.8 g of ammonia water were added to the Pal-CTAB template. After
stirring for 15 min, 1.5 g of tetraethyl orthosilicate (TEOS) was dropwise added to the solution. Then,
the as-made mesosilica/Pal composite was crystallized for 48 h at 100 ◦C, washed, dried, and finally
calcined for 5 h at 550 ◦C. For comparison, MCM-41 was prepared under the same condition but
without the use of Pal as the hard template.

2.2. Characterization

Small-angle X-ray diffraction (XRD) was applied to characterize the long-range order of all
samples. The XRD patterns were recorded on a D8-Discover diffractometer (Bruker) with Cu Kα

radiation (40 kV, 40 mA). ICP-OES (Inductively Coupled Plasma Optical Emission Spectrometry)
analyses were performed on a Thermo Electron IRIS Intrepid II XSP instrument (thermo fisher scientific,
UK). The N2 adsorption and desorption isotherms were measured with the Micromeritics TriStar II
3020 (Micromeritics, Norcross, GA, USA) at 77 K. The samples were out-gassed for 3 h at 300 ◦C under
N2 atmosphere before the measurements were recorded. The total surface area was calculated through
the Brunauer–Emmett–Teller (BET) method. The total pore volume was calculated from the desorption
branch of the isotherm at P/Po = 0.99 under the assumption of complete pore saturation. The t-plot
method was adopted to evaluate the mesopore volume. The scanning electron microscopy (SEM)
images of the samples were collected with an S-3000N scanning electron microscope (Hitachi, Tokyo,
Japan) operated at 20 kV. The transmission electron microscopy (TEM) micrographs were obtained
by using a JEM 2010 (Japan electronic materials, Tokyo, Japan) with an accelerating voltage of 200 kV.
The infrared (IR) spectra of all samples were obtained with a Nicolet 5700 spectrometer (Thermo
electron scientific, USA) at a resolution of 4 cm−1. The zeta potential was measured with a Malvern
Zetasizer Nano ZS analyzer (Malvern Instrument Ltd., UK) equipped with a multipurpose autotitrator
(model MPT-2, Marvern Instruments, UK).
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2.3. Evaluation of Adsorption Performance

The adsorption performance of the mesosilica/Pal composite was evaluated by conducting MO
adsorption experiments in comparison with Pal and MCM-41. The contact time, pH, and recyclability of
the mesosilica/Pal composite were investigated. An amount of 50 mg of the mesosilica/Pal composite
was added to 20 mL MO solutions (200 mg·L−1) in 100 mL conical flasks. After capping, the conical
flasks were placed at room temperature and gently stirred for a specific time period at the speed of
100 rpm. They were replicated three times in the different experiments when MO adsorption was
assessed. In these experiments, all assessed factors were checked in duplicate. The effect of pH on dye
removal was studied over a pH range of 3–9. The initial pH of the dye solution was adjusted by adding
1 mol/L solution of HCl or NaOH. The mesosilica/Pal composite was regenerated by calcination at
500 ◦C for 2 h followed by separation from the waste solution.

The MO concentration (CMO) and MO absorbance (AMO) in the solutions were determined
through a UV-vis spectrophotometer with a Hewlett Packard 8453 spectrophotometer at the wavelength
of 470 nm. The adsorption ratio (qe) was defined as the percentage removal of the adsorbate and
calculated as Formula (1). The adsorption capacity (Qads, mg/g) was defined as the mass of MO
adsorbed per amount of absorbents and calculated as Formula (2).

qe = (C0 − Ce)/C0 × 100% (1)

Qads = (C0 − Ce) × V0/me (2)

where C0 and Ce are the initial and equilibrium concentrations of MO (mg/L), respectively; V0 is the
volume of solution; and me is the amount of absorbents.

3. Result and Discussion

3.1. Characterization of Mesosilica/Pal Composite

The micro-mesoporous hierarchical structure and 1D morphology of the prepared mesosilica/Pal
composite were examined by conducting small-angle XRD measurements, SEM analysis, TEM
observations, and nitrogen adsorption–desorption measurements.

As shown in Figure 1, MCM-41 exhibited well-resolved diffraction peaks at 2θ = 2.4◦ indexed to
the (100) planes. Similarly, an obvious diffraction peak corresponding to the periodic meso-structure
was observed at 2θ = 2.6◦ for the mesosilica/Pal composite. The appearance of these peaks implies
the presence of hexagonal shaped pores in MCM-41 and the mesosilica/Pal composite [21]. However,
the intensity of this relevant diffraction peak markedly decreased, as evidenced by the loss of the
long-range order. This finding indicates that although periodic mesopores can be generated under
the structure direction of CTAB, the Pal hard template would hamper the self-assembly of surfactant
micelles and silica precursors. The slight shift of the diffraction peaks of the mesosilica/Pal composite
toward the larger 2θ angles relating to MCM-41 indicated a slight shrinkage of the cell dimension [22].
The mesosilica/Pal composite only displays peaks at low angles and no any additional peaks were
observed at higher angles. It demonstrates that the arrangement of atoms within the walls of the
mesosilica/Pal composite is basically amorphous and the crystalline structure of Pal is collapsed
totally [23].
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Figure 1. The small-angle XRD of the mesosilica/Pal composite and MCM-41.

The nitrogen adsorption–desorption isotherms and pore diameter distributions of the mesosilica/
Pal composite and MCM-41 are shown in Figure 2. Table 1 provides the BET surface area, pore
volume, and pore diameter of the mesosilica/Pal composite, MCM-41, and Pal. As shown, both the
mesosilica/Pal composite and MCM-41 display a type IV isotherm, which is characteristic of ordered
mesoporous materials [24]. The pore diameter of MCM-41 was distributed concentrically at 2.6 nm.
The pore diameter of the mesosilica/Pal composite was presented at 2.6 and 3.9 nm, respectively,
indicating a decrease in the periodic meso-structure of the mesosilica/Pal composite. This result
has been confirmed by the small-angle XRD results. The mesopore at 3.9 nm in the mesosilica/Pal
composite may be generated by the Pal hard template. The t-plot method was adopted to evaluate the
mesopore volume. As such, the exact data of pore volume and pore diameter cannot be calculated for
Pal, whose pores are nearly microporous (<2 nm). In conclusion, aside from the micropores in Pal, the
mesosilica/Pal composite displayed a micro-mesoporous hierarchical structure. In addition, the BET
surface of the mesosilica/Pal composite is calculated at 533.1 cm2/g. This is lower than that of MCM-41
(937.2 cm2/g). The probable reason for this is the small BET surface of the Pal (only 169.2 cm2/g) used
in the preparation of the mesosilica/Pal composite samples.

–

 
(a) (b) 

Figure 2. The N2 adsorption and desorption isotherm curves and pore diameter distributions of the
mesosilica/Pal composite and MCM-41, (a) mesosilica/Pal; (b) MCM-41.
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Table 1. The physical chemistry properties of Pal, the mesosilica/Pal composite, and MCM-41.

Material Pal MCM-41 Mesosilica/Pal

BET surface area (cm2/g) 169.2 937.2 533.1
Pore volume (cm3/g) - 0.77 0.60
Pore diameter (nm) <2 2.6 2.6, 3.9

As presented in Figure 3, the morphologies and elements distribution of Pal, the mesosilica/Pal
composite, and MCM-41 were investigated through SEM and EDX. As shown in Figure 3A, Pal crystals
are formed by agglomerate nanorods in the range of 2 µm, which is a typical morphology of this
mineral. The EDX analysis revealed that there are Mg, Al, K, Si, and O elements in the Pal samples,
which is the general composition of a Pal mineral. In Figure 3C, MCM-41 exhibits a typical spherical
particle. The particle size is uniform at approximately 200 nm. The element distribution on MCM-41 is
very simple, and only includes Si and O. The morphology of the mesosilica/Pal composite is presented
in Figure 3B, in which 1D short nanorods that are 200 nm in diameter and 2 µm in length are observed.
Compared to Pal original clay, agglomeration for the prepared mesosilica/Pal composite is significantly
improved, and all of the nanorod crystals are highly dispersed. In addition, no spherical particle can
be observed in the mesosilica/Pal composite sample, indicating that mesosilica is not isolated but
generated on the surface of the Pal hard template. The EDX spectra shows that mesosilica/Pal is
constituted of Si, O, Mg, K, and Al elements. Except from Si and O which are from the TEOS silicate
source and Pal, the remaining metal elements are all from Pal.

Figure 4A is the TEM image of the mesosilica/Pal composite under the range of 200 nm. As
shown, highly dispersed Pal nanorods were wrapped with a layer of silica. To survey the morphology
of the silica layer, Figure 4B, which is the amplification of Figure 4A, presents the TEM image
of the mesosilica/Pal composite below 50 nm. Uniform long-range mesoporous channels were
observed perpendicular to the axial direction. The average diameter of each mesoporous channel
was approximately 2–3 nm, further confirming that the mesosilica covered the surface of Pal, and
that a composite material was developed. Figure 4C,D presented the TEM images of MCM-41 at 100
and 50 nm, respectively. As shown, the MCM-41 prepared under the same conditions except for the
application of the Pal hard template presented a long-term periodic mesoporous structure with a
mesopore diameter of 2–3 nm. The obtained results were consistent with the SEM results.

of 2 μm, which is a typical morphology of 

diameter and 2 μm in length 

–

–

 

Figure 3. SEM pictures and EDX analysis of (A) Pal; (B) mesosilica/Pal composite; (C) MCM-41.
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−

Figure 4. TEM pictures of (A) mesosilica/Pal composite-200 nm; (B) mesosilica/Pal composite-50 nm;
(C) MCM-41-100 nm; (D) MCM-41-50 nm.

3.2. Methyl Orange Adsorption Property

3.2.1. MO Adsorption with Different Materials

The MO adsorption performances (including qe, CMO, and AMO) of the prepared mesosilica/Pal
composite, Pal, and MCM-41 samples are listed in Table 2. Simultaneously, the surface charge of
each sample analyzed based on the zeta potential is also exhibited in Table 2. As shown, although
MCM-41 has an excellent structure such as a high surface area and long-ranged mesopores for
adsorption, its adsorption ratio was as low as 1.8%. It indicated that MCM-41 barely adsorbed
MO. It is interesting that Pal, whose effective adsorption surface area was very limited, inversely
had a superior adsorption ratio of 35%. Moreover, the good phenomenon is that the adsorption
ratio of the mesosilica/Pal composite reached as high as 70.4%, which was much better than that
of MCM-41 and Pal. The adsorption performance of these three materials can also confirmed by
their digital camera images before (Scheme 2A) and after (Scheme 2B–D) adsorption, as exhibited in
Scheme 2. As can be seen, the MO solution becomes nearly transparent after the adsorption of the
mesosilica/Pal absorbent. It is suggested that the adsorption performance is not only determined by
the pore structure and surface area, but also other factors. Thus, we attempted to analyze the causes of
these results from two perspectives. On the one hand, although the mesosilica/Pal composite had less
periodic mesoporous channels and a lower surface area than that of MCM-41, the micro-mesoporous
hierarchical structure of the composite nanorod enhanced the retention and retarded the migration of
MO. On the other hand, the adsorption performance was influenced not only by the structure, but
also by the surface charge of the adsorbent. The mesoporous silica had a negative charge density
because of the presence of Si–O and Si–OH groups [25]. Therefore, all of these three samples had
negative zeta potentials. Among them, the mesosilica/Pal composite had the most positive zeta
potential (−4.38 mV). As is known to all, MO (4-dimethylaminoazobenzene-4-sulfonic acid sodium
salt) is a typical water-soluble anionic dye that tends to be attracted by positive materials. Therefore,
the mesosilica/Pal composite exhibited the superior adsorption performance for MO because of its
relatively higher positive surface charge.
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−
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−

–

– −

–

−38.51

Scheme 2. Digital camera images of the materials before and after of the adsorption (A): The initial MO
solution; (B): MO solution after Pal adsorption; (C): MO solution after MCM-41 adsorption; (D): MO
solution after mesosilica/Pal adsorption.

Table 2. MO adsorption performance and zeta potential of the mesosilica/Pal composite, Pal, and
MCM-41 (under the condition of 298 K, pH 6.0, 30 min, and an initial concentration of MO of 400 mg/L).

Materials Zeta Potential (mV) * AMO * CMO (mg/L) * qe (%) Qads (mg/g)

Pal −20.8 0.089 178 35.0 88.80
MCM-41 −24.4 0.135 269 1.8 4.56

mesosilica/Pal −4.38 0.040 81 70.4 178.61
Heat treated Pal - - - - 97.80 [25]

Pal-O - - - - 188.38 [26]
Mg-Al-LDHs - - - - 1471.00 [27]

* AMO: MO absorbance after adsorption determined by a UV-vis spectrophotometer, the error is about ±0.002; CMO:
MO concentration after adsorption determined by a UV-vis spectrophotometer, the error is about ±2 mg/L; qe:
adsorption ratios of MO; Qads: adsorption capacity of MO.

We investigated the adsorption performance of some other absorbents such as 700 ◦C heat-treated
Pal [26], acid-treated palygorskite (PAL-O) [20], and Mg–Al layered double hydroxides (LDHs) [27]
proposed in the literature. The metal cations played an important bridging effect for the adsorption
of anionic dyes MO. Metal cations in absorbents were used as counterions and can be adsorbed to
neutralize the free –SO3

− moieties or other anionic species in the MO. For this reason, the maximum
adsorption quantity of MO for Mg–Al LDHs (layered double hydroxides) (molar Mg:Al ratio of 2),
much higher than general clay absorbents including the mesosilica/Pal composite reported in this
work, was as high as 4.5 mmol/g (about 1471 mg/g).

To study the influency of metal cations in various absorbents, ICP-OES was applied here to
investigate the metal atom content and analysis results were exhibited in Table 3. Metals such as Mg,
Al, Ca, Fe, K, and Na are rich in Pal. This can be explained as the natural composition of Pal mineral.
While in the MCM-41 sample, the metal atom content was lower due to the analytical pure raw material.
The prepared mesosilica/Pal consisted of silica coated Pal. As a result, it has more metal atoms than
MCM-41 but less than Pal. The ICP analysis results are in accordance with the above EDX results.

Table 3. The ICP-OES analysis results of various absorbents.

Materials Al (ppm) Ca (ppm) Fe (ppm) K (ppm) Mg (ppm) Na (ppm) Ti (ppm)

mesosilica/Pal 15,287.64 3877.91 12,035.59 3038.33 29,620.82 6110.50 5334.48
Pal 23,241.40 8315.25 21,271.64 11,360.13 68,391.34 9435.50 3790.80

MCM-41 9726.40 23.40 −38.51 11.74 16.40 444.50 796.30

3.2.2. Effect of Contact Time on the Uptake of MO by Mesosilica/Pal Composite

To study the effect of different contact times, the adsorption ratio of the mesosilica/Pal composite
was determined at varying time intervals while keeping the levels of adsorbents, pH, and temperature
fixed. As presented in Figure 5, the adsorption experiments for evaluating the contact time were
conducted with the time ranging from 5 min to 60 min. The adsorption ratio of MO increased rapidly
in the initial 30 min and was almost unchanged for 30–40 min, indicating an equilibrium state. A 70%
adsorption was reached after only 30 min, and approximately 50% of the MO was adsorbed in
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10 min in the case of the mesosilica/Pal composite adsorbent. Such an adsorption performance is
significantly superior to that of the other adsorbents, which typically require several hours to achieve
equilibrium [28]. The rapid adsorption rate may be attributed mainly to the electrostatic interactions.
This result is encouraging because the equilibrium time is an important parameter for waste water
treatment. However, after the adsorption equilibrium was attained, the percentage removal of the
adsorbate decreased during the next 20 min. The probable reason for this is that the initial concentration
of MO significantly affected the MO adsorption. For a given adsorbent dose, the total number of
available adsorption sites was fixed. The ratio of the initial mole numbers of MO to the available
surface area was decreased. Thus, the percentage removal of the adsorbate decreased as the initial
adsorbate concentration was reduced.

–

 

−4.38

Figure 5. Effect of contact time on the uptake of MO by the mesosilica/Pal composite (under the
condition of 298 K, pH 6.0, and an initial concentration of MO of 400 mg/L).

3.2.3. Effect of pH on MO Removal by Mesosilica/Pal Composite

As shown in Figure 6, the effect of pH on the MO removal by the mesosilica/Pal composite was
investigated from pH = 3 to pH = 9. As can be seen, a higher adsorption ratio was found at lower
pH values. The adsorption ratio is as high as 87% when the pH is 3. It is because of the protonation
properties of the adsorbent with a silica skeleton [29]. Lower pH values resulted in higher hydrogen ion
concentrations. The negative charges on the surface of the internal pores (as displayed in Table 3, the zeta
potential of mesosilica/Pal composite −4.38 mV) were neutralized, and additional adsorption sites were
developed because the surface provided a positive charge for the adsorption of the anionic MO [30].

–

−4.38

 

Figure 6. Effect of pH on the uptake of MO by the mesosilica/Pal composite (under the condition of
298 K, 30 min, and an initial concentration of MO of 400 mg/L).

9



Materials 2018, 11, 164

3.2.4. The Regenerability of Mesosilica/Pal Composite

To explore the potential regenerability of the mesosilica/Pal composite as an adsorbent for
MO removal, thermal treatments were conducted by calcining the exhausted adsorbents at 500 ◦C
for 2 h in air. The specific regeneration process was illustrated in Scheme 3. The MO adsorption
performances of the regenerated mesosilica/Pal composites are displayed in Figure 7. As shown, the
adsorption ratio of the regenerated mesosilica/Pal composite remains almost unchange for the first
five cycles. The thermal regeneration of the mesosilica/Pal composite is further feasible for nine cycles,
after which the adsorption capacities of the regenerated materials suffer from progressive reductions
of approximately 5% (from 70% to 65%) in comparison with that of the original mesosilica/Pal
composite. The superior regeneration performance of the mesosilica/Pal composite is probably due
to the high thermostability of the silica skeleton. Progressively decreasing the crystallinity of the
mesosilica/Pal composite during the structural reconstruction after thermal treatment may result in
decreased adsorption capacities [31].

 

Scheme 3. Schematic illustration of the regeneration process of the mesosilica/Pal composite.

 

Figure 7. The regenerability of the mesosilica/Pal composite for MO adsorption (under the condition
of 298 K, 30 min, pH 6.0, and an initial concentration of MO of 400 mg/L).

4. Conclusions

A novel 1D hierarchical adsorption material (mesosilica/Pal composite) was prepared through a
dual template approach with CTAB and Pal as the soft and hard templates, respectively. The potential
of the fabricated composite to remove MO from aqueous solution was assessed. Compared with Pal
and MCM-41, the mesosilica/Pal composite was a superior adsorbent for MO removal because of its
micro-mesoporous structure and relatively positive surface charge. The adsorption ratio for MO of
the composite reached as high as 70.4%, and the adsorption equilibrium time was as short as 30 min.
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Moreover, the 1D morphology of the mesosilica/Pal composite provided a superior regenerability,
and thermal regeneration was feasible for nine cycles.
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Abstract: Four natural clays were modified with mixed polyoxocations of Al/Fe for evaluating
the effect of the physicochemical properties of the starting materials (chemical composition,
abundance of expandable clay phases, cationic exchange capacity and textural properties) on
final physicochemical and catalytic properties of Al/Fe-PILCs. The aluminosilicate denoted C2
exhibited the highest potential as starting material in the preparation of Al/Fe-PILC catalysts,
mainly due to its starting cationic exchange capacity (192 meq/100 g) and the dioctahedral nature
of the smectite phase. These characteristics favored the intercalation of the mixed (Al13−x/Fex)7+

Keggin-type polyoxocations, stabilizing a basal spacing of 17.4 Å and high increase of the BET
surface (194 m2/g), mainly represented in microporous content. According to H2-TPR analyses,
catalytic performance of the incorporated Fe in the Catalytic Wet Peroxide Oxidation (CWPO) reaction
strongly depends on the level of location in mixed Al/Fe pillars. Altogether, such physicochemical
characteristics promoted high performance in CWPO catalytic degradation of methyl orange in
aqueous medium at very mild reaction temperatures (25.0 ± 1.0 ◦C) and pressure (76 kPa), achieving
TOC removal of 52% and 70% of azo-dye decolourization in only 75 min of reaction under very low
concentration of clay catalyst (0.05 g/L).

Keywords: smectite; pillared clay; keggin-like mixed Al/Fe polyoxocation; mineralogical composition;
catalytic wet peroxide oxidation

1. Introduction

Clays are products of rock erosion and are found widely distributed in nature. Their chemical and
textural composition varies from one place to another, depending on their geological origin and the
presence of organic and inorganic impurities [1]. Bentonite clays consist mainly of phases of the smectite
group, which belong to type 2:1 materials (layers of phyllosilicates formed by two tetrahedral sheets,
plus one octahedral, T:O:T) condensed in a layer, and exhibit a net neutral or negative electric structure
that can vary significantly between illite, smectites, vermiculites, micas, etc. [2]. Smectites exhibit
many interesting properties, especially for their application in adsorption and heterogeneous catalysis,
originating in their peculiar physical, chemical and crystalline character. Among these properties,
their cationic exchange capacity (CEC) and ability to swell in polar media make clays interesting as
raw materials for modification through soft chemistry and intercalation methods. Pillaring has been
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one of the most widely used techniques in structural modification of this type of materials over the
past 20 years [3–5].

In general, it has been documented that the success in the preparation of pillared clays strongly
depends on the physical and chemical characteristics of the starting mineral. The most influential
properties for this application include swellability, the net content of expandable clay minerals [4],
the content of exchangeable cations as measured with the CEC, the chemical nature of such cations
(in particular their radius of hydration) [6–8], the degree of isomorphic substitution in the tetrahedral
and octahedral sheets, which indirectly is also related to the CEC, and the crystallinity of the smectite
phases, among others [2,6,9–12]. The chemical composition [2] and distribution of transition metals
active in the CWPO reaction, especially Fe and Cu, within the structural layers and extra-structural
impurities are also important for the specific case of pillaring with the mixed Al/Fe system [13].

Al/Fe pillared clays have exhibited high performance activating the catalytic wet peroxidation in
heterogeneous phase, and have therefore been used in the degradation of several organic compounds
present in water, including emerging pollutants [6,14], phenolic compounds [8,15–17], natural organic
matter [12,18] and as various toxic and bio-refractory azo-dyes [13,19,20], including methyl orange.
The catalytic performance of Al/Fe-PILCs in the CWPO reaction is also closely related to the structural
characteristics of the starting clay [21]. The CEC of the starting material strongly determines the
ability of the Al/Fe polycations to replace the exchangeable cations originally present in the ore [8].
The amount of Fe effectively intercalated in the smectite and its specific location in the final structure
of the catalyst directly affects the redox activity that the active metal may exhibit in the CWPO process,
as well as its stability in the reaction medium [13]. The exchangeable cations may also play an important
role as they have the ability to influence the swelling capacity of the raw material, and thus to influence
the rate and the intercalation efficiency of the mixed oligomers [6]. The textural properties of the
starting aluminosilicate may also be considered; the low dimensionality of the porous channels in this
type of layered minerals implies that the molecules on the surface are more likely to collide with each
other than they could in three dimensions. This, in turn, leads to a higher frequency of collisions and,
consequently, greater reactivity [22].

Once the pillaring of the starting aluminosilicate has been carried out with the larger oligocations,
the specific surface area, mainly represented in the area of micropores now available to catalyze the
CWPO reaction, must substantially increase. An aspect that might negatively impact the application
of a starting material in the preparation of active clay catalysts in the CWPO reaction is the presence
of extra-structural Fe aggregates in the starting aluminosilicate, as these have shown to get easily
leached during the catalytic action of the Al/Fe-PILCs [6]. However, in the treatment of wastewater
under a continuous regime, it should not be a major obstacle. In general, the catalytic performance
of these materials in the reaction-of-interest will depend on the type of iron species incorporated,
its distribution, accessibility and the chemical environment of these active sites [4].

In the present work, four natural clays (denoted C1, C2, C3 and a well-known reference
material BV) were, therefore, modified with a mixed intercalating (Al/Fe)7+

13 solution, prepared
according to a widely reported methodology [13,18,23–25]. The samples presented different: (i) clay
content, (ii) distribution of clayey phases (iii) CEC, (iv) distribution of exchangeable cations (sodium,
calcium or magnesium), (v) chemical composition, with presence of extra-structural iron aggregates,
and (vi) textural properties. The physicochemical properties of the clays were evaluated before and
after intercalation with the Al/Fe oligomers, and a correlation was made with the catalytic potential,
exhibited by the final materials in the CWPO degradation of methyl orange in dilute aqueous solutions.

2. Materials and Methods

2.1. Materials

Four Colombian natural clays were employed as starting material, denoted as: class 1 (C1),
class 2 (C2), class 3 (C3) and bentonite of the Valle del Cauca (BV). Clays (C1, C2 and C3) were
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selected and collected taking into account the following criteria: (i) they are all highly available,
low-cost materials that have not been characterized or modified by pillaring procedures so far;
(ii) ores from which aluminosilicates were extracted are currently exploited along with guaranteed
long time exploitation horizon; (iii) besides, mineralogical analyses showed significant but different
contents of expandable phases (smectite type), cationic exchange capacities and elemental composition,
appropriate to figure out changes in Al/Fe-pillaring as a function of such physicochemical properties
in the starting clays in the context of the heterogeneous Fenton, CWPO degradation of contaminants.
On the other hand, the BV clay was used as a reference mineral as its use has been widely
documented in academic literature in preparation of pillared clays [13,26–28]. These raw materials
were refined by sedimentation of aqueous suspensions using Stokes’s law, allowing the separation
of the fraction with particle diameters that are lower than 2 µm. The refined materials are then
symbolized by the acronyms C1-R, C2-R, C3-R and BV-R, respectively, and were modified with the
mixed intercalating solution Al/Fe prepared in diluted, standard conditions. The Keggin-type mixed
oligomeric precursor was prepared using AlCl3·6H2O (99%, Sigma-Aldrich®, St. Louis, MO, USA),
FeCl3·6H2O (97%, Sigma-Aldrich®, St. Louis, MO, USA) and NaOH (99%, Merck®, Billerica, MA, USA),
used as received. Ammonium acetate (97%, Carlo Erba®, Barcelona, Spain) was used to determine CEC.

2.2. Preparation of Pillared Clays

The source materials (C1, C2, C3 and BV) were pillared in diluted medium with the (Al/Fe)7+
13

mixed system, following a standard procedure widely reported in the literature [13,18,29,30].
First, the pillaring dissolution was prepared with 0.18 mol/L of AlCl3·6H2O and 0.02 mol/L of
FeCl3·6H2O solutions in an appropriate ratio to reach a final atomic ratio of 5.0% of the active metal
(AMRFe) in the Al/Fe solution and total metal concentration (TMC) of 0.06 mol/L after finishing the
hydrolysis stage. These concentrations have proven to be optimal for the inclusion of a major fraction
of the metals being part of the Keggin Al/Fe mixed polyoxocations.

Subsequently, a 0.2 mol/L solution of NaOH was slowly added at 70 ◦C in sufficient quantity
in order to obtain a final hydrolysis ratio (HR = HO−/(Al3+ + Fe3+)) of 2.4. The resulting solution
was then aged at the same temperature for 2 h, and then slowly added (drop by drop) onto a 2.0%
(w/v) suspension of each clay in water under vigorous stirring. Intercalated clays were repeatedly
washed with distilled water using a dialysis membrane (Sigma®, St. Louis, MO, USA), dried at 60 ◦C,
and calcined at 500 ◦C for 2 h in the open air to obtain the pillared materials (C1-P, C2-P, C3 P and BV-P).
A general sketch of the experimental procedure is summarized in Figure 1.

2.3. Physicochemical Characterization

Elemental analysis of the starting, extracted, and pillared aluminosilicates was performed by
X-Ray Fluorescence (XRF), for which calibration curves were created using the QUANT-EXPRESS
method (Fundamental Parameters) in a Bruker S8 Tiger 4 KW Wavelength Dispersive X-ray
Spectrometer, with an Rh anode as an X-ray source, scintillation detector (heavy elements, from the
Ti to the U), and flow (light elements, from the Na to the Sc). For this analysis, approximately 1.0 g
of sample was used, sieved through a 400 mesh, and calcined at a heating rate of 3.0 ◦C/min up to
950 ◦C in order to determine the ignition losses.

The CEC of the refined and pillared clays was determined by saturation at reflux temperature
using 45 mL of 2.0 mol/L ammonium acetate solution per g of solid, followed by repeated washing with
distilled water and centrifugation to remove excess of ammonium ions. The content of exchanged NH+

4
ions was then determined by the micro-Kjeldahl method and finally expressed as meq. NH+

4 /100 g of
solid [16].

X-ray diffraction (XRD) patterns of the raw, refined (starting materials), and pillared minerals
were determined using a Bruker D8 Advance diffractometer, operating at 40 kV and 30 mA with
a scanning speed of 2.29 ◦2θ/min, employing Cu Kα radiation (λ = 0.15416 nm). The materials were
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analyzed by default in the range of 2.0◦ to 70.0◦. Determinations on oriented specimens were measured
in samples deposited on glass plates and dried at room temperature in a range between 2.0◦ and 30◦.

−

μ

Figure 1. Experimental procedure of the preparation of pillared clays.

For the semi-quantitative determination of the smectite content in every mineral, the methodology
proposed by Thorez [31] was adopted, measuring the diffractograms of oriented plates of the initial,
raw aluminosilicates (C1, C2, C3 and BV), consecutively performing the expansions on each specimen
with ethylene glycol and finally thermal collapse of the aluminosilicate layers (T = 400 ◦C/2 h).
The preparation of the oriented plates was performed in the following manner: first, an extensive
cationic exchange of each of the materials was carried out using a 0.5 mol/L CaCl2 solution.
The suspensions of each Ca2+-homoionized mineral were well dispersed with ultrasound for 15 min,
and then deposited with a Pasteur pipette on small glass sheets fitting the sample holder of the
diffractometer. They were then allowed to dry at room temperature and the diffractograms of the
oriented films measured. Afterwards, the plates were saturated with ethylene glycol, according to the
methodology proposed by Moore et al. [32], in which the plates were solvated by exposing them to
solvent vapor in a desiccator at room temperature for 16 h. A few minutes after the treatment’s finish,
the plates were removed and the diffractograms measured again under the same conditions. Finally,
the same specimens were calcined for 2 h at 400 ◦C and measured again by X-ray diffraction.

The abundance of each clay phase in the minerals was obtained from the integrated areas under
the d001 signal for smectite, illite, dividing each value by an empirical factor established as 1 for illite,
4 for smectite [30]. The textural analysis of the solids was carried out by determining the nitrogen
adsorption isotherm at −196 ◦C, obtained from a 100–200 mg sample in a 3-Flex Micromeritics
Sorptometer, over a wide range of relative pressures, previously the samples degassed at 300 ◦C
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for 12 h. The BET specific surface areas (SBET) were determined by the multipoint model, using
Keii-Rouquerol criteria to find the best linear BET fitting [1]. The external surface (Sext) and the
surface corresponding to micropores (Sµp) were calculated using the t-plot model. The micropore size
distributions were calculated using the method of Horvath and Kawazoe, suitable for the morphology
of porous slit type predominant in pillared clays [30].

Hydrogen temperature-programmed reduction analyses (H2-TPR) were performed using
a Micromeritics TPR/TPD 2900 apparatus. About 40 mg sample was heated from room temperature
to 900 ◦C at 10 ◦C/min under a flow of 60 mL/min of reactive gas (5.0% H2 in Ar, Air Liquide,
Madrid, Spain). Hydrogen consumption was measured with a thermal conductivity detector (TCD),
where CuO (Merck 99.99%) was used as the external calibration standard. Based on the measured
thermal events, Fe reduction signals were differentiated in terms of the sites present in Al/Fe-PILCs as
proposed in advance [13]: fraction of extra-structural FeOx aggregates, fraction of interlayered iron
oxide aggregates (iron oxides “decorating” alumina pillars), Fe occupying structural sites of the clay,
and finally the Fe forming part of real mixed pillars Al/Fe.

2.4. Catalytic Experiments

The modified materials (C1-P, C2-P, C3-P and BV-P) were evaluated as active solids in hydrogen
peroxide-assisted catalytic oxidation of methyl orange (MO). The experiments were carried out at
25.0 ± 1.0 ◦C and atmospheric pressure (76 kPa) in a 1500 mL Semibatch (Pyrex®, New York, NY, USA)
glass reactor equipped with a jacket for temperature control with thermostatic bath and a peristaltic
pump to feed the H2O2 solution under controlled flow. For each test, the reactor was loaded with
1.0 L of MO solution (Sigma Aldrich, St. Louis, MO, USA, 85%) 0.119 mmol/L and 0.5 g of the solid
catalyst to be evaluated (0.05 g of catalyst/L), under constant both air bubbling (about 2 L/min) and
mechanical stirring (600 rpm). Addition of 100 mL of the H2O2 solution (Panreac, Barcelona, Spain 50%)
51.19 mmol/L (equivalent to exactly the stoichiometric theoretical amount for full mineralization
of the azo-dye in the reactor) started after 15 min of stirring and air bubbling (equilibrium period)
at flowrate of 2.0 mL/min. The zero time of reaction was the starting point for the addition of the
hydrogen peroxide solution into the reactor; from that moment on, 25 mL samples were taken, during
a total reaction time of 1 h. The samples were micro-filtered (Millipore, Burlington, MA, USA, 0.45 µm
filters) to separate the catalyst previous to analysis. The pH of the solution was adjusted to 3.4 and
constantly controlled in this value through the addition of drops of 0.1 mol/L HCl or NaOH [13].

3. Results and Discussion

3.1. Physicochemical Characterization

The chemical compositions of the source minerals (C1, C2, C3 and BV) are shown in Table 1.
The SiO2/Al2O3 ratios of materials C2, C3 and BV were much closer to three, indicating the possible
presence of smectites [33,34]. Material C1, presented a SiO2/Al2O3 ratio higher than 3.5 and a high
content of potassium, which may suggest that this aluminosilicate is mainly constituted of illite.
It indirectly shows that C1 presents an important content of collapsed layered-clay phases, since
potassium usually lodges strongly in the ditrigonal holes of the tetrahedral layers of the aluminosilicate,
hindering any subsequent ion exchange process [31,32]. The presence of iron in all raw minerals
(from 7.86 to 19.94% w/w) (Table 1) could be explained because this metal can serve as an isomorphic
substitute for both Si and Al within the layered structure. In addition, impurity phases can also be
found on the surface of the sheets of the material in the form of extra-structural oxides. This element
was present in a higher percentage in the aluminosilicate C3 (19.94% w/w), which may indicate that
this mineral exhibits large amount of extra-structural impurities of iron, or that the metal is part of the
layers of the material (due to the high content of structural Fe) whose smectitic phase could correspond
to nontronite or ferruginous [35].
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Table 1. Chemical composition normalized to the content of SiO2 in the starting aluminosilicates
(w/w %) and SiO2/Al2O3 mass ratio in raw minerals, starting clays and pillared materials.

Sample SiO2 Al2O3 Fe2O3 MgO TiO2 CaO K2O Na2O SiO2/Al2O3

C1 62.94 17.25 7.86 2.23 0.85 3.00 2.03 3.28 3.65
C2 63.30 19.67 8.17 2.64 0.99 2.19 0.99 1.55 3.22
C3 50.77 17.35 19.94 3.08 1.70 2.61 0.17 3.65 2.93
BV 60.25 23.20 9.37 3.16 1.17 0.93 0.80 0.74 2.60

C1-R 55.09 19.33 13.85 2.87 0.68 1.90 1.13 3.25 2.89
C2-R 60.31 21.82 11.02 2.74 1.09 1.05 1.09 0.54 2.76
C3-R 52.04 17.41 17.96 3.25 1.59 2.33 0.20 3.95 2.99
BV-R 57.57 22.02 10.98 2.60 1.24 1.34 0.90 2.88 2.61
C1-P 54.31 27.52 14.65 2.04 0.67 0.14 0.97 0.35 1.97
C2-P 55.33 30.71 13.39 2.07 1.05 0.09 0.83 0.27 1.80
C3-P 49.53 28.03 19.53 2.60 1.54 0.35 0.14 0.17 1.77
BV-P 53.37 33.26 12.58 2.15 1.11 0.08 0.64 0.19 1.60

Regarding the magnesium content, C2 was found to have a lower content (2.64% w/w) compared
to BV (3.16% w/w) and C3 (3.08% w/w) (see Table 1), indicating that the smectite phase that may be
present in this material would be mostly dioctahedral, whereas BV and C3 could be trioctahedral
phyllosilicates. The Na and Ca contents in the starting phyllosilicates are correlated with the
exchangeable cations present in their interlayer space. According to the results, the materials with the
highest sodium content are C1 (3.28% w/w) and C3 (3.65% w/w), whereas the phyllosilicates C2 and
BV have the lowest sodium content (1.55 and 0.74% w/w, respectively), as well as calcium (2.19 and
0.93% w/w, respectively). These characteristics are important if one takes into account that when
the interlaminar cation is sodium, the smectites have a greater capacity of swelling in polar solvents.
It may conduce to complete dissociation of individual smectite crystals, resulting in a higher degree
of dispersion and maximum development of colloidal properties. If Ca or Mg are the predominant
exchange cations, their swelling and cationic exchange capacities are much lower [6,21].

The SiO2/Al2O3 ratio also provides information on the amount of quartz that may be present
in the starting clays [36]. A high SiO2/Al2O3 ratio indicates a greater amount of quartz in the raw
material. Thus, according to Table 1, C1 showed the highest SiO2/Al2O3 ratio with a value of 3.65,
followed by C2 (3.22), C3 (2.93), and finally BV (2.60). However, after purification, the SiO2/Al2O3

ratio of these materials decreased as a result of the significant removal of the quartz content; clearly,
the most significant decrease was from material C1, suggesting it was the mineral most affected by
quartz impurity. In the case of C3, the SiO2 content indeed became slightly higher after purification,
showing that this mineral was the least affected by quartz contamination, but also probably because
the loss of iron oxides was more significant.

Semi-quantitative mineralogical analyses were carried out using XRD on monoaxial-oriented
films. This mode makes use of the spontaneous stacking property of the laminar clays depending
on drying conditions, and allows for films to be arranged in a parallel fashion when set to dry from
suspensions diluted at room temperature [31,32]. In layered materials, it is more advantageous than
determinations on powdered samples, which given the reduced size of the clay particles, implies that
the coherent domain in a single crystal will not give important diffraction maxima and the peaks
or signals will become invisible or slightly visible. As XRD quantitative analysis of clay minerals is
a very complex task, it should be noted that the one adopted here is a semi-quantitative determination.
One of the most complicated variables to control in quantitative approach is the selection of a standard
mineral whose diffraction characteristics should be identical to those of every crystalline phase present
in the ore-of-interest. Another drawback is that the intrinsic intensity of diffraction of a given mineral
also depends on its chemical composition, which is clearly quite variable in this type of natural sample.
Powder diffractograms (Figure 2a) of all starting aluminosilicates revealed the presence of illite (I),
quartz (Q) and, in the material C2, a very intense signal was observed corresponding to the feldspars
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(F) present as impurity in the material. Hence, the semi-quantitative estimation of the mineralogical
composition of clay phases present in the raw minerals (Table 2), determined that BV and C3 were
the materials with the highest contents of smectite (S), followed by material C2 (60%, 54% and 46%,
respectively). Meanwhile, material C1 was basically constituted of non-expandable clay minerals,
specifically illite-type (I), and is strongly contaminated by quartz as shown before [37]. These results
correlate very well with what was discussed concerning elemental analysis. Then, C1 could be expected
to exhibit lower expandability than the rest of the raw materials when intercalated and pillared with
the mixed oligomeric Al/Fe system [2,4,21]. In Figure 2b, it is shown that the relative intensity and
definition of the reflection corresponding to the basal spacing (001) in smectites significantly increased
in the aluminosilicate C2 after carrying out an extensive exchange process with the divalent cation
Ca2+, followed by the process of saturation with ethylene glycol in comparison to the raw starting
mineral. The same general behavior was observed in the rest of the materials (Supplementary Material,
Figure S1). In addition, this reflection in the saturated C2 material slightly shifted to lower 2◦ theta
angle, evidencing the swelling capacity of the smectite present in this aluminosilicate [4]. The smectite
phase appears to be well crystallized as it exhibits a peak of strong and acute intensity close to 15.0 Å
(Figure 2b), revealing that the predominant exchangeable cation in this aluminosilicate could be
calcium and/or probably also magnesium, as suggested by XRF analyses (see Table 1). The signals
of the non-expandable phases, commonly found accompanying this type of naturally occurring
aluminosilicates, clearly decreased in relative intensity (not shown) as the refining by sedimentation
process was carried out; in addition, it generated a remarkable increase in the relative intensity of the
signal corresponding to basal spacing in refined materials, especially in BV-R and C2-R solids. It was
also reflected in the XRF results (Table 1); as discussed above, both materials showed a decrease in
SiO2 content by about 3.0% with respect to their starting raw minerals (BV and C2).

(a) (b)

Figure 2. X-ray diffraction patterns of: (a) powders of untreated BV, C1, C2 and C3 raw minerals.
(S: smectite, I: illite, Q: quartz, F: Feldspars); (b) oriented films of C2 clay under following conditions:
(1) untreated, (2) Ca2+-homoionized, (3) saturated with ethylene glycol and (4) calcined at 400 ◦C/2 h.
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Table 2. Semi-quantitative mineralogical composition of the clay phases in the raw starting aluminosilicates.

