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A new two-step synthesis of ZrO,-MCM nanocomposites using the gel combustion technique was accomplished; the
resulting material had a high-surface area and showed very high adsorption activity. The deposition of 2-5 nm ZrO,
particles over MCM was achieved using gel combustion technique with glycine as a fuel, and the formation of
nanocomposites was confirmed using transmission electron microscopy. The composites were also characterized by XRD,
SEM, FTIR and N, adsorption-desorption analysis. The nanocomposites were tested for the adsorption of cationic dyes.
High rates of adsorption and large dye uptake were observed over the nanocomposites. The rate of adsorption over the
nanocomposites was higher than that observed for physical ZrO,-MCM mixtures and commercial activated carbon. The
nanocomposite with 10 wt % ZrO» showed the highest rate of adsorption owing to the synergistic effects of ZrO, surface
groups, smaller particle size, fine dispersion and high-surface area of the composite. © 2012 American Institute of

Chemical Engineers AIChE J, 58: 2987-2996, 2012
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Introduction

The concept of active species and support is well estab-
lished in the literature of catalysis. Several techniques have
been developed for obtaining a high dispersion of the active
species in the support matrix. However, this can, in princi-
ple, be used for any operation requiring high mass-transfer
rates. Thus, nanocomposites have been used in polymer tech-
nology,' ceramics,” biomedical engineering,® and nanotech-
nology.* Nanomaterials can be supported on porous materials
having high surface area. Some of the common supports
include noncrystalline mesostructured materials such as
MCM-41/48. Mobil composition of matter (MCM) class of
materials was reported Kresge et al.’ as mesoporous and
microporous inorganic solids, synthesized using liquid tem-
plate technique. MCM compounds basically consist of SiO,
network framework with amorphous structure. However,
large local ordered structures are present in such compounds,
generally as hexagonal or cubic arrangement, which can be
observed using electron microscopic techniques. Various
MCM compounds have been reported by several investiga-
tors with an aim of achieving compounds with high surface
areas and controlled pore sizes. Different measures for the
alteration of such characteristics have been found to be vital
for application of the compounds as selective catalysts.6_8
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High surface area of such compounds also makes them suita-
ble as adsorbents.””'' Nanocomposites of MCM with differ-
ent metals and metal oxides have been reported for catalytic
applications. B, Al, Ti, Co and Sn incorporated MCM com-
posites have been synthesized using various techniques.'*'¢

Zirconium has been incorporated in the structure of
MCM, as reported by Jiang et al.'” and Chen et al.’™® A large
number of studies report the use of different oxides in
MCM. However, there are no reports describing a fine dis-
persion of ZrO, in MCM. We have recently reported'® high
rates and uptake of adsorption of cationic dyes over combus-
tion synthesized ZrO, with a surface area of 12 mz/g. This
surface area is very low compared to that of typical commer-
cial adsorbents. An enhancement in the adsorption activity
can be expected with an increase in the surface area of the
compound. To accomplish this, we adopted the strategy of
synthesis of nanocomposites of ZrO, with high surface area
MCM.

Nucleation and growth of particles on a substrate to obtain
a fine dispersion of particles and restrict the particle dimen-
sion in nanometer range are important processes governing
the final properties of the composite material. The grain
boundary effects and dispersion of active species can have
significant consequences on the properties and applicability
of the material. However, the evolution of the composite is
strongly dependent on the method of synthesis and the prop-
erties of the nanocomposite can be tailored by suitably
adjusting the synthesis conditions. In this study, we have
used a new technique based on gel combustion to obtain an
extremely fine dispersion of ZrO, in the support MCM
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matrix, where the ZrO, nanoparticles are nucleated over the
surface of MCM during the synthesis. The technique har-
nesses the fact that rapid combustion and quenching of the
flame along with the liberation of a large volume of gases
result in restriction of the particle size to nanometer range.
Although numerous efforts have been made for nucleating
metal nanoparticles over high-surface area substrate using
wet chemical methods, the novelty of this method is that it
provides a rapid way of dispersing metal oxide nanopar-
ticles. The key achievement of this technique is that a very
fine dispersion of nanoparticles and non-segregation of the
particles on the support can be obtained. To the best of our
knowledge, this is the first study reporting the synthesis of
ZrO,-MCM nanocomposites synthesized by any technique.
The composites showed superior activity for the adsorption
of dyes when compared to bulk ZrO,.