Mineral
Clay Phase

Smectite (%) Illite (%)

BV 60 40
C1 34 66
C2 46 54
C3 54 46

An important increase in the CEC (see Table 3) was observed in the refined materials compared to
the raw ones; from C1 to C1-R (40 meq/100 g), from C2 to C2-R (74 meq/100 g) and from BV to BV-R
(13 meq/100 g) as a product of the elimination of non-expandable phases such as quartz. However,
C3 was the only material that did not show an increase in CEC, but rather a decrease upon refinement
(C3-R 10 meq/100 g). It may suggest that at least a part of the content of Fe (19.94% w/w, Table 1) in
this material, possibly as an impurity, was exchangeable and contributed to the CEC of this mineral,
but obviously less in the case of its refined form.

Table 3. Iron incorporated, CEC, compensated fraction of CEC (CC), basal spacing and textural
properties of raw, refined, and Al/Fe-pillared aluminosilicates.

Sample
Feincorporated

a

(Fe2O3 w/w %)
CEC b

(meq/100 g)
% CC c d001

d

(Å)
SBET

(m2/g)
SExt

(m2/g)
Sµp

(m2/g)

C1 NA 109 NA 12.8 45 30 15
C2 NA 118 NA 15.3 62 47 15
C3 NA 185 NA 12.7 113 75 37
BV NA 124 NA 14.7 85 49 37

C1-R NA 149 NA 16.3 105 78 27
C2-R NA 192 NA 15.0 105 67 38
C3-R NA 175 NA 12.6 95 67 28
BV-R NA 137 NA 15.4 97 64 33
C1-P 0.80 82 45 16.9 144 25 119
C2-P 2.37 78 59 17.4 194 29 165
C3-P 1.57 81 54 17.7 185 48 136
BV-P 1.61 91 50 17.6 139 25 114

NA: Not applicable; a Iron content incorporated in the pillared clays; b CEC, Cationic Exchange Capacity (dry basis);
c CC, Compensation of the CEC; d Obtained from powder samples.

The d060 signal of C1 material showed the trioctahedral nature of its clay phase (59.9◦; d = 1.542 Å),
whereas dioctahedral for the rest of materials: 62.0◦ (d = 1.50 Å) for C2, 61.6◦ (d = 1.504 Å) for C3
and 61.9◦ (d = 1.504 Å) for BV (Figure 2a). According to several authors, the range of values for this
spacing typical in dioctahedral smectites is 1.49 and 1.52 Å, and it oscillates between 1.52 and 1.54 Å
for trioctahedral phases [31,32].

The textural properties of the raw materials (Table 3) showed that the one exhibiting the higher
SBET was C3 (113 m2/g); it could be related to its higher Fe content, whose extra-structural fraction may
correspond to iron oxides. The extra-structural Fe oxides generally display high external surfaces [38].
In the materials C2 and BV the external surfaces were higher (47 m2/g and 49 m2/g) than that
of C1 (30 m2/g), which probably relates to the higher content of clay-like phases present in both
materials, whose particle sizes are characterized to be smaller than 2 µm. This is due to the refining
step, as non-expandable phases such as quartz were retired, resulting in an increased abundance of
clay phases in the refined solids, as well as an increase of the SExt with respect to the starting minerals,
as it can be observed in Table 3. The increase in the specific surface area of the refined material BV-R
(97 m2/g) with respect to its starting raw aluminosilicate (BV, 85 m2/g) was lower in contrast to the
increase observed in C1-R and C2-R refined clays; it correlates with the higher content of smectite
present in this material. The refined clay C1-R was the material showing the largest increase in the
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specific surface area (up to 105 m2/g) with respect to its crude aluminosilicate (45 m2/g), which from
the point of view of the mineralogical composition is somehow expectable, since it had a higher level of
impurities, as discussed above. The starting mineral C3 was the only one whose textural properties did
not get enhanced upon refining by particle size; it correlates very well with the above-explained high
content of iron oxides displayed by this sample. It is noteworthy that the specific BET surface (SBET)
of all the starting raw minerals was mostly represented in external surface, related with the smallest
average particle size of the clay fractions, together with their low accessibility into the microporous
region (interlayer zone).

As a result of the modification of the starting materials with the mixed Al/Fe oligocationic system
(C1-P, C2-P, C3-P and BV-P), all products exhibited an increase in content of both metals (Table 1).
However, it should be noted that the C2 material exhibited the highest efficiency incorporating iron
(2.37% w/w as Fe2O3) and Al (8.89% w/w as Al2O3), which happened together with the highest
fraction of compensated CEC in the series of minerals (59%; Table 3). It clearly demonstrates that Al/Fe
mixed oxides got preferentially stabilized in the interlayer space of the clay, following the targeted
cationic exchange mechanism (Table 1). These results are in accordance with those obtained on the
widely reported BV-P, reference aluminosilicate [18,26,39]. It got also corroborated as the C2-P pillared
material exhibited a decrease of about 90% in its content of the exchangeable cation (Ca2+) relative to its
starting, refined material (C2-R) (Table 1). The other materials modified with the mixed Al/Fe system
(BV-P, C1-P and C3-P) also showed a decrease in their contents of exchangeable cations (Na+ and Ca2+)
with respect to their starting materials, suggesting an exchange and fixation of the intercalating metals
in the interlayer space, but not too preferentially as seen for C2-P.

The intercalation of the Keggin-type polyoxocations in C2-P and BV-P materials was also
evidenced by the expansion of the basal spacing of these aluminosilicates. It is clearly illustrated
through the slight shift of the d001 signal to lower 2 theta angles (Figure 3), compared to their
corresponding starting, refined materials (C2-R and BV-R). Final basal spacings of both materials
were 17.4 Å and 17.6 Å, respectively. These values were only slightly lower than the reported statistical
diameter of the Keggin polycation (about 8.9 Å) [2,40,41], which is expected to decrease by heating at
high temperatures as in this case. It should be noted that C1-P material exhibited the lowest final basal
spacing (16.9 Å, Table 3), probably due to its lower content of expandable phases, therefore leading to
lower capacity to intercalate Keggin-type Al/Fe polyoxocations in its interlayer space.

As a result of the pillaring process, the starting clays increased their BET-specific surface areas by
approximately 102, 132, 77 and 54 m2/g for C1-P, C2-P, C3-P and BV-P, respectively (Table 3). Therefore,
it can be easily observed that such increase in SBET was predominantly due to formation of microporous
surface (Sµp). In addition, it can be inferred that higher textural properties obtained on final pillared
material correlated to a great extent with the nature of the starting material previously exhibiting
higher CEC, cationic compensation and efficient incorporation of Fe and Al. Therefore, it can be stated
that, in general, the CEC of the starting mineral is a fundamental parameter in order to anticipate
successful modification via intercalation-pillaring. In this regard, C2 material certainly presented the
highest final specific surface area upon Al/Fe-pillaring (C2-P) (194 m2/g), indicating that it was the
aluminosilicate that developed the greatest expansion. C3-P also showed high final specific surface
area (185 m2/g, Table 3) quite comparable to C2-P. However, its external area was larger than the one
found in pillared material C2. It means that even after the pillaring step, an important fraction of Fe
oxide aggregates persisted on the external surface of the particles, which could be disadvantageous
from the catalytic point of view. This type of iron content has been shown in preceding studies to be
more easily leached in the CWPO strongly oxidizing environment featuring this reaction [13].

The adsorption–desorption isotherms of the refined and pillared clays are shown in Figure 4.
The isotherms of the starting refined materials are type IV (a) according to the IUPAC system (Figure 4
and Figure S2 in Supplementary Material) [42], corresponding to mesoporous materials [43]. The C3-R
aluminosilicate presented an adsorption–desorption curve with a higher separation between the
branches of adsorption and desorption; it means this material presented high capillary condensation [4].
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The isotherms of the pillared aluminosilicates were intermediates between type I, in the range of low
relative pressures, and IV, at high p/p0, according to BDDT classification [44], indicating the presence of
both micropores and mesopores. These solids exhibited H3 hysteresis in the IUPAC classification [42],
a characteristic behavior of lamellar aggregates of non-homogeneous size and/or shape, whose
particles form flexible pores with slit-like morphology [4,45], typical in pillared clays.

Figure 3. X-ray powder diffraction patterns of refined and pillared materials.

μ

Figure 4. Horvath and Kawazoe micropore width distributions of refined (R) and pillared (P) forms of
aluminosilicates C2 and BV.
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The Horvath–Kawazoe (HK) distributions of micropore widths (Figure 5) of the pillared
materials C2-P and BV-P showed well-defined bimodal behavior: (i) a mean pore width around
3.5 Å, which probably corresponds to a fraction of the aluminosilicate interlayered by small, poorly
oligomerized Al/Fe species in the intercalating solutions and (ii) average pore width centered at 5.0 Å
that could be ascribed to the second fraction interlayered with those formerly condensed Keggin-like
oligocations, whose statistical diameter (8.9 Å) is obviously expected to decrease after the period of
heating at high temperature. Such a last dimension apparently corresponds in relatively poor accord
to the expected dimensions for the pores provided by the XRD-measured basal spacings in these
two materials (17.4–17.6 Å), after subtraction of the layer thickness featuring the TOT aluminosilicates
(around 9.96 Å). However, it is expected to significantly decrease after treatment at high temperature
but, in addition, it must be considered that measurements with nitrogen as adsorbate within such
a range of very low pressures, corresponding to pore widths below 10 Å, are well-known to deviate
in around 2.0 Å towards lower dimensions than actual because of the Van der Waals interactions
of nitrogen with such narrow pore walls. It means, the average pore widths truly found in pillared
materials C2-P and BV-P were indeed close to 5.5 Å and 7.0 Å, respectively, in higher level of fitting
against the theoretical dimensions of the interlayered mixed Keggin-like oligocations. It is noteworthy
that a clear difference is observed among the diagrams generated for the pillared forms against those
corresponding to the starting, refined forms of both aluminosilicates (C2-R, BV-R); it is obvious that
micropore contents measured in the pillared materials were practically absent in the starting, refined
materials, whose broad distributions of pore widths were not significantly below 8.0 Å.

 

μ

μ

Figure 5. Horvath and Kawazoe micropore width distributions of refined (R) and pillared (P) forms of
aluminosilicates C2 and BV.

The H2-TPR profile (Figure 6) of the starting aluminosilicate C2-R (4307 µmol H2/g) showed
two reduction events centered at around 560 ◦C and slightly over 800 ◦C. These can be attributed
primarily to the reduction of extra-structural iron (iron oxides, external polluting phases), and secondly
to less-reducible structural iron species being part of the aluminosilicate sheets. Meanwhile,
C3-R showed three broader, overlapped events of reduction at slightly higher temperatures
(450–870 ◦C) (the curves were fitted into three peaks by the Gaussian method), whose assignments
are similar, with the extra signal (peak to 786 ◦C) at higher temperature probably suggesting the very
high Fe content present in this sample (XRF, see Table 1) to be also distributed in various structural
sites within the aluminosilicate structural framework (e.g., Fe occupying both octahedral and not only
tetrahedral structural holes in the clay layers). A high total hydrogen consumption (13,381 µmol H2/g)
was of course also verified for this material C3-R. The peak deconvolution for diagrams of C3-R and
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C3-P materials shows, as expected, a slightly increased total consumption of hydrogen displayed by
C3-P against C3-R (see Fe2O3 contents, Table 1). In addition, hydrogen consumption of peak 1 in C3-P
does not exceed the sum of the first two peaks in thermogram of C3-R. Peak 2 consumption (C3-P)
does not exceed sum of peaks 2 and 3 in C3-R. It may suggest that the first peak in C3-R got fully
anticipated in temperature in C3-P, but the second peak only partially and then distributed between
peaks 1 and 2 in C3-P. Finally, the third peak (broad shoulder) in C3-R got fully anticipated in C3-P
second peak. But more interestingly, it is evidently obvious that iron incorporated in C3-P material as
a product of the pillaring procedure got widely distributed including extra-structural oxides, being
reduced at lower temperature, together with interlayered forms more probably reduced in the second
peak of the C3-P diagram. It must be stressed that peak deconvolution of C3-P signal did not consider
final consumption (over 680 ◦C) as an extra peak and then, this consumption is included in the 41.9%
displayed in the second peak of the C3-P material. Therefore, hydrogen consumption due to iron
interlayered in “truly” mixed Al/Fe-pillars would correspond to such a reduction taking place at the
highest temperature.

Figure 6. Hydrogen–temperature programmed reduction (H2–TPR) of refined (R) and pillared forms
of clays C2 and C3: Solid lines are experimental curves and dotted lines Gaussian fitted curves of
C3-derived materials.
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The reduction profiles of all the modified materials (Figure 6 and Figure S3, supplementary
material) clearly showed that the first thermal event anticipates its reduction temperature as a result
of the pillaring procedure, probably due to increased access to the active sites, making them more
easily reduced [16]. However, it should be noted that BV-P and C2-P materials exhibited very similar
reduction profiles (Supplementary Material, Figure S3), in which only one instead of two thermal
events of reduction was observed at approximately 500 ◦C corresponding to the aforementioned
external oxides. According to bibliographic reports [20], it could be ascribed to FeOOH deposited on the
external surface of the clay mineral. This is evidence of the effective pillaring of the C2 aluminosilicate,
since the BV-P material, widely reported before, could be used as a reference [45]. In addition,
the H2-TPR diagrams of these materials also showed important hydrogen consumption approaching
900 ◦C, in good agreement with what was observed elsewhere before [13] for the system Al/Fe-PILC
obtained from the same mineral BV, where it was attributed to truly mixed Al/Fe-pillars taking
place in the structure. The C2-P material exhibited a shoulder close to 605 ◦C that, according to
earlier interpretation, might correspond to the reduction effect of iron oxide aggregates under strong
interaction with Al2O3 or the so-called iron “decorating” the alumina pillars [13]. This shoulder
may appear overlapped in the C3-P material due to its high content of extra- and structural iron.
Besides, this material showed a decrease in the full consumption of hydrogen (12,271 µmol H2/g) in
comparison with its starting material (13,381 µmol H2/g); it might be due to leaching of a fraction of
the extra-structural iron present in the mineral during the pillaring procedure, in good correlation with
what was observed in the elemental analyses (Table 1).

3.2. Catalytic Performance of the Al/Fe-PILCs

The evolution of decolourization (%) and total organic carbon concentration in the methyl orange
solutions throughout the CWPO catalytic reaction using the set of pillared clays as active materials
are compared in Figure 7. It can be clearly seen that the C2-P catalyst exhibited the highest catalytic
efficiency as a function of both parameters (decolourization about 70%; final TOC content about
10 mg/L, equivalent to around 52.2% of TOC degradation) in only 75 min of reaction at very mild
conditions of either temperature (25 ◦C) of reaction and pH (3.4). These results mainly correlate with
the following physicochemical properties of the pillared materials, in this order: (i) the higher amount
of incorporated Fe (Table 3), with a high fraction of the transition metal being part of truly mixed Al/Fe
pillars according to H2-TPR diagrams (Figure 6); (ii) the high reached final specific BET surface area
(mainly represented as microporous content); (iii) the high starting CEC and its fraction that finally
resulted compensated by intercalating polycations (% CC in Table 3). Such a set of physicochemical
properties in starting aluminosilicates apparently govern in higher extent the final reactivity of the
pillared materials promoting the CWPO catalytic activation of hydrogen peroxide (e.g., internal
diffusion of the oxidizing agent towards the active sites present in the catalyst, thus generating
a greater efficiency in the production of hydroxyl radicals). In spite of the widely spread criteria
around this topic, best performing pillared material did not display higher basal spacing, which
suggests that this parameter may vary more widely as a function of the experimental procedure in
preparation. Moreover, it was not too different in comparison to the rest of materials studied here
or other typical values already reported for Al/Fe-PILCs [4,13]. In addition, it is worth mentioning
that previous particle size refining significantly affects the final success of the pillaring process; for
instance, C2 material showed only the third higher CEC in raw minerals, but the first in refined
forms. It must be stressed that C2-P aluminosilicate presented better catalytic behavior than the BV-P
material widely used and reported before in the scientific literature relevant to the field [13,26,27],
displaying catalytic performance comparable to those reported in the literature for the CWPO reaction
of either methyl orange or orange II in terms of decolourization [13,39,46] using modified clays with
the following metal systems: mixed Al/Fe ~80% (75 min of reaction) or MnS ~70% (4 h of reaction).
It must be stressed that maximal decolourization reported here was obtained at only 45 min of reaction
(plus 30 min of pre-equilibrium period) compared to more than 3 h of reaction [13] or 30 min of
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reaction (plus 15 min of pre-equillibrium) [39], respectively, reported before. Meanwhile, TOC removal
exhibited by Fe-impregnated saponite in decolourization of Orange II azo dye was around 60%
(3 h of reaction) [46]. However, it is noteworthy that in some of such cases along with longer times of
reaction, higher catalyst loadings were used as compared with this study. Of course, it may display
even better maximal values of azo-dye decolourization under optimal conditions of catalyst and
peroxide concentrations; it should be noted that a low concentration of catalyst was employed in this
study in order to get the highest possible difference in the responses among tested materials. Regarding
the effect of the presence of phase impurities such as illite, quartz and feldspar (collapsed or difficult
to swell phases) in the starting clay identified in this research, it may influence the physicochemical
properties of the starting materials such as the CEC. This means the ability of the aluminosilicate to
undergo subsequent ion-exchange processes of the Keggin-like Al/Fe-polyoxocations into interlayer
space; of course, it might also indirectly influence the efficiency of incorporation of the active phase,
the expansion level of the material and, in turn, final textural properties. However, as far as we know,
such a type of impurities have not shown direct influence on the catalytic behavior of the materials
(for instance, by transition metals located at structural sites of the phases catalyzing the reaction).
In spite of very recent studies claiming the CWPO catalytic activity displayed by naturally occurring
minerals [47], they have been mostly iron-rich minerals (namely, hematite, magnetite and ilmenite)
exhibiting in addition significant Fe-leaching, pretty longer times and higher temperatures of reaction
than those reported here.

Figure 7. Catalytic behavior of pillared clays in terms of methyl orange decolourization (solid lines)
and TOC concentration (dotted lines): Catalyst loading = 0.05 g/L; [MO]0 = 0.119 mmol/L; [H2O2]added

= 51.2 mmol/L, Vadded = 100 mL; H2O2 stepwise addition = 100 mL/h; pH = 3.4; T = 25 ± 0.1 ◦C;
ambient pressure = 0.76 atm.

Finally, it can be seen in Figure 8 that catalytic performance of C2-P material could not be
ascribed to either catalytic response of the Fe content already present in the starting refined mineral,
simple adsorption on the surface of the pillared clay or straightforward oxidation by the molecular,
non-activated H2O2. C2-R material barely reached 20% decolourization and 14.3% of TOC degradation,
C2-P material blank (no peroxide added) 6.2% decolourization and 8.0% of TOC degradation, whereas
the catalytic system only in the presence of peroxide with no solid catalyst added (peroxide blank)
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reached less than 20% of bleaching and mineralized only 10.9% of the TOC initial content. It means
that the catalytic activity displayed by the C2-P solid was mainly due to the degradation of the azo-dye
contaminant by hydroxyl and other radicals generated on the active sites of the modified material,
and not to simple adsorption, nor direct attack of the oxidizing agent on the contaminant molecules
regarding the effect of the mineralogical composition.

 
Figure 8. Decolourization (solid lines) and TOC concentration (dotted lines) shown by refined and
pillared forms of C2 material in the CWPO degradation of methyl orange: Catalyst loading = 0.05 g/L;
[MO]0 = 0.119 mmol/L; [H2O2]added = 51.2 mmol/L, Vadded = 100 mL; H2O2 stepwise addition = 100 mL/h;
pH = 3.4; T = 25 ± 0.1 ◦C; ambient pressure = 0.76 atm.

4. Conclusions

In this work, the effects of starting mineral on the physicochemical and catalytic properties of
the mixed Al/Fe-pillared clays were studied. It was shown that pillaring procedure on C2-R (starting,
previously refined aluminosilicate) favored the best response in the catalytic wet peroxide oxidation of
the azo-dye methyl orange in aqueous solution. The highest catalytic performance of this material
correlated mainly with following properties of their raw starting and/or refined forms, in this order:
the high amount of incorporated Fe with a significant fraction of it being part of truly mixed Al/Fe
pillars, high specific BET surface area (mainly represented as microporous content), high starting
CEC and its fraction finally compensated by intercalating polycations and basal spacing close to 18 Å.
In general, dioctahedral smectites showed better performance in structural modification and catalytic
application. In spite of the widely accepted criteria, best performing pillared material did not display
higher basal spacing within the study. It suggested that this parameter may closely vary around the
targeted space featuring Keggin-like pillared clays, but the textural and catalytic properties deviate
seriously as a function of other experimental factors. Low-pressure adsorption isotherms of N2 treated
by the Horvath–Kawazoe (HK) model revealed, for the first time, a bimodal distribution of micropore
widths taking place in Al/Fe-PILCs. In summary, pillared aluminosilicate (C2-P) exhibited the best
catalytic performance in the CWPO catalytic reaction of methyl orange degradation. This material
achieved up to 70% of decolourization and 52% of mineralization of the starting TOC present in
solution, under soft reaction conditions (RT, 25 ◦C, 0.05 g/L of clay catalyst and stoichiometric,
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no excess of H2O2). It was proved that the catalytic performance exhibited by the material was not
due to either Fe being present in the starting mineral, simple adsorption of the dye on the catalyst’s
surface or direct oxidizing effect of the molecular hydrogen peroxide, without previous catalytic effect.

Supplementary Materials: The following are available online at www.mdpi.com/1996-1944/10/12/1364/s1,
Figure S1: X-ray diffraction patterns of raw minerals in oriented films: (a) C1, (b) C3 and (c) BV, under following
conditions: (1) untreated, (2) Ca2+–homoionized, (3) saturated with ethylene glycol and (4) calcined at 400 ◦C/2 h,
Figure S2: Nitrogen adsorption-desorption isotherms of refined and pillared forms of C1 and C3 clays, Figure S3:
Hydrogen–temperature programmed reduction (H2–TPR) diagrams of refined (R) and pillared forms of clays
C1 and BV.
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Abstract: Emerging contaminants in the environment have caused enormous concern in the last
few decades, and among them, antibiotics have received special attention. On the other hand,
adsorption has shown to be a useful, low-cost, and eco-friendly method for the removal of this type
of contaminants from water. This work is focused on the study of ciprofloxacin (CPX) removal from
water by adsorption on pillared clays (PILC) under basic pH conditions, where CPX is in its anionic
form (CPX−). Four different materials were synthetized, characterized, and studied as adsorbents of
CPX (Al-, Fe-, Si-, and Zr-PILC). The highest CPX adsorption capacities of 100.6 and 122.1 mg g−1

were obtained for the Si- and Fe-PILC (respectively), and can be related to the porous structure of the
PILCs. The suggested adsorption mechanism involves inner-sphere complexes formation as well as
van der Waals interactions between CPX− and the available adsorption sites on the PILC surfaces.

Keywords: ciprofloxacin; adsorption; pillared clays

1. Introduction

The presence of antibiotics in wastewater and surface water has been widely reported [1–3], and
is becoming a growing concern due to its toxicological effect on aquatic species as well as the resistance
that they can induce on some bacterial strains even at low concentrations. These compounds reach
the environment as consequence of different activities, like veterinary medicine or agriculture but,
mostly, due to their use in human medicine and the inefficiency of wastewater treatments to remove
this kind of contaminants, which are not biodegraded [1–6]. Consequently, different methods have
been studied to eliminate antibiotics from water, such as advanced oxidation processes, nanofiltration,
reverse osmosis, and photo and electrochemical degradation. The downsides of these approaches go
from high maintenance costs, to complicated procedures, or secondary pollution [4–6].

From the available methods, the adsorption process has shown to be the most effective and
inexpensive. It also involves an easier design and operation than other techniques. Moreover, there is
a huge variety of adsorbents with different properties and nature, such as carbonous materials [7–12],
mesoporous silica [13], hydrous oxides [14], and mineral clays [15–19], which have been evaluated
for these new organic pollutants. Although activated carbons have been extensively used for the
removal of organic compounds from water, mineral clays have acquired attention because they are
effective adsorbents, as well as low-cost, widely distributed, and eco-friendly materials. In particular,
bentonites have been greatly studied for removing emergent contaminants as amoxicillin [20],
diclofenac potassium [21], tetracycline [22,23], cephalexin [24], and ciprofloxacin [15,17–19] from
water. However, the bentonites bring limitations in their separation from the aqueous media due to
their behavior in water suspensions. Pillared clays (PILC) are micro-mesoporous materials that are
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synthetized from bentonites characterized by a large specific surface area, permanent porosity, and
higher hydrophobicity than the one shown by the raw material [25]. Although PILC were obtained
as alternative catalysts to zeolites and have been widely studied both as catalysts and as catalyst
supports, these materials have also proven to be effective adsorbents of diverse organic and inorganic
pollutants [26–34].

Taking this into account, four pillared clays with different oligocations (Al, Fe, Si, and Zr) were
synthetized and characterized. The obtained PILC were evaluated as adsorbents of ciprofloxacin from
basic aqueous media in order to study the relationship between their structural and textual properties
and their removal capacity.

2. Materials and Methods

2.1. Synthesis and Characterization of Pillared Clays

The natural clay (NC) used as raw material in the present work is a bentonite that is obtained
from the Pellegrini lake in the province of Rio Negro, Argentina. Four pillared clays with different
pillaring agents were synthetized from this NC, described in detail in a previous work [17].

The silica pillared clay (Si-PILC) was prepared following the methodology described by
Han et al. [35], with some modifications. The silica sol solution that was used as pillaring agent was
obtained by mixing tetraethyl orthosilicate (TEOS: Si(OEt)4, Merck > 99%), 2 M HCl (Cicarelli, 36.5–38%)
and ethanol in a molar ratio of 1:0.1:1. The resulting solution was then aged at room temperature for
2 h and was mixed with a 0.25 M ferric nitrate (Fe(NO3)3 9H2O) solution in a molar ratio of Si/Fe 10:1.
This mixture was titrated with 0.2 M NaOH (Anedra, 98%) solution up to a pH of 2.7. Then, the pillaring
agent obtained was added drop wise to a NC suspension of 1 wt % of deionized water in a molar
ratio of Si/Fe/CIC 50:5:1, respectively. During the cation exchange, the mixture was stirred 3 h
at 60 ◦C and the solid was separated by centrifugation at 3500 rpm for 15 min by Sorvall RC 5C
centrifuge (Kendro Laboratory Product, Newtown, CT, USA). This solid (the exchanged NC), was first
washed with a solution of ethanol/water 50% v/v to remove excess oligocation solution, and was then
dispersed in 0.2 M HCl solution under stirring during 3 h to leach out the iron species from the mixed
sol particles. This last step was carried out four more times. Finally, the solid material was washed
with deionized water several times and then dried to finally obtain the Si-pillared clay precursor.

The iron pillared clay (Fe-PILC) was synthesized according to the procedure
proposed by Yamanaka et al. [36], where the trinuclear acetate-hydroxo iron (III) nitrate
([Fe3O(OCOCH3)6CH3COOH(H2O)2]NO3) is the pillaring agent. The latter was prepared
mixing a ferric nitrate (Fe(NO3)3 9H2O, Fluka, 97%) solution with ethanol and adding drop by drop
acetic anhydride in a molar ratio of 1:4.3:7.4, respectively. The solution was further kept in an ice bath
for cooling and the resulting precipitate was separated by filtration. Then, a 0.04 M aqueous solution
of trinuclear acetate complex was prepared and added to a 1 wt % suspension of the NC in deionized
water. The mixture was stirred for 3 h and the resulting suspension was then filtered, washed with
deionized water, and dried, to finally obtain the Fe-pillared clay precursor.

The aluminum pillared clay (Al-PILC) was prepared following the methodology described
in previous work [32]. The pillaring agent was synthesized by basic hydrolysis of AlCl3 · 6H2O
(Anedra, Lieshout, NL, 99.5%) solution with NaOH solution. The basicity relationship was of
OH−/Al3+ = 2 and the mixture was initially maintained under stirring at 60 ◦C, and then aged
under stirring for 12 h at room temperature. The pillaring agent obtained was added drop wise to
a 3 wt % dispersion of NC in deionized water and it was stirred for 1 h. The resulting solid was washed
using dialysis membranes and was dried to obtain the Al-PILC precursor.

The zirconium pillared clay (Zr-PILC) was synthesized using the methodology proposed by Farfan
Torres et al. [37] with modifications. The pillaring agent used was a ZrOCl2 8H2O (Merck, Kenilworth,
NJ, USA, 99.9%) solution initially adjusted at a pH of 1.9 using a NaOH solution. The resulting solution
was added drop by drop to a 1 wt % suspension of NC in deionized water under stirring at 40 ◦C.
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The mixture was then stirred for 2 h, filtered, washed with deionized water, and dried for obtaining
the Zr-PILC precursor.

Finally, all of the precursors of the PILC were calcined at 500 ◦C for 1 h in order to obtain the
Si-PILC, Fe-PILC, Al-PILC, and Zr-PILC samples.

The structural properties for all of the materials were analyzed by X-ray Diffraction (XRD) using
a RIGAKU Geigerflex X-ray diffractometer (Rigaku, Austin, TX, USA with CuKα radiation at 20 mA
and 40 kV. The scans were recorded between 2◦ and 70◦ (2θ), with a step size of 0.02◦ and a scanning
speed of 2◦ min−1. The textural properties were studied by nitrogen adsorption-desorption isotherms
at −196 ◦C. These measurements were carried out using an Autosorb 1 MP and iQ (Quantachrome,
Boynton Beach, FL, USA). All of the samples were previously degassed for 12 h up to a residual
pressure lower than 0.5 Pa at 200 ◦C. Textural properties were obtained from these isotherms by
different methods. The specific surface area (SBET) was assessed by the Brunauer, Emmet and Teller
(BET) method, using the Rouquerol’s criteria [38]. The micropore volumes (Vµp) were calculated
with the α-plot method using the corresponding sample calcined at 1000 ◦C as reference material [39].
The total pore volume (VT) was obtained using the Gurvich rule (at 0.97 of relative pressure) [38].
Pore size distributions (PSD) were obtained by the Horvarth-Kawazoe method, when considering the
adsorption branch and that the PILC have slit shape pores within the interlayer region.

2.2. Adsorptive: Ciprofloxacin

The ciprofloxacin (CPX) is an antibiotic from the fluoroquinolones group, which is widely used in
human health. The CPX is a crystalline solid with a molecular weight of 331.4 g mol−1. The dimensions
of the (CPX) molecule are 1.35 nm × 0.3 nm × 0.74 nm and a scheme of its chemical structure is shown
in Figure 1 [8].

α
θ

−

−

μ

−

−

−

Figure 1. Ciprofloxacin structure.

The presence of protonable groups in the CPX structure generates two pKa values, and, in
consequence, three possible species in solution. The pKa values for the CPX are 5.90 ± 0.15 (pKa1)
and 8.89 ± 0.11 (pKa2), which correspond to the carboxylic acid group and the amine group in the
piperazine moiety, respectively (see Figure 1). The protonation-deprotonation reactions that take place
at different pH values of the media affect the species that are present in the solution, as well as their
solubility. Therefore, the CPX can be found as cation (CPX+), zwiterion (CPX±), or anion (CPX−) under
different pH values where the zwiterion form shows the lowest solubility [17].

In this work, the ciprofloxacin hydrochloride was used as adsorptive; it was acquired from
Romikim S.A (CHEMO Argentina, Buenos Aires, Argentine) and had 99.3% of purity.

2.3. CPX Adsorption Studies

The adsorption experiments were conducted by mixing 0.02 g of adsorbent with 8 mL of CPX
solutions from 18 to 230 mg·L−1 in tubes of 10 mL and further stirring at 20 ◦C up to beyond the
equilibrium time. The values were chosen according to previous results [17]. In all of the tests, the tubes
were wrapped in aluminum foils to prevent light-induced decomposition. After the adsorption,
the solutions were separated from the adsorbent using a Sorvall RC 5C centrifuge at 8000 rpm for
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20 min. The CPX equilibrium concentrations in the resultant supernatant were measured with a T60
UV-vis spectrophotometer (PG Instruments Lmited, Leicester, UK) at the λmax corresponding to the
pH value, from the previously determined calibration curve. The absorption spectra were obtained
for every point of each isotherm. In all of cases the spectra observed were the same as those of CPX
before clay contact, evidencing that CPX is not degraded after contact with PILC materials. All of the
samples were measured in duplicate and the average value was used. The amount of CPX adsorbed
on the clay mineral (q) was calculated from the initial and equilibrium CPX concentrations, according
to an Equation (1):

q =
V
(

Ci − Ceq

)

w
(1)

where V is the CPX solution volume (L), Ci is the initial CPX concentration (mg L−1), Ceq is the
equilibrium CPX concentration (mg L−1), and w is the mass of clay (g).

2.4. Modelling Methods

Langmuir, Freundlich, and Sips isotherms models were fitted to the CPX adsorption equilibrium
data [40]. The Langmuir model assumes a monolayer adsorption on a surface with a finite number
of identical sites, which are energetically equivalent and where there are no interactions among the
adsorbed molecules (homogeneous surface). The mathematical expression of the Langmuir model is
shown in Equation (2):

q =
qmkCeq

1 + kCeq
(2)

where qm is the maximum adsorbed concentration within a monolayer of adsorbate (mg g−1) and
k (L mg−1) is the Langmuir adsorption equilibrium constant, which is related to the adsorption energy.

The Freundlich equation is an empirical method that has been widely applied to adsorption
on heterogeneous surfaces. This model uses a multi-site adsorption isotherm and its mathematical
expression is defined in Equation (3).

q = kFC1/n
eq (3)

where kF (mg g−1(L mg−1)n) and n (dimensionless) are the Freundlich characteristic constants,
indicating the adsorption capacity and adsorption intensity, respectively.

The Sips equation is a combination of the Langmuir and Freundlich equations. It is an empirical
equation that assumes a heterogeneous surface with a number of active sites that interact with the
adsorbate molecule, without adsorbate-adsorbate interactions. The mathematical expression is shown
in Equation (4).

q = qm

(bCeq)
1/n

1 + (bCeq)
1/n

(4)

where qm and Ceq have the same meanings as above, b is a parameter related to the affinity of the
adsorbate towards the surface, and n is a parameter that represents the heterogeneity of the system.

The Scatchard model was applied to the adsorption data to gather complementary information
about the adsorption phenomena. This method involves the transformation of the data from
the isotherm to obtain a plot of q/Ceq versus q (where q has the same meaning indicated above).
The resulting plot is called a Scatchard plot and if it is a straight line, it suggests that the adsorption
takes place in the same type of sites. On the other hand, if the plot is a non-linear curve, its shape
can be related to nonspecific or multi-type interactions between the adsorbate and adsorbent surface.
Concave curves are related to negative cooperative phenomena or to the presence of heterogeneity
sites for the adsorption. In turn, convex curves are associated to positive cooperative phenomena
where the first adsorption occurs with low affinity and that the adsorbate becomes a possible site
for the subsequent adsorption. Additionally, any deviation from linearity in the Scatchard plot
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(taking R2 values) could be considered as an indication of the presence of nonspecific or multi-type
interactions of the adsorbate molecules towards the surface sites [41–44].

3. Results and Discussion

3.1. Adsorbents Characterization

XRD patterns obtained for the PILC materials were evaluated in contrast to those obtained for
the NC and the basal distances (d001). The d001 value obtained for NC was 1.26 nm, which is typical
of natural sodic montmorillonites, whereas Al- and Fe-PILC showed values of 1.85 and 1.60 nm,
respectively. These increases in the basal distances for the PILC could be attributed to the presence
of aluminum and ferric oxide species within the NC interlayer. Additionally, the diffractograms did
not show any other structural changes in the PILC in relation to the starting material. In the case of
the Si- and Zr-PILC, the patterns obtained do not show any defined peaks. The low resolution for
these materials could be due to a higher heterogeneity in their structures in comparison to the NC.
This heterogeneity was possibly caused by a stronger acid media used in their synthesis, which may
have affected the usual order of the raw material layers [45,46].

Nitrogen adsorption-desorption isotherms at −196 ◦C of the adsorbents are shown in Figure 2,
where the amount adsorbed is expressed in cubic centimeters at STP (standard temperature and
pressure) per gram of material (Vads cm3, STP g−1) plotted against the equilibrium relative pressure
(p/p0). The shape of adsorption-desorption isotherms are grouped into six types and can be related to
particular pore structures according to the IUPAC (International Union of Pure and Applied Chemistry)
classification [38,47]. Taking this in account, the natural clay isotherm can be classified as type IIb
isotherm with an H3 hysteresis loop. This kind of isotherm is associated to mesoporous materials
with aggregates of plate-like particles, like the montmorillonites. The isotherms that are obtained for
the pillared clays can be classified as a combination between type I, at low relative pressures, and
type IIb due to the adsorption behavior in the mono-multilayer region (from 0.05 to ca. 0.8 in relative
pressures). The high amount adsorbed at low relative pressures is related to the microporosity that
is generated as a result of the pillaring process. In addition, the presence of mesoporosity in PILC
is evidenced by the presence of the type H4 hysteresis loops that are associated to slit-like pores, as
well as to the pores that are generated within the interlayer of the clay minerals. Among the pillared
clays, the Si-PILC showed the highest adsorption values at low relative pressure, suggesting that this
material developed a greater microporosity. Regarding Al-, Fe-, and Zr-PILC, the adsorption in the
micropores region was lower than the one that was obtained for the Si-PILC, but was still higher than
the one obtained for the natural clay, suggesting a successful pillaring process.

−

−

Figure 2. N2 adsorption-desorption isotherms at 77 K for natural and pillared clay minerals.
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The textural properties obtained for all of the materials from nitrogen adsorption-desorption
isotherms are summarized in Table 1.

Table 1. Textural properties data and d001 obtained for natural and pillared clays.

Materials SBET (m2 g−1) VT (cm3 g−1) Vµp (cm3 g−1)

Natural Clay 67 0.10 0.01
Al-PILC 322 0.18 0.12
Si-PILC 519 0.31 0.19
Zr-PILC 231 0.16 0.07
Fe-PILC 206 0.17 0.07

Data showed an increase in the specific surface areas (SBET) for all PILC in comparison with the
raw material, and, due to the microporosity accomplished by the pillaring process. The highest and
lowest SBET values were eight and three times the NC value for Si- and Fe-PILC, respectively. The order
of increase of SBET values was the same as the micropores volume (Vµp) for all of the materials, where
the values obtained for Si- and Al-PILC were around two times higher than the ones that were obtained
for other PILC. This suggests a higher density of pillars for these materials than for the other PILC,
and it could be related to the synthesis method. The percentages of microporosity were between 41%
and 66% for Zr- and Al-PILC, respectively. Si- and Al-PILC were the materials exhibiting the highest
microporosity percentages, suggesting pillaring agents with more uniform structures and greater
pillars density within the interlayer. The VT values supported the behavior of the isotherms at high
relative pressures. The highest value was obtained for the Si-PILC, suggesting a higher porosity in this
sample as compared to the other PILC.

The pore size distributions (PSD) for the PILC are shown in Figure 3. All of them were studied
in the microporous region (pores size below 2 nm) to comparatively follow the development of
microporosity. Al-PILC has micropore sizes of between 0.4 and 2 nm and are higher than the one
observed for the NC. However, Si- and Zr-PILC showed PSD with more defined micropore sizes
around 0.6 and 0.8 nm, respectively. These results could suggest that a high density of pillars was
caused during the pillaring process in these materials. The PSD obtained for the Al-PILC shows that
this material has micropore sizes of around 0.9 nm, which are the characteristic dimensions of the
kegging cation that is used as pillaring agent [32]. The Fe-PILC showed fewer micropores than the
other PILC and the PSD shape suggested micropores with different sizes in its interlayer. All of the
results showed an agreement with the textural properties.

− − −

μ

Figure 3. Pore side distribution of natural and pillared clay minerals where V is adsorbed volume and
wp is the pore size.
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3.2. Effect of pH Media on Adsorption

The studies of CPX adsorption on NC and PILC at different pH values were assessed under the
above mentioned conditions, with an initial fixed CPX concentration of 110 mg L−1. The pH of the
initial solution was adjusted to values between 3 and 12 using HCl or NaOH solutions. This value was
chosen based on the CPX solubility that was measured in previous work [17]. Adsorption capacities of
CPX on NC and PILC at different pH values are shown in Figure 4.

The results obtained for NC exhibited highest CPX adsorption at low pH values, decreasing with
the pH increase from 7.5, which can be explained by the relationship between the surface charge of
NC and the CPX species that are present. At low pH values, the species of CPX that are present are in
their cationic form, favoring the adsorption on negative charged NC surface by cation exchange of
CPX+ for the natural cation within the montmorillonite interlayer. This is the adsorption mechanism
that is proposed and widely reported for adsorption of cations on montmorillonites [17,18,22,48].
The decrease in CPX adsorption after a pH of 7.5 can be explained by the presence of the zwiterionic
and anionic forms of CPX. In these cases, the presence of a negative charge in the CPX structure results
in repulsive interactions with the mineral negative surface, resulting in other adsorption mechanisms.
The highest amount adsorbed for the NC was obtained at a pH of 6, probably due to the competitive
adsorption of the H+ against the CPX+ species towards the same sites on the clay surface [17].

−

Figure 4. Effect of media pH on ciprofloxacin (CPX) adsorption.

The results for the pillared clays showed different behaviors according to the pillaring agent.
The Fe-PILC exhibited the highest amount adsorbed at low pH, abruptly decreasing as the pH increases.
This behavior can be explained by the interaction between the negative surface of the Fe-PILC and the
positive species of CPX, favoring the adsorption at pH values lower than 5 [49]. Similar adsorption
results were reported for rhodamine B and diclofenac on Fe-PILC [21,27]. For the Si-PILC, results
showed no significant variations in the amount adsorbed at pH values below 8, and decreasing as
the pH increases. However, the amounts adsorbed on the Si-PILC were much higher if compared to
the adsorption of the other materials in the alkaline media. These results could suggest that Si-PILC
has more available surface sites than the other PILC in this pH range, favoring the adsorption of CPX
anionic species. On the other hand, the Si-PILC was the material with the highest micropores amount
and narrow microporosity, both could be responsible for the increase in adsorption. These results are
pretty interesting since there are no reports of Si-PILC being studied as adsorbents. The adsorption
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behaviors for Al- and Zr-PILC were similar, with no major differences in the amount adsorbed across
the pH range. This behavior could suggest that for these types of materials, the adsorption mechanism
is mainly governed by their porous structures limiting the access of the CPX molecule to the pillared
structure. Analogous results were reported by Gil et al. [26] for the adsorption of orange II and
methylene blue on Al- and Zr-PILC. That study took into account that the adsorption of a molecule
occurs in pores with a diameter 1.3–1.8 times that of the solute. If this criterion is taken into account, and,
since the adsorptive will diffuse into the porous structure of the adsorbent lengthwise, the minimum
pore size for the adsorption of the CPX should be 1.31 nm. If that is the case, the adsorption results
could be explained by Figure 3, where the aluminum and zirconium pillared clays are the materials
with the lowest amount of pores that are higher than this size, similar to Fe-PILC, whereas the Si-PILC
has higher amounts of pores in this range. This may indicate that the CPX molecule has more access to
the pillars in the last material, which, in turn, could favor the interaction and adsorption between them.

The results obtained for the CPX adsorption on the PILC at different pH values suggest that
some pillared materials would be optimal adsorbents of the CPX anionic specie. With that in mind
and considering that the pH value of the natural water courses in the Alto Valle region is around 9,
the adsorption and kinetics studies were carried out at pH of 10.

3.3. Adsorption Isotherms

The batch adsorption experiments were performed in the conditions previously mentioned,
varying the initial concentrations between 18–500 mg L−1 and the contact time, now set for a period of
24 h. The adsorption studies were ran at pH 10, based on the results for CPX adsorption at different
pH values and in order to evaluate the behavior of the pillared clays when the CPX anionic form is
present. According to previous kinetic studies (not shown in this work), the optimal contact time was
24 h.

The adsorption isotherms obtained for CPX on different clays and their adjustments to the
three models, are shown in Figure 5. Taking into account the Giles et al. classification [50], two different
behaviors can be associated to the isotherm shapes illustrated there. The adsorption isotherms for
CPX on pillared clays can be classified as high affinity type (H-type) and the one obtained for the
natural clay was a Langmuir type (L-type) isotherm. In both of the cases, the isotherm shape is related
to a progressive saturation of the solid surface due to the occupancy of the adsorbent surface sites,
suggesting a high affinity of the adsorptive molecule toward the solid surface. The H-type isotherm
is usually associated to the ionic solute adsorption where there is no strong competition between
adsorptive and solvent molecules towards the surface of the solid [50,51]. This could be the result
of a higher hydrophobicity being exhibited by the pillared clays in contrast with the natural clay.
Another explanation is the presence of new adsorption sites in the pillared clays surface associated to
the pillars. On the other hand, the L-type isotherm for the natural clay suggests a lower affinity of the
anionic CPX species present toward the more negatively charged clay than the one that is observed for
the PILC.

Freundlich, Langmuir, and Sips models were fitted to adsorption data obtained for all of the
materials, and their fitting parameters are summarized in Table 2. The best fittings were obtained for
the Sips model in all of the materials that were under study. This suggests heterogeneous systems that
could result from the presence of different adsorption sites on the solid surface, the adsorbible species,
or a combination of them. Similarly, when the parameter associated to the system heterogeneity in this
model (n) is 1, the Sips equation becomes the Langmuir equation and the system can be considered to
be a more homogeneous one. Thus, the n value nearest to 1 obtained for the natural clay suggests an
adsorption system that is more homogeneous when compared to the values obtained for the PILC,
which are greater than 2 in all of the cases. This indicates a more heterogeneous system, which is
probably due to the PILC porous structure and the pillars presence. The highest adsorption capacity
was obtained for Si-PILC and the lowest for Zr-PILC. The natural clay resulted in an intermediate
adsorption capacity between two groups of pillared materials, Si- and Fe-PILC, which showed higher
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adsorption capacities and Al- and Zr-PILC, which were significantly lower. However, the affinity
of the adsorbate for the solid surface is lower for the NC than it is for the pillared clays. Based on
these results, the adsorption capacity for the NC could be explained by a hydrophobic effect of the
solvent towards the organic molecule where the adsorption could be seen as a result of the repulsion
of the organic molecule against the solvent from the solution [52]. The hydrophobic effect can be
related to the kow value for the CPX, which is 1.9, indicating the hydrophobic character of the CPX
molecule. After the molecule is in the solid-liquid interface, different adsorption short-range forces
could be promoted between the CPX molecule and the solid surface, such as covalent and hydrophobic
bonding, hydrogen bridges, steric, or orientation effects [52]. Additionally, the type L isotherm that is
obtained is associated to a flatwise adsorption favoring van der Waals (π–π type) interactions between
the aromatic fraction in the organic molecule and the siloxane surface of the clay material [48,50].
In the pillared clays, the hydrophobic effect could influence the adsorption the same way that it did
for the NC. However, there are two additional factors that affect the adsorption capacity in these
materials; the new adsorption sites that are generated by the pillars presence and the porous structure
associated to them. The adsorption behaviors obtained are consistent with the results that are shown
for the adsorption vs. pH, meaning that the highest adsorption capacity was obtained for the Si-PILC,
whereas the lowest one was for Al- and Zr-PILC. The adsorption shown for the Si- and Fe-PILC could
be due to a higher access of the CPX species to the porous structure when compared to the other PILC
favoring its interaction with the different adsorption sites within the interlaminar region.

π π

Figure 5. Experimental isotherms (symbols) and Langmuir (dash), Freundlich (dot) and Sips (straight)
adjustments for the equilibrium adsorption data of CPX on natural clay (NC) and pillared clays (PILC).

The Scatchard plots obtained for all of the materials are shown in Figure 6. The R2 values that
are obtained for the whole range of data could suggest the presence of nonspecific or multi-type
interactions between the adsorbate molecules and the surface sites. The R2 values calculated were
0.906, 0.887, 0.856, 0.753 and 0.739 for AN, Al-PILC, Zr-PILC, Fe-PILC and Si-PILC, respectively.
These values indicate a greater presence of nonspecific interactions for all PILC materials than there
are for the NC, being the highest, the ones obtained for Fe- and Si-PILC. Furthermore, the Scatchard
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plots obtained for all the pillared clays can be considered as concave curves that are associated to
a negative cooperative adsorption phenomenon, as well as surface heterogeneity [42,43]. As it can be
seen in Figure 6, the Scatchard plots obtained for the PILC materials result in two independent sets of
data, which individually arrange in a linear combination, where each one of them could be related to
a type of affinity of the CPX specie to the surface. This may be the result of the presence of different
adsorption sites in the clay surface causing the CPX− to show high (H) and low (L) affinities towards
the PILC surface [41,43]. These results could suggest that at an early stage of the adsorption process,
the CPX− interacts with the pillars either through the non-bonding electrons in its amine group or
through the electrons of its carboxylate group, both with high affinity. However, this access is limited
to a small amount of sites that become quickly saturated. Afterwards, the CPX species are adsorbed
on the available sites of the clay surface by other types of low affinity interactions (i.e., van der Waals
(π–π type) interactions, hydrogen bridges, etc.). On the other hand, the Scatchard plot that is obtained
for the natural clay is a straight line, which is associated to an adsorption process where the solid
surface only exhibits one type of site for the CPX anion to be adsorbed.

Table 2. Freundlich, Langmuir and Sips parameters for CPX adsorption on natural and pillared
clay minerals.

Models Units NC Si-PILC Fe-PILC Al-PILC Zr-PILC

Freundlich model
kF (mg g−1(L mg−1)n) 6.98 28.88 18.98 6.86 11.22

n 2.75 5.49 4.57 6.45 9.48
R2 0.962 0.979 0.986 0.986 0.997

Langmuir model
qm (mg g−1) 75.73 74.12 72.09 14.48 17.34
K (L mg −1) 0.01 0.19 0.03 0.20 1.78

R2 0.993 0.971 0.966 0.986 0.975

Sips model

qm (mg g−1) 80.82 100.60 122.10 17.78 25.20
b (L mg −1) 0.01 0.07 0.01 0.14 0.36

n 1.13 2.56 2.76 2.07 3.85
R2 0.993 0.996 0.991 0.987 0.999

−

−

π π

− −

−

−

−

−

Figure 6. Scatchard plots derived for adsorption data obtained at pH 10 for the five materials.
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The results show a close relationship between the adsorption capacity of the PILC materials
and their porous structure, as well as the influence of the micropores size on the CPX− access to
the interlaminar space for its subsequent adsorption. However, in order to obtain complementary
information about the possible contribution of the mesopores present in the materials structure on
the CPX− adsorption, textural properties were evaluated. Table 3 shows the values of the cumulative
volumes for the pillared clays when considering three ranges; (1) the amount of micropores whose
size is higher than 2 nm (Vµp < 2 nm), (2) the mesopores ranging between 2–10 nm, and the (3) the
mesopores between 10 and 50 nm. The values show that the materials with the highest adsorption
capacities (Si- and Fe-PILC) also have the highest amount of mesopores with a size of lower than 10 nm.
This indicates that the mesopores are playing an important role in the CPX adsorption on pillared
clays under the studied conditions. This type of pores might be more accessible for the molecule and
represent adsorption sites for the kind of interactions mentioned earlier.

Table 3. Cumulative volumes for the pillared clays.

Pillared Clays Vµp (<2 nm) Vmp (2–10 nm) Vmp (10–50 nm) VT

Si-PILC 0.09 0.18 0.04 0.31
Fe-PILC 0.03 0.08 0.06 0.17
Al-PILC 0.10 0.04 0.04 0.18
Zr-PILC 0.06 0.05 0.06 0.17

Table 4 summarizes the results reported for other authors for the adsorption of CPX on different
adsorbents, and they are compared to the results obtained in this work. It shows that most of the
reported studies were carried out at pH values lower than 7 and under these conditions the materials
with highest adsorption capacity of CPX are the clay minerals. These results probably are because at
those pH values the cationic species of CPX is present and it has high affinity for the negative clay
minerals surfaces. However, there are less reports of the CPX adsorption at pH values higher than 7
when the anionic species is present. In this sense, the adsorption capacity of the natural clay mineral
was lower than the results showed for the pillared clays, suggesting that these materials could be good
adsorbents for anionic species.

Table 4. CPX adsorption capacities for different materials.

Adsorbent qm,CPX (pH) (mg g−1) Reference

Aluminum hydrous oxide 14.72 (7)
[14]Iron hydrous oxide 25.76 (7)

Ca2+-montmorillonite (Saz) 330 (4–5.5) [19]
Activated carbon 231 (≈7)

[8]Carbon nanotubes 135 (≈7)
Carbon xerogel 112 (≈7)

kaolinite 6.99 (5–6) [53]
Illite 33 (4–5.5)

[18]Rectorie 135 (4–5.5)
Bentonite 147 (4.5) [15]
Birnessite 80.96 (5–6) [16]

Montmorillonite

332.8 (3)
138.7 (6)
71.6 (7.5)
80.82 (10)

[17]

Graphene Oxide 379 (5) [11]
CMK-3

CMK-3 modified
Bamboo-based carbon

Bamboo-based carbon modified

281.47 (<7)
369.34 (<7)
153.17 (<7)
237.44 (<7)

[10]

Multi-walled nanotubes 194 (4) [12]
Si-PILC 100.6 (10) This work
Fe-PILC 122.1 (10) This work
Al-PILC 17.78 (10) This work
Zr-PILC 25.20 (10) This work
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3.4. Evidences of CPX Interactions with PILC

Looking for evidences of the interactions between the CPX species and the pillared clays surface,
FTIR (Fourier-transform infrared spectroscopy) spectra of adsorbed CPX on the PILC (adsorption
complex) were obtained. The adsorption complexes were studied for the saturated points in the
adsorption isotherms, after the centrifugation step, each one of them was dried at room temperature
and the FTIR of the resultant solids were obtained. The spectra were compared with those obtained for
the CPX (pure) and for the PILC materials.

Figure 7 shows the resultant spectra for all of the samples CPX, PILC materials, and adsorption
complexes. The vibration bands that were obtained for the pure CPX are comparable with the ones
that were obtained in the previous work [17]. In the same sense, the vibration bands that are associated
to the interaction between the CPX species and different solids and metals have been previously
reported [14,54]. Taking these works into account, the bands at 1264 and 1700 cm−1 found in the CPX
spectrum are assigned to the protonation of the carboxylic group and the stretching of its carbonyl
group, respectively. After the adsorption, the first band shifted to 1274 cm−1 for all of the adsorption
complexes, suggesting that the carboxylate group is involved in the adsorption process. This possibly
occurs by Lewis acid-base interactions between its electrons and the metallic atoms that are available in
the solid surface. The second band is missing, whereas two bands appear at 1636 and 1490 cm−1 for the
adsorption complexes that are assigned to the asymmetric and the symmetric stretch of the coordinated
carboxylate group of the CPX molecule. The presence of these last bands could be associated to the
CPX− acting as a mononuclear bidentate ligand in the adsorption complexes where the oxygen of the
carbonyl group, belonging to the quinolone moiety, and one of the oxygen atoms of the carboxylate
group interact with the available metallic atoms on the pillared clays surface. Those kinds of complexes
have been proposed previously by other authors for the adsorption of CPX on aluminum and iron
hydrous oxides [14]. In view of this evidence, and considering the previous works, the possible
structure for the interaction between CPX and the metal atoms on the solid surface is represented
in Figure 8.

−

−

−

−

Figure 7. FTIR (Fourier Transform infrared spectroscopy) spectra of CPX, PILC, and the adsorption
complexes obtained.
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Figure 8. Representation of the structure proposed for the interaction between CPX− and atoms of
metals on the PILC surface.

4. Conclusions

In this study, different pillared clay minerals were evaluated as adsorbents of ciprofloxacin in basic
conditions. The highest CPX adsorption capacity was obtained for the Si- and Fe-PILC at the studied
conditions and it could be related to both, the presence of micro and mesoporous with sizes greater
than the Al- and Zr-PILC, and the new adsorption sites that are generated for the metal atom in the
pillars. Adsorption data evidenced that there is a strong relationship between the porous structure of
the pillared clay and their adsorption capacity, suggesting that the latter could be mainly related to the
access of the CPX molecule to the pillars within the PILC interlaminar region. Additionally, the results
suggest that the adsorption mechanism for the CPX on the PILC involves a first moment governed
for the hydrophobic effect on CPX− followed by the adsorption that is caused by the inner-sphere
complexes formation, as well as by the van der Waals interactions between CPX− and the PILC
sites surface.
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Wojciech Rojek 1, Adam Gaweł 2, Monika Wójcik-Bania 2, Krzysztof Bahranowski 2 and
Ewa M. Serwicka 1,*

1 Jerzy Haber Institute of Catalysis and Surface Chemistry, Niezapominajek 8, 30-239 Krakow, Poland;
ncnaprus@cyf-kr.edu.pl (B.D.N.); ncmichal@cyf-kr.edu.pl (A.M.-Z.); melania.rogowska@gmail.com (M.R.);
ncbielan@cyf-kr.edu.pl (E.B.); ncrojek@cyf-kr.edu.pl (W.R.)

2 Faculty of Geology, Geophysics and Environmental Protection, AGH University of Science and Technology,
al. Mickiewicza 30, 30-059 Krakow, Poland; agawel@agh.edu.pl (A.G.); wojcikm@agh.edu.pl (M.W.-B.);
bahr@agh.edu.pl (K.B.)

* Correspondence: ncserwic@cyf-kr.edu.pl; Tel.: +48-12-6395-118

Received: 30 October 2017; Accepted: 17 November 2017; Published: 19 November 2017

Abstract: A novel design of combustion catalysts is proposed, in which clay/TiO2/MnAl-mixed
oxide composites are formed by intermixing exfoliated organo-montmorillonite with oxide
precursors (hydrotalcite-like in the case of Mn-Al oxide) obtained by an inverse microemulsion
method. In order to assess the catalysts’ thermal stability, two calcination temperatures were
employed: 450 and 600 ◦C. The composites were characterized with XRF (X-ray fluorescence), XRD
(X-ray diffraction), HR SEM (high resolution scanning electron microscopy, N2 adsorption/desorption
at −196 ◦C, and H2 TPR (temperature programmed reduction). Profound differences in structural,
textural and redox properties of the materials were observed, depending on the presence of the
TiO2 component, the type of neutralization agent used in the titania nanoparticles preparation
(NaOH or NH3 (aq)), and the temperature of calcination. Catalytic tests of toluene combustion
revealed that the clay/TiO2/MnAl-mixed oxide composites prepared with the use of ammonia
showed excellent activity, the composites obtained from MnAl hydrotalcite nanoparticles trapped
between the organoclay layers were less active, but displayed spectacular thermal stability, while
the clay/TiO2/MnAl-mixed oxide materials obtained with the aid of NaOH were least active.
The observed patterns of catalytic activity bear a direct relation to the materials’ composition and
their structural, textural, and redox properties.

Keywords: montmorillonite/hydrotalcite composite; montmorillonite/titania composite; organoclay;
inverse micelle; Mn-Al mixed oxide; combustion catalysts

1. Introduction

Widespread emission of volatile organic compounds (VOCs) to the atmosphere, occurring chiefly
as a result of industrial and transportation activities, is regarded as a major global environmental
hazard, due to the toxic, mutagenic, and carcinogenic nature of the pollutants, and to their role in
the formation of the photochemical smog. Among the different techniques for abatement of VOCs,
neutralization based on catalytic combustion is considered particularly appropriate, owing to its low
operational costs and high destruction efficiency [1]. Catalyst design is usually based on noble metals
or on transition metal oxides, the latter being attractive due to their lower price. It has been repeatedly
demonstrated that efficient VOCs combustion catalysts can be developed from clay minerals of anionic
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and/or cationic character (e.g., [2–19]). Recently, we proposed a novel strategy for preparing VOCs
combustion catalysts, in which the catalytically active Mn-Al oxide nanoparticles, obtained from
hydrotalcite (Ht) precursor synthesized by an inverse microemulsion method, are trapped between
randomly oriented layers of smectite (Laponite) [19]. In such a composite the active phase forms
uniform grains of nanometer dimensions, well separated by clay layers, which hinders sintering
phenomena. Moreover, termination of clay basal faces with the chemically inert silica sheet prevents
catalyst deactivation via reaction with the support.

In the present work we propose further modification of the catalyst design by incorporation of
Mn-Al inverse micelles into the smectite matrix loaded previously with titania. TiO2 belongs to the
most frequently studied catalyst supports, and in many cases it has been shown that its use is beneficial
for catalytic activity in total oxidation reactions [20–24]. However, rather than using conventional
microporous Ti-pillared clay (Ti-PILC), we employed novel materials, recently developed in our
laboratory, referred to as Ti-IMEC composites, formed from exfoliated organo-montmorillonite and
inverse microemulsion containing Ti oxo-hydroxy species [25]. The composites contain larger TiO2

particles and are therefore mesoporous, which makes them texturally more suitable for entrapment of
inverse micelles with Mn-Al Ht-like precursor. In the present study montmorillonite was chosen as the
clay component. Toluene was used as a model VOC compound.

2. Materials and Methods

2.1. Materials

Active phase precursor in the form of MnAl Ht-like nanoparticles was prepared following the
double-microemulsion method proposed by Bellezza et al. [26] and described in detail previously [19].
Inverse microemulsion consists of very small droplets of water dispersed in a continuous oil phase.
The water droplets are stabilized by the presence of surfactant and co-surfactant. When two
microemulsions, each containing reactants required for Ht formation, are mixed, the intermicellar
exchange of solutes leads to product precipitation within the limited space of the aqueous micellar
core, yielding nano-size Ht particles. Briefly, two inverse microemulsions of Ht-forming reagents were
prepared, one from the aqueous solution of Mn(NO3)2 and Al(NO3)3, with the intended Mn:Al = 3,
the other from NH3 (aq). Each aqueous solution was dispersed in the organic medium based on
isooctane as oil phase, cetyltrimethylammonium bromide (CTABr) as surfactant, and n-butanol as
co-surfactant, and stirred till the mixtures turned into stable transparent liquids. Equal volumes of
the two microemulsions were mixed at 70 ◦C to enable precipitation of the Ht-like phase, referred
to as MnAl(im). The suspensions of MnAl(im) precursor in the organic mother liquor were further
used for the preparation of composites. For the sake of comparison, the Ht-like material of similar
stoichiometry was prepared by the standard co-precipitation method and is denoted MnAl(st).

The starting montmorillonite clay used for the preparation of composites was the sodium form
of the less than 2 µm particle size fraction separated by sedimentation from Jelšový Potok bentonite
(Slovakia), denoted Na-mt. The material was transformed into an organic derivative, referred to as
CTA-Mt, by a routine cation exchange procedure with the CTABr aqueous solution.

The TiO2-containing catalysts were obtained via Ti-IMEC intermediates prepared following
the procedure described in detail previously [25]. Briefly, the CTA-Mt form was subjected to an
exfoliation treatment [27] by dispersing in 1-hexanol and ultrasonication. Inverse Ti-containing
microemulsion was prepared from an aqueous solution of Ti species obtained by controlled hydrolysis
of TiCl4 [28] added to 1-hexanol as oil phase and CTABr as surfactant. The system was stirred till
the mixture turned into a stable transparent liquid. Thus formed Ti-containing microemulsion was
added drop-wise to CTA-Mt dispersion in 1-hexanol, at 60 ◦C, in the amount providing a Ti loading
of ca. 40 wt%. Subsequently, the pH was raised to 7 either by drop-wise addition of 1 M NaOH
as described in reference [25] and the dispersion stirred for further 0.5 h. Alternatively, to avoid
introduction of sodium into the composite material, raising of the pH was carried out using 25%
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NH3 (aq) solution. The product obtained by neutralization with NaOH is further referred to as
Ti-IMECNaOH, the one neutralized with ammonia, as Ti-IMECNH3. The final composites were obtained
by mixing Ti-IMECNaOH or Ti-IMECNH3 with MnAl(im), all components used as suspensions in their
organic mother liquors. For each Ti-IMEC preparative route (NaOH or NH3) composites with two
different MnAl(im) contents were obtained, the intended loadings corresponding approximately
to 1:9 and 1:3 MnAl(im)/Ti-IMEC weight ratios. The mixtures were vigorously stirred for 18 h,
followed by 1 h ultrasonication. Finally, the precipitates were washed, initially with a 1:1 mixture of
chloroform and ethanol, followed by 1:1 mixture of ethanol and water, ending with distilled water.
The products were dried by lyophilization and calcined for 4 h at 450 ◦C or 600 ◦C. The catalysts
were denoted MnAl(im)/Ti-IMECNaOH-x-temp, or MnAl(im)/Ti-IMECNH3-x-temp, where “x” was I
or II, depending on the load of MnAl(im) component, and “temp” was the temperature of calcination,
i.e., the sample signature MnAl(im)/Ti-IMECNaOH-II-450 means that the catalyst was obtained from
Ti-IMEC neutralized with NaOH, containing larger loading of MnAl(im) component and was calcined
at 450 ◦C.

In order to check on the role of titania component, a composite without TiO2 addition was obtained,
according to the procedure described in reference [19], by combining suspensions of organoclay with
MnAl(im). Briefly, the CTA-Mt was dispersed in isopropanol and added to the as received suspension
of MnAl(im) in organic mother liquor, in relative amounts corresponding to the higher of the two
active phase loadings used in the preparation of TiO2-containing composites. After vigorous stirring at
20 ◦C the composite was filtered off, lyophilized and calcined for 4 h at 450 ◦C or 600 ◦C. The resulting
catalysts are referred to as MnAl(im)/CTA-Mt-450 and MnAl(im)/CTA-Mt-600. Finally, for the sake
of assessing the purposefulness of the catalyst synthesis from inverse microemulsion/organoclay
mixture, yet another composite was prepared, of the clay/active phase proportion similar to that of
MnAl(im)/CTA-Mt, this time via a simple totally inorganic route, by mixing appropriate amounts
of aqueous suspension of MnAl hydrotalcite, obtained by the standard co-precipitation method,
and referred to as MnAl(st), and the aqueous dispersion of the sodium form of montmorillonite, Na-Mt.
Both components were stirred vigorously, filtered off, lyophilized and calcined at 450 and 600 ◦C for
4 h. The samples are referred to as MnAl(st)/Na-Mt-450 and MnAl(st)/Na-Mt-600.

2.2. Methods

Powder X-ray diffraction (XRD) patterns were recorded using X’Pert PRO MPD diffractometer
(PANalytical, Holland) with CuKα radiation. The crystallite sizes of anatase modification of TiO2

were estimated as an average of Scherrer calculations carried out for the (101) and (200) peaks, and of
Mn3O4 for the (112), (103), and (211) reflections.

Chemical composition of the investigated solids was determined with a ZSX Primus II
spectrometer (Rigaku, Japan) with a Rh anode as X-ray source, using a calibration based on certified
reference materials.

High magnification SEM images were recorded for the uncoated samples deposited on 200 Mesh
copper grids covered with carbon support film, using a JSM-7500F Field Emission Scanning Electron
Microscope (SEM) (JEOL, Japan).

Temperature programmed reduction (TPR) was performed in a quartz U-shaped tubular reactor
(home-made). About 0.015 g of sample was used. The reducing gas was a mixture of 5 vol% H2 in
Ar (Linde, H2 5% in Ar), at a total flow rate of 30 mL·min−1. The temperature was increased at a rate
of 10 ◦C·min−1 from room temperature to 700 ◦C. The TPR profiles were recorded using a thermal
conductivity detector (TCD).

Textural parameters were derived from N2 adsorption/desorption measurements performed at
−196 ◦C with the use of an AUTOSORB 1 instrument (Quantachrome Instruments, USA). Prior to
measurement, the samples were outgassed at 200 ◦C for 3 h. Specific surface areas were calculated
according to the Brunauer–Emmett–Teller method (SBET) in the relative pressure range 0.02–0.04.
The total pore volume (Vtot) was calculated from the amount of N2 adsorbed at a relative vapor pressure
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p/p0 = 0.996. The mean diameters of all pores (Dav) were evaluated using the Gurvitch formula
Dav = 4Vtot/SBET. Pore size distribution (PSD) profiles were determined by the NL DFT method.

Catalytic combustion of toluene was carried out in a fixed-bed flow quartz reactor of 10 mm
inner diameter, loaded with ca. 0.5 g of a catalyst (particle size 0.3–0.5 mm), in the temperature range
100–400 ◦C. Toluene at 500 ppm concentration was fed to the flow by passing air through a saturator,
at GHSV of 10,000 h−1. The only reaction products were CO2 and water. Toluene consumption was
measured by GC-FID (SRI 8610A) and CO2 evolution by GC-FID (SRI 310).

3. Results and Discussion

3.1. Characterization of Composites

The chemical composition of the synthesized materials is shown in Table 1. The data indicate that
in the titania-containing composites the clay component constitutes about half of the total catalyst
weight, with a Ti/Si atomic ratio of ca. 1. Moreover, the analysis reveals that the catalysts based on
Ti-IMECNaOH, obtained with the use of NaOH during the neutralization step, contain a significant
amount of sodium. This information was the incentive for the preparation of the titania-clay component
by a modified procedure, using ammonia solution as the neutralizing agent. The resulting Ti-IMECNH3

derived composites do not contain Na, and maintain a Mn content comparable to the Ti-IMECNaOH

based counterparts. The titania-free composites have a similar content of Mn to the Ti-IMEC-based
composites. The MnAl(st)/Na-Mt sample contains some sodium stemming from the clay component,
while the MnAl(im)/CTA-Mt, obtained from the organoclay, is Na-free.

Table 1. XRF (X-ray fluorescence) determined chemical composition of the composites.

Sample
SiO2
[wt%]

Al2O3
[wt%]

MgO
[wt%]

TiO2
[wt%]

MnO
[wt%]

Fe2O3
[wt%]

Na2O
[wt%]

MnAl(im)/Ti-IMECNaOH-I 30.3 12.3 1.6 38.3 7.3 1.3 7.8
MnAl(im)/Ti-IMECNaOH-II 24.9 12.4 1.4 33.0 18.2 1.2 7.9
MnAl(im)/Ti-IMECNH3-I 33.7 13.2 1.8 41.5 7.2 1.5 -
MnAl(im)/Ti-IMECNH3-II 28.5 13.8 1.5 36.6 17.5 1.3 -

MnAl(im)/CTA-Mt 49.2 26.0 2.9 - 18.5 2.3 -
MnAl(st)/Na-Mt 47.7 25.1 2.7 - 19.8 2.3 2.0

XRD diagrams of composite catalysts calcined at 450 and 600 ◦C are collated in Figure 1.
In addition, the pattern of MnAl(im) calcined at 450 and 600 ◦C is shown, to facilitate identification
of reflections associated with the Mn-Al mixed oxide active phase. After calcination at 450 ◦C,
the Mn-Al mixed oxide phase shows several very broad features, pointing to the formation of highly
amorphized ε-MnO2 (ref. code 30-0820) known to be catalyzed by the presence of aluminum [29],
while after treatment at 650 ◦C, a clear set of peaks characteristic of well crystallined Mn3O4 (ref. code
24-0734) emerges. The XRD patterns of TiO2-free MnAl(im)/CTA-Mt-450 and MnAl(im)/CTA-Mt-600
materials are relatively simple, as the only well resolved features can be identified as belonging to
calcined montmorillonite and the quartz impurity. The position of the low intensity (001) reflection
of montmorillonite corresponds to the interplanar distance d001 ≈ 1.0 nm, the value characteristic of
clay with thermally collapsed layers. In fully exfoliated clay with the house of cards structure this
reflection should be absent, therefore its appearance indicates that partial restacking of exfoliated
clay layers occurred. No reflection that might be attributed to a Mn-bearing oxide phase is visible,
even after calcination at 600 ◦C. This result is at variance with the behavior of analogical composites
based on Laponite, where upon calcination at 600 ◦C crystallization of Mn3O4 was observed [19].
The result suggests that the layers of synthetic Laponite offer a more efficient thermal barrier than
those of montmorillonite, so that the heat evolved upon combustion of interlayer CTA cations in
Laponite matrix is more likely to generate hotspots facilitating crystallization of Mn3O4. It has been
proposed that one of the reasons for differences in thermal properties of organoclays based on Laponite,
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as opposed to montmorillonite, is that in the synthetic Laponite the silica sheets adhering to the organic
matter are free of heteroatom impurities, while in montmorillonite the tetrahedral sheet properties are
modified by the Al for Si substitution [30]. The MnAl(st)/Na-Mt-450 sample obtained by the inorganic
route also displays only the features of thermally collapsed montmorillonite and quartz impurity,
but in the MnAl(st)/Na-Mt-600 material additional reflections appear, pointing to the crystallization of
the Mn2O3 phase.
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Figure 1. Powder X-ray diffraction (XRD) patterns of investigated composites and the MnAl(im) active
phase calcined at 450 and 600 ◦C.

In all Ti-IMEC based samples the formation of the anatase modification of TiO2 (ref. code 21-1272)
is observed already after calcination at 450 ◦C (Figure 1). Titania crystallinity is improved upon
calcination at 600 ◦C, where, according to Scherrer calculations, the coherently scattering domains of
anatase reach ca. 6–7 nm. Analysis of the XRD patterns of Ti-IMEC based composites shows that in
all samples calcined at 450 ◦C, whether prepared with NH3 or NaOH, only features attributable to
montmorillonite, anatase, and quartz impurity are visible, with no evidence of any Mn-containing
oxide phase. Also, no crystalline Na-containing phase could be detected in samples obtained from
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Ti-IMECNaOH. This shows that sodium either enters the clay interlayer, and/or becomes incorporated
into anatase, and/or forms amorphous sodium titanate-like phase. The response of Ti-IMECNH3

and Ti-IMECNaOH derived composites to thermal treatment at 600 ◦C is different. In the former the
evidence of Mn-containing oxide crystallization is hard to find, while in MnAl(im)/Ti-IMECNaOH-I-600
and, especially, in MnAl(im)/Ti-IMECNaOH-II-600, sharp reflections of Mn3O4 appear. Moreover,
in MnAl(im)/Ti-IMECNaOH-I-600 and in MnAl(im)/Ti-IMECNaOH-II-600, the features related to
montmorillonite disappear. This points to the loss of the long range order in the clay component and
shows that the Ti-IMECNaOH based composites possess lower structural stability than the Ti-IMECNH3

derived ones. Both effects, i.e., the more facile degradation of clay and the ease of Mn3O4 crystallizatiom
are likely to be due to the presence of sodium, whose compounds are known to act as fluxes enhancing
solid state transformations [31,32]. It should be noted, however, that according to previous study [25],
in the absence of MnAl(im) component no destruction of clay layers occurs in Ti-IMECNaOH calcined
at 600 ◦C, showing that the former must also be involved in the observed structural transformation.
The estimated average crystal size of Mn3O4 in MnAl(im)/Ti-IMECNaOH-II-600 is ca. 55–60 nm.

N2 adsorption/desorption isotherms obtained for the composite catalysts calcined at 450 and
600 ◦C are presented in Figure 2, and the textural parameters are gathered in Table 2.

Analysis of isotherms was carried out based on the recent IUPAC report [33]. All isotherms
may be classified as Type II, and most of the accompanying hysteresis loops are of type H3
(Figure 2a,b,e,f). The strong upward swing of these isotherms is the result of unrestricted
monolayer-multilayer adsorption up to high p/p0. Such an isotherm shape indicates that the
material contains both mesopores, which are responsible for the hysteresis, and macropores, which
adsorb nitrogen in the relative pressure range of 0.98–1.00. In the case of catalysts derived from
Ti-IMECNH3, the hysteresis loops are of a more complex shape. In MnAl(im)/Ti-IMECNH3-II-450 and
MnAl(im)/Ti-IMECNH3-II-600 (Figure 2d) desorption branches display a two-step profile, encountered
in materials containing a contribution from mesopores with partially plugged passages [34,35].
The desorption step at higher relative pressure reflects emptying of open mesopores, while the
blocked pores remain filled until the relative pressure drops below p/p0 ~0.5 and the cavitation of the
nitrogen condensate leads to N2 desorption from the confined areas. Such hysteresis loops are referred
to as type H5. Samples MnAl(im)/Ti-IMECNH3-I-450 and MnAl(im)/Ti-IMECNH3-I-600 (Figure 2c)
show also features of a two-step pore emptying, although less pronounced, and shifted to lower p/p0.
Therefore, the resulting hysteresis loops are intermediate between H3 and H5 type, indicating that
pore blocking effects play a role also in these samples.

The isotherms of TiO2-free MnAm(im)/CTA-Mt-450 and MnAm(im)/CTA-Mt-600 samples are
of type II with H3 hysteresis loops (Figure 2e), and are very similar to those reported for analogical
composites based on Laponite [19]. The exceptionally good thermal stability of the material, evidenced
by the virtual lack of impact of the calcination temperature on the isotherm character and position,
is another feature common with Laponite-derived composites [19]. The MnAm(st)/Na-Mt-450 and
MnAm(st)/Na-Mt-600 composites, obtained by an inorganic route, have much lower adsorption
capacity and poorer thermal stability than the MnAm(im)/CTA-Mt-450 and MnAm(im)/CTA-Mt-600
counterparts, as manifested by the position of their isotherms (Figure 2f) and the textural parameters
given in Table 2. All titania-containing composites also show a downward shift of the isotherms
upon increase of the calcination temperature from 450 to 600 ◦C. It may be presumed that thermal
evolution of the titania component, visible in the XRD patterns, is a factor contributing to the observed
changes of the composites’ texture. The effect of textural shrinkage is particularly visible in the case of
composites based on Ti-IMECNaOH (Figure 2, Table 2), whose specific surface area after calcination
at 600 ◦C is reduced by over 50%, to be compared with ca. 30% reduction observed for Ti-IMECNH3

derived samples. The fall of the specific surface is accompanied by an increase of the average pore
diameter of composites calcined at 600 ◦C, which, again, is particularly strong for Ti-IMECNaOH related
composites (Table 2).
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Figure 2. N2 adsorption/desorption isotherms of investigated composites calcined at 450 and
600 ◦C, (a) MnAl(im)/Ti-IMECNaOH-I; (b) MnAl(im)/Ti-IMECNaOH-II; (c) MnAl(im)/Ti-IMECNH3-I;
(d) MnAl(im)/Ti-IMECNH3-II; (e) MnAl(im)/CTA-Mt; (f) MnAl(st)/Na-Mt.

Evolution of PSD profiles in composites with comparable loading of the active phase upon increase
of the calcination temperature also shows evident differences between the materials (Figure 3). Thus,
the MnAl(im)/Ti-IMECNH3-II-450 sample has a narrow pore size distribution (PSD), shifted to slightly
higher pore widths after calcination at 600 ◦C. In contrast, the PSD of MnAl(im)/Ti-IMECNaOH-II-450 is
much broader and bimodal, while in MnAl(im)/Ti-IMECNaOH-II-600 most of the porosity below pore
size 250 nm vanishes. The PSD of the titania-free MnAl(im)/CTA-Mt material is almost independent
of the calcination temperature, which confirms that it is the recrystallization of TiO2 nanoparticles
that contributes to the temperature-induced textural changes in titania-bearing materials. However,
the accelerated textural collapse of MnAl(im)/Ti-IMECNaOH samples indicates that yet another factor
influences the thermal evolution of these materials. Since the effect coincides with the XRD data
pointing to the destruction of the clay lattice upon thermal treatment, the textural caving-in is attributed
to the flux-like action of sodium present in these materials, causing local softening of the solid
components and closure of the pore network.
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Table 2. SBET—specific surface area (in brackets % of the 450 ◦C specific surface retained at 600 ◦C),
Vtot—total pore volume, Dav—average pore diameter, type of hysteresis loop, H/Mn—hydrogen
consumption from TPR experiments, T50—temperature of 50% conversion, T90—temperature of 90%
conversion, ∆T50—difference between T50 after calcination at 600 and 450 ◦C, and ∆T90—difference
between T90 after calcination at 600 and 450 ◦C.

Sample
SBET

[m2/g]
Vtot

[cm3/g]
Dav

[nm]
Loop H/Mn

T50
[◦C]

T90
[◦C]

∆T50
[◦C]

∆T90
[◦C]

MnAl(im)/Ti-IMECNaOH-I-450 81 0.25 12.25 H3 - 280 304
24 27

MnAl(im)/Ti-IMECNaOH-I-600 39
(48%) 0.20 20.72 H3 - 304 331

MnAl(im)/Ti-IMECNaOH-II-450 90 0.28 12.53 H3 1.1 265 295
26 27

MnAl(im)/Ti-IMECNaOH-II-600 36
(40%) 0.24 25.94 H3 1.0 291 322

MnAl(im)/Ti-IMECNH3-I-450 161 0.23 5.72 H3/H5 - 232 265
20 10

MnAl(im)/Ti-IMECNH3-I-600 108
(67%) 0.22 8.09 H3/H5 - 252 275

MnAl(im)/Ti-IMECNH3-II-450 178 0.28 6.28 H5 1.6 206 239
21 8

MnAl(im)/Ti-IMECNH3-II-600 123
(69%) 0.26 8.58 H5 1.4 225 252

MnAl(im)/CTA-Mt-450 132 0.33 10.08 H3 1.1 252 275
3 2

MnAl(im)/CTA-Mt-600 125
(95%) 0.36 11.39 H3 1.0 255 277

MnAl(st)/Na-Mt-450 87 0.18 8.28 H3 1.5 259 292
20 17

MnAl(st)/Na-Mt-600 59
(68%) 0.19 12.88 H3 1.3 279 309
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                             Figure 3. Pore size distribution profiles of investigated composites calcined at 450 and 600 ◦C.

High magnification SEM images of selected uncoated composites and components used for their
synthesis are gathered in Figure 4. Thus, Figure 4a,b shows the morphology of the precipitate obtained
from neutralized micellar TiO2 precursor and of the as received MnAl(im), respectively. In both
cases the powders are composed of fine, uniform particles formed under the influence of spatial
constraints exerted by the limited volume of inverse micelles. Figure 4c shows the fluffy house of cards
texture of exfoliated CTA-Mt deposited on the copper grid from dispersion in 1-hexanol. Figure 4d–f
shows, respectively, the images of MnAl(im)/Ti-IMECNaOH-II-600, MnAl(im)/Ti-IMECNH3-II-600,
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and MnAl(im)/CTA-Mt-600 composite materials. It is visible that the appearance of both latter
materials (Figure 4e,f) is determined by the loose, haphazard arrangement of platey clay particles,
resembling that of CTA-Mt (Figure 4c). No obvious agglomerates of introduced nanoparticles of TiO2

and/or Mn-Al mixed oxide are present. In contrast, in MnAl(im)/Ti-IMECNaOH-II-600 (Figure 4d)
areas exist where the clay particles appear to fuse with the agglomerates of nanoparticles of oxide
components. The image is consistent with the results of XRD and textural analyses indicating that
Ti-IMECNaOH are thermally less stable and upon calcination at 600 ◦C both the structure and the
texture of the materials collapses. One may envisage that the growing structural disorder is associated
with softening of the layers whose partial merger leads to strong modification of the materials
texture. The occurrence of nanoparticle agglomerates may also be the reason for the appearance
in MnAl(im)/Ti-IMECNaOH-II-600 of Mn3O4 with crystal size (55–60 nm) exceeding the thickness of a
single primary MnAl(im) particle (Figure 4b).
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Figure 4. High resolution (HR) SEM images of (a) precipitate obtained from neutralized
micellar TiO2 precursor; (b) as received MnAl(im); (c) CTA-Mt exfoliated in 1-hexanol;
(d) MnAl(im)/Ti-IMECNaOH-II-600; (e) MnAl(im)/Ti-IMECNH3-II-600; (f) MnAl(im)/CTA-Mt-600.