Experimental
Surfactant-assisted synthesis of MCM-48

Tetraethyl orthosilicate (TEOS, Si(OC,Hs)4, Merck, India)
was used as the precursor for the synthesis of MCM-48. The
surfactant used for the synthesis was cetyltrimethylammo-
nium bromide (CTAB, (C;¢H33)N(CHj3)3Br, Merck, India).
In a typical synthesis, 9.6 g of CTAB was added to 200 mL
of deionized water and stirred vigorously. Furthermore, 200
mL of ethanol (de Commerce, Inc., Canada) and 60 mL of
25% ammonia solution (Merck, India) were added and solu-
tion was stirred. A clear solution was obtained after 10 min
of stirring. 14.4 mL of TEOS was added to the clear solution
with continuous stirring and a gel was observed to form.
This reaction mixture was stirred for 2 h, filtered using
Buchner funnel, and washed continuously with water. The
solid formed was dried overnight at room temperature. Cal-
cination of the dry solid was carried out at 550°C for 6 h.
Bright white powder was obtained on calcination, referred to
as MCM in the text.

Gel combustion synthesis of ZrQ,-MCM nanocomposites

ZrO,-MCM nanocomposites were synthesized using a
two-step process. MCM-48 was synthesized using the proce-
dure described above. ZrO, nanoparticles were grown over
MCM using gel combustion technique. ZrO, can be synthe-
sized from zirconium nitrate and glycine using the solution
combustion technique.'® The reaction during combustion
resulting in the formation of ZrO, is given as

IOZI"(NO3)4 -5H,0 + 22C,HsNO, — 10ZrO, + 31N,
+ 105H,0 + 44CO, + (1/2)05 (1)

The aforementioned stoichiometry can also be arrived by
balancing the oxidizing and reducing valences in the reaction
mixture.? According to the aforementioned equation, every
gram of zirconium nitrate results in the formation of 0.21 g
of ZrO,. The aforementioned stoichiometry was used for the
synthesis of nanocomposites with different ZrO, wt % in
MCM. In a typical synthesis of 10 wt % ZrO,-MCM nano-
composite (ZM-10), 450 mg of MCM was taken. 238 mg of
zirconium nitrate (Rolex, India) and 92 mg of glycine
(Rolex, India) were added and the solids were finely ground
in an agate mortar pestle to obtain a very fine powder. Two
drops of water were added and the grinding was continued.
A thick transparent gel was obtained on continuous grinding
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Table 1. Precursors and Stoichiometry for Gel Combustion
Synthesis of Different ZrO,-MCM Nanocomposites

MCM zirconium glycine
S. No. Nanocomposite (mg) nitrate (mg) (mg)
1 ZM-10 450 238 92
2 ZM-25 375 595 229
3 ZM-50 250 1190 458
4 ZM-75 125 1785 687

of the solids. The gel was carefully transferred to a crystal-
lizing dish and the dish was placed in a muffle furnace. The
temperature of the furnace was maintained at 350°C. The
gel was observed to dehydrate and the formed solid was
observed to protrude out of the dehydrated lump upon com-
bustion. The voluminous solid mass formed was then finely
ground and calcined at 500°C for 6 h and the calcined nano-
composite was bright white. Nanocomposites with 25 wt %
(ZM-25), 50 wt % (ZM-50), and 75 wt % (ZM-75) of ZrO,
were also synthesized by following the aforementioned
procedure. The precursors and stoichiometric requirements
for the synthesis of different nanocomposites are shown in
Table 1.

Characterization of the composites

Low-angle X-ray diffraction (XRD) was recorded on XD-
D1 Shimadzu X-ray diffractometer. Wide-angle XRD was
recorded on Phillips X’pert diffractometer with Cu Ko radia-
tion and Ni filter. Scanning electron microscopy (SEM)
images were recorded on Quanta 200 ESEM (FEI Quanta).
The samples were coated with Pt and mounted on a conduct-
ing carbon tape. Transmission electron microscopy (TEM)
images and electron diffraction patterns were recorded on
Tecnai F-30 electron microscope with samples mounted on
Cu-coated carbon grids. Infrared spectra were recorded on
Jasco instrument. Thin pellets of the sample with KBr were
made maintaining a composition of sample:KBr as 1:1 for
all the samples. BET surface area was determined using Mi-
cromeritics ASAP 2020 apparatus with N, adsorption-de-
sorption cycles. The synthesis of the composites was carried
out in batches and similar characteristics were observed for
different batches signifying the reproducibility of the
method. The variation in the adsorption capacities of the ma-
terial was less than 5% in different batches.

Dye adsorption experiments

The adsorption of cationic dyes over the nanocomposites
was carried out in aqueous solutions. Methyl green (MG),
brilliant green (BG), and malachite green (MCG) were cho-
sen as model dyes for the analysis. Dye solutions of known
concentrations were made and 50 mL of the dye solution
was taken in a beaker. 20 mg of the adsorbent was added to
the dye solution so as to maintain an adsorbent loading of
0.4 g/L. All the analysis for adsorption of the dye over the
adsorbent, discussed later, was carried out on the basis of
dye uptake “q” defined as the amount of dye adsorbed per
unit mass of the adsorbent. This ensured that the results
were independent of the amount of dye solution or adsorbent
used. However, an adsorbent loading of 0.4 g/L, used consis-
tently in all the experiments, minimized the experimental
errors during the weighing of small amounts of solids. Sam-
ples were taken and centrifuged immediately to remove the
suspended adsorbent particles. The finely ground solid used
for the adsorption experiments had a particle size lesser than
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200 pum. This ensured that the particles did not settle during
the adsorption experiments. Centrifugation of the dye solu-
tion containing suspended particles for 90 s at 4,000 rpm
resulted in separation of the suspended particles and a clear
supernatant dye solution was obtained. The dye solution,
free from suspended particles, was analyzed using a UV-vis
spectrophotometer (Shimadzu 1700). All the experiments
were carried out in dark to avoid the degradation of the dye
due to photolysis. Further details on the experimental proce-
dure can be found elsewhere.'” All the experiments were
repeated three times and the error bars in the determination
of the adsorption rate constant and equilibrium concentra-
tions are reported in the tables.

Results and Discussion
Characterization

Low-Angle X-ray Diffraction. The low-angle XRD pat-
tern of MCM-48 is shown in Figure la. Several investigators
have reported the XRD of MCM-48 cubic structure with
characteristic 211, 220, 420 and 332 reflections in the range
of 2-6°.2'"% However, the lines in the current diffraction
pattern were broad and the possibility of lamellar MCM-48
could not be discarded. Cubic and lamellar lines appear
close in the XRD pattern, as reported by several investiga-
tors, for both pure phases and resolved mixed phases.zﬁ_31
Whereas the appearance of the reflections indeed showed the
formation of a long-range ordered compound, it was not pos-
sible to conclude the phase of the composites exclusively
from the low-angle XRD analysis. Therefore, TEM analysis
was carried out in order to confirm the phase of ZrO, and a
detailed analysis of phase confirmation using TEM is pro-
vided in a later section.

Wide-angle X-ray diffraction

XRD patterns of all the composites were recorded in a 20
range of 5-90° in order to determine the crystal structure of
7Zr0O, that was crystallized over MCM during the synthesis
of the nanocomposites. The XRD patterns of all the four
nanocomposites are shown in Figure 1b. As can be seen
from Figure 1b, no diffraction lines were observed for ZM-
10 sample which contained 10 wt % of ZrO,. Only the back-
ground pattern corresponding to the amorphous structure of
MCM was observed. The absence of ZrO, diffraction lines
in the sample indicated an extremely fine dispersion of ZrO,
in MCM owing to which the diffraction corresponding to
ZrO, was not visible. It is possible to obtain diffraction
broad peaks for pure ZrO, with sub-10 nm crystallites. How-
ever, when nano-sized ZrO, is dispersed over a support in
small quantities, the diffraction peaks may not appear due to
the large background of the amorphous support. The non-
observance of the diffraction lines due to very high disper-
sion for both metals as well as metal oxides has been
reported by several inveatigators.””>* However, the presence
as well as the structure of ZrO,, finely dispersed over MCM
in ZM-10 nanocomposite was confirmed using TEM analysis
and electron diffraction.

The samples with higher amounts of ZrO, showed diffrac-
tion lines corresponding to crystalline ZrO,. This can be
clearly seen in the various diffraction patterns in Figure 1b.
The intensity of the peaks increased with ZrO, content, and
all the characteristic peaks became observable at higher
ZrO, loadings (ZM-75). The peaks were indexed to the tet-
ragonal structure. The peaks for all the patterns were very
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Figure 1. (a) Low-angle XRD of MCM-48, and (b) XRD
patterns of the nanocomposites.

broad and showed the formation of nanocrystallites.
Although there are very small differences in the positions for
the lines corresponding to cubic and tetragonal structures of
ZrO,, we have previously established the crystallization of
7ZrO, in the tetragonal phase using FT-Raman spectros-
copy.35 In this study, we have also used electron diffraction
patterns for establishing the phase of ZrO, in the nanocom-
posites, as discussed later.