Reducibility of the catalysts, an important factor influencing the material’s activity in total
oxidation processes, was assessed by means of temperature programmed reduction (TPR) with
hydrogen. Figure 5 shows the TPR profiles recorded for samples with similar Mn content,
calcined at 450 or 600 ◦C. All major hydrogen consumption effects are due to the reduction of
manganese-containing oxide phases. Of the other composite components, in the investigated
temperature range only montmorillonite clay shows a very weak maximum around 600 ◦C, attributed
to the reduction of structural iron (Figure 5). Transformation of manganese oxides upon reduction
proceeds according to the general scheme: MnO2 → Mn2O3 → Mn3O4 → MnO [36]. Inspection of
Figure 5 shows that TPR curves differ significantly depending on the type of composites. In addition,
in most cases the course of reduction depends visibly on the temperature of calcination, because
MnOx oxides are known to lose lattice oxygen upon increasing the temperature of thermal treatment
in air [37,38]. In most samples the TPR profiles are essentially bimodal. The low temperature
maxima occurring below 400 ◦C are attributed to the reduction of Mn4+, present in MnO2-like
species and/or as defects in oxygen-rich surface layers of other MnOx forms [19,36–39], to Mn3+

in Mn2O3-like stoichiometry. The subsequent reduction step of Mn2O3 to Mn3O4 is usually not
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distinguishable as a separate maximum, because it overlaps with the former effect [36]. The second
maximum, occurring in the 450–520 ◦C temperature range, is assigned to the consecutive reduction
of Mn3O4 to MnO. The situation in which the intensity of the first maximum prevails over the high
temperature effects, as in the case of MnAl(im)/Ti-IMECNH3-II-450, MnAl(im)/Ti-IMECNH3-II-450
composites and the MnAl(st)/Na-Mt-450 sample prepared by the inorganic route, is indicative of a
substantial content of MnO2 [39]. This conclusion is corroborated by the H/Mn ratio found for these
materials (Table 2). The theoretical hydrogen consumption for MnO2 corresponds to H/Mn = 2, for
Mn2O3 to H/Mn = 1 and for Mn3O4 to H/Mn ≈ 0.7. In the case of MnAl(im)/Ti-IMECNH3-II-450,
MnAl(im)/Ti-IMECNH3-II-450, and MnAl(st)/Na-Mt-450 the observed H/Mn ratios equal 1.6, 1.4,
and 1.5, respectively, which is meaningfully higher than the value expected for Mn2O3 reduction.
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Figure 5. H2 temperature programmed reduction (TPR) profiles of investigated composites calcined at
450 and 600 ◦C.

The H/Mn ratio is also quite high in the MnAl(st)/Na-Mt-600 sample, whose XRD pattern points
to crystallization of Mn2O3. This means, that apart from the sesquioxide detected by XRD analysis,
the material also contains Mn4+ species, which are responsible for the initial low temperature rise of
the TPR profile, while the shift of the first maximum to higher temperature (around 400 ◦C) reflects
the contribution from the reduction of the crystalline Mn2O3 component. The TPR profiles of the
titania-free MnAl(im)/CTA-Mt-450 and MnAl(im)/CTA-Mt-600 samples are very similar, showing
that the composite changes very little upon increase of the calcination temperature. The first maximum
is lower than the high temperature one, indicating a lower content of Mn4+ species than in the
MnAl(im)/Ti-IMECNH3-II composite which contains addition of titania, and in the MnAl(st)/Na-Mt
sample prepared by the inorganic route. The H/Mn ratio found for the MnAl(im)/CTA-Mt samples is
around 1 (Table 2), which confirms the lower average oxidation state of Mn in these materials and points
to the beneficial role of using Ti-IMECNH3 for enhancing the content of easily reducible Mn species
formed upon calcination of the MnAl(im) component. The composites obtained from Ti-IMECNaOH

possess very different TPR characteristics. In the MnAl(im)/Ti-IMECNaOH-II-450 sample a single,
broad maximum centered around 400 ◦C is observed, clearly being an envelope of several overlapping
effects, which indicates a heterogeneity of Mn species valencies and environments, of average oxidation
state ca. +3, as shown by the H/Mn ratio of 1.1. After calcination at 600 ◦C a substantial change
in redox properties is observed, clearly associated with the evolution of the phase composition and
destruction of the clay layers. The characteristic feature of the MnAl(im)/Ti-IMECNaOH-II-600 material
is a remarkable shift of TPR maxima towards higher temperature. The H/Mn ratio of 1 corresponds
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formally to Mn2O3-like stoichiometry. Comparison with TPR curves of other composites shows a
virtual lack of easily reducible component, attributed in other materials to the reduction of Mn4+

species. In view of the XRD detected presence of Mn3O4 phase in this sample, the maximum around
500 ◦C may be attributed to the reduction of this phase to MnO, while the broad effect preceding this
maximum shows that some more reducible MnOx species, probably in less ordered environment, are
present as well. Bearing in mind the XRD evidence of clay lattice destruction, accompanied by textural
collapse, the strong second maximum, located at a much higher temperature than any of the effects
found in other composites, suggests that it is due to manganese contained in another, amorphous
phase, formed during solid component softening with the flux effect of sodium. To comply with the
overall hydrogen consumption, manganese is expected to be present in this phase as Mn3+. It should
be mentioned that the detrimental effect of sodium addition on the reducibility and textural properties
of the MnOx/TiO2 system has been reported previously [40].

Thus, on the basis of the physico-chemical characterization one may conclude that in the case of
TiO2-free composites, the use of an organic route yields MnAl(im)/CTA-Mt material of much better
developed textural properties and excellent thermal stability, but characterized by a lower average
oxidation state of Mn than in the MnAl(st)/Na-Mt sample obtained by the inorganic preparative
procedure. The effect of titania addition depends whether NaOH or NH3 solutions are used in the
Ti-IMEC neutralization step. The catalysts based on Ti-IMECNH3 are characterized by the presence of a
pretty uniform and thermally stable mesoporous network, and high abundance of easily reducible Mn
species. In contrast, the composites derived from Ti-IMECNaOH are the least reducible of all studied
composites and possess more heterogeneous porosity, which due to the presence of sodium, suffers
thermal collapse upon increase of the calcination temperature from 450 to 600 ◦C. The schematic
models of the composites structure after treatment at 600 ◦C are shown in Figure 6.             

 MnAl(st)/Na-Mt-600

MnAl(im)/Ti-IMECNH3-600MnAl(im)/Ti-IMECNaOH-600

MnAl(im)/CTA-Mt-600

Mt TiO2 MnOx
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Figure 6. Schematic models of investigated composites calcined at 600 ◦C.

3.2. Catalytic Testing

Catalytic activity of the composites was tested in the reaction of total combustion of toluene,
frequently used as a model volatile organic compound. Figure 7a,b shows the toluene ignition curves
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of the composites calcined at 450 and 600 ◦C, respectively. Table 2 provides information on the
temperatures at which 50% (T50) and 90% (T90) toluene conversion is reached for each of the catalysts.
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Figure 7. Ignition curves for toluene combustion over investigated composites calcined at (a) 450 ◦C;
(b) 600 ◦C.

Analysis of Figure 7 shows that all investigated catalysts are characterized by very high activity,
but differences are observed depending on the nature of the composite. Thus, it is evident that the
MnAl(im)/CTA-Mt catalyst prepared by the organic route, performs better than the MnAl(st)/Na-Mt
one, obtained by the inorganic procedure with conventionally synthesized Ht. This is especially visible
when comparing performance after calcination at 600 ◦C, which, as revealed by the physico-chemical
characterization has a negligible effect on the MnAl(im)/CTA-Mt material, while the MnAl(st)/Na-Mt
is much more strongly affected, both in terms of structure, texture, and reducibility. In consequence,
the MnAl(im)/CTA-Mt composite is a catalyst whose activity is practically independent on the
calcination temperature, and the values of ∆50 = T50

600
− T50

450 and ∆90 = T90
600

− T90
450 are only

3 ◦C and 2 ◦C, respectively (Table 2). The relevant values for the MnAl(st)/Na-Mt catalyst equal
20 and 17 ◦C, which clearly shows the advantage of trapping MnAl(im) Ht nanoparticles between the
organoclay layers, over the more conventional synthesis route. The enhanced stability of MnOx phase
generated from precursor embedded in organoclay is attributed to the fact that during calcination the
combustion of interlayer CTA cations causes an additional increase of local temperature. The maximum
of the exothermic effect associated with the combustion of organic matter appears around 300 ◦C [19],
i.e., lower than any of the employed calcination temperatures. In consequence, the MnOx component
evolving during calcination experiences a temperature higher than the nominal one, which hardens
the formed oxide against thermal degradation.
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For both temperatures of calcination the highest activity is observed for the Ti-IMECNH3 based
composites, which show spectacular combustion performance, the ones with higher MnAl(im) loading,
MnAl(im)/Ti-IMECNH3-II-450 and MnAl(im)/Ti-IMECNH3-II-600, reaching 90% toluene conversion
at 239 and 252 ◦C, respectively. This can be explained in terms of the catalysts’ physico-chemical
characteristics, which show that the materials combine two features important for the catalytic reaction:
good and relatively stable textural properties and a high contribution of easily reducible manganese
component. It should be noted that according to the TPR data, incorporation of titania into the
composite improves the reducibility of the MnOx phase formed upon calcination of the MnAl(im)
component. This is in accordance with previous reports indicating that titania-supported MnOx

catalysts exhibited lower reduction temperatures than the unsupported forms [41,42]. However,
the performance of Ti-IMECNaOH-based catalysts is inferior not only to the Ti-IMECNH3-derived ones
but also to the titania-free catalysts. Comparison of the data in Table 2 shows that not only are the
absolute values of T50 and T90 significantly higher for catalysts obtained from Ti-IMECNaOH than for
those prepared with Ti-IMECNH3, but the former are characterized by higher ∆50 = T50

600
− T50

450 and
∆90 = T90

600
− T90

450 differences, which shows that they are more strongly affected by the increase of
the temperature of calcination. This concerns in particular the ∆90 = T90

600
− T90

450 values, which are
much lower for MnAl(im)/Ti-IMECNH3-I and MnAl(im)/Ti-IMECNH3-II, due to the steeper profiles
of their light-off curves observed at 600 ◦C. The difference between MnAl(im)/Ti-IMECNaOH-II-450
and MnAl(st)/Na-Mt-450, containing a comparable amount of Mn, is not very large. Since both
catalysts display similar specific surface areas, the lower activity of the former appears to be related
chiefly to the lower average oxidation state of the Mn species and their higher reduction temperature.
After calcination at 600 ◦C, the difference becomes more pronounced, which reflects the effect of the
collapsed porous network in MnAl(im)/Ti-IMECNaOH-II-600, and further deterioration of the active
phase reducibility. Thus, the presence of sodium in the composites obtained from Ti-IMECNaOH, shown
to affect their structural, textural and redox properties, has also a profound adverse effect on their
catalytic properties. In contrast, the use of Ti-IMECNH3 in combination with MnAl(im) component
leads to composite catalysts of excellent combustion activity. Comparison with the literature data
shows that in toluene combustion these materials perform considerably better than other previously
described clay-transition metal oxide composite catalysts, e.g. Cu,Ce/Zr-PILC (T90 = 300 ◦C) [10],
Fe-PILC (T90 = 380 ◦C) [15], or Fe/Ti-PILC (T90 = 347 ◦C) [18].

4. Conclusions

Physico-chemical characterization of novel clay/TiO2/MnAl-mixed oxide composites, in which
non-clay components are obtained by an inverse microemulsion method, reveals profound differences
in structural, textural, and redox properties of the materials, depending on the presence of the TiO2

component, the manner of titania nanoparticles preparation, and the temperature of calcination.
Thus, the trapping of MnAl Ht nanoparticles, obtained from inverse microemulsion, between the
organoclay layers, yields, after calcination, composite material of much better textural properties
and with excellent thermal stability, but a lesser average oxidation state of Mn than the analogical
material prepared from conventionally synthesized MnAl Ht and the sodium form of montmorillonite.
The effect of insertion of MnAl Ht nanoparticles into clay, previously loaded with microemulsion
containing TiO2 precursor, depends whether NaOH or NH3 solutions are used at the neutralization
step. The materials obtained with the use of ammonia are characterized by the presence of a pretty
uniform and thermally stable mesoporous network, coupled with a high abundance of easily reducible
Mn species. In particular, their reducibility is better than that of composites without titania. In contrast,
the composites derived from NaOH treated TiO2 precursor are significantly less reducible and possess
more heterogeneous porosity, which, due to the presence of sodium, suffers thermal collapse upon
increase of the calcination temperature from 450 to 600 ◦C. Catalytic tests of toluene combustion reveal
that the clay/TiO2/MnAl-mixed oxide composites prepared with the use of ammonia show excellent
activity, the composites obtained from MnAl Ht nanoparticles trapped between the organoclay layers
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are less active, but display spectacular thermal stability, while the clay/TiO2/MnAl-mixed oxide
materials obtained with aid of NaOH are least active. The observed patterns of catalytic activity bear a
direct relation to the structural, textural, and redox properties of the materials.
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Abstract: Activated sericite was prepared by thermal modification, acid activation and sodium
modification, and it was characterized by X-ray diffraction (XRD) analysis, differential scanning
calorimetry (DSC), N2 adsorption test, thermo-gravimetric analysis (TGA), nuclear magnetic
resonance (NMR), and scanning electron microscope (SEM). The results indicated that the crystallinity
of raw sericite decreased after thermal modification; the pores with sizes between 5 nm to
10 nm of thermal-modified sericite have collapsed and the surface area increased after thermal
modification. The dissolving-out amount of Al3+ reached ca. 31 mg/g in the optimal processing
conditions during acid activation; cation exchange capacity (CEC) of acid-treated sericite increased
to 56.37 mmol/100 g meq/g after sodium modification compared with that of raw sericite
(7.42 mmol/100 g). The activated sericite is a promising matrix for clay-polymer nanocomposites.

Keywords: sericite; thermal modification; acid activation; sodium modification

1. Introduction

In recent years, great attention has been paid to clay-polymer nanocomposites due to their
extraordinary properties. Compared with pure polymer, this category of composites usually exhibits
higher moduli [1–3], larger strength and heat resistance [4], smaller gas permeability [5–7], better fire
retardancy [8,9], higher ionic conductivity [10], and increased biodegradability of biodegradable
polymers [11–13]. Clay-polymer nanocomposites are widely used in a range of key areas, such as
aerospace, automobile, appliances, and electronics [14–16]. These properties depend heavily on the
structure of nanocomposites, which is determined by the physical properties of clay mineral, such as its
cation exchange capacity (CEC) which is used to quantify the excess negative charge of layered silicates
and their capability to exchange ions. CEC is highly dependent on the nature of the isomorphous
substitutions in the tetrahedral and octahedral layers.

The common layered silicates used for preparation of clay-polymer nanocomposites are 2:1
type (montmorillonite, vermiculite, and mica) and 1:1 type (kaolinite); the former is used much
more frequently. Montmorillonite [17–22] and vermiculite [23–29] have been mostly investigated as
the matrix materials for clay-polymer nanocomposites because of their swelling behavior and ion
exchange properties.

Although sericite belongs to 2:1 clay minerals, it does not swell in water and has almost no
ion exchange capacity. It can hardly be intercalated because it has a high layer charge density close
to 1.0 equivalent per O10(OH)2, which produces pretty strong electrostatic force [30]. This layer
charge stems mainly from the substitution of Al3+ for Si4+ in tetrahedral sheet. Sericite is very
fined squamous-structured muscovite, as one kind of mica family. It holds the advantages of high
moduli, stable chemical property, high electrical insulation and good ultraviolet ray resistance [31–34].
Therefore, it is necessary to explore the preparation of an expandable sericite with relatively high CEC.
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The purpose of activation is to permanently reduce the layer charge of sericite and obtain a number
of exchangeable cations. The physical and chemical modifications have long been used to activate clay
and clay minerals, such as acid activation and thermal treatment. Salt modification, mechanical
grinding [35,36] and swelling by the decomposition of hydrogen peroxide [37] are also usually
employed. Poncelet and del Rey-Perez-Caballero [25,38] permanently reduced the global negative
charge of the mineral layers by the combination of calcination and acid activation, and the resulting
product (activated vermiculite/phlogopite mica) was successfully used as matrix in micro porous 18 Å
Al-pillared nanocomposites. They found that Al3+ in tetrahedral sheet could be partly dissolved out
by the combination process and yet had an unremarkable effect on the structure of octahedral sheet.
Furthermore, a well-swelled sericite with 80% exchangeable K+ and a CEC of 110 mmol/100 g was
obtained by Shih and Shen [32] by thermal modification and Li-hydrothermal treatment.

In this study, activated sericite was prepared by thermal modification, acid activation, and sodium
modification. The X-ray diffraction (XRD) analysis, N2 adsorption test, nuclear magnetic resonance
(NMR) and scanning electron microscope (SEM) were used to elucidate the effect of this process.
From our study, it can be seen that thermal modification can reduce the layer charge and crystallinity
of sericite. Acid activation can dissolve both the octahedral and tetrahedral Al3+ out and reduce its
layer charge and sodium modification can finally improve the CEC value of sericite. Therefore, the
whole modification process can make sericite more suitable for polymer-clay nanocomposites.

2. Materials and Methods

2.1. Materials

The raw sericite (S0) was obtained from Anhui province, China. Its mean size is about
10 µm. CEC of S0 is 7.42 mmol/100 g (0.07 meq/g). The quantitative analysis of the raw
material showed that the purity of raw sericite is 93.2%, with 6.8% of quartz. Ruling out the
influence of quartz, the chemical composition of S0 is listed in Table 1. The chemical formula is
(K0.79Na0.11Ca0.01)(Al1.64Ti0.02Fe0.18Mg0.24)(Al0.92Si3.08)O10(OH)2.

Table 1. Chemical composition of the original sericite.

Composition SiO2 Al2O3 Fe2O3 TiO2 K2O Na2O CaO MgO SO3 L.O.I Total

Content (mass %) 45.71 28.32 3.04 0.35 8.09 0.71 0.10 2.12 0.075 4.47 99.555

2.2. Preparation

A certain amount of raw sericite (S0) was put into Al2O3 crucibles and heated between 500 and
1000 ◦C in muffle for 1 to 3 h and cooled to room temperature naturally. After that, the thermally-treated
product (S1) was stirred with different kinds and concentrations of acid between 60 to 95 ◦C in
thermostatic water bath for 4 h. The acid-treated product (S2) was washed, filtrated, and dried at 80 ◦C.
In this study, experiment term was based on an orthogonal term array experimental design (OA (9, 34))
where the following four variables were analyzed: the kinds of acid (factor A), acid concentration
(factor B), reaction temperature (factor C) and reaction time (factor D). Finally, sodium chloride was
added to react with S2 in round bottomed flask. The sodium modified product (S3) was obtained
by mixing, washing, centrifuging, and drying at 80 ◦C. The orthogonal experiment term method
(OA (9, 33)) was used to find three optimal parameters: concentration of Na+ (factor A), reaction
temperature (factor B) and reaction time (factor C).

2.3. Characterization

The X-ray diffraction patterns were obtained on a Rigaku Rotaflex X-ray powder diffractometer
(Rigaku, Tokyo, Japan), employing Cu Kα radiation, 40 kV, 100 mA. The X-ray diffraction (XRD)
patterns in the 2θ range from 3◦–70◦ were collected at 4◦/min. Simultaneous collection of DSC and
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TGA signals was carried out using a SDT Q600 analyzer (TA, New Castle, DE, USA) under air flow
and heated from room temperature to 1100 ◦C at 10 ◦C/min. The BET surface area of the samples was
determined by N2 adsorption by using NOVA4000 equipment (Quantachrome, Boynton Beach, FL,
USA). Prior to N2 adsorption, the samples were evacuated at 473 K under vacuum for 4 h. The pore
size distribution was calculated using the BJH method. 27Al NMR spectrum (130.327 Hz) was recorded
on a Bruker Avance III spectrometer (Bruker, Karlsruher, Germany). The dwell time is 0.01 s and the
rotational speed is 6000 rpm.

3. Results and Discussion

3.1. Thermal Modification

A slight weight loss is observed in the TG curve at low temperature (Figure 1), which is attributed
to absorbed surface water. There is a mass loss in the TG curve at 3% between 670 and 841 ◦C according
to the DSC curve peak at the same temperature, which indicates that the hydroxyl groups were lost
with increasing temperature during thermal modification.

Figure 1. TG and DSC curves of S0.

The XRD patterns of sericite which were activated at different temperatures are shown in Figure 2.
The intensities of major reflections decreased gradually as the temperature increased and finally almost
disappeared at 1100 ◦C, which suggested that the mica-type phase persisted when the temperature was
lower than 900 ◦C. The phase transformation would occur and its crystal integrity would be destroyed
gradually when heated at 1000 ◦C. The lattice activated degree can be judged by lattice distortion level.
The relationship between lattice distortion level, crystal size, full width at half maximum (FWHM) of
reflections and diffraction angle can be calculated by Scherrer’s equation:

Bcos θ = Kλ/D + 4∆dsin θ/d (1)

where B is FWHM; θ is diffraction angle; K is the form factor, which is close to 1; λ is the wavelength of
X-ray; D is the crystal lattice size; d is the distance between crystal planes; ∆d is the average deviation
between the distance of reflecting planes under study and the mean value d. 4∆d/d shows the level of
lattice distortion. The larger the value, the higher the distortion level, and vice versa. In this part, Bcos
θ and sin θ of different products which reflect the lattice distortion level were calculated from XRD
data. The slope (4∆d/d) and intercept (kλ/d) were obtained by linear fitting, using sin θ as X axis and
Bcos θ as Y axis. The obtained values were summarized in Table 2.
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Figure 2. XRD patterns of sericite after heating at different temperatures.

Table 2. Relation between Bcosθ and sinθ of sericite activated at different temperatures in the
(002) reflection.

Temperature (◦C) Raw Material 500 600 700 800 900 1000

kλ/D 0.2146 0.2259 0.3059 0.3797 0.2937 0.2128 0.1938
4∆d/d 0.0118 −0.0381 −0.1363 −0.1631 −0.1674 −0.1372 −0.0407

As shown in Table 2, the value of 4∆d/d of raw sericite is 0.0118 (close to 0), which is a proof of little
lattice distortion. As the temperature increased, the absolute value of 4∆d/d of the thermally-treated
product increased gradually, reaching the largest value at 800 ◦C. The line’s slope starts to decrease
at 900 ◦C, follows by an even larger decrease at 1000 ◦C. The results above demonstrate that the best

66



Materials 2017, 10, 1182

activated temperature is 800 ◦C (with the same holding time). The loss of crystallinity is evaluated
using the FWHM index (Table 3). Heating at 800 ◦C got the largest FWHM, which is a sign of the most
lattice defects and distortion.

The raw sericite samples were heated at 800 ◦C and preserved for 1 h, 2 h, and 3 h. The XRD
patterns are shown in Figure 3. The values of kλ/D and 4∆d/d extracted from the XRD data are shown
in Table 4. The absolute value of 4∆d/d of sericite with a holding time of 1 h is much higher than that
of raw material. When the holding time increased to 2 h or more, the slope decreased. The potential
reason is that the increasing holding time make the unobvious preferential orientation of flakes caused
by lattice distortion increase. Therefore, the best preservation time is 1 h.

Figure 3. XRD patterns of sericite with different holding time at 800 ◦C.

Table 3. FWHM index for raw material and thermal-modified products in the (002) reflection.

Samples FWHM (◦)

S0 0.137
S1 (500 ◦C) 0.138
S1 (600 ◦C) 0.168
S1 (700 ◦C) 0.173
S1 (800 ◦C) 0.174
S1 (900 ◦C) 0.141

S1 (1000 ◦C) 0.132
S1 (1100 ◦C) -

Table 4. Relation between Bcosθ and sinθ of sericite with different holding time.

Holding Time (h) Raw Material 1 2 3

kλ/D 0.2146 0.4287 0.2937 0.2277
4∆d/d 0.0118 −0.2848 −0.1674 −0.1026

N2 physisorption measurements have also been performed on both S0 and S1 (Figure 4). It can be
seen that after thermal modification, the pores with sizes between 5 nm to 10 nm of thermally-modified
sericite have collapsed. The surface area of S0 is 14.653 m2/g, while the surface area of S1 is 16.579 m2/g,
which means thermal modification increased the activity of sericite.
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Figure 4. (a) Pore diameter distribution of raw sericite (S0) and thermal-activated sericite (S1); (b) the
isotherm of N2 adsorption-desorption on sericite before and after thermal modification.

3.2. Acid Activation

According to the research of Poncelet and del Rey-Perez-Caballero [25] on the activation of
vermiculite and phlogopite, the combination of acid treatment and heat treatment was employed to
modify the microstructure of sericite. As a result, Al3+ was dissolved out and the negative layer charge
was reduced, which enables sericite to take on an ion exchange capacity. The results of acid activation
were evaluated by dissolving-out an amount of Al3+. The larger the dissolving-out amount of Al3+,
the better the effect of acid activation.

The main four factors, kinds of acid (factor A), acid concentration (factor B), reaction temperature
(factor C), and reaction time (factor D) were researched and each control parameter has three
experimental levels (Table 5) [39,40].

Table 5. Design and results of the orthogonal experiment of acid treatment of sericite a.

Trial No.
Factors Results

Dissolving-Out
Amount of Al3+ (mg/g)

Kinds of
Acid A

Acid Concentration B
(mol/L)

Reaction Temperature C
(◦C)

Reaction Time D
(h)

1 HNO3 1 60 1 4.2
2 HNO3 3 80 3 12.8
3 HNO3 5 95 5 31.0
4 H2SO4 1 80 5 9.9
5 H2SO4 3 95 1 14.0
6 H2SO4 5 60 3 8.2
7 HCl 1 95 3 11.1
8 HCl 3 60 5 8.5
9 HCl 5 80 1 9.9

K1,j 48.0 25.2 20.9 28.1 -
K2,j 32.1 35.3 32.6 32.1 -
K3,j 29.5 49.1 56.1 49.4 -
k1,j 16.0 8.4 7.0 9.4 -
k2,j 10.7 11.8 10.9 10.7 -
k3,j 9.8 16.4 18.7 16.5 -
Rj 6.2 8.0 11.7 7.1 -
a: Kij is defined as the sum of the evaluation indexes of all levels (i, i = 1, 2, 3) in each factor (j, j = A, B, C, D) and
kij (mean value of Kij) is used to determine the optimal level and the optimal combination of factors. The optimal
level for each factor could be obtained when kij is the largest; Rj is defined as the range between the maximum and
minimum value of kij and is used for evaluating the importance of the factors.

The optimal values of different factors determined with reference to Table 5 are as follows: nitric
acid, 5 mol/L, 95 ◦C, 5 h. In addition, the factors’ levels of significance are as follows: reaction
temperature > acid concentration > reaction time > type of acid.
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Figure 5 shows the single effect of each factor on acid activation. A higher reaction temperature
helped to dissolve Al3+ out. When temperature was low, the reaction system could not obtain enough
power, so only a small amount of Al3+ dissolved out. The dissolving-out amount of Al3+ increased with
the acid concentration, which means the higher the H+ concentration, the better the result. However,
when the acid concentration is ultrahigh, the layered structure would, conceivably, be seriously
destroyed, which is not good for activation of sericite. Additionally, nitric acid is more effective on
acid activation than the other two, although the kind of acid is not the most significant factor.

NMR analysis was done after acid activation. The range of chemical shift (δ) of Al is 450 ppm.
Generally, δ of octahedral Al (Alo) species and tetrahedral Al (Alt) species is −10 to 10 ppm and
50–70 ppm, respectively. Therefore, 27A1 NMR is employed to distinguish the two kinds of Al in clay.
As shown in Figure 6, δ of Alt and Alo of S0 was 71.4 (spinning sidebands were 118 and 25, respectively),
and 4.0 (sidebands were 50 and −42, respectively), both of which were similar to theoretical values.
The counterparts of S2 turned to be 67.5 and 4.0, respectively.

Figure 5. Effect of (a) kinds of acid; (b) acid concentration; (c) reaction temperature; and (d) reaction
time on dissolving-out amount of Al3+.

The sharp peaks in 27A1 NMR is usually the sign of short range order in Al, while broad peaks
signal short range disorder. The peaks of S0 in 27Al NMR spectrum are sharper than those of S2, which
indicate that the layered structure become more disordered. The peak intensities of Alt and Alo of S2

decrease by 34% and 32%, respectively, as compared with those of S0, which suggest that Alt and Alo
are both dissolved out.

The relative content of Alt in S2 increased, and yet the peak width increased, which signaled an
uneven distribution of Alt. On the contrary, the relative content of Alo decreased, and yet the peak
width decreased, which is a sign of even distribution of Alo. This phenomenon can be explained
by the decrease of layer charges that leads to a higher order degree of Alo [41]. The ratio of Alt to
Alo decreased after acid treatment from 6.25:10 to 5.82:10, which means acid-treated sericite is more
suitable for the ion exchanges in the next step.
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Figure 6. 27Al NMR spectrums of S0 and S2 (SS means “spinning sidebands”).

3.3. Sodium Modification

The results of sodium modification are evaluated by CEC. The larger the CEC value, the better
the sodium modification result. Detailed sodium modification conditions are listed in Table 6. It can
be seen that the optimal sodium modification conditions are as follows: supersaturated solution of
sodium chloride, 95 ◦C, 3 h. The factors’ levels of significance are as follows: Na+ concentration >
reaction temperature > reaction time. The single effect of each factor on sodium modification is shown
in Figure 7, which indicates that higher concentration of Na+ and higher reaction temperature are of
great benefit to the CEC of S3.

The interlayer potassium cation twelve coordinates with two aspectant hexagonal holes created
by the Si/Al tetrahedral sheet, and is able to fit the two holes very tightly between the layers.
Therefore, potassium cation and two adjacent tetrahedron sheets are bonded together closely by
the electrostatic attraction. Consequently, it is hard for K+ to be exchanged by Na+. However, the
combination of thermal modification and acid activation made the exchange possible, which was due
to the activation of lattice. Na+ has the superiority of the smaller hydrated ionic radius and lower
hydrated energy compared with those of K+. The higher reaction osmotic pressure was applied by
the higher concentration of Na+, and higher reaction temperature made ions turn to be more active.
Therefore, higher concentration of Na+ and reaction temperature would benefit sodium modification.
Additionally, the exchange of Na+ for K+ was in the state of dynamic equilibrium. Therefore, longer
reaction time has no effect on the CEC of S3. Compared our study with the study of Shih, we used
different treatment methods (we used Na-hydrothermal treatment while they used Li-hydrothermal
treatment) at different temperatures (we used 60–95 ◦C while they used 90–270 ◦C). This is why our
final CEC value (56.37 mmol/100 g) is lower than theirs (110 mmol/100 g).

The XRD patterns of raw material and activated products (S1, S2, and S3) prepared at the optimal
conditions are shown in Figure 8, and the loss of crystallinity is evaluated using the FWHM index
(Table 7). The decrease of reflection intensities of S1 was caused by the removal of the hydroxyl water
of raw material corresponding to the increase of FWHM of S1. After acid activation, the reflection
intensities and crystallinity of S2 further decreased, which was a sign of more lattice defects and larger
lattice distortion. Compared with the pattern of S2, the interlayer space of S3 decreased slightly, which
was due to the exchange of Na+ for K+ between layers. However, sodium modification led to a better
crystallinity of S3 than that of S2. This may be due to the fact that Na+ balanced the change of layer
charge of S2 caused by acid activation, and the crystal structure of S2 was repaired to some extent.
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Figure 7. Effect of (a) concentration of Na+; (b) reaction temperature; and (c) reaction time on CEC.

Table 6. Design and results of the orthogonal experiment of sodium modification of sericite.

Trial No.
Factors

Results
CEC (mmol/100 g)Concentration of

Na+ A (mol/L)
Reaction Temperature

B (◦C)
Reaction Time C

(h)

1 1 60 1 15.76
2 1 80 3 27.24
3 1 95 5 29.70
4 3 60 3 25.36
5 3 80 5 35.24
6 3 95 1 40.76
7 Supersaturated 60 5 34.62
8 Supersaturated 80 1 42.34
9 Supersaturated 95 3 56.37

K1,j 72.70 75.24 98.86 -
K2,j 101.36 104.82 108.97 -
K3,j 133.33 126.83 99.56 -
k1,j 24.23 25.25 32.95 -
k2,j 33.79 34.94 36.32 -
k3,j 44.44 42.28 32.19 -
Rj 20.21 17.03 4.13 -
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Table 7. FWHM index for raw material and activate products in the (002) reflection.

Samples FWHM (◦)

S0 0.208
S1 0.226
S2 0.720
S3 0.452

Figure 8. XRD patterns of (a) S0; (b) S1; (c) S2; and (d) S3.

From SEM images, it can be seen that S0 has smooth surfaces, sharp fringed flakes, and uniform
particle size (Figure 9). The SEM images of S1, S2, and S3 clearly indicate that the mica-type phase of
sericite persists while the particle surfaces become rougher.

Figure 9. SEM images of (a) S0; (b) S1; (c) S2; and (d) S3.
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4. Conclusions

Activated sericite was prepared by thermal modification, acid activation, and sodium modification.
The final product can be prepared by heating at 800 ◦C for 1 h, reacting with 5 mol/L nitric acid at 95 ◦C
for 5 h and mixing with supersaturated solution of sodium chloride at 95 ◦C for 3 h. After modification,
the mica-type phase persisted while its crystallinity decreased. The CEC of the final product can be
enlarged from 7.42 mmol/100 g to 56.37 mmol/100 g meq/g. The activated sericite is much more
suitable than raw sericite to prepare polymer-clay nanocomposites.
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analyzed data.
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Abstract: A synthesized functionalized pillared porous phosphate heterostructure (PPH),
surface functionalized phenyl group, has been used to remove the dye Acid Blue 113 from wastewater.
X-ray photoemission spectroscopy XPS and X-ray diffraction (XRD) were used to study its structure.
The specific surface area of this was 498 m2/g. The adsorption capacities of PPH and phenyl surface
functionalized (Φ-PPH) were 0.0400 and 0.0967 mmol/g, respectively, with a dye concentration
of 10−5 M when well fitted with SIPS and Langmuir isotherms respectively (pH 6.5, 25 ◦C).
The incorporation of the dye to the adsorbent material was monitored by the S content of the
dye. It is suggested as an alternative for Acid Blue 113 remediation.

Keywords: dye remediation; adsorption; azo dye; wastewater; pillared porous phosphate
heterostructures; isotherm

1. Introduction

Nowadays, among the concerns that must be dealt with on a global level are toxic and carcinogenic
environmental pollutants. A large portion of toxic contaminants are dyes, used for dyeing textiles and
other industrial purposes. Many physical, chemical and biophysical processes have been studied for
their ability to remove environmental pollutants [1]. In particular, the development of new technologies
for the easy decolorization or remediation of these types of compounds is of current interest.

Dyes used in the textile industry include a wide range of chemical compounds, based mainly on
substituted aromatic structures linked by azo groups [2]; therefore textile dye wastewater is based not
only in color removal but also in the degradation, mineralization and total removal. A large variety of
techniques has been used including chemical methods such as coagulation [3–5], flocculation [6–8] or
precipitation [9,10], and new photocatalytic processes such as the Fenton reaction [11,12] are being
implemented and optimized; biological with aerobic and anaerobic microbial degradation [13–15],
and the use of pure enzymes [16,17] have been investigated to overcome physical methods such as
membrane-filtration processes. Nano-filtration [18–20] reverse osmosis [21], electro-dialysis [22–24]
and sorption techniques [25–30] are the most conventional methods due to higher production costs and
regeneration difficulties. There is a trend towards developing sustainable water treatment materials
and processes [31,32] and consequently, the possibilities of the use of new synthetic material—with
low cost and easy availability—are desirable to be evaluated for wastewater management.

Functionalized mesoporous materials are interesting adsorbents in comparison with other
commercial DVB or styrene base adsorbents because of their attractive properties, such as a high level
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of heavy metal removal capacity, large surface area, narrow pore size distribution and the specificity
of the chelating agents inserted in the network. An emerging group, the synthesized materials are
pillared clay structures (PILCs) and similar pillared porous phosphate heterostructures (PPH) [33,34].
These materials can be specifically designed for their use for Hg(II) and Ni(II) remediation from the
electrochemical industry [35], or catalytic applications [36–40].

We investigate herein, for the first time to the best of our knowledge, the use of PPH modified
with functional phenyl groups as a new class of adsorbents for dyes from wastewater. These solids
are synthesized from different combinations of silicon precursors and surfactant along with various
combinations of condensation processes of alkoxides. The effect of the adsorbate was studied in order
to achieve optimal conditions for the adsorption of the azo dye Acid blue (AB113), proving to be an
appropriate and cost effective alternative to remove it from wastewater.

2. Materials and Methods

2.1. Synthesis of Φx-PPH Adsorbent Materials

The synthesis of Φx-PPH materials was carried out as described elsewhere [35] by co-condensation
of phenyl-triethoxysilane (PTES) with tetraethylorthosilicate (TEOS) in the interlayer region of
zirconium phosphate. Thus, cetyltrimethylammonium (CTMA)-expanded zirconium phosphate
(CTMAZrP) was prepared from a solution of CTMA-Br in 1-propanol, H3PO4 (85%) and zirconium(IV)
propoxide (70%) according to previously reported procedures [33]. The CTMAZrP obtained was
suspended in water (10 g/L) and a solution of hexadecylamine in 1-propano (0.145 M) was added
as a co-surfactant. Increasing the surfactant content in the interlayer region improves the hydrolysis
and condensation of the mixture of different alkoxides. After one day of stirring, a solution of
TEOS (50%, v/v in 1-propanol) and the corresponding PTES—with TEOS/PTES molar ratios of 5,
25 and 50—were added, and in each case the resulting suspension was stirred at room temperature
for three days. The obtained solids were centrifuged, washed with ethanol and dried at 60 ◦C in
air. After this stage, silica galleries are formed between the layers of zirconium phosphate and the
surfactant molecules are located inside these galleries. To release this space, it has proceeded to the
removal of the surfactant by cation exchange with a solution of HCl in ethanol, because the calcination
process is not a suitable procedure due to the removal of the phenyl functionalized silica walls in the
galleries. After various tests, both the extractor solution concentration and the number of extractions
were optimzed, yielding greater efficiency in the extraction process (three times) at a concentration of
HCl:ethanol (1:10; v:v). Three materials with different TEOS/PTES molar ratio added (×) are denoted
as Φx-PPH. All reagents used were purchased from Sigma-Aldrich (Barcelona, Spain).

2.2. Adsorption Experiments AB113 in Solution Data Analysis

Batch adsorption experiments were performed at room temperature adding 50 mg of Φx-PPH at
different volumes (a range of volumes was used) of 10−5 M of AB113. After one day, the solid was
removed by centrifugation and the solution was analysed by UV-Vis spectroscopy. The Langmuir
model assumes that the sorption sites are identical and energetically equivalent due to its homogeneous
structure [41,42]. The equilibrium is obtained when the monolayer formation on the sorbent occurs.
The Langmuir isotherm is described according to the following equation (Equation (1)):

qe =
qmKLCe

1 + KLCe
(1)

where, qe (mol/kg) and Ce (mol/L) are the equilibrium concentrations of AB113 in the solid and
the liquid phase, respectively, qm (mmol/g) is the maximum sorption capacity and KL (L/kg) is the
Langmuir constant related to the energy of adsorption. qe is obtained according to Equation (2):

qe =
(

Ci − C f

)V

m
(2)
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where, Ci and Cf are the concentrations of AB113 at the beginning and the end of the adsorption
process, V is the solution volume used during batch experiments (a range of volumes was used) and
m is the mass of Φ5-PPH used.

The Freundlich model was used to describe the adsorption of contaminants on heterogeneous
surfaces consisting of sites with different exponential distribution and energies [41,42]. The equation
of the Freundlich sorption isotherm is expressed by Equation (3):

qe = KFCn
e (3)

where, KF and n are the Freundlich adsorption isotherm constants, being indicative of the adsorption
extension and the degree of the surface heterogeneity. The SIPS isotherm combines both Freundlich and
Langmuir isotherms, which at low adsorbate concentration behaves as the Freundlich isotherm [41]
and at high concentration it predicts a monolayer adsorption capacity characteristic to the Langmuir
model [41]. The mathematical representation of this model is given by Equation (4):

qe =
qm(KsCe)

n

1 + (KsCe)
n (4)

where, qm (mol/kg) is the maximum adsorption capacity, which can also be expressed as Nt, a measure
of the total number of binding sites available per g of sorbent, KS is the affinity constant for adsorption
(L/kg) and n is the Freundlich parameter that takes into account the system heterogeneity. The SIPS
isotherm is reduced to the Langmuir form for n = 1 and a homogeneous surface is considered.
The greater the difference from this value, the greater the solid surface heterogeneity.