Scanning electron microscopy

The SEM micrographs of MCM-48 and ZM-50 are shown
in Figure 2a and b, respectively. MCM-48 was observed to
have spherical morphology, as seen in Figure 2a with parti-
cle sizes ranging from 100 to 500 nm. Spherical morphology
of MCM-48 has also been observed by several investiga-
tors. 637 Unger and coworkers**® have extensively studied
MCM-48 systems, synthesized by different techniques and
reported that spherical particles of sizes ranging from 200 to
1,000 nm were observed. Petitto et al.** have reported spher-
ical MCM-48 particles of size of 10 um. Using the surfac-
tant-assisted synthesis reported in this study, it was possible
to obtain spherical particles of smaller dimensions. Further-
more, the particles can be observed to be discrete and non-
fused (Figure 2a and inset in the figure). No bulk agglomera-
tion of the particles occurred even on post synthesis calcina-
tion treatment.

The SEM micrographs of ZM-50 sample in Figure 2b
show the formation of uniform nanocomposite on a micro-
scopic level. No segregation of MCM and ZrO, phases was
observed and the composite consisted of a homogeneous
structure when scanned through the different regions of the
sample. The composite was found to be highly porous and
the interconnected network of the pores can be seen in the
figure. The morphology of the particles was observed to
undergo small changes. The particles now attained a
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Figure 2. SEM images of (a) MCM-48, and (b) ZM-50.

distorted spherical shape (inset in the figure). We have previ-
ously observed highly porous ZrO, particles with flakelike
morphology.19 It is interesting to note that the flakelike mor-
phology within the spherical particles can indeed be
observed and the nanocomposite possessed the characteristic
of both MCM as well as ZrO,. Schumacher et al.*® have

observed that spherical morphology was obtained by room
temperature methods only. Therefore, the change in the mor-
phology of the nanocomposite in the current study can be
attributed to the thermal treatment of the compound during
the gel combustion.

Transmission electron microscopy

The TEM image of MCM-48 is shown in Figure 3a. The
image suggests the crystallization of MCM mostly in the la-
mellar structure. Two-dimensional (2-D) layered structures
can be observed in the image. Furthermore, the ordered
cubic or hexagonal arrangements, characteristic of the cubic
or hexagonal structure, were absent. This confirmed that
MCM did not crystallize in cubic structure and retained the
layered structure.

TEM analysis was further carried out for nanocomposites
for structural analysis and for the confirmation of the forma-
tion of nanocomposites. Therefore, TEM images for ZM-10
as well as ZM-50 were recorded. The lamellar structure of
MCM in the nanocomposite can be observed in the images
for ZM-10 (Figure 3b). ZrO, particles can be clearly
observed in the images and a very fine dispersion of ZrO,
was achieved. It is also interesting to note that the electron
diffraction pattern showed the diffraction rings confirming
the presence of ZrO, particles. These rings were not
observed in the diffraction pattern of MCM. Furthermore,
the XRD of ZM-10 could not capture the presence of ZrO,
particles. Therefore, it can be concluded from the TEM
image analysis and electron diffraction that a very fine dis-
persion of ZrO, in MCM was indeed achieved. EDS analysis
also confirmed the presence of ZrO, in the composite (see
additional supporting information for Figure S1).

The particle size in case of ZM-50 increased, as can be
seen from Figure 3c. ZrO, particles of an average size of 5

20 rm
—

Figure 3. TEM images of (a) MCM-48, (b) ZM-10, and (c) ZM-50.

Electron diffraction patterns for the nanocomposites are shown in insets.
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nm can be observed in the images. Similar to the observation
from the SEM analysis, it can be observed in the TEM
images also that the particles were dispersed in the support
MCM and segregated agglomerates of ZrO, and MCM were
not observed. This confirmed that the compound was indeed
a nanocomposite in which ZrO, was nucleated and grown
over MCM with the particles adhering strongly to the sur-
face, thus, making it different from a physical mixture. Elec-
tron diffraction pattern for the nanocomposite can also be
seen in the figure confirming the formation of ZrO,,

FT-infrared spectroscopy

The FTIR spectra of MCM-48, ZrO,-MCM nanocompo-
sites and ZrO, are shown in Figure S2 (see supporting infor-
mation). The spectrum of Figure S2a is a typical IR spec-
trum for MCM class of compounds reported by several
investigators.15_16’40‘44 Peaks were observed at 467, 800,
970, 1,080, 1,240, 1,590-1,630 and 3,460 cm~'. The pres-
ence of a broad band at 3,460 cm ! can be attributed to
adsorbed water molecules and Si-OH stretching vibrations.
The peaks at 467 and 800 cm ™! were due to symmetric Si-O
stretching vibrations and tetrahedral Si-O bending. The peak
at 970 cm ™' was present due to symmetric stretching vibra-
tions of silanol Si-OH groups. The asymmetric Si-O-Si
vibrations resulted in the appearance of the peaks at 1,080
and 1240 cm™'. Bending modes of adsorbed water gave rise
to the band at 1,590-1,630 cm ™",

We have previously reported in detail the IR spectra for
combustion synthesized ZrO,'" and the spectrum is shown in
Figure S2f (see supporting information). We very briefly
describe the main features of the spectra. A large band at
3,460 cm™' can be observed in the spectra. All the spectra
in Figure S2 were recorded maintaining the same concentra-
tion of composite in the sample and the background was
subtracted for all the spectra. Therefore, it can be clearly
seen from Figure S2 that OH groups were also present in
7Zr0,, as signified by the band at 3,460 cm~'. The peak at
1,650 cm™' can be attributed both to the deformational
vibrations of water as well as to stretching vibrations of
C=C groups. The groups corresponding to carbon show
their presence due to the fuel used in the synthesis of the
composites. A wide peak in the range of 1,200-1,400 cm™"
was attributed to the presence of metal bound hydroxyl
groups (Zr-OH). Therefore, ZrO, contained groups that were
active for the adsorption of charged species such as dyes in
solution. Furthermore, the mode of synthesis, i.e., combus-
tion in the presence of a solid fuel, further resulted in the
formation of partially charged carbon-based species (C=C,
C=0, C—OH), which assisted in adsorption of cationic
dyes.

The spectra for the nanocomposites are shown in Figure
S2b—e. It can be observed in the spectra that surface
hydroxyl group band (3,460 cm™ ') intensifies whenever both
MCM as well as ZrO, are present. This can be clearly seen
in the spectra of ZM-25 and ZM-50 (Figure S2b,c). This
shows that the formation of nanocomposites results in the
synergistic effect leading to a higher capacity of the compos-
ite to retain OH groups. Another important observation from
the spectra is a large increase in the intensity for the peak at
980 cm~'. As mentioned earlier, this corresponds to sym-
metric stretching vibrations of Si-OH groups. This is espe-
cially remarkable for ZM-10 nanocomposite, although the
effect is observed in ZM-25 and ZM-50 also. Therefore, a
large increase in the surface hydroxyl groups can be
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observed with the formation of nanocomposites. This is im-
portant from the point of view of applicability of the mate-
rial for adsorption applications. Whereas individually both
7Zr0O, as well MCM possessed different groups, the IR spec-
tra revealed the synergism for retaining the surface groups in
the nanocomposites where the contribution of ZrO, in MCM
can clearly be observed for ZM-10 nanocomposite even
when ZrO, was present only 10 wt %.

Surface area analysis

MCM synthesized in this study was a high surface area
compound with a surface area of 1,090 mz/g. Therefore, the
compound was found to be suitable as a high surface area
support for the dispersion of ZrO, nanoparticles. The surface
area of ZM-10, ZM-25, ZM-50 and ZM-75 nanocomposites
were found to be 183, 222, 251 and 306 mz/g, respectively.
All these surface areas were considerably higher compared
to the surface area (12 mz/g) of ZrO,. Therefore, the aim of
dispersion of ZrO, so as to obtain high surface area compos-
ite was indeed achieved.

Adsorption of dyes

The adsorption of all the dyes was first tested over MCM
without ZrO, loading. Less than 20% adsorption of the dyes
was observed in 2 h. ZM-50 was then tested for the adsorp-
tion of the dyes. The variation of normalized dye concentra-
tion for the different dyes with an initial dye concentration
of 50 ppm and adsorbent loading of 0.4 g/L is shown in Fig-
ure 4. The adsorption of all the three dyes can be clearly
seen in Figure 4. More than 60% adsorption of MG took
place within first 5 min. A residual dye concentration of 1
ppm was observed after 1 h. The rates of adsorption were
similar for BG and MCG. However, these rates were smaller
than the rate of adsorption of MG. Nearly 35% adsorption
was observed in 5 min and more than 80% adsorption was
observed in 2 h. A detailed discussion of the mechanism of
adsorption of dyes on ZrO, and the influence of the charged
groups on adsorption has been discussed in our previous
study."®

Having established the activity of ZM-50 for the adsorp-
tion of a number of dyes, further analysis was carried out
for the adsorption of MG only. Further analysis can be car-
ried out with range of dyes and establish the effect of the

1.D| —O— methyl green
—O—brilliant green
il —A—malachite green
0.6
o

Q

O 0.4
0.2

O.Dl

0 20 40 60 80 100 120

time (min)

Figure 4. Variation of normalized dye concentration
with time for various dyes during adsorption
over ZM-50 with an initial dye concentration
of 50 ppm and adsorbent loading of 0.4 g/L.
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Figure 5. Variation of MG concentration with time dur-
ing adsorption over ZM-50 with different ini-
tial dye concentrations with an adsorbent
loading of 0.4 g/L.