2.3. Characterization Methods

UV-Vis measurements were carried out with a Shimadzu UV-1800 spectrophotometer
(Shimadzu Corporation, Kyoto, Japan). Powder diffraction patterns were collected on an
X’Pert Pro MPD automated diffractometer (PANalytical, Almelo, The Netherlands) equipped
with a Ge(111) primary monochromator (strictly monochromatic Cu-Kα radiation) and an
X’Celerator detector (PANalytical, Almelo, The Netherlands). Textural parameters were obtained
from N2 adsorption-desorption isotherms with a Micromeritics ASAP 2020 (Micromeritics Ltd.,
Bedfordshire, UK). The specific surface area and pore volume of the Φx-PPH were determined by
the adsorption-desorption of N2 at −196 ◦C. Before analysis, the Φx-PPH samples were degassed at
150 ◦C up to 10−4 Torr. Pore volume and an average pore diameter were determined by the Barrett,
Joyner, Halenda model. X-ray photoelectron spectra (XPS) were obtained using a Physical Electronics
PHI 5700 spectrometer with a non-monochromatic Mg Kα radiation (300 W, 15 kV, hν = 1256.3 eV)
as the excitation source. Spectra were recorded at 45◦ take-off angles by a concentric hemispherical
analyser (Physical Electronics, Inc., Chanhassen, MN, USA) operating in the constant pass energy
mode at 25.9 eV, using a 720 µm diameter analysis area. Under these conditions the Au 4f 7/2 line
was recorded with 1.16 eV FWHM at a binding energy of 84.0 eV. The spectrometer energy scale
was calibrated using Cu 2p3/2, Ag 3d5/2 and Au 4f 7/2 photoelectron lines at 932.7, 368.3 and 84.0 eV,
respectively. Charge referencing was done against adventitious carbon (C 1s 284.8 eV). The C 1s signal
of some samples was also studied with an Al Kα radiation due to the presence of sodium to avoid
the overlapping of the Na KLL Auger signal at 290.3 eV. Solid surfaces were mounted on a sample
holder without adhesive tape and kept overnight in a high vacuum in the preparation chamber
before they were transferred to the analysis chamber of the spectrometer. Each region was scanned
with several sweeps until a good signal-to-noise ratio was observed. The pressure in the analysis
chamber was maintained lower than 10−9 Torr. A Shirley-type background was subtracted from the
signals. Recorded spectra were always fitted using Gauss-Lorentz curves in order to determinate more
accurately the binding energy of the different element core levels. The accuracy of binding energy (BE)
values was within ±0.1 eV.
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3. Results and Discussion

3.1. Adsorbent Characterization

Elemental analysis does not provide enough information to determine the presence of phenyl
groups. The residual surfactant and the alcohol adsorbed used in the extraction procedure can interfere
in the carbon content (%C). Therefore, the phenyl incorporation cannot be determined by CHN
elemental analysis. However, the increasing %C when phenyl groups are grafted was observed.
Thus, for the extracted materials in which the amount of surfactant present is residual, the observed
differences in the %C are remarkable, being this C % higher for material Φ5-PPH (9.04%) and reduced
for Φ50-PPH (2.62%), as displayed in Table 1.

Table 1. Chemical composition of Φ-PPH material.

Material %C %N %C * %N *

Φ5-PPH 9.04 0.147 19.53 1.30
Φ25-PPH 3.81 0.217 18.91 1.27
Φ50-PPH 2.62 0.222 18.53 1.28

* Previous surfactant extraction.

The concentration of phenyl groups in the synthesized material was determined by UV-VIS
spectroscopy at λ = 210 nm in hexane. As seen in the UV-VIS spectra (Figure 1), the absorption
due to the phenyl groups decreases with the TEOS/Φ molar ratio. A calibration curve was
performed by hydrolysis of different amounts of phenyl triethoxysilane and the amount of
phenyl groups incorporated in each material was determined (Table 2). As expected, the highest
observed incorporation of phenyl groups occurred with sample Φ5-PPH, although the found value
(0.047 mmol/g) was below the theoretical one if all the phenyl groups added were incorporated to the
structure. This fact may be due to steric effects and to the non-polar character of phenyl groups which
prevents their presence in large amounts in the interlayer space, giving a low incorporation when the
silica galleries are formed upon hydrolysis and condensation of PTES, together with the TEOS.
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Figure 1. UV-Vis spectra of Φ5-PPH, Φ25-PPH and Φ50-PPH at 210 nm in hexane.

Table 2. Characteristics of the different materials synthesized.

Material mmol Φ/g mmol P/g Φ/P (Exp) Φ/P (Exp)
SBET

(m2/g)
Vp

(cm3/g)
CBET

Sac
(m2/g) *

ΣVp

(cm3/g)
Dp (Å)

Φ5 −PPH 0.047 1.73 0.027 0.6 498 0.516 133 482 0.472 39.13
Φ25– PPH 0.042 1.86 0.023 0.12 545 0.596 123 540 0.565 41.87
Φ50– PPH 0.003 1.78 0.002 0.06 571 0.657 133 546 0.609 44.59

* Previous tensioactive extraction and Determinated by the Cranston e Inkley method.
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This also justifies the found number of functional groups incorporated into the material Φ25-PPH
that is only slightly lower than that found for Φ5-PPH, despite the fact that the amount of functionalized
alkoxide added to the latter was five times the added amount in the case of Φ25-PPH. However, in spite
of the increase in the number of phenyl groups incorporated, the final absorbance remained constant.
Finally, as expected, in the case of material Φ50-PPH, the incorporation of phenyl groups in this
material is very low.

After removing the surfactant used as a template, the inner silica galleries are free and a porous
material is obtained. For hybrid Φ×-PPH, the surface phenyl groups are directed to the inner porous
material. This is true if the inorganic framework is preserved after surfactant removal.

This fact can be determined by studying the corresponding XRD diffractograms. The results show
a single broad signal at a low angle corresponding to the d001 reflection, showing the separation of
the layers of zirconium phosphate (Figure 2A). This confirms the presence of silica galleries in the
interlayer region of zirconium phosphate, which keep these layers separate when the surfactant has
been removed.
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Φ
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Figure 2. (A) XRD pattern of Φ5-PPH, Φ25-PPH and Φ50-PPH; (B) N2 adsorption-desorption isotherms
at 77 K of Φ5-PPH.

In Φ5-PPH, the diffraction peak appears at a slightly lower angle so that the basal spacing is
32.9 Å, the intensity is weak and the definition of the peak poor. This indicates that the presence
of phenyl groups hinders the arrangement of the internal phase material. This low crystallinity can
be justified by the steric hindrance of the phenyl groups, due to their non-polar character, since the
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surfactant micelles which act as structural elements of the silica galleries present a polar end placed
in this environment which hinders the correct formation of the inorganic structure, mainly for the
precursors which contain the phenyl group. This fact is reflected, as discussed in the previous section,
in the incorporation of organic groups where the amount of phenyl groups is lower than the other
functionalized PPH studied [35].

The evaluation of the typical textural parameters such as surface area and pore size distribution
will confirm the formation of silica in the galleries of the interlayer region. Textural parameters obtained
from the corresponding Nitrogen adsorption-desorption isotherms of N2 at −196 ◦C correspond to
type IV (IUPAC) [36,37], characteristic of mesoporous materials (Figure 2B, Table 2). The surface
area values (SBET) obtained are quite high (above 500 m2/g), indicating a large accessible surface
within the material due to the presence of silica galleries in the interlayer region being lower than
the pure heterostructures (620 m2/g) [33], showing that the incorporation of phenyl groups decreases
the surface area of the material. Regarding the volume of pores (Vp), these materials have very high
values, even more than the pure silica heterostructures (0.543 cm3/g). This may be due to the presence
of larger pore diameters as shown in the distribution of pores.

The surface chemical composition of the adsorbent Φ5-PPH before and after contact with AB113
(sample Φ5-PPH + AB113) is shown in Table 3. Upon contact with the dye, the percentages of C and N
increase and S are now detected. However, Na was not detected indicating that the dye anion was
taken up. The empiric formula of the dye anion is C32H21N5O6S2 and the theoretical N/S atomic
ratio is 2.5. The observed N/S atomic ratio after incorporation of the dye is 2.6, a value very near the
theoretical one indicating the incorporation of the dye. Sulfur is the only element of the dye that is not
present in the adsorbent Φ5-PPH and the S 2p core level spectrum for sample Φ5-PPH + AB113 shows
a S 2p3/2 contribution at 168.2 eV assigned to the presence of S(VI) as the sulfonic group of the dye [43].

Table 3. Atomic concentration (%) of samples Φ5-PPH and Φ5-PPH + AB113 determined by XPS.

Sample C N O Si P Zr S

Φ5-PPH 24.50 0.50 50.07 19.55 3.52 1.86 -
Φ5-PPH + AB113 29.56 0.94 46.00 18.42 2.19 1.69 0.36

3.2. Adsorption Isotherms

From the results obtained after chemical, structural and textural characterization, Φ5-PPH material
was selected as adsorbent for AB113, given that it presents the highest phenyl group surface density
(Table 1). Also, to evaluate the effect of the phenyl group on the AB113 adsorption, the pristine PPH
material was used as a reference. AB113 adsorption isotherms were investigated in triplicate at 25 ◦C
and pH 6.5.

Figure 3 shows the fitting of the experimental data to the adsorption isotherms for PPH and
Φ5-PPH respectively. In the case of pristine PPH, the isotherm was fitted to the SIPS isotherm
with a saturated adsorption capacity of 0.04 mmol/g (Figure 3A). The adsorption data from
Φ5-PPH were fitted to a Langmuir isotherm model, showing a saturated adsorption capacity (Qo) of
0.0967 mmol/g and a Langmuir constant (KL) of 613 L/Kg (Figure 3B). Other model fittings are shown
as supplementary information as Figure S1.

The adsorption effectiveness was also evaluated. The retention effectiveness was close to 100%
for Φ5-PPH material, when the adsorption capacity was lower than 0.040 mmol/g. From this point it
decreases while increasing the amount of AB113 in the solution. For the pure PPH material, the highest
retention percentage reached was 55% for the first fit, decreasing in the next points. In the literature,
AB113 adsorption on mesoporous activated carbon is reported [44], where the observed adsorption
capacities are in the order obtained for Φ5-PPH. In this case the adsorption capacities for an activated
carbon obtained from a rubber tyre and for a commercial activated carbon obtained from the Langmuir
isotherm (Qo), were 0.014 and 0.011 mmol/g, respectively, although for both activated carbons the
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specific surface areas are higher than that observed for Φ5-PPH with values of 562 and 1168 m2/g.
Another adsorbent based in red mud obtained a Qo = 0.112 mmol/g [45], demonstrating the feasibility
of the proposed system to be applied.
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Figure 3. AB113 adsorption isotherms in (A) PPH and (B) Φ5-PPH and in relation to mmol AB113 for
g of sorbent.

The difference in the adsorption capacities of PPH and Φ5-PPH can be explained by the difference
in the intermolecular forces between the different surface groups and the dye monomer. In the case of
PPH, the main forces involved are strong hydrogen bonding with the AB113 (Si-OH and P-OH) and
the presence of aromatic rings on the surface of phenyl-functionalized Φ5-PPH which offer a superior
degree of delocalization due to the π-π stacking of the phenyl surface groups of the adsorbent (Figure 4).
The different mechanisms of adsorption are also indicated by the fit of sorption data to two distinct
isothermal models. The better fit of the Φ5-PPH sorption data to the Langmuir isotherm reveals
that the sorption sites are identical and energetically homogeneous, suggesting that the coordination
between AB113 and the aromatic rings of Φ5-PPH is the main mechanism of adsorption involved.
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However, the better fit of PPH sorption data to the SIPS isotherm indicates that there is more than one
type of site involved in this process, each characterized by distinct energies and distinct affinities to
adsorb. In this case, it is particularly related to the adsorption on the Si-OH and P-OH groups of PPH.
To demonstrate the mechanism described, decreasing a specific area in our material does not limit
increased dye adsorption.
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Figure 4. Proposed mechanism of interaction between Φ5-PPH and AB113.

The various applications of phenyl functionalized adsorbent have been reported in recent
literature [46–49]. However, the current work is unique in terms of the use of phenyl-PPH for dye
adsorption, which is reported here for the first time.

3.3. Application in Wastewater

In accordance with the results previously obtained, Φ5-PPH was used as an adsorbent material for
treating real wastewater from a local textile stamp factory. Figure 5 shows the absorbance at 270 nm of
water from a rinse step treated with different mass sorbent, where the absorbance at 270 nm achieves
the minimum from a mass/volume ratio of 10 g/m3, which indicates that this type of hybrid phenyl
material can be a promising dye scavenger.
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4. Conclusions

The functionalized porous phosphate heterostructure materials with phenyl functionalized surface
proved to be effective adsorbents for the removal of AB113 azo dye from wastewater from the textile
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industry. With a surface area (SBET) of 500 m2/g, the best known adsorption process is Langmuir, compared
to the other tested models such as Freundlich and SIPS, showing saturation (Qo) of 0.0967 mmol/g.
An adsorption mechanism is proposed between the phenyl groups of the Φ5-PPH and AB113, based on
the affinity between both groups due to π-π stacking, suggested by the Langmuir model. The results
indicate that Φ5-PPH is a good alternative to remove the azo dye from industrial wastewater, as shown in
the application studied and supported by XPS analysis of the surface of Φ5-PPH after the application of
the N/S ration.

Supplementary Materials: The following are available online at www.mdpi.com/1996-1944/10/10/1111/s1,
Figure S1: Fitting of experimental adsorption of AB113 on Φ5-PPH.
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Abstract: Chitosan was used to modify a 13X molecular sieve to improve its cadmium removal
capability. After being modified with 2% chitosan-acetate for 2 h at 30 ◦C, significant uptake of Cd2+

could be achieved. The uptake of Cd2+ on the modified 13X molecular sieve followed the Langmuir
isotherms with a capacity of 1 mg/g. The kinetics of Cd2+ removal by modified 13X molecular sieve
followed a pseudo second-order reaction, suggesting chemisorption or surface complexation. The Cd2+

removal with a sorbent dose of 2 g/L from an initial concentration of 100 µg/L reached more than
95% in 90 min. The equilibrium Cd2+ concentration was <5 µg/L, which meets the requirements of
“Standards for Irrigation Water Quality” (GB5084-2005) (10 µg/L) and MCL and MCLG for groundwater
and drinking water (5 µg/L) set by United States Environmental Protection Agency.

Keywords: cadmium; chitosan; modification; 13X molecular sieve; removal

1. Introduction

Cadmium (Cd) is a major water pollutant. With a high toxicity, Cd can cause chronic intoxication
with an incubation period from 10 to 30 years. The half-life of Cd in the human body also varies between
10 and 30 years. People can develop gastroenteropathy or even hepatopathy, lung cancer, kidney disease,
with continuing intake of food or water contaminated with Cd [1–4]. Currently, the USEPA has set both
the maximum contamination level (MCL) and maximum contamination level goal (MCLG) at 5 µg/L [5].
Although its concentration in unpolluted natural waters was usually below 1 µg/L [6], a maximum
value of 100 µg/L was reported in Rio Rimao in Peru [7]. In addition, the presence of Cd as an impurity
in zinc in galvanized pipes may have potential for drinking water contamination. A mean concentration
of 1–26 µg/L was found in samples of potable water in Saudi Arabia [8].

Cd cannot be microbiologically degraded in the natural environment, and can only be dispersed,
enriched, or converted between its various forms [9]. The migration process of Cd in water is mainly
dependent on precipitation, complexation, and adsorption. Although natural zeolite has high cation
exchange capacities (CEC), its internal channels of different sizes make the uptake of heavy metal ions
more kinetically controlled [10,11]. In addition, natural zeolite may have other impurities that can
make water purification less effective. Compared with natural zeolite, synthetic zeolite has simpler
phases and compositions, with less impurity, which avoids secondary pollution. Its internal pore
channels and holes would be of uniform size, which can be regulated by adjusting the synthesis
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conditions, as well as larger internal and external surface area, good physical and chemical stability,
exchange, adsorption, and catalysis capacities make it a good candidate for water treatment [12,13].
In particular, the synthetic 13X zeolite molecular sieve (MS) has a cubic crystal system with 3D pore
channels, which can provide a faster intracrystalline diffusion for adsorption and catalysis [14,15].
However, its uptake of cationic heavy metals may be low.

Containing a large number of amino and hydroxyl groups, chitosan has high hydrophilicity and
can absorb heavy metals in wastewater [16–18]. Chitosan-modified natural zeolite can achieve good
removal performance of heavy metals (mostly Cu(II), Fe(III), Mn(II), Zn(II)) from wastewater with high
concentrations [19–26]. However, little research has been conducted into the treatment of wastewater
with low Cd2+ concentrations using chitosan-modified 13X molecular sieves (CMS). Therefore, in this
study, conditions were optimized for the modification of MS by chitosan, and the CMS was tested for
the removal of low concentrations of Cd2+ from simulated wastewater, so that the Cd2+ concentration
would meet the discharge standards of 10 µg/L set by the Standards for Irrigation Water Quality
(GB5084-2005), and 5 µg/L of MCL and MCLG set by USEPA. The results also provide technical
support for safe use of unconventional water in agriculture.

2. Materials and Methods

2.1. Materials

The 13X molecular sieve was off-white in color with a grain size of 2 to 3 mm, and was
purchased from Zhengyuan Haoye Chemical Technology Co. (Tianjing, China). Chitosan (food grade
with 95% deacetylation) was purchased from Zhengzhou Mingrui Food Ingredients, Co., Ltd.
(Zhengzhou, China) Nitric acid, hydrochloric acid, sodium hydroxide, glacial acetic acid, and Cd2+

stock solution (1.000 g/L) were all of reagent grade or analytical pure and were purchased from
Zhiyuan Chemical Technology Co. (Tianjing, China).

2.2. Preparation of CMS

The MS was washed with tap water several times to remove the impurities, and then washed
with deionized water 2–3 times before being dried at 105 ◦C for modification. The MS was added to
chitosan solutions of different concentrations (0.5–3.0%) under acidic conditions to increase the solubility of
chitosan [16,18]. The mixture was shaken under a constant temperature of 30 ◦C at 120 rpm for 30, 60, 90,
120, 150, and 180 min, before being washed with deionized water to neutral condition and dried at 55 ◦C.

2.3. Cd2+ Adsorption Experiments

0.1 g of CMS was added into a conical flask, and then 100 mL of simulated wastewater containing
25, 50, 75, 100, 150, 200, and 250 µg/L of Cd2+ were added. The mixtures were stirred under constant
temperature of 25 ◦C at 130 rpm for varying amounts of time. The supernatant was removed and the
Cd2+ concentration was determined by a flame atomic adsorption spectrometry (FAAS) (WFX-210,
Beifen-Ruili Analytical Instrument Co., Beijing, China). The amount of Cd2+ removed was calculated
by the difference between the initial and equilibrium Cd2+ concentrations divided by the solid mass
and multiplied by the liquid volume. The Cd2+ removal was calculated by the difference between the
initial and equilibrium Cd2+ concentrations multiplied by 100. All experiments were done in triplicate,
and the average and standard deviations are plotted in the figures.

2.4. Material Characterization

The material characterization was conducted using JSM-7500F scanning electron microscope
(JEOL, Tokyo, Japan) equipped with energy dispersion spectrum (EDS) system. The BET analysis
was performed at 120 ◦C after 60 min degassing with a N2 temperature of 77 K. The XRD was performed
on a D8 Focus diffractometer from Bruker (Karlsruhe, Germany). Samples were run from 5 to 80◦ (2θ)
with a scanning speed of 2◦/min. The thermogravimetric analysis (TGA) was conducted using STA
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PT1600 Simultaneous Thermal Analysis manufactured by Linseis (Munich, Germany). The initial mass
used was 10 mg, and the heating rate was 10 ◦C/min. The FTIR spectra were recorded on an IRAffinity
FTIR spectrophotometer made by Shimadzu (Tokyo, Japan). Standard KBr pressing method was used
for sample preparation and the scan was recorded from 500 to 4000 cm−1.

3. Results and Discussion

3.1. Effects of Different Modification Conditions on Cd2+ Removal

The initial chitosan concentrations used for the preparation of CMS was assess first. When the chitosan
concentration increased from 0.5% to 2%, the percentage of Cd2+ removal from simulated wastewater
showed an increasing tendency. Beyond 2%, further increase of chitosan content did not affect Cd2+

removal much. At 2% chitosan modification, the Cd2+ removal by CMS reached up to 90% (Figure 1).
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Figure 1. Effect of initial chitosan usage on Cd2+ removal.

Chitosan belongs to the natural macromolecule amylose, which has similar properties to chitin
and cellulose. When the chitosan concentration was over 2%, a gel-like condition was formed, which
limited the contact between chitosan molecules and MS. Therefore, the optimal concentration of
chitosan was set at 2% for the fabrication of CMS.

The effect of time of chitosan modification on Cd2+ removal was assessed next, with Cd2+ removal
peaking at 120 min (Figure 2). Thus, for the detailed Cd2+ removal experiment, the MS was modified
by 2% chitosan for 120 min.
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Figure 2. Effect of time of chitosan modification on Cd2+ removal.
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3.2. Material Characterization of MS and CMS

The MS showed granular particles with smooth surfaces and a particle size of 2–3 µm (Figure 3a).
A similar texture was found for the CMS. The SEM images confirmed that the modification did not
change the morphology or the internal structure much (Figure 3b). The EDS analyses showed that the
MS was mainly composed of O, Na, Al, and Si elements (Figure 3c). The CMS showed an increase in C
peak height, as well as the peak at 2.1 keV, attributed to the N element, confirming the uptake of chitosan
on the MS (Figure 3d). Although the substitution of Al for Si in tetrahedron resulted in negative charges,
the amount of substitution in the MS is relatively small. The BET surface area was 636 and 637 m2/g,
the average pore size was 2.5 and 2.4 nm, and the pore volume was 0.35 and 0.35 cm3/g for MS and
CMS, respectively. The MS results agreed well with a previous study [14]. The uptake of chitosan on MS
resulted in a great increase in negative charges. Therefore, its uptake of Cd2+ was enhanced.

μ

  
 

 

 

 

 

 

 

−
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Figure 3. SEM images of MS (a) and CMS (b) and EDS images of MS (c) and CMS (d).

The X-ray diffraction (XRD) analyses before and after chitosan modification showed no change
in material phases or structure (Figure 4), suggesting that the uptake of chitosan was on the external
surfaces. The TGA showed slight different in mass loss (Figure 5). After chitosan modification, there
was 2% more mass loss, which could be attributed to mass loss by chitosan. The FTIR analyses showed
vibrations at 2850 and 2920 cm−1, attributed to the vibration of chitosan after modification (Figure 6).
All these results showed successful modification of MS by chitosan.
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Figure 4. XRD patterns of MS and CMS.
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3.3. Effect of Different Physicochemical Conditions on Cd2+ Removal by CMS

With an initial Cd2+ concentration of 100 µg/L, the Cd2+ uptake and removal varied with equilibrium
solution pH (Figure 7). When the solution pH increased from 4 to 7, the Cd2+ removal increases quickly
from 33.7% to 97.4%. This is mainly because of the fact that, in acid solutions, a high concentration of H
ions is in competitive adsorption against Cd2+ ions, which impacts the adsorbing effect of the adsorbent.
However, with further increase of solution pH beyond 7, the change in Cd2+ uptake did not change much
(Figure 7). Therefore, the optimal pH value for maximal Cd2+ removal was determined to be 7.

μ




μ μ
μ

μ − μ μ

Figure 7. Effect of equilibrium solution pH on Cd2+ uptake and removal.

The kinetics of Cd2+ removal by CMS of 2% modification is shown in Figure 8. Equilibrium
was able to be reached in 90 min. The data were fitted to several kinetic models, and the pseudo
second-order model fitted the data best (r2 = 0.98). This has the formula:

qt =
kq2

e t

1 + kqet
(1)

where k (g/µg-min) is the rate constant of adsorption, qe (µg/g) the amount of Cd2+ adsorbed at
equilibrium, and qt (µg/g) is the amount of Cd2+ adsorbed on the surface of the adsorbent at any time, t.
The fitted values are qe = 625 µg/g, k = 4.6 × 10−5 g/µg-min, and the rate constant is 17.8 µg/g-min.

μ




μ μ
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μ − μ μ

Figure 8. Kinetics of Cd2+ uptake and removal.

92



Materials 2017, 10, 1101

For the best application, the dosage of CMS was also evaluated. When the dosage of CMS was
increased from 0.1 to 0.2 g, the cadmium removal quickly increased from 82.1% to 98.1% (Figure 9).
The equilibrium Cd2+ was less than 2 µg/L, which meets the standard Cd2+ emission of 10 µg/L
prescribed in the Standards for Irrigation Water Quality (GB5084-2005) and the MCL and MCLG of
5 µg/L for ground water and drinking water set by USEPA.

μ μ

μ

μ
μ μ μ

Δ
Δ Δ

0

20

40

60

80

100

120

0

100

200

300

400

500

600

700

800

900

1000

0.1 0.2 0.3 0.4 0.5

C
d

2
+

 r
e
m

o
v
a
l 
(%

)

C
d

2
+

u
p

ta
k
e

 (
μg

/g
)

Amount CMS used (g/100 mL)

Cd2+ uptake 

% removal 

Figure 9. Effect of dosage of CMS on Cd2+ uptake and removal.

The isotherm of Cd2+ uptake was fitted to both the Langmuir and Freundlich models, and the
Langmuir model resulted in a much better fit for the experimental data, with a Cd2+ uptake capacity
of 1 mg/g (Figure 10 and Table 1). The Langmuir sorption isotherm has the form:

CS =
KLSmCL

1 + KLCL
(2)

where CS is the amount of Cd2+ adsorbed at equilibrium (µg/g), Sm the apparent sorption capacity
(µg/g), CL the equilibrium Cd2+ concentration (µg/L), and KL the Langmuir coefficient (L/µg).
The Freundlich isotherm has the formula:

CS = KFCn
L (3)

where KF, n, and Freundlich constants reflect the adsorption capacity and intensity, respectively.
The agreement with the Langmuir model suggested the monolayer adsorption of Cd2+ on CMS
surfaces, confirming the effectiveness of chitosan modification.

The Cd2+ uptake and removal by CMS was compared to that by MS without chitosan modification.
A reduction of almost 80 times in equilibrium Cd2+ concentration, or a 10-fold increase in Cd2+ uptake
was achieved by CMS in comparison to MS alone (Table 2).

Preliminary studies showed that the Cd2+ uptake and removal was endothermic with the ∆G,
∆H, and ∆S values of 7.4 kJ/mol, 50.6 kJ/mol, and 0.2 kJ/(mol·K), respectively.

The chitosan molecules have large amounts of amino and hydroxyl groups. These functional
groups could form complexation with divalent metal cations. Previous results showed that one Cu(II)
cation complexed with two amino and groups of chitosan [22]. The agreement of the pseudo-second
order kinetic data also pointed to chemisorption [18,19].
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Table 1. Langmuir and Freundlich parameters for Cd2+ uptake on CMS.

Langmuir Constant Freundlich Constant

Sm (µg/g) KL (L/µg) R2 logk 1/n R2

1000 25 0.9993 2.70 0.534 0.47

Table 2. Comparison of Cd2+ removal by MS and CMS.

Sample CL (µg/L) Removal (%) CS (µg/g)

MS 82.1 17.9 89.5
CMS 1.1 98.7 985

4. Conclusions

1. The optimal condition for the preparation of CMS was mixing 2% chitosan solution with MS for 2 h.
2. SEM and XRD results showed no change in crystal morphology of MS after modification.

However, the increase in C and N contents in EDS spectra, the increase in 2% of mass loss
in TGA analysis, and the presence of 2850 and 2920 cm−1 bands in FTIR analyses confirmed
chitosan uptake on MS after modification.

3. The static single factor experiment results showed that under the condition of room temperature,
pH of 7, vibration adsorption time of 90 min, and adsorbent dosage of 2 g/L, the Cd2+ removal
from simulated wastewater with an initial concentration of 100 µg/L was over 96% when using
CMS as the adsorbent, which meets the standard Cd2+ discharge prescribed in the Standards for
Irrigation Water Quality (GB5084-2005) and the MCL and MCLG for groundwater and drinking
water standards set by USEPA.

4. The adsorption process of lower concentration of Cd2+ in water by CMS fitted with the Langmuir
adsorption isotherm model well, with a saturated adsorption capacity of 1 mg/g.
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Abstract: Heterostructures based on ZnO-TiO2/delaminated montmorillonite coated with Ag have
been prepared by sol–gel and photoreduction procedures, varying the Ag and ZnO contents.
They have been thoroughly characterized by XRD, WDXRF, UV–Vis, and XPS spectroscopies,
and N2 adsorption, SEM, and TEM. In all cases, the montmorillonite was effectively delaminated
with the formation of TiO2 anatase particles anchored on the clay layer’s surface, yielding porous
materials with high surface areas. The structural and textural properties of the heterostructures
synthesized were unaffected by the ZnO incorporated. The photoreduction led to solids with
Ag nanoparticles decorating the surface. These materials were tested as photocatalysts for the
degradation of several emerging contaminants with different nitrogen-bearing chemical structures
under solar light. The catalysts yielded high rates of disappearance of the starting pollutants and
showed quite stable performance upon successive applications.

Keywords: ZnO-TiO2/delaminated montmorillonite; heterostructures; Ag-coating; solar photocatalytic
activity; water purification

1. Introduction

The development of porous heterostructures based on clay minerals (PCHs) has attracted
researchers specially to develop nanoporous materials with predesigned properties for catalytic
applications as an alternative to zeolites. In this context, pillared clays (PILCs) were the first studied
systems, being prepared by an intercalation of metal-oxopolycations (typically based on aluminum) and
subsequently submitted to thermal treatment to consolidate pillars of the metal oxide [1,2]. PILCs have
been studied as catalysts because they present high permanent porosity, where the distributed pillars
determine, in an ideal perspective, a two-dimensional channel system consisting of micropores
comparable to those of zeolites [3]. The possibility of using different types of pillaring agents as
well as layered clays of different origins allows for the preparation of PILCs with channels of variable
width and pillars of different nature, with potential applications as catalysts in different reactions [4].

Afterwards, new approaches were intended to create other porous clay-derived materials, such as
the one reported by Pinnavaia’s group called Porous Clay Heterostructures (PCHs) [5]. This method is
based on a templated synthesis where a surfactant and a cosurfactant are initially intercalated between
the clay layers, changing the hydrophobicity of the clay and creating micelles in the interlayer space.
Then, a silicon-alkoxide was incorporated and its further hydrolysis and polymerization was controlled
to occur around the micelles. Thus, the silica formed was templated by the micelle, generating silica
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pillars with a very well-ordered pattern. This methodology has been usually employed to prepare
mesoporous silica, with modulate and larger porosity than that achievable by common pillaring
strategies [6,7]. The interest of this approach has been extended to the preparation of PCHs involving
other atoms than Si, such as Al or Ti, which introduce other functional applications related to catalysis
and adsorption [8–10].

More recently, a new type of materials related to PILCs and PCHs has been prepared on the basis
of oxide nanoparticles (NPs) between delaminated clay sheets, which have been named Delaminated
Porous Clay Heterostructures (DPCHs) [11]. This approach uses an organoclay as starting material,
which is dispersed in an alcohol, allowing the expansion of the organoclay and the incorporation of
alkoxides. Later, the addition of controlled amounts of water provokes the heterocoagulation of the
expanded organoclay while the alkoxide is hydrolyzed, giving rise to NPs that remain assembled to the
clay network [12,13]. Earlier studies were made on SiO2- and SiO2-Al2O3 DPCHs [14], but this strategy
has been also applied to prepare TiO2-based DPCHs with photocatalytic applications [15,16].

The investigations on TiO2-based DPCHs as photocatalysts suggest that the clay can affect the
phase of the semiconductor, the size of the NPs formed, and the textural properties of the resulting
material. Recent works have demonstrated that the efficiency of these TiO2-DPCHs photocatalysts
can be improved by doping the TiO2 with transition metals or creating TiO2-ZnO heterojunctions
by a similar synthetic approach that anchors these semiconductors on a delaminated-clay [17–19].
These results confirm that the DPCHs’ synthesis can be successfully modulated to obtain photocatalysts
active for the degradation of different organic pollutants, with an improved visible absorption capacity
and quantum yield. Herein, we report the synthesis of a novel Ag/ZnO-TiO2/delaminated clay
combining the semiconductor properties of the TiO2-ZnO heterojunctions with the light absorption
properties of Ag and the porous texture of the delaminated clay. The main aim is to create photocatalysts
with enhanced efficiency towards the degradation of emerging contaminants under solar light.

Based on the literature, several clay-based photocatalysts have been reported using layered
montmorillonites and TiO2 as active phase. Most of them include TiO2-PILCs with high surface
areas, which have demonstrated high decolorization rates for model dyes under UV light. However,
these materials have the TiO2 hindering between the clay layers, being an important drawback for
their technological application [20]. In fact, the application of TiO2-PILCs for the photodegradation
of emerging contaminants is not so extended. In this context, different strategies are under study
to improve the efficiency of layered clay-based photocatalysts. They are mainly focused on the
improvement of the porosity by delaminating the structure, and the anchorage of other semiconductors,
such as ZnO, Bi2O3, silver halides, and other ternary oxides [20], being necessary to study the relation
between the semiconductors and clay materials for the photocatalytic reaction.

In this scenario, the DPCHs appear as a promising way to develop photocatalysts with high
efficiency. The identification and removal of these pollutants from water receives nowadays special
attention. So far, there is no discharge limitation or regulatory status and their effects on human health
and the environment are still under study. Among them, pharmaceuticals, pesticides, or personal care
products, which of extended world-wide use are appearing in many aquatic environments as well
as in wastewater treatment plants, where they are difficult to remove [21,22]. Different technologies
are currently under study for these water pollutants, one of them being photocatalysis. It is based on
the ability of a semiconductor material to generate electron–hole pairs induced by the absorption
of light with an energy greater than its band gap. These charges can be involved in redox reactions
allowing the oxidation of many organic molecules [23,24]. This technology appears as a promising
way to remove different pollutants because it opens the chance of using solar light as an energy source.
The current work focuses its attention on the degradation of pharmaceuticals (acetaminophen and
antipyrine) and pesticide (atrazine) as model emerging contaminants because of their frequent use by
the population and their impact on the environment [21].
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2. Experimental

2.1. Synthesis of Ag/ZnO-TiO2/Clay Materials

The preparation of Ag/ZnO-TiO2/clay materials follows the heterocoagulation procedure described
for TiO2-DPCHs in the literature [16,19]. Summarizing, 1 g of a commercial organo-montmorillonite
(Cloisite® 30B supplied by Southern Clay Products, Gonzales, TX, USA) was dispersed in 10 mL of
2-propanol (Panreac, Castellar del Vallès, Spain) under stirring at 50 ◦C for 24 h. A solution of titanium
(IV) isopropoxide (Sigma Aldrich, St. Louis, MO, USA) in 2-propanol (70% v/v) was slowly added to
the clay suspension under stirring, fixing the TiO2/clay weight ratio at 2/1. After 15 min, an aqueous
solution of zinc acetate dihydrate (Sigma Aldrich, St. Louis, MO, USA) was added dropwise to the
slurry, varying the amount of zinc acetate to obtain ZnO-TiO2 ratios from 0 to 2% (w/w). The mixture
was kept at 50 ◦C under stirring until a gel was formed due to the sol–gel transition of the titanium
precursor. The gel was first dried at 60 ◦C for 24 h and the resulting solid was annealed in air at
500 ◦C for 4 h (with a 5 ◦C min−1 heating rate), thus removing the organic compounds coming from the
organo-montmorillonite and the metal precursors. By this way, several ZnO-TiO2/delaminated clay solids
were prepared.

The incorporation of silver particles was carried out by photoreduction [25]. The appropriate amount
of the ZnO-TiO2/delaminated clay previously prepared was added to 50 mL of ethanol solution of AgNO3,
maintaining magnetic stirring for 30 min to ensure the adsorption of the Ag+ ions on the solid surface.
The suspension was further irradiated at 25 ◦C with a commercial UV lamp (TecnoLite G15T8, 214 nm, 17 W,
Jalisco, Mexico) for 1 h under stirring. Afterwards, the solid was separated by filtration and dried for 18 h at
100 ◦C. The silver amount was adjusted to 1 and 3 wt % Ag. The final delaminated montmorillonite-coated
materials were labeled 1C2T-ZnX-AgY, being X the amount of ZnO incorporated (0.5, 1, 2 wt %) and Y the
silver amount deposited (1 and 3 wt %). The solid without ZnO (0 wt % used as reference) was named
1C2T-Ag1 following the same label as that in our previous works [16–18].

2.2. Characterization of the Solids

The crystal structure of the samples was analyzed with a Bruker D8 diffractometer (Billerica, MA,
USA) equipped with a Sol-X energy dispersive detector to obtain the X-ray diffraction (XRD) patterns.
Cu Kα radiation in the 2θ range of 2◦–70◦ with a scanning rate of 1.5◦ min−1 was used. The average
crystal size (D) was estimated from the (101) diffraction peak of the anatase phase, the most intense
peak, using Scherrer’s equation. Wavelength-dispersive X-ray fluorescence spectrometry (WDXRF)
was used to determine quantitatively the chemical composition (major and trace elements) of the
samples prepared using S8 Tiger Bruker equipment (Billerica, MA, USA). The porous texture of the
samples was characterized by N2 adsorption-desorption at −196 ◦C using a Micromeritics TriStar 123
apparatus (Norcross, GA, USA). The samples were previously outgassed under vacuum at 150 ◦C for
at least 8 h. The total surface area (SBET) was quantified by the BET method [26], while the external or
nonmicroporous surface area (SEXT) and the micropore volume (VMP) were estimated using the t-plot
method [27]. Finally, the total pore volume (VT) was calculated from the amount of nitrogen (as liquid)
adsorbed at a relative pressure of 0.99.

The band gap values were obtained from the UV–vis diffuse reflectance spectra (DRS) carried
out on a Shimadzu UV–vis spectrophotometer (model UV-2600, Tokyo, Japan), with an integrating
sphere in the 200–900 nm region, using BaSO4 as reference material and the Tauc Plot standard
procedure [28]. The representation of (F(R) × hυ)1/2 versus hυ (eV) yields a graph with a linear
region whose extrapolation to the x axis gives the band gap value. X-Ray photoelectron spectroscopy
(XPS) was used to study the surface composition of the catalysts. The XPS spectra were recorded on
a K-Alpha-Thermo Scientific spectrometer (Waltham, MA, USA) using Al Kα X-ray (1486.68 eV) as
the excitation source. Binding energies corresponding to Ag 3d, Zn 2p, Ti 2p, and O 1s electrons were
obtained using as reference the C 1s line, which was taken as 284.6 eV. The fitting of the XPS signals was
made by the least-squares method using peaks with Gaussian–Lorentzian shapes. Scanning electron
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microscopy (SEM, Hitachi S4800, Tokyo, Japan) using secondary electron (SE) and backscattered
electron (BSE) detectors was employed for the analysis of the morphology and particle size of the
photocatalysts. The transmission electron microscopy (TEM) images were obtained with a TEM 200 kV,
Tecnai G220 from FEI COMPANY (Hillsboro, OR, USA) at an accelerating voltage of 200 kV.

2.3. Photocatalytic Experiments

The photocatalytic degradation tests were performed using antipyrine (phenazone), acetaminophen
(paracetamol), or atrazine (Pestanal®) as model compounds. Their respective chemical structures can be
seen in Figure S1 of the Electronic Supplementary Information (ESI). The reactions were carried out in
500 mL Pyrex glass reactors (Panreac, Castellar del Vallès, Spain), with two different ports for sampling
and flowing air (50 mL min−1), under vigorous magnetic stirring. For the tests, these glass reactors
were introduced inside a Suntest solar simulator (Suntest XLS+ photoreactor, ATLAS, Mount Prospect,
IL, USA) equipped with a 765–250 W m−2 Xe lamp which simulates solar radiation. More details of
the photocatalytic reaction system are given elsewhere [16]. In a typical experiment, 250 mg L−1 of
catalyst (Ag/ZnO-TiO2/clay) were added to 200 mL aqueous solution containing 5 mg L−1 of the
corresponding target compound. Before the photocatalytic reaction, the solution was stirred in dark
overnight to achieve an adsorption equilibrium. After that, the suspension was exposed to solar irradiation
for 6 h. The irradiation intensity was fixed at 450 W m−2, and the reaction temperature was monitored to
achieve a constant value of 38 ± 1 ◦C. At given time intervals, 8 mL of the suspension were withdrawn and
the photocatalyst was removed by filtration using nylon fiber filters (0.45 µm, Tecknokroma, Sant Cugat del
Vallès, Spain). The liquid phase was analyzed by HPLC using a Varian Pro-Start 410 with a UV–vis detector
(ProStart 325, Palo Alto, CA, USA) and a reversed phase C18 column (Agilent Technologies, Santa Clara,
CA, USA). A mixture of acetonitrile/acetic acid 0.1% v/v (gradient method: 10/90–40/60% (0–18 min)) was
used as the mobile phase, with a constant flow of 0.35 mL min−1. The wavelength used for the detection
of each compound was 256, 246, and 270 nm (antipyrine, acetaminophen, and atrazine, respectively).