The inset shows the effect of initial concentration of the
dye on the initial rate of adsorption.

class and structure of the dye on adsorption. Experiments
were carried out with different initial MG concentration
keeping the adsorbent loading constant at 0.4 mg/L. The var-
iation of the dye concentration with time is shown in Figure
5. The initial rate of adsorption (shown in inset of Figure 5)
was found to increase with an increase in the initial dye con-
centration. A residual dye concentration of 5 ppm was
observed after 2 h when an initial concentration of 100 ppm
was used. Similarly, experiments were carried out with ini-
tial dye concentrations of 250 ppm, 500 ppm, 750 ppm and
1,000 ppm. With an increase in the initial concentration of
the dye, an increase in the residual dye concentration in the
solution was observed. A residual concentration of 337 ppm
was observed at the end of 2 h with less than 2 ppm
decrease in the concentration in the last 1 h when 1,000 ppm
initial concentration was used. Equilibrium was also
observed for other high concentrations when adsorption was
carried out for a longer time. This is discussed later under
isotherm analysis.

The effect of adsorbent loading on the adsorption of MG
is shown in Figure 6 with an initial dye concentration of 50
ppm. The rate of adsorption was found to increase with an
increase in adsorbent loading (inset of Figure 6). Whereas
nearly 35% adsorption was observed with an adsorbent load-
ing of 0.2 g/L, more than 75% adsorption was observed with
an adsorbent loading of 0.6 g/L, 85% with 0.8 g/L, 92%
with 1 g/L. and nearly 98% with 2 g/L in 5 min. Saturation
in the initial rate of adsorption was observed with an
increase in the adsorbent loading, as can be seen from the
inset in Figure 6.

The variation of normalized MG concentration with time
over the different nanocomposites is shown in Figure 7a—d.
A plot showing the variation of the initial rates of adsorption
with % ZrO, for both nanocomposites as well as physical
mixtures can be found online in supporting information (Fig-
ure S3). An initial dye concentration of 50 ppm and adsorb-
ent loading of 0.4 g/L was used. Experiments with the same
conditions were carried out for adsorption with pure ZrO,
and commercial activated carbon also (Figure 7e). It is clear
from the figures that ZM-10 nanocomposite showed the
highest activity for the adsorption of MG in 5 min with
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nearly 80% adsorption and a residual dye concentration of
less than 1 ppm in 30 min (Figure 7a). However, a sharp
decrease in the rate of adsorption of the nanocomposites was
observed on increasing ZrO, content to 25% by wt (Figure
7b). Nearly 60% decrease in the concentration was observed
in 5 min, and a residual concentration of 5 ppm was
observed after 60 min. The trend however reversed on
increasing the amount of ZrO, with the rate of adsorption of
ZM-50 being higher than that over ZM-25, and the rate of
adsorption over ZM-75 being higher than that of ZM-50. A
decrease in the rate of adsorption was observed when pure
ZrO, was used (Figure 7e). It can be seen that the rate of
adsorption of pure ZrO, was higher than that of the commer-
cial activated carbon (Figure 7e), but lesser than the rate of
adsorption of the composite. Furthermore, the rates of
adsorption of MG by the physical mixtures of ZrO, and
MCM were always lesser than the adsorption activity of the
corresponding nanocomposites. The reasons behind these
trends and the differences in the adsorption activity are
explained with the help of adsorption kinetics discussed in
the following section.

Kinetics of adsorption

The kinetics of adsorption of dyes over the adsorbents can
be described as nth order process given by the following
equation*>*®

WO _ e -y @)
t

We have found adsorption of MG over ZrO, to follow
first kinetics (2 = 1 in Eq. 2) in our previous study."® In this
study also, the experimental observations could be satisfacto-
rily described using the first-order kinetics. The continuous
lines in Figure 7 show the variation of normalized dye con-
centration with time following first-order kinetics. Table 2
shows the first-order rate parameters and the equilibrium
concentrations for the different composites. The rate of
adsorption of the dyes over different composite followed the
trend ZM-10 > ZM-75 > ZrO, > ZM-50 > ZM-25 > acti-
vated carbon.
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Figure 6. Variation of normalized MG concentration
with time during adsorption over ZM-50, with
different adsorbent loading with an initial dye
concentration of 50 ppm.

The inset shows the effect of adsorbent loading of the
initial rate of adsorption.
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Figure 7. Variation of normalized MG concentration with time with (a) 10% ZrO,, (b) 25% ZrO,, (c) 50% ZrO,, (d)
75% Zr0O,, and (e) combustion synthesized ZrO, and activated carbon.
The initial concentration of dye was 50 ppm and the adsorbent loading was 0.4 g/L. The points represent experimental data and

the lines are based on first-order Kinetics.

The aforementioned kinetic parameters can be used for
comparing the relative rates of adsorption over the different
compounds. Two discontinuities occur in the aforementioned

Table 2. Predicted First-Order Rate Constant and
Equilibrium Concentration for the Adsorption of MG over
Different Composites

S. No. Composite Parameter R?
C. in ppm;
k in min~!

1 ZM-10 k 0.33 + 0.01 0.999
C. 1.1 £0.3

2 ZM-10 Mix k 0.17 £ 0.04  0.939
C. 16.7 £ 1.9

3 ZM-25 k 0.16 £ 0.02 0979
C. 34£1.5

4 ZM-25 Mix k 0.25 +0.06  0.959
C. 134+ 1.6

5 ZM-50 k 0.19 +£0.02 0991
C. 2.6 £ 1.0

6 ZM-50 Mix k 0.30 +£0.07 097
C. 114+ 14

7 ZM-75 k 0.28 +0.02  0.994
C. 1.3 +£0.75

8 ZM-75 Mix k 0.22 +0.04 0.967
Ce 9.0 £ 1.6

9 710, k 0.21 +£0.03 0981
Ce 53+ 13

10 Activated carbon k 0.14 + 0.03 0.96
Ce 54+ 2.1

AIChE Journal October 2012 Vol. 58, No. 10

Published on behalf of the AIChE

sequence that is different from the expected trend. First,
there occurs a decrease in the activity of the composite with
an increase in ZrO, weight from 10 to 25%. The rate of
adsorption then increases monotonously with an increase in
ZrO, content till 75% and reduces again for pure ZrO,. We
explain the aforementioned trend on the basis of surface
groups, surface area and particle-size analysis.

The observed rate of adsorption of the dye over the com-
posite is not merely a function of the surface area of the
composite. This is apparent from our previous study where
even low surface area ZrO, showed high activity for adsorp-
tion due to the presence of surface functional groups.
Adsorption is also function of the total amount of ZrO, in
the nanocomposite and the total amount of surface groups.
In the previous study,'® we have shown the influence of vari-
ous surface groups on adsorption using spectroscopic techni-
ques. With an increase in the amount of ZrO,, a monotonous
increase in the rate of adsorption is obtained for the compo-
sites with comparable surface areas. Similarly, an increase in
the rate of adsorption is expected with an increase in the sur-
face area of the composites.

The composites synthesized in this study showed widely
different surface areas. Hence, both the surface area and
the amount of ZrO, increase from ZM-10 to ZM-75. This
trend is indeed followed for ZM-25, ZM-50 and ZM-75,
with the rate of adsorption of ZM-75 being the highest and
the rate of adsorption of ZM-25 being the lowest. How-
ever, a high rate of adsorption of ZM-10 is observed and,
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therefore, it is important to consider the surface functional
groups.

As mentioned previously, ZM-10 was observed to have a
high accumulation of surface groups and this can be a possi-
ble reason behind the high rate of adsorption of dye over
this composite. The surface area of this composite was 15
times higher than the surface area of ZrO,. The dispersion
of ZrO, in MCM was very fine as the particle size was as
small as 2 nm. Therefore, high-surface area and accumula-
tion of a large amount of active surface groups resulted in
imparting a high adsorption activity to the composite. The
rate of adsorption of ZrO, was found to be lesser than the
rate of adsorption of ZM-75. This clearly shows the relative
importance of the amount of ZrO, and the surface area of
the composite for adsorption. The surface area of ZM-75
was 25 times higher than the surface area of ZrO,. Whereas
the amount of ZrO,in ZM-75 was 3/4th amount in pure ZrO,,
the increase in the rate was nearly 35% against 57% for
ZM-10. Therefore, from the aforementioned trend, it can be
concluded that no simple relation exists between the various
factors affecting the adsorption and since the different fac-
tors influencing the rates of adsorption can be inter-related
and synergistic effects have to be considered to explain the
behavior of the composites.

The earlier arguments can further be rationalized with the
help of observations from the experiments with physical
mixtures of MCM and ZrO,. In case of physical mixtures,
the trend for rate of adsorption, signified by first-order rate
constant (Table 2), was ZM-50 > ZM-25 > ZM-75 > ZrO,
> ZM-10. The activity of the composite goes through a
maximum as a function of ZrO, weight with the maximum
rate of adsorption observed for ZM-50. Therefore, it can be
said that the rate of adsorption increased with an increase in
the amount of ZrO,. However, at very high ZrO, concentra-
tions, the surface area of the mixture decreased and as a
result, a decrease in the rate of adsorption of the dye was
observed.