3. Results and Discussion

3.1. Characterization of ZnO-TiO2/Delaminated Montmorillonite Coated with Ag

When the organo-montmorillonite is dispersed in an alcoholic medium it expands, favoring the
intercalation of the titanium precursor. Therefore, the subsequent hydrolysis and condensation upon
water addition occur between the clay layers, giving rise to the clay delamination. This procedure
has been previously reported for several titania and doped-titania solids [16–18], being a simple and
reproducible way to synthesize delaminated porous clay heterostructures. The delamination suffered
by the organo-montmorillonite is seen in the X-ray diffractograms depicted in Figure 1. The raw
organo-montmorillonite shows a very intense (001) reflection peak at 1.8 nm (characteristic of this
organoclay) that disappears after the incorporation of the titania phase (see 1C2T-Ag1 sample). The lack
of the (001) reflection comes with the loss of other (001) reflections, indicating that the montmorillonite
sheets are disordered in the c-direction, which can be then associated to its delamination. However,
at the same time, it maintained the characteristic layered structure, since the other reflections remained
unchanged. This trend was maintained when adding ZnO to the synthesis mixture, so that all of the
solids prepared can be described as delaminated clay heterostructures.
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Figure 1. XRD patterns of the starting Cloisite 30B organo-montmorillonite and the synthesized materials.

It is also noteworthy in Figure 1 that all of the samples depict the characteristic reflection peaks
of the anatase phase (JCPDS-78-2486), located at 25.5◦, 37.8◦, 48.1◦, 53.9◦, 55.2◦, 62.9◦, and 68.8◦

2θ values. There is not any other peak that can be related to the crystallization of other phases,
neither from titanium nor from zinc. In addition, the coating with silver particles did not yield any
reflection peak typical of Ag0 crystals (38.1◦ and 44.2◦ 2θ values), not even in the solid 1C2T-Zn2-Ag3
with the highest amount of silver. This effect can be associated to the low crystallinity of the silver
particles, which is below the detection limits of this technique, and to the high monodispersing of
the Ag nanoparticles as will be shown later by TEM characterization. The average crystal size of the
anatase phase (D) was estimated by Scherer’s equation from the (101) reflection peak. The values are
collected in Table 1. With the exception of 1C2T-Zn1-Ag1, the solids yielded similar values (ca. 13 nm),
consistent with the anatase size reported previously for the 1C2T heterostructure [16]. This difference
can be associated to some small changes in the sol-gel transition caused by the addition of an acid
zinc precursor. Usually, the addition of acid during a sol-gel process accelerates the hydrolysis of the
alkoxide, changing the subsequent polymerization, which can affect the final crystallization of the
titanium oxide [29].

Table 1. Average crystal size of anatase phase (D), chemical composition (wt %), and ZnO/TiO2 ratio
of the solids synthesized.

Sample D (nm) TiO2 ZnO Ag ZnO/TiO2

1C2T-Ag1 12.4 74.30 0.00 1.13 n.d.
1C2T-Zn05-Ag1 13.4 72.70 0.26 0.91 0.36
1C2T-Zn1-Ag1 15.4 71.50 0.49 1.18 0.69
1C2T-Zn2-Ag1 14.0 70.00 1.03 1.17 1.47
1C2T-Zn2-Ag3 13.7 69.80 0.95 2.38 1.36

n.d. not detected.
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The delamination of the montmorillonite and anatase crystallization yields to the fixation of the
TiO2 and ZnO, whose percentages are shown in Table 1. The composition of the solids is collected
in Table S1 of ESI, where can be seen the SiO2, Al2O3, MgO, and Fe2O3 contents characteristic of the
original cloisite [14]. As expected, when the amount of ZnO increases, the relative amount of TiO2

decreases. So, for a better comparison, the ratio between the ZnO and TiO2 has been calculated and
the results are given in Table 1. These values are close to the theoretical contents estimated during
the synthesis process, confirming that the methodology used allows the appropriate control of the
amount of ZnO and TiO2 incorporated. In this regard, we should point out that although the presence
of ZnO cannot be detected by XRD, because of the low amounts incorporated, the chemical analyses
demonstrate that the solids have the desired ZnO contents. All solids have been successfully coated
with the expected amount of Ag (1 wt %), except the 1C2T-Zn2-Ag3 that shows 2.4% of Ag instead
of the 3% estimated. Since the incorporation of Ag particles first involves a saturation of the solid
surface with Ag+ followed by photoreduction and a final washing step, most probably the surface of
the 1C2T-Zn2-Ag3 heterostructure was saturated with the amount fixed and the excess was removed
upon the final washing.

Figure 2 represents the N2 adsorption-desorption isotherms obtained at −196 ◦C of the different
samples, including the Cloisite 30B used as starting organoclay. The isotherms have been separated
in order to show more clearly the changes of the porous texture upon the different stages of the
synthesis. Cloisite 30B shows a type II isotherm of the UIPAC classification, characteristic of nonporous
or macroporous solids [30]. It presents an H3 hysteresis loop associated to the nonrigid aggregates of
plate-like particles (e.g., clay materials) [29]. The 1C2T heterostructure has been included as a reference.
It shows a fairly different porous texture due to the delamination caused by the introduction of
TiO2 between the clay layers. It displays a combination of type I and II isotherms also with an H3
hysteresis loop quite common in layered clay-derived materials such as PILCs and DPCHs [3,31].
This kind of isotherm is typical of a widely distributed porous texture with a contribution of micro-,
meso-, and macropores due to the “house-of cards” distribution of the plate-like particles [32,33].
The addition of 1% of Ag (see 1C2T-Ag1 isotherm) results in a slight decrease of the amount of N2

adsorbed, probably due to a partial pore blockage by Ag particles. Increasing the ZnO content leads to
higher amounts of N2 adsorbed at a low relative pressure, indicative of a higher micropore volume.
This trend can be also related to changes on the sol–gel transition because of the acidity of the zinc
precursor. Finally, increasing the Ag incorporated from 1 to 3% decreased the amount of N2 adsorbed.
As indicated before, this can be associated to a partial pore blockage by the Ag particles coating on the
surface of 1C2T-Zn2.

−

 

−Figure 2. N2 adsorption-desorption at −196 ◦C of the solids.
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Table 2 summarizes the characterization of the porous texture of the solids. It confirms the
significant increase of the specific surface area (SBET) of the 1C2T heterostructure with respect to
the starting organo-montmorillonite, due to its delamination, which makes accessible both the
inner and outer surface of the clay layers [16]. The surface area values are within those previously
reported for this kind of DPCH [14,16]. The incorporation of a higher ZnO amount yields a different
porous development, as indicated by the increasing values of surface areas and pore volumes
(1C2T-Zn0.5-Ag1 < 1C2T-Zn1-Ag1 < 1C2T-Zn2-Ag1). This fact could be associated to the generation
of a more disordered porous network, probably related to the different heterocoagulation process
occurring upon the sol-gel transition, as indicated before. Regarding Ag incorporation, the values of
the surface areas and pore volumes of the corresponding solids confirm the aforementioned partial
blockage of porosity by the Ag particles.

Table 2. Characterization of the porous texture and band gap values of the solids.

Sample SBET (m2 g−1) SEXT (m2 g−1) VMP (cm3 g−1) VT (cm3 g−1) Band Gap (eV)

Cloisite 11 11 n.d. 0.085 n.d.
1C2T 182 152 0.016 0.275 3.21

1C2T-Ag1 173 127 0.021 0.270 3.25
1C2T-Zn0.5-Ag1 144 74 0.033 0.179 3.20
1C2T-Zn1-Ag1 162 83 0.037 0.222 3.20
1C2T-Zn2-Ag1 200 109 0.043 0.316 3.23
1C2T-Zn2-Ag3 138 98 0.018 0.285 3.29

n.d. not detected.

The DRS-UV–visible spectra of the samples (Figure 3A) show that the characteristic band in the
UV region is below 360 nm from the charge transference of TiO2, with the absorption edge around
380 nm [34,35]. These profiles also display an absorption shoulder in the visible region, with a maximum
at 480 nm, that could be associated to the surface plasmon absorption characteristic of the Ag0 particles
coating on the solid surface [36]. This absorption shoulder clearly differs according to the ZnO content of
the solid, resulting in a sharper absorption in the visible region when the ZnO increases from 0.5 to 2%.
This effect suggests a certain type of interaction between the ZnO and the Ag incorporated. Moreover,
increasing the silver content from 1 to 3% results in a broader absorption in the visible region, now with the
maximum at 510 nm, due to the surface plasmon of the higher silver content. The band gap values (Table 2)
were estimated by the Tauc Plot approximation (Figure 3B) considering that these materials are indirect
semiconductors as TiO2 (their main component) [37]. All of the heterostructures yielded band gap values
that were very close together, around 3.2–3.3 eV, without important changes due to the incorporation of
the ZnO because both semiconductors, TiO2 and ZnO, are characterized by energy band gap values of
3.2 and 3.2–3.4 eV, respectively. Unlike in some other work [38], here the heterojunction made in these
solids between TiO2 and ZnO did not modify the energy band structure of the final heterostructures.

103



Materials 2017, 10, 960

240 320 400 480 560 640 720 800

 1C2T-Ag1

 1C2T-Zn05-Ag1

 1C2T-Zn1-Ag1

 1C2T-Zn2-Ag1

 1C2T-Zn2-Ag3

 

A
b

so
r
b

a
n

c
e
 (

a
.u

.)

Wavelength (nm)

A)

3.0 3.2 3.4 3.6 3.8 4.0 4.2

B)

 1C2T-Ag1

 1C2T-Zn05-Ag1

 1C2T-Zn1-Ag1

 1C2T-Zn2-Ag1

 1C2T-Zn2-Ag3

3.29 eV

(F
(R

) 
*

 h
)

1
/2
  

 (
eV

1
/2
)

Photon Energy (h) (eV)

3.20 eV

Figure 3. DRS-UV–visible spectra (A) and the Tauc Plot (B) of the solids.

The surface composition of the heterostructures was studied by XPS. Figure 4 displays the
deconvoluted spectra of the Ag 3d, Zn 2p, Ti 2p, and O 1s regions for the 1C2T-Zn0.5-Ag1 and
1C2T-Zn2-Ag3 solids. The Ag 3d region of the XPS spectra of the samples shows a doublet
corresponding to Ag 3d5/2 and Ag 3d3/2. The Ag 3d5/2 peaks located at 368.2 and 368.0 eV for
1C2T-Zn0.5-Ag1 and 1C2T-Zn2-Ag3, respectively, are related to the presence of Ag0, while the Ag 3d5/2
peaks at 367.4 eV and 367.3 eV for both solids can be attributed to Ag+ [39–41]. The relative proportions
of Ag species of the two solids are given in Table 3, being quite similar for both. The presence of Ag0

particles corroborates the visible absorption, being more evident in the 1C2T-Zn2-Ag3 solid because
of its higher Ag content. The similar Ag+/Ag0 ratio is noticeable in spite of the different amounts of
Ag (2.4% vs. 1.7% as measured by WDXRF). Although the photoreduction procedure used allows
us to coat a solid surface with Ag0 [24], the photosensitivity of this specie can result in its oxidation
to Ag+, which occurs on the surface in a considerably higher proportion [38]. The deconvolution of
the Zn 2p3/2 profile yielded a peak centered at 1021.4 eV, confirming the presence of Zn2+ in both
solids [42]. The peak positions of the Ti 2p region, at 464.0 and 458.4 eV, correspond to Ti 2p1/2 and
Ti 2p3/2, in agreement with the presence of Ti4+ [43]. The deconvolution of O 1s confirmed the presence
of oxygen in different chemical states [44,45]. Two main bands centered at binding energy values
around 429.5 and 431.4 eV were observed in all cases, which can be attributed to Ag2O and TiO2 or
ZnO, respectively.
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Figure 4. XPS profiles (and their deconvolution) of 1C2T-0.5Zn-1Ag and 1C2T-2Zn-3Ag for: (A) Ag;
(B) Zn; (C) Ti; and (D) O elements.

Table 3. Surface silver composition (estimated from XPS spectra) of 1C2T-Zn0.5-Ag1 and 1C2T-Zn2-Ag3.

Sample Ag+ (%) Ag0 (%) Ag+/Ag0

1C2T-Zn0.5-Ag1 69.5 30.5 2.3
1C2T-Zn2-Ag3 68.5 31.5 2.2
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Figure 5 shows SEM micrographs of 1C2T-Zn0.5-Ag1 (A and B) and 1C2T-Zn2-Ag3 (C and D)
samples observed in secondary (A and C) and back-scattered electrons (B and D). Back-scattered
detectors (BSD) provide a much higher mass contrast, therefore the Ag nanoparticles (Ag NPs) appear
brighter than the porous support. The images show the presence of the disordered montmorillonite
layers, supporting the proper delamination. Furthermore, spongy material can be also observed
(Figure 5C) that can be associated to the TiO2 phase (with its respective lower amount of ZnO)
incorporated between the clay layers. Ag nanoparticles can be observed even in the secondary SEM
images (Figure 5A), although they are much more clearly observed in the BSD ones.

 

A B 

C D 

Cloisite 

Layers 
Ag Ag 

Cloisite 

Layers 

TiO2 

Figure 5. SEM micrographs of 1C2T-Zn0.5-Ag1 (A,B) and 1C2T-Zn2-Ag3 (C,D), observed in secondary
(A,C) and back-scattered electrons (B,D).

Figure 6 displays some TEM images of 1C2T-Zn0.5-Ag1 (A and B) and 1C2T-Zn2-Ag3 (C and D).
Figure 6A shows clearly the presence of different montmorillonite layers surrounded by the TiO2 phase.
These TEM images show also silver nanoparticles (~20 nm) deposited on the TiO2. Figure 7 depicts
an additional TEM image of 1C2T-Zn2-Ag3 and a magnification of a TiO2 particle (12.6 nm in size),
where the lattice space shows a value of approximately 0.35 nm, consistent with that of the anatase
phase of TiO2 [46]. The TiO2 particles in the samples analyzed show sizes between 10 and 15 nm
(Figure 7A). Figure 8 represents the size distribution of the Ag nanoparticles of 1C2T-Zn0.5-Ag1 (A)
and 1C2T-Zn2-Ag3 (B). Both distributions are monodisperse, being the larger particles close to
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70 nm. The mean Ag particle sizes are 31.3 and 21.8 nm for 1C2T-Zn0.5-Ag1 and of 1C2T-Zn2-Ag3,
respectively. Some type of interaction between Ag particles and ZnO could favor the higher dispersion
of 1C2T-Zn2-Ag3 interaction, as suggested before, from the radiation absorption in the visible region.

A B 

D C 

Cloisite 

Layers

Ag NPs 
TiO2 

Ag NPs 

Cloisite 

Layers 

Figure 6. TEM images of 1C2T-Zn0.5-Ag1 (A,B) and 1C2T-Zn2-Ag3 (C,D). NPs, nanoparticles.

0.35 nm 
B 

A 

Figure 7. TEM image of 1C2T-Zn2-Ag3 (A) and magnification of a TiO2 particle (B).
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Figure 8. Size distribution of the Ag nanoparticles of 1C2T-Zn0.5-Ag1 (A) and 1C2T-Zn2-Ag3 (B).

3.2. Photocatalytic Activity

The photocatalytic activity of the delaminated heterostructures was firstly analyzed for the
photodegradation of antipyrine (a model emerging pollutant studied in our previous works [18,19])
under solar light. Prior to the photocatalytic experiments, the adsorption capacity of these materials
was checked in dark, showing a low antipyrine adsorption. These results were further used to adjust
the initial concentration of the target compound in each photocatalytic test. Experiments in the absence
of photocatalyst were also carried out, and it was found that noncatalytic photolysis can be neglected,
showing the stability of antipyrine (Figure 9) under solar irradiation.

The evolution of the antipyrine concentration upon irradiation time with all of the Ag/ZnO-TiO2

delaminated clay heterostructures is displayed in Figure 9. The photocatalyst 1C2T-Zn0.5-Ag1
degraded nearly 95% of the antipyrine after 360 min, showing higher photocatalytic activity than the
1C2T-Ag1 and the other catalysts with a higher ZnO concentration. The degradation curves were
fitted to a pseudo-first-order rate equation, and the resulting values of the kinetic constant (k) are
summarized in Table S2 of the ESI. 1C2T-Zn0.5-Ag1 yielded to the highest k value (9.1 × 103 min−1),
and higher amounts of ZnO did not improve the photocatalytic efficiency, resulting in lower values
from 6.5 × 103 to 7 × 103 min−1. These values were even higher than those described for similar DPCHs
without an Ag coating [19]. Regarding the effect of Ag content, 1C2T-Zn2-Ag1 and 1C2T-Zn2-Ag3
showed similar photocatalytic activity, with almost the same rate constant value (6.9 × 103 min−1).
Although it was discussed above that the visible absorption of 1C2T-Zn2-Ag3 shifted to higher
wavelengths (ca. to 510 nm), that did not cause a positive effect on the photodegradation of antipyrine
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compared with 1C2T-Zn2-Ag1. Although the characterization of the catalysts indicated that the
structural and textural properties of the Ag/ZnO-TiO2 delaminated clay heterostructures were
similar, the heterojunction between TiO2-0.5ZnO and the coating with 1 wt % of Ag gave rise to
the best photoefficiency, enhancing the separation of the photogenerated charges and avoiding their
recombination. Therefore, this photocatalyst and that with the highest ZnO and Ag contents were
used for further studies with the other emerging pollutants.
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Figure 9. Antipyrine decay upon solar irradiation with the catalysts tested: [Ant]0 = 5 mg L−1;
[cat] = 250 mg L−1; W = 450 W m−2; T = 38 ± 1 ◦C.

A nitrogenated pharmaceutical compound (acetaminophen) and a nitrochlorinated herbicide
(atrazine) were also used to test the photocatalytic activity of the materials tested. The chemical
structure of antipyrine is derived from pyrazole, a five-membered aromatic heterocyclic containing
two nitrogen atoms in contiguous positions, whereas acetaminophen is a p-aminophenol and atrazine
contains a chlorinated s-triazine ring. The stability under solar irradiation was firstly checked
without photocatalyst (Figure 10), confirming the absence of noncatalytic photolysis. Furthermore,
the adsorption capacity of the catalysts was checked for 18 h in dark, showing a low adsorption
towards the two contaminants (<5% for acetaminophen and 14% for atrazine). Figure 10 displays the
evolution of acetaminophen and atrazine concentrations upon reaction time with the catalysts tested.
It can be seen that the highest photocatalytic activity belongs to 1C2T-Zn0.5-Ag1, reaching 92 and 89%
degradation of atrazine and acetaminophen after 240 min, and around 96% and complete conversion
after 360 min, respectively. Similar photocatalytic activity was found for antipyrine degradation
with this catalyst, resulting in similar rate constants for the three contaminants (Table S2 of the ESI).
Therefore, the nitrogenated ring structure of the compounds does not cause any noticeable effect
on the 1C2T-Zn0.5-Ag1’s photoefficiency under solar light. Nevertheless, the lower activity of the
1C2T-Zn2-Ag3 photocatalyst made clearer the effect of the chemical structure of the contaminants,
resulting in the following sequence of degradation rates: antipyrine > acetaminophen > atrazine.
This suggests that the pyrazole structure of antipyrine found it easier to interact with the radicals
generated during the photocatalytic reaction than did the aminophenol structure of acetaminophen,
and much more than the s-triazine ring structure of atrazine. Thus, the influence of the nitrogenated
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ring structure on the efficiency of the photocatalytic process is noteworthy, but only when a less active
photocatalyst is used, since the 1C2T-Zn0.5-Ag1 heterostructure performed efficiently as photocatalyst
with the three target compounds tested.
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Figure 10. Evolution of the concentration of antipyrine, acetaminophen, and atrazine upon solar
irradiation time with 1C2T-Zn0.5-Ag1 and 1C2T-Zn2-Ag3.

A complementary study was performed to learn about the reusability of the Ag/ZnO-TiO2

delaminated clay heterostructures that were synthetized. With this aim, a sequence of three cycles of
photocatalytic degradation under solar irradiation during 6 h were carried out using acetaminophen
as the target compound and the most active photocatalyst (1C2T-Zn0.5-Ag1). The operating conditions
were maintained as in the previously described experiments, and before each run the catalyst was
thoroughly washed with water and dried for 1 h at 60 ◦C. Figure 11 shows the photodegradation
percentages reached in the three successive cycles. The photocatalytic activity remained almost
unchanged, reaching about 90% degradation. These materials have also the advantage that they can
be easily removed from the aqueous solution, showing a fast decantation rate compared with the
conventional photocatalysts used as powders.
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Figure 11. Reutilization test of 1C2T-Zn0.5-Ag1 for the photocatalytic degradation of acetaminophen
during three successive runs.
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4. Conclusions

Novel heterostructures based on a ZnO-TiO2/delaminated montmorillonite coated with Ag
nanoparticles, with different ZnO and Ag loads, were successfully synthesized by sol-gel and
further photoreduction. The structural characterization revealed, in all cases, the delamination of the
montmorillonite and the crystallization of TiO2 anatase anchored on the surface of the clay layers.
The fixation of ZnO and Ag was confirmed by chemical analyses and XPS, although without the
formation of any crystallized phase. The resulting heterostructures exhibited high surface areas
with a contribution from both micro- and mesopores. The surface characterization revealed the
presence of silver as both Ag+ and Ag0 at surface concentrations, and the relative amounts were
unchanged regardless of the total amount coated. The presence of silver nanoparticles induced the
light absorption of the solids in the visible region. These Ag particles displayed an average size of
25–30 nm, showing monodisperse size distributions. All of these heterostructures were effective for the
photodegradation of antipyrine under solar light, being 1C2T-Zn0.5-Ag1 the most active. Its efficiency
was similar for the three different chemical structures tested as model emerging contaminants
(antipyrine, acetaminophen, and atrazine, this last containing also chlorine). The most active catalyst
(1C2T-Zn0.5-Ag1) was tested in three successive runs, showing almost unaltered performance.

Supplementary Materials: The following are available online at www.mdpi.com/1996-1944/10/8/960/s1.
The supplementary material includes: Table S1: Chemical analyses (wt %) of heterostructures, referred to ignited
solids (0% water); Table S2: Values of the rate constant for antipyrine, acetaminophen, and atrazine degradation
for the Ag/ZnO-TiO2 delaminated clay heterostructures; Figure S1: Chemical structure of the pharmaceuticals
and herbicide used as model of emerging contaminants.

Acknowledgments: The authors acknowledge the financial support from Spanish MINECO (project CTQ2016-78576-R).
Carolina Belver is indebted to the MINECO for a Ramon y Cajal postdoctoral contract. Thanks to Gamarra and the
SAIUEx service for the WDXRF, XPS, and TEM characterization.

Author Contributions: Carolina Belver conceived and designed the experiments; Carolina Belver, Mariana Hinojosa,
Jorge Bedia, Montserrat Tobajas, and Maria Ariadna Alvarez performed the experiments; Carolina Belver, Jorge Bedia,
Montserrat Tobajas, and Maria Ariadna Alvarez analyzed the data and wrote the manuscript; Mariana Hinojosa
and Vicente Rodríguez-González contributed reagents/materials/synthesis tools; and Juan Jose Rodriguez and
Vicente Rodríguez-González revised/discussed the paper.

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.

References

1. Brindley, G.W.; Sempels, R.E. Preparation and properties of some hydroxy-aluminum beidellites. Clay Miner.

1977, 12, 229–237. [CrossRef]
2. Lahav, N.; Shani, U.; Shabtai, J. Cross-linked smectites. I. Synthesis and properties of hydroxy-aluminum

montmorillonite. Clays Clay Miner. 1978, 26, 107–115. [CrossRef]
3. Gil, A.; Korili, S.A.; Vicente, M.A. Recent advances in the control and characterization of the porous structure

of pillared clay catalysts. Catal. Rev. 2008, 50, 153–221. [CrossRef]
4. Gil, A.; Korili, S.A.; Trujillano, R.; Vicente, M.A. Pillared Clays and Related Catalysts, 1st ed.; Springer: New York,

NY, USA, 2010; ISBN 978-1-44196670-4.
5. Galarneau, A.; Barodawalla, A.; Pinnavaia, T.J. Porous clay heterostructures formed by gallery-templated

synthesis. Nature 1995, 374, 529–531. [CrossRef]
6. Galarneau, A.; Barodawalla, A.; Pinnavaia, T.J. Porous clay heterostructures (PCH) as acid catalysts. Chem. Commun.

1997, 1661–1662. [CrossRef]
7. Polverejan, M.; Pauly, T.R.; Pinnavaia, T.J. Acidic porous clay heterostructures (PCN): Intragallery assembly

of mesoporous silica in synthetic saponite clays. Chem. Mater. 2000, 12, 2698–2704. [CrossRef]
8. Chmielarz, L.; Kustrowski, P.; Dziembaj, R.; Cool, P.; Vansant, E.F. Selective catalytic reduction of NO with

ammonia over porous clay heterostructures modified with copper and iron species. Catal. Today 2007, 119,
181–186. [CrossRef]

111



Materials 2017, 10, 960

9. Tchinda, A.J.; Ngameni, E.; Kenfack, I.T.; Walkarius, A. One-Step preparation of thiol-functionalized
porous clay heterostructures: Application to Hg(II) binding and characterization of mass transport issues.
Chem. Mater. 2009, 21, 4111–4121. [CrossRef]

10. Qu, F.; Zhu, L.; Yang, K. Adsorption behaviors of volatile organic compounds (VOCs) on porous clay
heterostructures (PCH). J. Hazard. Mater. 2009, 170, 7–12. [CrossRef] [PubMed]

11. Aranda, P.; Belver, C.; Ruiz-Hitzky, E. Inorganic heterostructured materials based on clay mineral. In Materials

and Clay Minerals, 1st ed.; Drummy, L.F., Ogawa, M., Aranda, P., Eds.; CMS Workshop Lectures; The Clay
Minerals Society: Chantilly, VA, USA, 2013; Volume 18, pp. 21–40. [CrossRef]

12. Letaïef, S.; Ruiz-Hitzky, E. Silica-clay nanocomposites. Chem. Commun. 2003, 2996–2997. [CrossRef]
13. Letaïef, S.; Martín-Luengo, M.A.; Aranda, P.; Ruiz-Hitky, E. A colloidal route for delamination of layered

solids: Novel porous-clay nanocomposites. Adv. Funct. Mater. 2006, 16, 401–409. [CrossRef]
14. Belver, C.; Aranda, P.; Martín-Luengo, M.A.; Ruiz-Hitzky, E. New silica/alumina-clay heterostructures:

Properties as acid catalysts. Microporous Mesoporous Mater. 2012, 147, 157–166. [CrossRef]
15. Manova, E.; Aranda, P.; Martín-Luengo, M.A.; Letaief, S.; Ruiz-Hitzky, E. New titania-clay nanostructured

porous materials. Microporous Mesoporous Mater. 2010, 131, 252–260. [CrossRef]
16. Belver, C.; Bedia, J.; Rodriguez, J.J. Titania-clay heterostructures with solar photocatalytic applications.

Appl. Catal. B Environ. 2015, 176–177, 278–287. [CrossRef]
17. Belver, C.; Bedia, J.; Álvarez-Montero, M.A.; Rodriguez, J.J. Solar photocatalytic purification of water with

Ce-doped TiO2/clay heterostructures. Catal. Today 2016, 266, 36–45. [CrossRef]
18. Belver, C.; Bedia, J.; Rodriguez, J.J. Zr-doped TiO2 supported on delaminated clay materials for solar

photocatalytic treatment of emerging pollutants. J. Hazard. Mater. 2017, 322, 233–242. [CrossRef] [PubMed]
19. Tobajas, M.; Belver, C.; Rodriguez, J.J. Degradation of emerging pollutants in water under solar irradiation

using novel TiO2-ZnO/clay nanoarchitectures. Chem. Eng. J. 2017, 309, 596–606. [CrossRef]
20. Liu, J.; Zhang, G. Recent advances in synthesis and applications of clay-based photocatalysts: A review.

Phys. Chem. Chem. Phys. 2014, 16, 8178–8192. [CrossRef] [PubMed]
21. Richardson, S.D.; Ternes, T.A. Water analysis: Emerging contaminants and current issues. Anal. Chem. 2011,

83, 4614–4648. [CrossRef] [PubMed]
22. Pal, A.; Gin, K.Y.-H.; Lin, A.Y.-C.; Reinhard, M. Impacts of emerging contaminants on freshwater resources:

Review of recent occurrences, sources, fate and effects. Sci. Total Environ. 2010, 408, 6062–6069. [CrossRef]
[PubMed]

23. Hoffmann, M.R.; Martin, S.T.; Choi, W.; Bahnemann, D.W. Environmental applications of semiconductor
photocatalysis. Chem. Rev. 1995, 95, 69–96. [CrossRef]

24. Mills, A.; Le Hunte, S. An overview of semiconductor photocatalysis. J. Photochem. Photobiol. A 1997, 108,
1–35. [CrossRef]

25. Hernández-Gordillo, A.; Rodríguez-González, V. Silver nanoparticles loaded on Cu-doped TiO2 for the
effective reduction of nitro-aromatic contaminants. Chem. Eng. J. 2015, 261, 53–59. [CrossRef]

26. Brunauer, S.; Emmett, P.H.; Teller, E. Adsorption of Gases in Multimolecular Layers. J. Am. Chem. Soc. 1938,
60, 309–319. [CrossRef]

27. Lippens, B.C.; de Boer, J.H. Studies on pore systems in catalysts: V. The t method. J. Catal. 1965, 4, 319–323.
[CrossRef]

28. Tauc, J. Absorption edge and internal electric fields in amorphous semiconductors. Mater. Res. Bull. 1970, 5,
721–726. [CrossRef]

29. Turova, N.Y.; Turevskaya, E.P.; Kessler, V.G.; Yanovskaya, M.I. The Chemistry of Metal Alkoxides; Kluwer
Academic Publishers: New York, NY, USA, 2002; ISBN 0-7923-7521-1.

30. Thommes, M.; Kaneko, K.; Neimark, A.V.; Olivier, J.P.; Rodriguez-Reinoso, F.; Rouquerol, J.; Sing, K.S.W.
Physisorption of gases, with special reference to the evaluation of surface area and pore size distribution
(IUPAC Technical Report). Pure Appl. Chem. 2015, 87, 1051–1069. [CrossRef]

31. Ruiz-Hitzky, E.; Aranda, P.; Belver, C. Nanoarchitectures based on clay materials. In Manipulation on Nanoscale

Materials: An Introduction to Nanoarchitectonics; Ariga, K., Ed.; The Royal Society of Chemistry: Cambridge,
UK, 2012; pp. 87–111, ISBN 978-1-84973-415-8.

32. Li, K.; Lei, J.; Yuan, G.; Weerachanchai, P.; Wang, J.-Y.; Zhao, J.; Yang, Y. Fe-, Ti-, Zr- and Al-pillared clays for
efficient catalytic pyrolysis of mixed plastics. Chem. Eng. J. 2017, 317, 800–809. [CrossRef]

112



Materials 2017, 10, 960

33. Belessi, V.; Lambropoulou, D.; Konstantinou, I.; Katsoulidis, A.; Ponomis, P.; Petridis, D.; Albanis, T.
Structure and photocatalytic performance of TiO2/clay nanocomposites for the degradation of dimethachlor.
Appl. Catal. B Environ. 2007, 73, 292–299. [CrossRef]

34. Pelaez, M.; Nolan, N.T.; Pillai, S.C.; Seery, M.K.; Falaras, P.; Kontos, A.G.; Dunlop, P.S.M.; Hamilton, J.W.J.;
Byrne, J.A.; O’shea, K.; et al. A review on the visible light active titanium dioxide photocatalysts for
environmental applications. Appl. Catal. B 2012, 125, 331–349. [CrossRef]

35. Chen, J.; Qiu, F.; Xu, W.; Cao, S.; Zhu, H. Recent progress in enhancing photocatalytic efficiency of TiO2-based
materials. Appl. Catal. A 2015, 495, 131–140. [CrossRef]

36. Holtz, R.D.; Souza-Filho, A.G.; Brocchi, M.; Martins, D.; Durán, N.; Alves, O.L. Development of
nanostructured silver vanadates decorated with silver nanoparticles as a novel antibacterial agent.
Nanotechnology 2010, 21, 185102–185110. [CrossRef] [PubMed]

37. Kwiatkowski, M.; Bezberkhyy, I.; Skompska, M. ZnO nanorods covered with a TiO2 layer: Simple sol-gel
preparation, and optical, photocatalytic and photoelectrochemical properties. J. Mater. Chem. A 2015, 2,
12748–12760. [CrossRef]

38. Li, D.; Jiang, X.; Zhang, Y.; Zhang, B. A novel route to ZnO/TiO2 heterojunction composite fibers. J. Mater. Res.

2013, 28, 507–512. [CrossRef]
39. Belver, C.; Adan, C.; García-Rodríguez, S.; Fernández-García, M. Photocatalytic behavior of silver vanadates:

Microemulsion synthesis and post-reaction characterization. Chem. Eng. J. 2013, 224, 24–31. [CrossRef]
40. Mangayayam, M.; Kiwi, J.; Giannakis, S.; Pulgarin, C.; Zivkovic, I.; Magrez, A.; Rtimi, S. FeOx magnetization

enhancing E. coli inactivation by orders of magnitude on Ag-TiO2 nanotubes under sunlight. Appl. Catal. B

2017, 202, 438–445. [CrossRef]
41. Deng, X.; Li, M.; Zhang, J.; Hu, X.; Zheng, J.; Zhang, N.; Chen, B.H. Constructing nano-structure on

silver/ceria-zirconia towards highly active and stable catalyst for soot oxidation. Chem. Eng. J. 2017, 313,
544–555. [CrossRef]

42. Pirhashemi, M.; Habibi-Yangjeh, A. Ultrasonic-assisted preparation of plasmonic ZnO/Ag/Ag2WO4

nanocomposites with high visible-light photocatalytic performance for degradation of organic pollutants.
J. Colloid Interface Sci. 2017, 491, 216–229. [CrossRef] [PubMed]

43. Xu, H.; Liao, J.; Yuan, S.; Zhao, Y.; Zhang, M.; Wang, Z.; Shi, L. Tuning the morphology, stability and
photocatalytic activity of TiO2 nanocrystal colloids by tungsten doping. Mater. Res. Bull. 2014, 51, 326–331.
[CrossRef]

44. Hoflund, G.B.; Hazos, Z.F.; Salaita, G.N. Surface characterization study of Ag, AgO, and Ag2O using X-ray
photoelectron spectroscopy and electron energy-loss spectroscopy. Phys. Rev. B 2000, 62, 11126–11133.
[CrossRef]

45. Lee, A.Y.; Blakeslee, D.M.; Powell, C.J.; Rumble, J.R. Development of the web-based NIST X-ray Photoelectron
Spectroscopy (XPS) Database. Data Sci. J. 2002, 1, 1–12. [CrossRef]

46. Tahir, M.; Amin, N.S. Photocatalytic reduction of carbon dioxide with water vapors over montmorillonite
modified TiO2 nanocomposites. Appl. Catal. B 2013, 142–143, 512–522. [CrossRef]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

113





materials

Article

Study of CeO2 Modified AlNi Mixed Pillared Clays
Supported Palladium Catalysts for Benzene
Adsorption/Desorption-Catalytic Combustion

Jingrong Li, Shufeng Zuo * ID , Peng Yang and Chenze Qi

Zhejiang Key Laboratory of Alternative Technologies for Fine Chemicals Process, Shaoxing University,
Shaoxing 312000, China; sfzuo@126.com (J.L.); yangpeng1898@163.com (P.Y.); qichenze@usx.edu.cn (C.Q.)
* Correspondence: sfzuo@usx.edu.cn; Tel.: +86-571-8834-5683

Received: 5 July 2017; Accepted: 11 August 2017; Published: 15 August 2017

Abstract: A new functional AlNi-pillared clays (AlNi-PILC) with a large surface area and pore
volume was synthesized. The performance of adsorption/desorption-catalytic combustion over
CeO2-modified Pd/AlNi-PILC catalysts was also studied. The results showed that the d001-value and
specific surface area (SBET) of AlNi-PILC reached 2.11 nm and 374.8 m2/g, respectively. The large SBET

and the d001-value improved the high capacity for benzene adsorption. Also, the strong interaction
between PdCe mixed oxides and AlNi-PILC led to the high dispersion of PdO and CeO2 on the
support, which was responsible for the high catalytic performance. Especially, 0.2% Pd/12.5%
Ce/AlNi-PILC presented high performance for benzene combustion at 240 ◦C and high CO2

selectivity. Also, the combustion temperatures were lower compared to the desorption temperatures,
which demonstrated that it could accomplish benzene combustion during the desorption process.
Furthermore, its activity did not decrease after continuous reaction for 1000 h in dry air, and it also
displayed good resistance to water and the chlorinated compound, making it a promising catalytic
material for the elimination of volatile organic compounds.

Keywords: AlNi-PILC; Pd-Ce; catalytic combustion; benzene; TPD/TPSR

1. Introduction

Volatile organic compounds (VOCs) have high vapor pressure and low water solubility at room
temperature, and already have been recognized as major contributors to air pollution. They mainly
come from industrial processes, fossil fuel combustion, cement concrete, and furniture coatings [1].
Among various VOCs, the carcinogenic benzene is one of the most abundant found in either industrial
operations or at home [2]. It can bring photo-chemical smog, ozone generation, and offensive odors.
The catalytic combustion method has been proved to be highly-efficient for VOCs degradation,
providing carbon dioxide and water as final products (because of its higher efficiency, lower operating
temperature, and less harmful by-products than thermal oxidation [3–7]).

The studies of catalysts for VOCs catalytic combustion have been reported, focusing on three types
of catalysts based on noble metals [8,9], transition metal oxides [10,11] and rare earth metal oxides [10].
Generally, noble metal catalysts (Pt, Pd, and Au) [12–14] are commonly used for VOCs oxidation, and
they usually represent higher activity than transition metal oxides. Particularly, supported Pd catalyst
is one of the most used materials, due to its high activity for deep oxidation of VOCs at relatively low
temperatures [15–22]. Moreover, as important promoters, rare earth elements (REE) with a special
electronic structure have drawn much attention in recent years. REE can decrease the amount of
noble metals, stabilize supports against thermal sintering, improve the performance of catalysts in
storing/releasing oxygen, and reduce the reaction activation energy [23–27].
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As is well known, the support is also an important factor for the performance of supported noble
metal catalysts, and the choice of catalyst support usually depends on its specific surface area (SBET),
pore size, and the capacity for interaction with metals. Generally, higher SBET can provide more active
sites and larger pore size more easily and allows the reactants to approach those catalytic active sites.
Montmorillonite KSF (MMT) has been applied in initial clay due to its stable structure, low cost, and
environmental compatibility [28–31]. Notably, as the modification of MMT, pillared clays (PILC) have
a large SBET and pore volume (VP), and the porous structure and physicochemical properties of MMT
are improved significantly. In order to further improve the PILC performance, more attention has
been directed toward PILC with mixed oxide pillars including Al-Zr, Al-Fe, and Al-Cr-PILC [6,9,32].
However, their applications are limited due to their poor thermal stability and durability. Some reports
illustrate that various Ni-containing porous materials have good thermal and hydrothermal stability,
such as Ni-Al-MCM-41 [33–35], Ni-zeolite [36], and Ni-Al-SBA-51 [37–39]. However, disadvantages
still remain, including the complicated preparation process for supports. Therefore, there is an urgent
need to simplify the procedures and synthesis of mixed oxide pillars containing Ni atoms.

Based on an understanding of the stability and synthesis of the PILC process, functional
AlNi-PILC supports were prepared using a high temperature and high pressure hydrothermal
method. Compared with MMT, AlNi-PILC displayed a larger specific surface area, a larger pore
volume, and a high thermal stability. Therefore, it could be used as support to prepare the high
performance catalyst. The influence of the introduction of CeO2 into Pd/AlNi-PILC for benzene
combustion was also studied. The relationship between texture-structure and catalytic properties was
systematically characterized and analyzed by X-ray diffraction (XRD), N2 adsorption/desorption,
high resolution transmission electron microscopy and energy dispersive X-ray spectroscopy
(HRTEM-EDS), the temperature-programmed desorption of benzene (benzene-TPD), and the in-situ
temperature-programmed surface reaction of benzene (benzene-TPSR) experiments. The water and
chlorobenzene were systematically studied in order to preliminarily explore the Pd/Ce/AlNi-PILC
potential for further industrial application.

2. Experimental

2.1. Synthesis

MMT was used as initial material and the AlNi-pillaring agent was prepared using a hydrothermal
method. The aqueous solution of Ni(NO3)2·6H2O and Locron L from Clariant (containing 6 mol/L
Al ions) was mixed in autoclave (the molar ratio was Al/Ni = 5:1), and deionized water was added
so that the concentration of Al ion was 2.0 mol/L. The autoclave was placed in an oven at 100 ◦C for
16 h and subsequently cooled down to 30 ◦C. The maintained solution was diluted to 600 mL and,
finally, AlNi-pillaring agent was obtained. The following preparation of AlNi-PILC by the similar
method was detailed in our previous research [6]. The X% Ce/AlNi-PILC samples were prepared
by impregnation of Ce(NO3)2·6H2O (X = 2.5, 5, 7.5, 10, 12.5, and 15, respectively). After keeping
impregnated samples at 30 ◦C for 12 h, the samples were dried at 110 ◦C and subsequently calcined at
400 ◦C for 2 h. The Pd/X% Ce/AlNi-PILC samples were obtained by impregnating X% Ce/AlNi-PILC
with an aqueous H2PdCl4 solution at 30 ◦C for 12 h, and the yellow was completely disappeared under
an infrared lamp. Then, 5% hydrazine hydrate was added and reacted for 3 h, and the samples were
filtered and washed by deionized water until no Cl− was detected in the filtrate by aqueous AgNO3

solution. Samples were dried at 110 ◦C, and subsequently calcined at 400 ◦C for 2 h. The Pd content of
all catalysts was 0.2 wt. %.

2.2. Catalytic Activity Tests

The experiments were performed with a 350 mg catalyst in a WFS-3010 microreactor (Xianquan,
Tianjin, China). An analysis of the reactants and products was performed by on line gas
chromatography (Shimadzu, GC-14C, Kyoto, Japan) with a flame ionization detector (FID). The reactive
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flow (120 mL/min) was composed of gaseous benzene (1000 ppm) in dry air with a gas hourly space
velocity (GHSV) of 20,000 h−1. The data were recorded and analyzed using an N2000 chromatography
data workstation. The catalytic activity was determined by parallel analytical measurement at a
certain temperature (parallel determination of three identical catalysts, approximately 0.5 h per series),
and the average was taken as the final conversion. And the benzene conversion was calculated as
follows: benzene conversion (%) = [benzene]in−[benzene]out

[benzene]in × 100% (where [benzene]in is the benzene
concentration in the feed gas, and [benzene]out is the benzene concentration in the products).

In order to study the “mixture effect” of the feed gas, 100 ppm chlorobenzene and 10,000 ppm
water vapor were introduced, respectively. The any possible combustion products were further
detected by mass spectrometry (MS, QGA, Hiden, Warrington, UK). H2O and CO2 were the
only detected byproducts, and thus conversion was calculated based on benzene consumption.
The durability of catalysts for benzene combustion was also investigated under the same condition.

2.3. Characterization

The samples were characterized by the XRD technique (PANalytical, Almelo, The Netherlands) for
the d001 value and phase composition. The specific surface area (SBET), mesoporous area (Ames), total
pore volume (Vp), micropore volume (Vmic), and pore size distribution of the samples were determined
by N2 adsorption isotherms. High-resolution transmission electron microscopy (HRTEM, JEOL, Valley,
Japan) was employed to get the catalyst morphology and particle size. The chemical compositions of
the catalysts were determined with energy dispersive X-ray spectroscopy (EDS, JEOL, Valley, Japan).
All the characterization methods for the samples have been reported and detailed in our previous
research [3,9,10]. The palladium and Ce contents were measured by an Inductively Coupled Plasma
Optical Emission Spectrometer (ICP-OES, Leeman Labs, Hudson, NH, USA) after the dissolution of the
catalysts in a mixture of HF and HNO3 solution. Benzene-TPD and the benzene-TPSR) experiments
were performed in a quartz tube. Prior to adsorption of benzene, the catalyst (350 mg) was pretreated
in dry air at 300 ◦C for 0.5 h. After being cooled down to 50 ◦C, the adsorption of benzene was carried
out under a flow of N2/benzene (TPD) or (20%O2/Ar) /benzene (TPSR) until adsorption saturation,
as indicated by the stable signal of benzene in the mass spectrometer. Then, a pure N2 flow was
carried out for 1h to clean the benzene in the pipe. Finally, the desorption or oxidation of benzene
was implemented followed by a flow of pure N2 (TPD) or (20%O2/Ar)/benzene (TPSR) by a step of
7.5 ◦C/min from 50 to 500 ◦C. The concentration of benzene and the final products (COx and H2O)
were measured on-line by MS.

3. Results and Discussion

3.1. Catalytic Performance and Stability Test

Generally, benzene is completely degraded at 600 ◦C under a no catalysts condition. The catalytic
activity of catalysts for benzene combustion is displayed in Figure 1a. It can be seen that Pd/MMT
exhibits poor performance and the complete conversion of benzene does not occur until 350 ◦C.
Pd/AlNi-PILC is able to completely degrade benzene at 318 ◦C. The results suggest that AlNi-PILC is
more suitable to be a catalytic support. In addition, Ce doping significantly improved the catalytic
activities of Pd/MMT and Pd/AlNi-PILC. Therefore, the effect of Ce content was also investigated
in Figure 1b. According to the values of T98% (temperature which benzene conversion reaches 98%),
the order for the catalytic activity is Pd/AlNi-PILC (318 ◦C) < Pd/2.5% Ce/AlNi-PILC (310 ◦C) <
Pd/5% Ce/AlNi-PILC (290 ◦C) < Pd/7.5% Ce/AlNi-PILC (270 ◦C) < Pd/10% Ce/AlNi-PILC (260 ◦C) <
Pd/15% Ce/AlNi-PILC (255 ◦C) < Pd/12.5% Ce/AlNi-PILC (240 ◦C). The results further demonstrate
that the addition of various amounts of Ce improves the catalytic activities of the Pd/AlNi-PILC
catalysts. When Ce loading is <12.5%, the activity of the catalyst increases with the addition of Ce
content. However, the catalytic activity decreases when Ce loading is 15%, which is due to the fact
that Ce acts as a promoting component and too much Ce loading may override the PdO active sites.
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Similar results have been reported in our previous research [40–42]. Thus, proper Ce content and
the metal-metal interaction can significantly enhance the Pd/Ce/AlNi-PILC activity. Particularly,
the catalyst of 12.5% Ce loading exhibits the highest activity and the T98% of benzene conversion
is 240 ◦C. In addition, the catalytic combustion performances of benzene over some typical noble
metal-based catalysts [12,15,43–45] were listed in Table S1, and Pd/12.5% Ce/AlNi-PILC catalyst
possesses better performance.
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Figure 1. (a) Influence of the addition of Ce into Pd/MMT and Pd/AlNi-PILC for benzene complete
oxidation; (b) influence of the content of Ce into Pd/AlNi-PILC for benzene complete oxidation.
Benzene concentration: 1000 ppm; gas hourly space velocity (GHSV): 20,000 h−1; Catalyst amount:
350 mg.

Figure 2 presents the lifetime test result for the most active catalyst (Pd/12.5% Ce/AlNi-PILC) at
230 ◦C for 1000 h. The conversion of benzene remained at around 94% and no obvious deactivation
was observed, which demonstrates that it exhibits stable catalytic activity for combustion. Moreover,
in practice, water and chlorinated VOCs always exist in the waste gases. As shown in Figure 2, in the
first continuous 100 h reaction in the presence of 100 ppm chlorobenzene, the activity of the catalyst
decreases slightly, because of the effect of competitive adsorption and oxidation on the active sites.
When 10,000 ppm water is introduced, its activity further decreases, due to the competitive adsorption
effect. Interestingly, the catalytic activity is recovered to the initial level after water and chlorobenzene
are removed. In all, these results mentioned above confirm that Pd/12.5% Ce/AlNi-PILC presents a
wide range of possibilities for further industrial application, due to its high catalytic performances
for combustion of both non-chlorinated VOCs and chlorinated VOCs, as well as its good resistance
to water.
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Figure 2. Lifetime test performed for Pd/12.5% Ce/AlNi-PILC at 230 ◦C.

3.2. Effects of Loading Pd Content and Benzene Concentration

Figure S1 presents the effects of Pd loading contents on the benzene catalytic performance of
X% Pd/12.5% Ce/AlNi-PILC. Benzene conversion increases with the increase of Pd content from
0.2 to 0.5%. When the content of Pd increases to 0.5%, the activity changes slightly compared to
0.4% Pd catalyst. It suggests that the addition of proper Pd content can present high dispersion on
support and improve the catalytic performances obviously. Figure S2 presents the effects of benzene
inlet concentrations (500 to 2500 ppm) on the catalytic performance of 0.2% Pd/12.5% Ce/AlNi-PILC.
Benzene conversion increases appreciably with the increase of its inlet concentrations from 500 to
1500 ppm. When low concentration benzene is fed, the amount of chemisorbed benzene on catalyst
active sites is low and can be a reaction controlling factor. However, chemisorbed oxygen on the catalyst
active sites can become the reaction controlling factor when the benzene concentration increases to a
certain point, thus the conversion of benzene should be prohibited.

3.3. XRD and N2 Adsorption Analysis

The small-angle XRD patterns are obtained to the confirm two-dimensional layered structure
of MMT and AlNi-PILC in Figure 3. It can be seen that the d001 spacing of MMT and AlNi-PILC is
1.26 nm and 2.11 nm, respectively, with corresponding 2θ values of 6.99◦ and 4.18◦. It suggests that
AlNi poly-cations intercalated between the layers are much larger than Na ions in size, leading to a
layered structure with large spacing. Thus, the synthesis of pillared clays is successful.

Figure 4 shows the high-angle XRD patterns of samples. Both MMT and AlNi-PILC contain similar
cristobalite peaks (23.3◦) and quartz peaks (26.5◦), which are the characteristic peaks of montmorillonite.
It suggests that pore structure is well preserved during the synthesis of AlNi-PILC. It must also be
mentioned that a Al-Si polymeride peak (28.14◦) disappears when NiAl2O4 peaks are formed by the
interaction between nickel oxide and alumina during the calcination process. These peaks appear at
37.0◦, 59.7◦, and 64.5◦, respectively, and most were overlapped with the peaks of Al2O3 [46]. Thus,
some feature diffraction peaks of Al2O3 became weaker. Studies [46] have shown that spinal NiAl2O4

also promotes Pd catalysts to be more resistant to deactivation, which has been proved in the above
lifetime test (Figure 2). In addition, neither palladium nor palladium oxide is detected for catalysts
containing Pd. The result shows that the PdO particles were small, which is below the X-ray detection
range, or Pd was highly dispersed on the supports. Notably, for the Pd/12.5% Ce/AlNi-PILC catalyst,
the intensity of CeO2 peaks becomes significantly weaker than Pd/12.5% Ce/MMT, revealing higher
dispersion of CeO2 on AlNi-PILC. From the catalytic activity and XRD results, it can be observed that
better dispersion of CeO2 on AlNi-PILC is one of the key factors to enhance the catalytic activity of the
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catalysts. The above results also indicate that AlNi-PILC is useful for the high dispersion of PdO and
CeO2 on its surface, which is further confirmed by below HRTEM images.

θ

 

℃

Figure 3. Small-angle X-ray diffraction (XRD) patterns. (a) Montmorillonite (MMT); (b) AlNi-PILC.

 

Figure 4. Long-angle XRD patterns. (a) MMT; (b) AlNi-PILC; (c) Pd/MMT; (d) Pd/AlNi-PILC;
(e) Pd/12.5% Ce/MMT; (f) Pd/12.5% Ce/AlNi-PILC.

The textural properties of all samples were characterized by the N2 adsorption/desorption
method (Figure 5). Textural properties are listed in Table 1, and it can be seen that all samples provided
the IV type isotherm of the miro-mesoporous materials with a sharp ramp in the relative pressure of
0.45, which is due to the capillary condensation of nitrogen in pores [47]. Additionally, SBET, Ames,
and Vmic of all samples are summarized in Table 1. The SBET of AlNi-PILC reaches to 374.8 m2/g,
which is much larger than MMT. In addition, the SBET of two synthesized samples (Pd/AlNi-PILC
and Pd/12.5% Ce/AlNi-PILC) decreases to 298.4 m2/g and 230.5 m2/g, respectively, in which doped
cations may enter the micro-mesopores of AlNi-PILC. Some similar results about the incorporation of
other metals (such as Co, Nd, La, etc.) into the silicate framework are reported [48,49]. It is important
to highlight that the values of SBET are not connected with the order for activity of benzene combustion,
revealing that it is not the only factor affecting catalytic oxidative performance.
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Figure 5. N2 adsorption/desorption isotherms of the samples.

Table 1. Characteristics of the samples: surface area and pore volume.

Samples SBET
a (m2/g) Ames

b (m2/g) Vp
c (cm3/g) Vmic

d (cm3/g)

MMT 24.6 20.1 0.054 0.0018
AlNi-PILC 374.8 86.1 0.212 0.1336
Pd/MMT 20 17.9 0.05 0.0007

Pd/AlNi-PILC 298.4 61.4 0.17 0.1101
Pd/12.5% Ce/AlNi-PILC 230.5 56.8 0.131 0.0804
a BET specific surface area; b Calculated from BJH method; c Total pore volume estimated at P/P0 = 0.99; d Calculated
from the t-method.

Table 1 also shows that all samples possess different Vmic of 0.0018–0.1336 cm3/g and the Vp of
0.054 to 0.212 cm3/g, respectively. The large SBET (374.8 m2/g) and VP (0.212 cm3/g) of the AlNi-PILC
are responsible for the well dispersion of the metallic particles and exposing more metallic sites on
the surface for catalytic application. This is supported by the higher catalytic activity of the Pd/12.5%
Ce/AlNi-PILC catalyst (Figure 1 and Table 1). In conclusion, the textural characterization results
suggest that some Pd2+ and Ce4+ reach the inner porous network of AlNi-PILC, resulting in a strong
interaction among PdO, CeO2, and AlNi-PILC.

3.4. HRTEM Analysis

Figure 6 presents HRTEM pictures and the EDS spectra of MMT, Pd/MMT, Pd/AlNi-PILC,
and Pd/12.5% Ce/AlNi-PILC. The HRTEM image of AlNi-PILC shows that the material has a
better-ordered hexagonal arrays structure than MMT. HRTEM and the Map data picture of Pd/MMT
show that PdO particles have more serious aggregation than Pd/AlNi-PILC. Also, the incorporation
of CeO2 to the Pd catalyst leads to a higher PdO dispersion than that of Pd/AlNi-PILC, which is the
result of the interaction with CeO2 and PdO. For the Pd/12.5% Ce/AlNi-PILC catalyst, in spite of its
high Ce concentration, well dispersed PdO and CeO2 nanoparticles are obtained, which is consistent
with the XRD result. In addition, after the addition of Ce and Pd, the particle sizes of AlNi-PILC do
not change significantly and still present in an ordered framework. The Map data image of Pd/12.5%
Ce/AlNi-PILC clearly reveals the well-dispersed active ingredients on AlNi-PILC. Pd and Ce were
identified in the EDS spectra, confirming the successful loading of the active ingredients on the surface
of AlNi-PILC. On the basis of the above results, we conclude that a higher dispersion of PdO-CeO2 on
AlNi-PILC may be responsible for the good activity of these samples.
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μ

Figure 6. High resolution transmission electron microscopy (HRTEM) pictures. (a) MMT;
(b) AlNi-PILC; (c) Pd/MMT; (d) Pd/AlNi-PILC; (e) Pd/12.5% Ce/AlNi-PILC; (f) the energy dispersive
X-ray spectroscopy (EDS) spectra.

3.5. ICP-OES Analysis

The nominal mass percentage of Pd for all the catalysts is 0.2 and the Ce for Pd/12.5%
Ce/AlNi-PILC is 12.5%, respectively. The real metal loadings of different catalysts measured by
ICP-OES are listed in Table S2. The real concentration of Pd in all the catalysts is about 0.19%.
In the fresh Pd/12.5% Ce/AlNi-PILC catalyst, the real contents of Pd and Ce are 0.187% and 12.0%,
respectively, and no significant variation is observed after reaction. This indicates that AlNi-PILC can
stabilize the active phase, and that this catalyst is reusable in benzene combustion and can perform
well in a wide range of applications for the combustion of VOC.

3.6. TPD Analysis

Figure 7a shows the adsorption of benzene (m/z = 78) profiles of the catalysts in the TPD
test. Compared with the MMT catalyst, the amount of benzene adsorption increases sharply when
AlNi-PILC is used as support, and the order is Pd/AlNi-PILC > Pd/12.5% Ce/AlNi-PILC > Pd/MMT.
This is probably because the large interlayer distance and pore volume of AlNi-PILC is advantageous
for the adsorption of benzene. By integrating over the adsorption peaks, the benzene adsorption
capacities of Pd/MMT, Pd/AlNi-PILC, and Pd/12.5% Ce/AlNi-PILC are calculated to be about 11.0,
28.5, and 36.8 µmol/g, respectively. Compared to the Pd/AlNi-PILC catalyst, the amount of benzene
adsorption is decreased over Pd/12.5% Ce/AlNi-PILC, which may be caused by the decrease in specific
surface area and the pore volume. Figure 7b presents the Pd/12.5% Ce/AlNi-PILC that exhibits a
high desorption temperature, which leads to a high adsorption strength and catalytic activity. In
addition, the desorption temperature for the reactant over the catalysts should have a great influence
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on the catalytic activity of the catalysts. Generally, the closer the desorption temperatures of benzene
and O2 to the combustion temperature of benzene, the higher benzene conversion will be achieved.
The conclusion will be further investigated, as shown below.

 

 

≈

Figure 7. (a) Benzene (m/z = 78) adsorption profiles in temperature-programmed desorption (TPD) over
Pd/AlNi-PILC, Pd/12.5% Ce-AlNi-PILC, and Pd/MMT catalysts; (b) benzene (m/z = 78) desorption
profiles in TPD over Pd/AlNi-PILC, Pd/12.5% Ce-AlNi-PILC, and Pd/MMT catalysts.

3.7. Benzene-TPSR Analysis

As is well known, the catalytic process is a dynamic and in-situ surface reaction. Thus, in order
to investigate the oxidative performances of the catalysts under the dynamic condition and get
more information on the real oxidation process, as well as the adsorption/desorption and oxidizing
properties of the catalysts for benzene combustion, the evolution of any possible organic byproducts
and the final products (COx and H2O) on the catalyst surface are evaluated by the in-situ TPSR
technique [11].

As shown in Figure 8, in the range of 50 ◦C to 200 ◦C, the signal of benzene in the Pd/12.5%
Ce/AlNi-PILC catalyst is observed while the signal of CO2 is absent, indicating that only the desorption
of benzene occurs. Compared with the TPD results, the peak temperature of benzene over three
catalysts is shifted to a lower temperature in the presence of gas phase O2, and the temperature for
desorption of the benzene signal decreases in the order of Pd/12.5% Ce/AlNi-PILC ≈ Pd/AlNi-PILC
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> Pd/MMT. The results reveal that the strong interaction between AlNi-PILC and metals enhances
benzene adsorption.

 

−

Figure 8. Results of benzene-TPSR characterization for benzene combustion over the catalysts.

In addition, the desorption peak of benzene over Pd/MMT is smaller than Pd/12.5%
Ce/AlNi-PILC, implying that its adsorption capacity is lower, which is not beneficial for the benzene
oxidation reaction. As the reaction temperature increases, the oxidation of benzene gradually becomes
obvious, due to the detection of CO2. The final products (COx and H2O) were measured on–line by
MS and the result indicates that CO2 is the only carbon product. It indicates that the above catalysts
have high selectivity and high activity. Moreover, the temperature for the disappearance of the
benzene signal increase is in the order of Pd/12.5% Ce/AlNi-PILC (240 ◦C) < Pd/AlNi-PILC (315 ◦C)
< Pd/MMT (350 ◦C), and the temperature for the appearance of the CO2 signal increase is consistent
with the above order. It is noteworthy that for Pd/12.5% Ce/AlNi-PILC, the degradation temperature
(240 ◦C) of benzene is lower than the desorption temperature (260 ◦C), which helps complete benzene
combustion during the desorption process, so it exhibits high catalytic activity.

4. Conclusions

In this work, AlNi-PILC material and Pd/Ce/AlNi-PILC catalysts with different Ce content
were successfully synthesized and used in the catalytic combustion of low concentration benzene.
The structure and redox properties of these materials were characterized by XRD, N2 adsorption,
HRTEM-EDS, TPD, and TPSR techniques. XRD and N2 adsorption results indicate that AlNi-PILC
material shows higher ordered hexagonal pore structure and higher SBET than MMT. Also,
Pd-Ce-supported catalysts still maintain ordered layer structures. From the HRTEM-EDS results,
the incorporation of CeO2 to the Pd catalysts leads to a higher dispersion than that of Pd/AlNi-PILC.
The appropriate crystallized size of AlNi-PILC support and the high dispersed PdO nanosize
particles might have a large significance for Pd/12.5% Ce/AlNi-PILC stability and catalytic
activity. The TPD and TPSR results show that the Pd/12.5% Ce/AlNi-PILC high capacity for
adsorption/desorption-catalytic combustion of benzene are due to the high benzene adsorption
strength and the similar temperature between benzene desorption and the combustion process.
Therefore, Pd/12.5% Ce/AlNi-PILC can complete benzene combustion at 240 ◦C. Furthermore, stability
tests indicate that there is no obvious deactivation for the Pd/12.5% Ce/AlNi-PILC catalyst in the
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1000 h continuous reaction, whether in the water condition or in the presence of C7H8, which indicates
that it deserves more attention and that there is potential for industrial application.

Supplementary Materials: The following are available online at www.mdpi.com/2072-6651/9/8/949/s1,
Figure S1: Effects of Pd content on catalytic activity of Pd/12.5% Ce/AlNi-PILC for benzene combustion. Benzene
concentration: 1000 ppm; GHSV: 20,000 h−1; Catalyst amount: 350 mg. Figure S2: Effects of inlet concentration
on benzene catalytic combustion over Pd/12.5% Ce/AlNi-PILC. Benzene concentration: 500–2500 ppm; GHSV:
20,000 h−1; Catalyst amount: 350 mg. Table S1: Main data of reported literatures on catalytic combustion of
benzene over supported noble metal catalysts. Table S2: Metal loadings (wt. %) of different catalysts.
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Abstract: A montmorillonite has been intercalated with Al3+ polycations, using concentrated
solutions and clay mineral dispersions. The reaction has been assisted by microwave radiation,
yielding new intercalated solids and leading to Al-pillared solids after their calcination at 500 ◦C.
The solids were characterized by elemental chemical analysis, X-ray diffraction, FTIR spectroscopy,
thermal analyses, and nitrogen adsorption. The evolution of the properties of the materials was
discussed as a function of the preparation conditions. Microwave treatment for 2.5 min provided
correctly pillared solids.

Keywords: Al-PILC; Keggin polycation; concentrated media; microwave radiation; pillared
montmorillonite

1. Introduction

Clay minerals’ importance in the field of catalysis is booming, because they have high specific
surface area and active acid centers that lead to their use in various reactions such as gasoline
desulfurization, terpene isomerization, olefin polymerization, cracking, and numerous fine chemical
reactions [1].

One of the most studied groups of clay minerals is that of smectites, which are 2:1 phyllosilicates.
The expansibility of the smectite interlayer space depends on four fundamental factors: the nature of
the exchangeable, charge-compensating cations, the density of the surface charge and the location of
the charge. The best known smectite is montmorillonite, very abundant in nature and with a great
variety of properties and applications. Montmorillonites are formed by silicates of Al, Mg, or Fe with
various degrees of hydration and amounts of alkaline and alkaline earth exchangeable cations, with a
cation exchange capacity (CEC) between 0.3 and 0.8 meq/g [2]. Their basal space ranges from 9.7 Å
when the sheets are as close as possible, to 12–14 Å in natural samples, when the interlayer cations
are hydrated by a monolayer or a bilayer of water molecules, and to about 23 Å when intercalating
voluminous cations. Montmorillonite is one of the clay minerals with higher industrial interest, being
easy to obtain at low cost.

Pillared clays (PILC) are a family of molecular engineered porous solids very studied in the last
decades. Its preparation is based on the exchange of interlayer cations of the natural clay mineral by
voluminous inorganic polycations, obtained by polymerization of various multivalent cations (Al3+,
Ga3+, Ti4+, Zr4+, Fe3+, among others). The resulting solids are calcined at moderate temperatures, up
to 500 ◦C, leading to stable materials with a larger spacing than in the initial solid. During calcination,
polycations are converted into metal oxides, pillars, inserted between the sheets of the clay mineral and
keeping them separated from each other, which prevents the collapse of the structure [3–6]. The most
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commonly used polycation in the pillaring process is the Keggin polycation, [Al13O4(OH)24(H2O)12]7+,
due to its stability and simple preparation [7–9].

In addition to the nature of the polycation, there are other factors that condition the intercalation
process and that must be considered when planning a preparation, such as intercalation time,
hydrolysis conditions, and aging of the polycations. Usually, dilute solutions of the polycations and
dilute dispersions of the clay minerals are used, looking for optimal conditions for the polymerization
of the cations and for the cation exchange reaction required for substituting the compensating cations
of the clay mineral by the polycations. Logically, this involves the use of large volumes of water,
strongly hindering the scaling-up of this process to prepare large amounts of pillared solids. Some
papers have proposed procedures to solve this drawback; these papers are reviewed in [6].

Microwave-hydrothermal treatment has been widely used in recent years in materials
science, making the preparation reactions faster than using traditional methods. In clay science,
microwave-assisted methods have been used for the preparation of clay minerals, mainly saponite [10],
and of Layered Double Hydroxides (LDH) [11], and also for the preparation of PILC [6,12].

The aim of this work is to obtain montmorillonites pillared with aluminum Keggin polycations
using microwave radiation and concentrated media—that is, low water volumes—as well as to
determine the structural and textural properties of the solids thus obtained.

2. Materials and Methods

2.1. Preparation of the Solids

The clay mineral used was a raw montmorillonite from Cheto, Arizona, USA (from The Clay
Minerals Repository, where this sample is denoted as SAz-1). The natural clay mineral was purified
before its use by dispersion–decantation, separating the fraction lower than 2 µm. In the present
work, this clay mineral is designated as ‘RMt’. Its cation exchange capacity was 0.67 meq/g, its basal
spacing was 13.60 Å, and its BET specific surface area was 49 m2/g [13]. For comparison, this solid
was calcined at 500 ◦C, the same temperature as the pillared solids, denoted as ‘Mt’.

Four samples were synthesized, varying the aluminum concentration and the treatment time
under microwave irradiation. In a typical experiment, the Al-polycation solution was prepared by
dissolution of 10 mmol of AlCl3·6H2O in 20 cm3 of water and the subsequent slow addition, under
vigorous stirring of 22 mmol of NaOH until pH = 4.2 was reached, the condition for the formation
of Al13

7+ polycations. This intercalating solution was added dropwise to a previously prepared
montmorillonite dispersion (2 g in 20 cm3), with an Al/montmorillonite ratio of 5 mmol/g, and it was
submitted to microwave treatment at 150 ◦C several times. For that, the suspensions were sealed in
100 cm3 Teflon reactors and treated in a Milestone Ethos Plus microwave furnace. The heating process
was programmed with EasyWAVE Software. The furnace has a power of 600 W, and initially applies
the power needed for a heating ramp of 5 ◦C/min to the treatment temperature and then to maintain
the temperature for the time required. Then, the solids were separated and washed by centrifugation,
dried overnight at 70 ◦C, and finally calcined at 500 ◦C for 2 h, with a heating rate of 1 ◦C/min. The
conditions of preparation and the names of the solids are summarized in Table 1. All reagents used
were supplied by Panreac (Barcelona, Spain), being compounds of the highest purity, and were used
without purification.

Table 1. Nomenclature of the solids and preparation conditions.

Name
Dispersion

Concentration (g/cm3)
Intercalating Solution

Concentration (mmol Al3+/cm3)
Microwave Treatment

Time (min)

MtAl2.5 2/20 10/20 2.5
MtAl5A 2/20 10/20 5
MtAl5B 2/10 10/10 5
MtAl10 2/20 10/20 10
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2.2. Characterization Techniques

Element chemical analyses were carried out at Servicio General de Análisis Químico Aplicado

(University of Salamanca, Salamanca, Spain), using Inductively Coupled Plasma-Atomic Emission
Spectrometry (ICP-AES). X-ray diffraction (XRD) patterns were recorded between 2◦ and 65◦ (2θ)
over non-oriented powder samples, at a scanning speed of 2◦ (2θ)/min, by using a Siemens D-500
diffractometer (Siemens España, Madrid, Spain), operating at 40 kV and 30 mA, using filtered Cu Kα

radiation (λ = 1.5418 Å). FT-IR spectra were recorded between 450 and 4000 cm−1 using a PerkinElmer
Spectrum-One spectrometer (Waltham, MA, USA) by the KBr pellet method, with a sample:KBr ratio of
1:300. Thermal analyses were performed on a SDT Q600 TA instrument (New Castle, PA, USA), TG and
DTA were carried out simultaneously; all measurements were carried out under a flow of 20 cm3/min
of oxygen (Air Liquide, Madrid, Spain, 99.999%) and a temperature heating rate of 10 ◦C/min from
room temperature to 900 ◦C. Textural properties were determined from nitrogen (Air Liquide, 99.999%)
adsorption–desorption data, obtained at −196 ◦C using a Micrometrics Gemini VII 2390t (Norcross,
GA, USA), Surface Area and Porosity apparatus. Specific surface area (SSA) was obtained by the BET
method, external surface area and micropore volume by means of the t-method, and the total pore
volume from the nitrogen adsorbed at a relative pressure of 0.95 [14].

3. Results and Discussion

Characterization or raw montmorillonite has been reported elsewhere [13], it is a very pure
clay mineral.

The elemental chemical compositions of all the Al-PILC samples are given in Table 2. For better
assessment of the chemical effects of the treatments, a double normalization was carried out. First,
the composition was given as for water-free solids, that is, the metal oxide content was normalized to
sum 100%, the effect of the content of water in each solid was thus avoided. Then, the compositions
were referred to the content of SiO2 in the original Mt, as the tetrahedral sheet of the montmorillonite
was not expected to be affected by the intercalation and pillaring treatment, the amount of SiO2 thus
remaining constant, and it can be used as an ‘internal standard’. The compositions thus normalized
are given in Table 3.

Table 2. Chemical composition of the solids, expressed in content of their metallic oxides (mass
percentage).

Sample SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 Total

RMt 55.80 15.92 1.41 0.04 5.58 1.69 0.06 0.06 0.21 80.77
MtAl2.5 49.11 24.37 1.21 0.02 4.10 0.05 0.35 0.13 0.18 79.52
MtAl5A 53.76 28.25 1.35 0.02 5.21 0.04 0.37 0.12 0.20 89.32
MtAl5B 55.45 28.04 1.37 0.03 4.96 0.03 0.36 0.04 0.20 90.48
MtAl10 53.89 28.13 1.28 0.03 4.96 0.04 0.35 0.10 0.19 88.97

Table 3. Chemical composition of the water-free solids, normalized to the SiO2 content in the raw
montmorillonite (mass percentage).

Sample SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2

Mt 69.09 19.71 1.75 0.05 6.91 2.09 0.07 0.07 0.26
MtAl2.5 69.09 34.29 1.70 0.03 5.77 0.07 0.49 0.18 0.26
MtAl5A 69.09 36.31 1.73 0.02 6.69 0.05 0.47 0.15 0.25
MtAl5B 69.09 34.94 1.70 0.03 6.18 0.03 0.45 0.05 0.25
MtAl10 69.09 36.07 1.64 0.03 6.35 0.05 0.44 0.13 0.24

The amount of aluminum fixed, once the amount existing in the raw montmorillonite was
subtracted, was very similar in all the solids, between 14.58% and 16.60% (expressed as Al2O3), enough
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to intercalate the montmorillonite compensating its CEC. In fact, the polycations were incorporated
into the clay mineral structure by cationic exchange of Ca2+, its main exchangeable cation, which was
almost completely removed, while K+ content remained almost constant, suggesting that it was in the
raw montmorillonite as feldspar, but not as exchangeable cations. The amount of Fe2O3 remained
essentially constant, while MgO slightly decreased, suggesting that octahedral Mg2+ was scarcely
dissolved. The polymerization of Al3+ required relatively acid conditions (pH = 4.2), but the contact
of the clay mineral with the polycation solution did not significantly alter the composition of the
Mt layers.

The powder X-ray diffractograms of pillared solids are shown in Figure 1 and the basal spacing of
all the solids are summarized in Table 4. The raw solid was a well-ordered Mt with a basal spacing of
13.90 Å, which collapsed to 9.71 Å after calcination at 500 ◦C [13]. The treatment with the intercalating
solutions always led to the expansion of the interlayer region, the basal spacing varying between
15.87 Å and 18.14 Å for the intercalated, dried solids (Table 4). The maximum value, 18.14 Å, similar to
the values usually reported under conventional pillaring, was observed for MtAl5A solid, implying a
height of the interlayer region of approximately 8.4 Å, which coincided with the height of the Al13

7+

polycations. The other three solids did not reach this value, remaining around 16 Å, which supposes a
height of the interlayer region of ~6.3 Å, suggesting that the polymerization was not optimal or that
the previously formed polycations suffered some changes in the degree of polymerization during their
addition to the clay mineral or during the microwave treatment.
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Figure 1. Powder X-ray diffractograms of the pillared solids calcined at 500 ◦C. For comparison,
the diffractograms of the raw montmorillonite (RMt) and of this sample calcined at 500 ◦C (Mt) are
also given.

Table 4. Basal spacing (Å) for intercalated and calcined samples.

Sample Intercalated 500 ◦C

Mt 13.90 * 9.71
MtAl2.5 16.14 16.50
MtAl5A 18.14 15.58
MtAl5B 15.87 15.56
MtAl10 16.22 15.58

* For Mt sample, basal spacing of the raw montmorillonite.

In general, the basal spacing decreased during the calcination process. Calcination of intercalated
samples usually produces a decrease in their basal spacing by dehydration and dehydroxylation of
the Al13

7+ polycations until the formation of clusters close to Al2O3, and this is the trend found for
MtAl5A, MtAl5B, and MtAl10 solids. However, in the case of the MtAl2.5, there was an increase in the
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basal spacing during calcination. This sample had been submitted to a lower time of treatment with
microwave radiation, so it seems that the intercalation had not been completed during this treatment
and the process could be completed at the beginning of the calcination.

The effects due to in-layer reflections, independent of c-stacking, were recorded at the same
positions for all the solids, indicating that the layers were not modified. No reflections belonging to
crystalline Al2O3 were observed.

The FWHM (Full Width at Half Maximum) index of the basal 001 reflection varied from the
intercalated to the calcined solids (Table 5), showing changes in the long-distance arrangement
according to this plane, i.e., the number of layers correctly stacked along the c axis. Raw
montmorillonite had a relatively small FWHM index, probably due to the ordering caused by the
dispersion–decantation purification procedure (when calcining at 500 ◦C, a very sharp peak, with
FWHM of only 0.999◦ was obtained, due to the collapse to TOT arrangement). The intercalation
tended to order the sheets, that is, the interaction with the polycations made more layers to correctly
stack, due to the successive interaction layers–polycations. Calcination for forming the final pillared
solids increased or decreased the value of FWHM index, depending of the considered solid. Usually,
calcination causes a decrease of ordering, and this actually occurred in MtAl5B and MtAl10, however,
the opposite behavior was observed for MtAl2.5 and MtAl5A. This may be due to the high speed of
the intercalation procedure in these solids, which may not allow the correct stacking of the layers, by
which the stacking may continue during the first steps of the calcination.

Table 5. Value of FWHM index of the solids.

Solid FWHM/◦

RMt 2.372
Mt-500 0.999
MtAl2.5 1.929

MtAl2.5-500 1.775
MtAl5A 1.768

MtAl5A-500 1.701
MtAl5B 1.701

MtAl5B-500 2.290
MtAl10 1.607

MtAl10-500 1.887

The FT-IR spectra of the all samples were similar to that of natural Mt (Figure 2). The O–H
stretching band was recorded close to 3440 cm−1 and the H–O–H bending vibrational mode at
1637 cm−1. Bands corresponding to the Si–O–Si and Si–O–Al vibrations were recorded at 1036 and
522 cm−1. No Al–O bands were observed for the intercalated clays. The intensity of the O–H stretching
mode of the hydroxyls bonded to the metals, recorded around 3600 cm−1, increased after intercalation
in MtAl10, suggesting an interaction with the polycations, and an increase in the acidity of this solid.

The thermogravimetric curve of the intercalated solids (that from MtAl10 is included in Figure 3
as an example) showed a ~12% mass loss at low temperature, associated with an endothermic effect
centered at 94 ◦C in the DTA curve. This effect was due to the removal of water located in the
interlayer region, bonded to the polycations, or adsorbed on the external surface of the sheets. In the
raw montmorillonite, this effect produced an 11% mass loss, with an endothermic associated effect
centered at 100 ◦C. Thus, the loss of the exchangeable cations and the cations coordinated to them
was compensated by the water adsorbed on the Al13

7+ polycations, giving up to similar effects for
both solids. In the central temperature range, a significant mass loss effect (~6%) was observed in the
pillared solids, with three slight inflexions, associated with an exothermic effect centered at 242 ◦C and
a shoulder at 396 ◦C. These effects are not observed in the raw montmorillonite, and should be due to
the dehydration of the polycations, confirming their correct intercalation on montmorillonite interlayer.
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Figure 2. FT-IR spectra of the intercalated solids.
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Figure 3. Thermal curves, TG, and DTA of MtAl10 solid.

The textural properties were studied by N2 adsorption–desorption experiments. The adsorption
isotherms (Figure 4) belonged to type II from IUPAC classification, with a H4 type hysteresis loop at
high relative pressures, a form associated with narrow slit pores [15]. The loop had an inflexion at a
relative pressure value of 0.4, being reversible at low p/p◦ values for the non-calcined solids, indicating
that pores were not rigid but flexible, and became practically reversible for the calcined solids.
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Figure 4. Nitrogen adsorption–desorption isotherms of the pillared solids.

134



Materials 2017, 10, 886

BET specific surface area, external surface area, and micropore volume data are summarized
in Table 6. Intercalated solids had specific surface areas higher than the starting clay mineral, with
values between 107 and 137 m2/g. The intercalation of the Al13

7+ polycations produced a remarkable
separation of the sheets, which would tend to increase the specific surface; however the interlayer
region was occupied by the polycations, so the nitrogen molecules could not freely access it. Both
effects compensated among them, but the first was predominant. The porosity ranged between 0.039
and 0.054 cm3/g and the external surface was in the range of 36–45 m2/g (~28–37% of the total
surface area).

Table 6. Specific surface area (SBET), external surface area (Sext) and micropore volume (Vm) of natural
montmorillonite [13] and of the pillared solids.

Sample SBET (m2/g) St (m2/g) * Vm (cm3/g)

RMt 49 49 (100) 0.000
Mt-500 80 64 (80) 0.009
MtAl2.5 123 45 (37) 0.044

MtAl2.5-500 135 49 (36) 0.047
MtAl5A 137 39 (28) 0.054

MtAl5A-500 107 43 (40) 0.035
MtAl5B 107 37 (35) 0.039

MtAl5B-500 57 27 (47) 0.016
MtAl10 115 36 (31) 0.044

MtAl10-500 96 43 (45) 0.030

* In brackets, percentage of external surface to the total specific surface area.

Calcination produced a decrease in the SBET for MtAl5A, MtAl5B, and MtAl10 solids, which
aligned with the expected trend, a decrease of this magnitude due to the collapse of the sheets, while the
external surface remained practically constant, increasing its relative contribution to the total surface,
up to 47%. Again, MtAl2.5 showed opposite behavior, with the SBET increasing upon calcination.
As previously commented, this was the solid submitted to a shorter time of microwave treatment.
The increase in surface area again suggested that the pillaring procedure was completed during the
calcination step.

The overall analysis of these results indicated that Al-PILC can be obtained by microwave
treatment of concentrated solutions and dispersions for a time as short as 2.5 min, although in this
case, the pillaring process seemed to be completed during the final calcination step of the preparation
procedure. Thus, microwave radiation should strongly facilitate the preparation of these solids in
large amounts.

4. Conclusions

Montmorillonite was effectively pillared with Al13
7+ polycations, using microwave radiation and

small volumes of concentrated solutions of the polycations and concentrated dispersions of the clay
mineral. The solids obtained showed structural characteristics comparable to Al-PILC prepared from
the classical method. Thus, the use of microwave radiation allows a significant reduction in the times of
treatment and the volumes of solutions/dispersions required by the conventional preparation method.
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Abstract: Pillared clays (PILCs) are interesting materials mostly due to their high basal spacing
and surface area, which make them suitable for adsorption and catalysis applications, for example.
However, the production of these materials on industrial scale is dependent on research about what
parameters influence the process. Thus, the objective of this work was to evaluate what parameters
influence the pillaring procedure. For this, pillared clays were synthesized following three series of
experiments. In the first series, the effect of the amount of water in a clay suspension was evaluated.
The best results were obtained by using diluted suspensions (1 g of clay to 100 mL of water). In the
second series, several pillaring methods were tested. In the third series, the amount of pillared clay
was raised to 50 g. Fifty grams of pillared clay can be obtained using the pillaring agent synthesized
at 60 ◦C with further aging for 24 h, and this material exhibited high basal spacing (17.6 Å) and
surface area (233 m2/g). These values are comparable with the traditional pillaring method using
only 3 g of clay.

Keywords: clays; Al-PILC; pillared clays; scale up

1. Introduction

Clays are abundant natural materials with a low cost. To improve the catalytic and adsorptive
properties of these materials, clays can be submitted to different processes, such as pillaring and acid
activation. Usually, clay pillaring occurs through cation exchange of natural cations (Ca2+, Na+, Mg2+)
present between clay layers for bigger cations such as polyhydroxy cations of Al (a pillaring agent).
These larger cations act as pillars, separating the clay layers, increasing the basal space and creating
microporosity. The calcination provides stability to the pillared clay, and the resultant material presents
small cavities and a large surface area. These properties, combined with the low cost of clay, make
pillared clays alternative catalysts to zeolites.

The majority of articles found in the literature use polyhydroxy cations (mostly aluminum,
zirconium, iron, and titanium) as pillaring agents [1–3]. These cations can be used separately (just one
type of pillar) [4–10] or as mixed pillars [11–17].

However, most papers about pillared clays report the use of polyhydroxy cations of only
aluminum as the pillaring agent. Solutions containing this complex are made through addition
of a base (hydroxide or carbonate) to a salt of aluminum (AlCl3 or Al(NO3)3) until a molar ratio of
OH/Al = 2.5 is attained or through dissolution of powdered Al in AlCl3 [1]. Solutions prepared with
these methods contain mostly three species: hydrated monomeric aluminum, the polyhydroxy cation
[Al13O4(OH)24(H2O)12]7+, also known as ε-Keggin ion or Al13, and polynuclear aluminum [18–20].
Some of these Al-pillared clays have been reported as support for active phases, such as metals, in
catalytic reactions [21–23].
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Variations in the synthesis provide different characteristics to the resulting materials, and the
most important parameters that can be varied are related to the formation, intercalation, and posterior
fixation of the polynuclear cations between the clay layers. No general rules exist about the best
conditions for the synthesis [24].

Several pillaring methods and pillaring solutions have been reported in the literature. Despite the
major studies that have been performed on a laboratory scale (with small quantities of clay), some
authors have utilized concentrated suspensions to increase the scale of pillaring [14,25–31]. In this
sense, to reduce the volume of water and intercalation times, Sanabria et al. [14] have performed
pillaring procedures by using dialysis membranes and ultrasound to produce pillared clays with
mixed Al-Fe, Al-Ce-Fe pillars. By this methodology, they were able to produce pillared clays with
similar features to those of the solid synthesized by their conventional procedure.

Nevertheless, a closer look into the literature reveals that an enormous amount of parameters can
influence the pillaring processes, like the starting clay material, the synthesis condition and nature
of the pillaring agent, the use of concentrated or dilute clay suspensions, time and temperature of
intercalation and conditions of washing, drying and calcining processes. In this view, to study a
scale-up pillaring process it is of primary importance the optimization of key parameters in order to
obtain pillared clays with comparable features (basal spacing and surface areas) similar to the material
synthesized by the conventional procedure. To achieve this purpose, a systematic study of the most
important variables that influence a scale-up pillaring process, like pillaring method, concentration of
clay suspension and amount of clay, using the same starting clay is of paramount importance.

Thus, the aim of the present study is to prepare and characterize pillared clays modifying the
conditions of the synthesis to determine which parameters influence the increase in the pillaring scale
of a bentonite clay.

2. Materials and Methods

2.1. Traditional Pillaring Method

A bentonite clay consisting of mostly montmorillonite, supplied by Colorminas Colorifício e
Mineração S/A, Brazil, was used in this study. The chemical composition of the pristine clay is:
83.02% Si, 13.55% Al, 1.01% Ca, 1.67% Mg, 0.25% Na and 0.50% K. The cation exchange capacity (CEC)
determined for the natural clay is 155 mEq/100 g.

The first pillaring stage is the preparation of the pillaring solution. In this way, 500 mL of a
NaOH solution (Sigma-Aldrich, St. Louis, MO, USA) and 250 mL of a AlCl3·6H2O solution (Vetec Fine
Chemicals, Duque de Caxias, Brazil), both 0.2 mol/L, were used in order to prepare the pillaring agent.
The NaOH solution was dripped slowly into the Al solution (approx. 1 mL/min) under constant
stirring at ambient temperature. Then, the pillaring solution was maintained under these synthesis
conditions for 6 days. The OH/Al ratio was 2, and 15 mEq Al/g of clay was used [2].

After the 6 days of aging the pillaring solution, 3 g of clay was stirred into 300 mL of distilled water
(1 g/100 mL) for 2 h at room temperature to hydrate the interlayer cations and expand the lamellae.

Subsequently, the pillaring agent was added to the clay suspension, and the mixture was stirred
for 2 h at room temperature to allow the natural clay cations to be exchanged with the prepared
polyhydroxy cations (pillaring agent). The material was vacuum-filtered (using a Büchner funnel and
filter paper serving as the porous barrier), washed abundantly with distilled water, dried overnight
in an oven at 60 ◦C and finally calcined at 450 ◦C for 3 h in a muffle furnace (the heating rate was
5 ◦C/min).

This pillaring procedure has been performed several times to prove its reproducibility.

2.2. Scale Up Pillarizations

The experiments were divided into three series. In series 1, the effect of water during the expansion
of clay was studied. In series 2, the method of pillaring was studied, and in series 3, the amount of
pillared clay was increased.
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2.2.1. Series 1: Effect of Water

To evaluate the effect of water utilized to expand the clay, several methods were tested (Table 1).
The OH/Al = 2 ratio and 15 mEq Al/g of clay were maintained in all experiments.

Table 1. Modified parameters to evaluate the effect of water.

Method Solution Concentrations Relation of Clay/Water Amount of Pillared Clay

Traditional 0.2 mol/L 1 g/100 mL 3 g
1 0.6 mol/L 1 g/10 mL 10 g
2 0.6 mol/L 1 g/50 mL 10 g
3 0.6 mol/L 1 g/100 mL 10 g
4 0.6 mol/L 1 g/100 mL 10 g
5 0.6 mol/L 1 g/100 mL 10 g

Methods 1, 2, and 3 were performed according to the traditional procedure, only modifying the
amount of water present in the clay suspension. However, methods 4 and 5 were performed in a distinct
form, with the exception of the synthesis of the pillaring solution. In method 4, after preparation of
the clay suspension (10 g of clay with 1 L of distilled water), 500 mL of water was removed by
centrifugation (5000 rpm for 10 min). Later, the remaining suspension was added to the pillaring
solution, and the mixture was stirred for 2 h. The clay was vacuum-filtered, washed with distilled
water, dried in an oven at 60 ◦C, and calcined at 450 ◦C for 3 h, as previously described.

Method 5 was performed similarly to method 4, but after the stage of hydration of the interlayer
cations, 900 mL of water was removed from the clay suspension by centrifugation. The remaining
100 mL of clay suspension was added to the pillaring agent performing the pillaring stage similarly
to the other experiments. This procedure (removal of water suspension) was performed to verify the
influence of the amount of water utilized in the clay suspension.

All methods from this series have been performed more than once in order to check
their reproducibility.

2.2.2. Series 2: Method Effect

In this series of experiments, several pillaring methods were tested (Table 2). In method 6, 150 mL
of a NaOH solution and 75 mL of a AlCl3·6H2O solution, both 0.6 mol/L, were utilized to prepare
the pillaring solution. The NaOH solution was dripped slowly (1 mL/min) into the Al solution
under constant stirring at ambient temperature and maintained under these conditions for 6 days.
Subsequently, the pillaring agent was transferred to a round bottom flask containing 3 g of dry clay
and kept under reflux for 24 h at 80 ◦C. Then, the material was vacuum-filtered, washed with distilled
water, dried in an oven at 60 ◦C, and calcined at 450 ◦C as previously described in Section 2.1.

Table 2. Modified parameters to study the effect of the method.

Method Solution Concentrations Relation of Clay/Water Amount of Pillared Clay

Traditional 0.2 mol/L 1 g/100 mL 3 g
6 0.6 mol/L - 3 g
7 0.6 mol/L 1 g/100 mL 10 g
8 0.6 mol/L - 10 g
9 0.2 mol/L 1 g/100 mL 3 g
10 0.2 mol/L 1 g/50 mL 3 g
11 0.6 mol/L 1 g/100 mL 10 g

Experiment 7 proceeded as described in the traditional method. However, after 6 days of aging,
the pillaring solution was stored for a month in an amber vial to check whether the properties of the
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pillaring solution remained over the course of time. The pillarization procedure was performed as
described in the traditional method.

An in situ pillarization, tested in method 8, was performed differently from all other methods.
Ten grams of clay was added to 250 mL of an AlCl3·6H2O solution (0.6 mol/L) and stirred for 2 h.
Subsequently, 500 mL of a NaOH solution (0.6 mol/L) was dripped slowly (1 mL/min) into the Al
solution and stirred for 6 days at ambient temperature. After the aging time, the material was washed,
filtered, dried, and calcined as previously described in Section 2.1.

Experiment 9 was performed as described previously. However, the clay was first expanded
with water (3 g in 300 mL) for 2 h at ambient temperature. After the solution of aluminum chloride
(250 mL of 0.44 mol/L) was added to the clay suspension, the mixture was stirred for 2 h. This solution
had to be more concentrated to maintain the final concentration at 0.2 mol/L after the solution had
been added to the clay suspension. The following procedures were performed as described in the
previous method.

Pillaring method 10 was performed as described by Leite et al. [32]. To prepare the pillaring agent,
500 mL of a NaOH solution and 250 mL of an AlCl3·6H2O solution, both 0.2 mol/L, were utilized.
However, during the dripping (1 mL/min), the solution was kept at 60 ◦C with stirring. Then,
the solution was stirred at ambient temperature for 24 h. Subsequently, 3 g of clay was dispersed in
150 mL of water for 48 h of stirring at ambient temperature. Then, the pillaring agent was added to the
clay suspension and stirred for 48 h more. Finally, the clay was filtered, washed, dried, and calcined as
previously described in Section 2.1.

Method 11 was performed in the same manner as method 10. However, the stirring time
was reduced from 48 to 2 h. The same procedure was performed with the cation exchange stage:
the pillaring solution and the clay suspension were kept in contact for just 2 h. The pillaring agent
synthesis was performed as described in method 10, without modifications.

The majority of methods from this series have been performed just once.

2.2.3. Series 3: Increase in the Amount of Pillared Clay

In this series of experiments, the amount of pillared clay was increased. Table 3 presents the
modified parameters for each experiment. In all methods, 1 g of clay to 100 mL of water was utilized.

Table 3. Modified parameters to increase the amount of pillared clay.

Method Solution Concentrations Amount of Pillared Clay Observation

Traditional 0.2 mol/L 3 g Pil. Ag. 6 days a

3 0.6 mol/L 10 g Pil. Ag. 6 days
11 0.6 mol/L 10 g Pil. Ag. 60 ◦C, 24 h b

12 1.2 mol/L 20 g Pil. Ag. 6 days
13 1.2 mol/L 20 g Pil. Ag. 60 ◦C, 24 h
14 1.5 mol/L 50 g Pil. Ag. 6 days
15 1.2 mol/L 50 g Pil. Ag. 6 days
16 1.2 mol/L 50 g Pil. Ag. 60 ◦C, 24 h

a Pillaring agent prepared over 6 days; b pillaring agent prepared at 60 ◦C in 24 h.

Pillaring methods 3, 12, 14 and 15 were performed in the traditional manner: the pillaring agent
was stirred for 6 days at ambient temperature. The difference between the methods is the concentration
of the solution to maintain the relation of 15 mEq Al/g of clay.

In method 14, solutions of 1.5 mol/L were utilized. Due to this high concentration, the pillaring
solution became turbid, requiring stirring for 13 days, but even after this period, the pillaring solution
still presented some turbidity.

In methods 11, 13 and 16, the pillaring solution was kept at 60 ◦C during the dripping (1 mL/min)
of the sodium hydroxide solution into the aluminum chloride solution. Then, the pillaring agent was
stirred at ambient temperature for 24 h. The following procedures were performed as described above.
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All methods from this series have been performed more than once in order to check
their reproducibility.

2.2.4. Characterization

The prepared materials were characterized by X-ray diffraction (XRD) on a Shimadzu-XRD-7000
apparatus (Shimadzu, Kyoto, Japan) using Cu radiation (λ = 1.54 Å) and 0.02◦ step size.
N2 physisorption isotherms were measured using a Quantachrome-NOVA 2200e apparatus
(Quantachrome, Boynton Beach, FL, USA). Prior to analysis, the samples were degassed for 3 h
at 300 ◦C under vacuum. The surface areas were obtained using the Brunauer, Emmet and Teller (BET)
method, and the micropore volumes and external areas were calculated by the t-plot method using the
Harkins-Jura-de Boer t-equation [33]. The total pore volume was calculated at a partial pressure p/p0 of
0.95. The micropore area was calculated as the difference between the BET and external surface areas.

3. Results and Discussion

3.1. Series 1: Effect of Water

Figure 1 shows the X-ray diffraction patterns of the natural clay, the pillared clay using the
traditional method and the samples of series 1 (1 to 5). Regarding to the natural clay, the material
composition is based mostly on montmorillonite (2θ = 5.8◦; 17.7◦; 19.8◦ and 35.1◦) and quartz
(2θ = 26.6◦) [34].

λ

θ
θ

 

−
−

Figure 1. X-ray diffractograms of the natural, traditional and 1 to 5 (series 1) pillared clays.

The shift of the first reflection, which was due to the (001) plane, to smaller angles (2 theta axis)
shows that the basal spacing increased (Table 4), indicating that the clay cations were exchanged for
the prepared polyhydroxy cations.

The pillared clays using the traditional methods (2 and 3) presented more intense (001) reflections
compared to samples 1, 4, and 5; indicating a more organized structure of the lamellae. This more
organized structure is reflected in the values of the basal spacing and the surface areas obtained
(Table 4). Sample 1 presented the lowest values of surface area (142 m2/g) and basal spacing (16.8 Å)
due to the amount of water used to expand the clay (100 mL). In methods 4 and 5, 500 and 900 mL of
water, respectively, were removed before the stage of pillarization. As a consequence of this removal of
water, these samples presented lower surface areas (149 m2/g) in comparison with PILCs obtained
by methods 1, 3 and traditional (higher than 200 m2/g). Therefore, the amount of water used to
expand the lamellae also exerts a great influence in the cationic exchange of natural clay cations by the
prepared oligomers, translating into a decrease in surface area when fewer amounts of water (methods
4 and 5) are used. Similar results were obtained with samples 2 and 3, indicating that the minimum
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relation of clay/water to obtain materials with elevated basal space and surface area (above 200 m2/g)
is 1/50.

Figure 2 presents a comparison between the basal spacing, the concentration of the clay suspension
and the surface area BET of this series of samples. The best results were obtained through method 3,
where elevated amount of water in the clay suspension was used (1/100) and was maintained until the
end of the process. For samples 4 and 5, a drastic reduction of surface area occurred due to the removal
of water from the clay suspension before the stage of pillaring, which proves that the high quantity of
water (diluted suspensions) generates materials with elevated basal spacing and surface areas.

Table 4. Modified parameters, basal spacings and surface area (BET) values of series 1 samples.

Method Relation of Clay/Water (g/mL) Mass of Clay Amount of Water in Clay Suspension d001 (Å) SBET (m2/g) Observations

Natural - - - 15.1 58 -
Traditional 1/100 3 g 300 mL 17.8 234 -

1 1/10 10 g 100 mL 16.8 142 -
2 1/50 10 g 500 mL 17.5 217 -
3 1/100 10 g 1000 mL 17.9 216 -
4 1/100 10 g 1000 mL 17.8 150 −500 mL
5 1/100 10 g 1000 mL 17.3 149 −900 mL

/ / /

Figure 2. Relation between the concentration of the clay suspension to basal space (Å) and surface area
BET (m2/g) for series 1 samples. * 500 mL and ** 900 mL of water removed before pilarization.

Table 5 presents the textural parameters (BET surface area, micropore area, external area, total
pore volume and micropore volume) of series 1 materials.

Table 5. Textural parameters evaluated by N2 physisorption isotherms of series 1 samples.

Method SBET (m2/g) Smicro (m2g) Sext (m2/g) Vtotal (cm3/g) Vmicro (cm3/g)

Natural 58 19 39 0.070 0.010
Traditional 234 195 39 0.146 0.100

1 142 115 27 0.093 0.059
2 217 180 37 0.135 0.093
3 216 180 36 0.131 0.092
4 150 125 25 0.098 0.064
5 149 120 29 0.101 0.062

When the pillared clay prepared by the traditional method is compared with natural clay,
the external area values, which include the external surface plus the meso and macropore area, did not
vary. The micropore volume is approximately 10 times larger in the pillared clay due to the increase in
basal space. Because of this increase in the micropore volume, the micropore area is approximately
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10 times larger. This area is responsible for the increase in total area (BET) in the pillared material.
Methods 4 and 5 presented the closest results to those when using the traditional method, with surface
areas above 200 m2/g, a micropore area of 180 m2/g and a pore volume (total and micro) similar to
the related values in the literature [2,35].

3.2. Series 2: Method Effect

In this series, several pillaring methods were evaluated according to basal spacings, and surface
areas obtained. The pillaring methods that employed reflux (sample 6) and in situ processes
(samples 8 and 9) resulted in low basal spacings and low surface areas, indicating that these methods
were not effective (Table 6). Samples 7, 10, and 11 presented larger basal spacings than the natural
clay (Figure 3).

Table 6. Modified parameters, basal spacings and surface area values of series 2 methods.

Method
Relation of Clay/Water

(g/mL)
Mass of Clay

Amount of Water in
Clay Suspension d001 (Å) SBET (m2/g) Observations

Natural - - - 15.1 58 -
Traditional 1/100 3 g 300 mL 17.8 234 -

6 - 3 g - 13.7 85 Refluxed
7 1/100 10 g 1000 mL 17.2 201 1 month
8 - 10 g - 17.1 71 In Situ

9 1/100 3 g 300 mL 12.9 74 In Situ
w/exp a

10 1/50 3 g 150 mL 17.7 225 Pil. Ag. 1
day b

11 1/100 10 g 1000 mL 17.5 237 Pil. Ag. 1
day

a In situ with expansion; b pillaring agent prepared over 1 day.

Figure 3. X-ray diffractograms of the natural clay, traditional pillared clay and 7, 10 and 11 pillared
clays (series 2).

Method 7, in which the pillaring agent was allowed to stand for a month and used subsequently,
resulted in high surface area and basal spacing, indicating that the properties of the pillaring agent had
not changed over time, proving that large amounts of pillaring agent could be produced and stored
without the pillaring solution losing its function.

Samples 10 and 11, in which the pillaring agent synthesis was performed in one day with heating
at 60 ◦C, presented high basal spacings and surface areas, demonstrating the insertion of Al pillars.
Thus, in the methods in which the pillaring agent was prepared separately (without being in situ)
and with a clay expansion in water, the best results were obtained. Therefore, the pillaring method
influences the characteristics of the materials obtained, and when comparing methods 10 and 11, there
is no need to expand the clay lamellae and to submit the clay to cationic exchange for 48 h. These
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stages are fast, so 2 h is sufficient for each procedure (clay expansion and cationic exchange) to obtain
high basal spacings and surface areas.

Table 7 presents the textural parameters obtained using methods 7, 10, and 11, which represent
the highest values of basal spacings of the series 2 samples. The samples prepared using methods 7, 10,
and 11 are compared to the natural clay and the sample pillared by the traditional method (Table 7).

Table 7. Textural parameters evaluated by N2 physisorption isotherms of series 2 samples.

Method SBET (m2/g) Smicro (m2/g) Sext (m2/g) Vtotal (cm3/g) Vmicro (cm3/g)

Natural 58 19 39 0.070 0.010
Traditional 234 195 39 0.146 0.100

7 201 169 32 0.122 0.087
10 225 184 41 0.140 0.095
11 237 196 41 0.147 0.102

The samples prepared by methods 10 and 11 presented similar features in comparison with the
clay pillared by the traditional method. The surface areas obtained by these materials are in the same
order (225 and 237 m2/g) than the PILC prepared by the traditional pillaring procedure (234 m2/g).
The same trend is observed for the others parameters (micropore and external areas and total and
micropore volumes). In fact, the sample pillared by method 11 presented results slightly higher than
the PILC obtained by traditional pillaring method, proving that the former method is highly efficient
for the synthesis of pillared clays.

Thus, the amount of pillared clay was increased when the methods 3 (6 days pillaring agent) and
11 (1 day pillaring agent) were followed, using the relation of 1 g of clay to 100 mL of water in the
clay suspension (higher dilution). This relation was used because, according to the results of series
1, as larger amounts of water are used in the clay suspension, the surface areas and basal spacings
become higher.

3.3. Series 3: Increase in the Amount of Pillared Clay

Figure 4 presents the X-ray diffraction patterns of series 3. Pillarization occurred for all methods
except method 14, in which a small shift of the (001) reflection to higher angles of the 2θ axis occurred,
indicating a smaller basal spacing in relation to the other samples (Table 8).

For all methods, elevated basal spacings (above 17.5 Å) were obtained, except for method 14,
where a value of 16.6 Å was calculated. This small value is due to the concentration used to prepare
the pillaring agent (1.5 mol/L) because even after stirring for 13 days, the pillaring solution was still
turbid, indicating the formation of agglomerates and other species beyond the Keggin ion [19].

θ

Figure 4. X-ray diffractograms of the series 3 samples.
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Table 8. Modified parameters, basal spacings and surface areas of series 3 samples.

Method
Solution

Concentrations
Relation Clay/Water

(g/mL)
Mass of Clay d001 (Å) SBET (m2/g)

Observation
(Pillaring Agent)

Natural - - - 15.1 58 -
Traditional 0.2 mol/L 1/100 3 g 17.8 234 6 days

3 0.6 mol/L 1/100 10 g 17.9 216 6 days
11 0.6 mol/L 1/100 10 g 17.6 237 60 ◦C, 24 h
12 1.2 mol/L 1/100 20 g 17.7 191 6 days
13 1.2 mol/L 1/100 20 g 17.5 251 60 ◦C, 24 h
14 1.5 mol/L 1/100 50 g 16.6 179 6 days
15 1.2 mol/L 1/100 50 g 17.6 197 6 days
16 1.2 mol/L 1/100 50 g 17.6 233 60 ◦C, 24 h

From the analysis of the data in Table 8, it could be noticed that when increasing the amount
of pillared clay (methods 12, 14 and 15), a slight reduction of surface area occurred, with the lowest
surface area obtained by method 14 (179 m2/g). For methods 11, 13, and 16, where the pillaring agent
was synthesized in the course of a day with a heating stage at 60 ◦C, the surface areas remained high,
even when pillaring 50 g of clay (Figure 5).

/ / / /

Figure 5. Values of surface area BET to several amounts of pillared clays as a function of time of
preparation of the pillaring agent.

All pillared clays synthesized by the pillaring agent prepared in the course of 1 day
(methods 11, 13 and 16) obtained surface areas larger than 200 m2/g. The clays pillared by the pillaring
agent prepared over the course of 6 days obtained lower surface areas. Table 9 presents the data
referring to the textural parameters from samples of this series. Not only was the surface area higher
for samples pillared by the method using heating, other data such as total pore volume and micropore
volume were larger for the samples pillared by this method.

Table 9. Textural parameters of series 3 samples.

Sample SBET (m2/g) Smicro (m2/g) Sext (m2/g) Vtotal (cm3/g) Vmicro (cm3/g)

Natural 58 19 39 0.070 0.010
Traditional 234 195 39 0.146 0.100

3 216 180 36 0.131 0.092
11 237 196 41 0.147 0.102
12 191 154 37 0.122 0.079
13 251 207 44 0.156 0.106
14 179 137 42 0.122 0.071
15 197 157 40 0.127 0.080
16 233 199 34 0.143 0.102
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Comparing sample 15 (50 g of clay pillared by the traditional method) with sample 16 (50 g
pillared by the method using heating), these two samples show the same basal spacing. However,
a higher surface area was obtained for sample 16 (233 m2/g); for sample 15, the surface area was
197 m2/g. This lower value was most likely due to the pillaring agent utilized, where the concentration
of the solution used was 1.2 mol/L, and even after 6 days of aging, the pillaring solution showed a
little turbidity. Because method 16 used heating during the synthesis of the pillaring agent, no turbidity
occurred, and the solution was completely clear when used, not presenting the problems reported in
methods 14 and 15.

Therefore, the method of synthesis of the pillaring agent that applies heating at 60 ◦C with
subsequent aging of the pillaring solution for 24 h at ambient temperature is the most suitable for
pillaring large quantities of clay, which requires concentrated solutions. In method 16, fifty grams of
pillared clay were produced by using this methodology. The basal spacing and surface area obtained
(17.6 Å and 233 m2/g) are in line with literature results achieved in pillaring procedures employing
few grams of clay [14,36]. The traditional method is efficient just for small quantities of clay because
increasing the concentration of the pillaring agent creates turbidity, generating other Al species.

4. Conclusions

Three series of experiments (water effect, method effect and increase in the amount of pillared
clay) were studied in order to verify their influence in the final properties (basal spacing and surface
area) of pillared clays. In series 1, diluted clay suspensions (minimum 1 g/50 mL) are required to obtain
pillared materials with basal spacings and surface areas superior than 17 Å and 200 m2/g, respectively.

In series 2, the most outstanding pillaring methodology employed was method 11, in which the
pillaring agent was synthesized in 24 h with heating at 60 ◦C. The resulting Al-PILC presented basal
spacing of 17.5 Å and surface area of 237 m2/g.

In series 3, fifty grams of pillared clay with high basal spacing and surface area (17.6 Å and
233 m2/g, respectively) were obtained by applying the best pillaring method studied in series 2
(pillaring agent synthesized at 60 ◦C with subsequent aging over 24 h at ambient temperature) and
amount of water in clay suspension (1 g of clay/100 mL of water). The textural properties and basal
spacing obtained by this material are comparable to the results obtained with the traditional pillaring
method employing just 3 g of clay.
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Abstract: This work describes the synthesis and characterization of pillared clays using a new
pillaring method: the reuse of the pillaring solution. First, an Al pillared clay (PILC) was synthesized,
and after filtration, the pillaring agent was stored and reused for an additional three pillaring
procedures (P1, P2, and P3). The filtered pillaring solution was stored for one year and then reused
for one additional pillaring procedure (P4). The samples were analyzed using XRD, N2 physisorption
measurements and chemical analysis (EDX). All of the samples exhibited basal spacings larger than
17 Å and BET surface areas greater than 160 m2/g. After the P4 pillaring, the pillaring agent was
precipitated with a Na2SO4 solution, and the resulting solid was analyzed using XRD and SEM. The
results indicated that even after a total of five pillaring procedures, Al13 ions were still present in
solution. Therefore, it is possible to reuse the pillaring solution four times and to even store the
solution for one year, which is important from an industrial perspective.

Keywords: pillaring solution; Keggin ion; reutilization

1. Introduction

Pillaring is the process by which a layered compound is transformed into a thermally stable
micro- and/or mesoporous material with retention of the layered structure. The obtained material
is a pillared compound or a pillared layered solid. Pillared clays (PILCs) constitute a special class of
pillared layered solids. The goal of the pillaring process is to introduce micro- and mesoporosity into
clay minerals. This is achieved using a combination of a smectite, for example, and a pillaring agent
via an ion-exchange reaction, in which a two-dimensional channel network is formed [1]. Heating the
clays imparts stability to the pillared clay by promoting permanent bonding between the pillar and the
layers. The resulting materials have small cavities and a large surface area. These properties, along
with their low cost, make pillared clays ideal for use as alternative catalysts to zeolites [2].

There are numerous oligomeric cations that could be used as pillars, as well as Al, Zr, Ti, Cr, Fe,
Ce and others [1,3,4]. These cations could be used individually [2,5–8] or mixed [9–17]. In addition,
there is an enormous amount of work dealing with the use of Al-pillared clays as supports of metal
nanoparticles (Pd and Pt, for example) for several catalytic applications [18–21].

In this sense, most of the studies published to date have focused on the use of the Al polyoxocation
as a pillaring agent. Solutions containing this complex are prepared through forced hydrolysis, either
by the addition of a base to AlCl3 or Al(NO3)3 solutions, up to an OH/Al molar ratio of 2.5, or by
dissolution of Al powder in AlCl3 [22]. The most important cationic complex formed is most likely
the polynuclear [Al13O4(OH)24(H2O)12]7+, which is the so-called Keggin or Al13 ion [23,24]. Although
the method of preparation is clearly of prime importance, many other factors influence the formation
of pure Al13 in solution, such as the nature and initial concentration of the reagents used, the degree
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of hydrolysis (OH/Al ratio), the rate of adding the reactants, the temperature, and the time and
temperature of aging the hydrolyzed solutions [25].

Several methods and pillaring solutions, species of pillars and types of clays have been discussed
in the literature. Nevertheless, most of these studies were performed using pillared clays prepared at
the laboratory scale, usually in small amounts. However, some authors have performed experiments
using concentrated clay dispersions [13,26–32]. All of these studies used Al13 as a pillaring agent or
Al13 mixed with another cation, such as Fe. However, to our knowledge, none of the works reported
in the literature reused the pillaring agent more than once. Thus, the purpose of this investigation is to
reuse the pillaring agent in other pillaring procedures for scale-up studies.

2. Materials and Methods

2.1. Synthesis of the Aluminum Pillared Clay Minerals

The clay used in this study is a bentonite that contains montmorillonite as the dominant clay
mineral. The first step of the pillaring process is to prepare the pillaring agent. For this purpose, 500 mL
of a 0.2 mol/L sodium hydroxide solution (NaOH, Vetec Fine Chemicals, Duque de Caxias, Brazil)
and 250 mL of a 0.2 mol/L aluminum chloride hexahydrate solution (AlCl3·6H2O, Fluka Analytical,
Sigma-Aldrich, St. Louis, MO, USA) were used. The sodium hydroxide solution was slowly added to the
aluminum chloride solution dropwise, which was then maintained at room temperature under stirring
for six days. A ratio of 0.05 moles of Al/g of dry clay and a molar ratio of OH/Al = 2 [33] were used.

The clay dispersion was prepared by adding 3 g of clay to 300 mL of distilled water, followed
by stirring at room temperature for 2 h. After this expansion process step, the pillaring process itself
was performed by adding the pillaring agent solution to the clay dispersion. The mixture was stirred
for 2 h at room temperature such that the natural cations of the clay could be exchanged for the
previously prepared oligomers, thereby affording an intercalated clay. The solid was separated by
vacuum filtration, washed with distilled water until the test for chloride was negative, dried at 60 ◦C
and subsequently calcined at 450 ◦C to generate the pillared clay.

During the filtration step, the pillaring agent was separated. The separated pillaring agent was
stored in an amber bottle and subsequently reused in three other pillarings—called P1, P2 and P3—as
shown in Table 1. After filtration of the P3 clay, the pillaring agent was again stored in an amber
bottle, and it was stored for one year. After this period, the pillaring agent was reused for pillaring P4.
All other pillaring steps were performed as described above.

Table 1. Data on pillaring with reuse of the pillaring agent.

Sample Reuse of Pillaring Agent

PILC —
P1 First time
P2 Second time
P3 Third time
P4 Fourth time (after one year)

2.2. Preparation of A113 Sulfate

The methodology used was based on [13] and [23] and is described below. After pillaring P4,
the pillaring agent filtrate was added to a Na2SO4 (Vetec Fine Chemicals, Duque de Caxias, Brazil)
solution (500 mL of 0.1 mol/L) to precipitate the Keggin ions. The mixture was initially stirred for 2 h,
followed by aging for 48 h. Then, the solid was vacuum filtered, washed with distilled water, and
dried in an oven at 60 ◦C.

2.3. Material Characterization

The natural and pillared clays were characterized using XRD, textural analysis by N2 adsorption,
chemical analysis and scanning electron microscopy. X-ray diffraction analyses were performed on
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a Rigaku Desktop MiniFlex II apparatus (Rigaku, Tokyo, Japan) using CuKα radiation (λ = 1.54 Å).
The analyses were performed over the range of 1.5◦ to 65◦ 2θ using an X-ray tube voltage of 30.0 kV
and current of 15.0 mA, scan rate of 5◦/min and step size of 0.05. The textural analyses of the samples
by N2 adsorption were conducted using the adsorption/desorption of nitrogen with a Nova 2200 E
device (Quantachrome, Boynton Beach, FL, USA). The samples were pre-treated for 3 h at 300 ◦C under
vacuum prior to the analyses. Then, the adsorption/desorption of N2 at liquid nitrogen temperature
was measured. Chemical analyses of the samples were performed using an EDX-720 energy dispersive
X-ray fluorescence spectrometer (Shimadzu, Kyoto, Japan). Characterization by scanning electron
microscopy was performed using an ESEM-XL30 instrument (Philips, Eindhoven, The Netherlands).
The samples were coated with gold to avoid the appearance of charges on the surface that could lead
to distortions in the images.

3. Results and Discussion

Figure 1 presents the X-ray diffraction patterns of the starting clay (natural) and of the pillared
clays. The PILC sample refers to the first pillaring, and P1, P2, P3, and P4 refer to samples obtained
from reuse of the pillaring agent. It was observed that all samples were pillared due to the increase in
the interlayer spacing relative to that of the natural clay (Table 2). The starting clay had a basal spacing
of 15.12 Å, which is an indication that Ca2+ ions are present as interlayer cations [34]. For the pillared
samples, basal spacings of approximately 17.8 Å were obtained. This basal spacing is in agreement
with those reported in the literature for pillaring with Al [5,13,35,36]. This value refers to the sum
of the thickness of the lamella with the approximate size of polyoxocation [Al13]7+ (9 Å) [25], which
confirms the inclusion of Al pillars between the clay lamellae.
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Figure 1. X-ray diffraction patterns of natural and pillared clays.

Table 2. Basal spacings obtained for the pillared clays and natural clay.

Samples d001 (Å)

Natural 15.12
PILC 17.86

P1 17.86
P2 17.83
P3 17.54
P4 17.90

As shown in Figure 1, a shoulder also appeared on the peak at 9◦ 2θ, which corresponds to a basal
spacing of approximately 9.6 Å. This spacing is characteristic of calcined clay, in which the layers are
collapsed. This method of pillaring produces a pillared material, but some lamella may be collapsed.
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The pillaring agent used in pillarings P1 to P4 was always the same; however, it was more dilute
with each reuse. Nevertheless, the basal spacings of these samples were similar to that of the first
pillared clay obtained using this pillaring agent (PILC). This result indicates that there are still Keggin
ions (Al13) present in the remaining solution, which may be due to two reasons: (1) at each pillaring,
100% of the cation-exchange capacity (CEC) of the clay is not being achieved and (2) the amount of
Keggin ions present in the pillaring agent is considerably greater than the exchange capacity of the clay.

Using the following equation, we can calculate the mass of Keggin ions (theoretical) required to
obtain 100% cation exchange using 3 g for the mass of clay used and 1.039 g/mmol for the molar mass
(theoretical) of the Keggin ion [AlO4Al12 (OH)24·(H2O)12]7+. The cation-exchange capacity of this clay
is 1.79 mmol/g [37], but we have to take into account the stoichiometry of the reaction: Keggin ions
have a charge +7 and Na ions have charge +1. Because of this, 0.255 mmol/g is the CEC correct value
in this case.

Mass = massclay × CEC × factor × molar mass

Mass = 3 g × 0.255 mmol/g × 1 (100% CEC) × 1.039 g/mmol

Mass = 0.79 g

In theory, this mass is equivalent to 0.000765 moles of Keggin ions. For the synthesis of the
pillaring agent, 0.05 moles of Al/g of clay are used. Because the majority of Al species present in
solution are Keggin ions for the synthesis conditions for the pillaring agent used in this study [38,39],
one can consider that, when using 0.05 moles, much of this amount is related to the number of moles
of Keggin ions present in the pillaring agent. In fact, when using the above equation with a factor of
5 (in the five pillaring procedures that this pillaring agent was used, 100% cation exchange occurred),
the number of moles of Keggin ions that would be required is 0.0038. Therefore, this amount of
0.05 moles of Al/g of clay was sufficient to perform five pillarings with 3 g of clay each.

Table 3 presents the data from the chemical analyses of the pillared clays and the starting clay.
An increase in the Al content of the pillared samples relative to natural clay was observed, indicating
that Al oligomers are being incorporated into the interlayer space of the clay. Notably, the Al content
remained high even after one year (P4). Regarding the Si/Al ratio, a decrease in this ratio for pillared
clays occurs in comparison to the natural clay, which confirms that the pillaring process occurred. It is
also observed that the ratios obtained for samples P1 to P4 were similar, indicating that the pillaring
agent can be reused four times. The Ca content in the pillared clays decreased relative to that of the
natural clay, and in most samples, this element could not be detected. This was due to the cation
exchange of Ca by oligomers. The Si content in the pillared clays was less than that in the starting clay.
This difference is due to the aluminum inserted in the samples by changing the relative percentage.
Regarding the values for Mg, the pillared clays exhibited a decrease compared to the natural clay,
which indicates that part of the Mg ions also participate in the process and should be located in the
interlayer space. The Fe content in the pillared clays increased relative to that in the natural clay, which
may be associated with the technique because the EDX analysis is punctual.

Table 3. Chemical analyses of samples (%).

Sample SiO2 Al2O3 MgO CaO2 Fe2O3 Si/Al

Natural 69.96 19.08 5.61 2.73 2.62 3.52
PILC 59.37 33.87 3.59 n.d. a 3.17 1.69

P1 60.28 30.45 3.38 n.d. 5.89 1.90
P2 60.08 30.56 3.37 0.03 5.96 1.89
P3 60.15 30.53 3.18 n.d. 6.14 1.90
P4 59.86 30.76 3.36 n.d. 6.02 1.87

a n.d. = not detected.

To verify that the pillaring species was actually the Keggin ion, the pillaring solution of the P4
sample was filtered and then added to a solution of Na2SO4 to precipitate the remaining Keggin ions.
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Figure 2 shows the XRD analyses of the solid precipitate (b) and of the Keggin ion synthesized using
the same method before being used as a pillaring agent (a).
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Figure 2. X-ray diffraction patterns of Keggin ion synthesized before being used as a pillaring agent (a)
and after five pillaring procedures (b).

As shown in Figure 2, both samples exhibit the same diffraction peaks but with different intensities.
Similar results were obtained by Tsuchida et al. [40], in which a solid precipitate from solutions of
Al13 was obtained by adding sulfate salts with two types of crystals (I and II). The results of this study
are similar to those of the type II crystals. Tsuchida et al. [40] also found that Keggin ion solutions
synthesized using OH/Al ratios equal to 2 (the basicity used in this study) preferentially generate
the type II crystals when precipitated with sulfate. Thus, it appears that even after five pillaring
procedures, there are Keggin ions present in the pillaring agent. The method of precipitating Keggin
ions with sulfate anions exerts a strong influence on the morphology of the solid Al13 [41]. Figure 3
presents scanning electron microscopy images of the precipitated Keggin ions before being used (a) and
after five pillaring procedures (b).



a) b)

 

Figure 3. SEM micrographs of Keggin ion precipitates (a) before pillaring and (b) after five
pillaring procedures.

Before pillaring (Figure 3a), the precipitated Keggin ions present a morphology similar to
a fiberboard cylinder. After pillaring (Figure 3b), the precipitated Keggin ions exhibit different
morphologies, with some particles possessing cylindrical shapes, others with spherical shapes and
even amorphous agglomerates. Wang and Muhammed [41] found different morphologies (in the form
of fibers, rectangles, and tetrahedrons) when precipitating the sulfate Keggin ion by changing only the
precipitation time, and the tetrahedral morphology (as reported by [23]) was only obtained after long
periods of precipitation, which demonstrates that the method employed to precipitate the Keggin ions
exerts a great influence on the morphologies of the crystals.
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The N2 adsorption/desorption isotherms are shown in Figure 4. It was observed that all samples
belong to the type IIb classification according to Rouquerol et al. [42], which is characteristic of
materials that contain aggregates of plate-shaped particles, typical of clays. Regarding the type of
hysteresis, all can be classified as type H3, which is characteristic of porous materials that consist of
agglomerates of particles in the form of plates (lamellae) that produce slit-shaped pores [43].

 

 

Figure 4. N2 adsorption/desorption isotherms for natural clays, PILC, P1, P2, P3, and P4.

In comparing the isotherms of the pillared clays with the isotherm of the natural clay, it is observed
that the treatment of natural clay with the Al oligomeric solution causes a considerable increase in the
amount of adsorbed N2. For p/p0 = 0.2, the amount of N2 adsorbed by the natural clay is 17.1 cm3/g,
whereas for pillared clay P2 (the second time that the pillaring agent was reused), for example, the
amount of N2 adsorbed is 49 cm3/g, i.e., an approximately three-fold increase.

The isotherm data can be used to calculate the specific surface areas and pore volumes of the
samples. The specific surface area was calculated using the BET method, and the total volume was
calculated at a partial pressure of p/p0 = 0.95. The area and volume of micropores were calculated
using the t-plot method. The external surface is the difference between the BET surface area and
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micropore area, and it explains the contribution of meso- and macropores. These data are presented
in Table 4.

Table 4. Textural parameters calculated from the adsorption isotherms for the prepared samples.

Sample SBET (m2/g) Smicro (m2/g) Sext (m2/g) Vmicro (cm3/g) Vtotal (cm3/g)

Natural 58 19 39 0.010 0.070
PILC 183 171 12 0.066 0.090

P1 171 158 13 0,062 0.086
P2 194 183 11 0.071 0.096
P3 202 192 10 0.074 0.097
P4 164 150 14 0.058 0.086

A significant increase in the BET specific surface areas of the samples is observed after the pillaring,
in which the BET areas of the pillared clays are approximately four times greater than the BET area
of natural clay. Furthermore, note that the largest contribution to the high values of specific area are
related to the increase in the area of micropores in the material, which is characteristic of pillared
clays [33,44]. The total pore volume also increases following the pillaring procedure. With respect to
the microporosity, there is an approximately 10-fold increase in microporosity in the pillared clays
relative to that of the natural clay. Due to this increase in micropore volume, the micropore area of
these materials is approximately 10 times greater than that of the natural clay.

The analysis of the results indicated that the specific surface areas of the samples that were pillared
by reusing the pillaring agent from the PILC sample remained high, which demonstrates that the
pillaring solution can be reused up to four times and can also be stored for long periods of time (P4).

4. Conclusions

The pillaring agent can be reused in other pillaring procedures without a loss in the primary
characteristics of pillared clays, i.e., both the pillared clay obtained using the traditional method (PILC)
and the pillared clays obtained by reusing the pillaring agent exhibited an increase in their basal
spacings and high specific areas. Even the P4 sample, in which the pillaring agent was stored for one
year before being reused for the fourth time, presented results that were as good as those for the clay
pillared using the traditional method. Additionally, the XRD and SEM analyses revealed that there
are Al13 ions present in solution, even after five pillarings, which makes the reuse of the pillaring
agent possible.
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