Apart from the differences in the rate of adsorption of the
composites and mixtures, another interesting observation was
the difference in the equilibrium concentrations. With mix-
tures, large residual equilibrium dye concentrations were
observed. When a fine physical mixture of MCM and ZrO,
was introduced in the dye solutions, dispersion of ZrO,
indeed took place resulting in rate of adsorption of the dyes
which was higher than that of pure ZrO,. Higher rate of
adsorption with lower ZrO, amounts clearly showed the dis-
persion effects and enhancement in surface area even with
the physical mixture. However, the concentrations with phys-
ical mixtures were found to quickly saturate showing equi-
librium adsorption. Since ZrO, was not nucleated over
MCM, separation of ZrO, and MCM components of the
mixture took place in aqueous medium over time in the pres-
ence of constant stirring. Since ZrO, was the only active
component in the composite and a decrease in both the
amount as well as surface area took place due to separation,
the rate of adsorption of the dye over the composite
remained essentially the same as that of pure ZrO,. In the
range of ZrO, concentrations used in this study, a monoto-
nous increase in the adsorption capacity is observed with ad-
sorbent amount.'® Therefore; the physical mixtures do not
retain the advantage of dispersion after a certain interval of
time. This was not the case for the nanocomposites synthe-
sized in this study which not only showed high activity for
adsorption, but also showed large dye uptake at equilibrium.

2994 DOI 10.1002/aic

Published on behalf of the AIChE

Although the surface area of a compound can be controlled,
altering the surface groups and their concentration is difficult
and requires post processing of the adsorbents. In this study,
we have been able to demonstrate a method of rapid synthe-
sis of the adsorbents with improved adsorption characteris-
tics and have not attempted to examine the influence of sur-
face area and surface groups individually.

Isotherm analysis

We present the isotherm analysis for the adsorption of
MG over the nanocomposites. A number of adsorption iso-
therms have been described and these have been derived
using different assumptions and, therefore, the parameters
appearing in the isotherms signify different physical quanti-
ties. An excellent overview of different isotherms along with
the kinetic analysis can be found in a recent work by Duran
et al.*’” We have analyzed four different isotherms and the
associated parameters for the adsorption of MG is shown in
Figure 3.

Figure 8 shows the variation of equilibrium dye uptake
with equilibrium dye concentration in solution over ZM-50
and ZrO, at 25°C. The experiments were carried out with dif-
ferent initial MG concentrations and the experiments depicted
in Figure 5 were extended for 24 h. Samples were taken ev-
ery hour after 12 h to ensure that equilibrium was attained.
Similarly, experiments were conducted with pure ZrO, and
these experiments were similar to that reported in our previ-
ous study.19 It was established in that study19 that the equilib-
rium adsorption capacity of ZrO, was slightly higher than
that of commercial activated carbon. The rate of adsorption of
pure ZrO, was also higher than that of the commercial acti-
vated carbon (Figure 7e), but lesser than the rate of adsorption
over the composite. In order to model the equilibrium dye
uptake, correlations were carried out using various isotherms.

Langmuir Isotherm

L 4749 .
Langmuir isotherm®’ ™ assumes monolayer adsorption of the

adsorbent over energetically uniform adsorbate, and is given by

Ge = qulce (4)
1+ kC,
4000 —
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Q" 2500 o e R sl
N —
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Figure 8. Adsorption isotherms showing the variation
of the equilibrium dye uptake with equilibrium
dye concentration for the adsorption of MG.
The points represent experimental data and the lines are
based on correlations by different isotherms. [Color fig-

ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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Table 3. Isotherm Parameters for the Adsorption of MG
over ZrO, and ZM-50

Isotherm Parameter ZM-50 710,
Langmuir dm 4119 + 134 2540 + 43
Kk 0.014 + 0.002  0.038 + 0.003
R® 0.991 0.991
Freundlich ke 456 + 113 571 + 109
ng 3.01 + 0.39 4.19 £ 0.6
R? 0.960 0.925
Sips G 4395 + 372 2540 + 79
K¢ 0.022 £ 0.009  0.038 + 0.01
ny 0.86 + 0.13 0.99 + 0.11
R® 0.991 0.991
Radke-Prausnitz qm 4318 + 245 2139 + 427
k- 0.012 + 0.03 0.05 + 0.01
1.0 + 0.09 0.97 + 0.03
R? 0.991 0.991

The isotherm describes the adsorption process fairly well,
as signified by the reliability parameters for the fit of the
data. The value of ¢, gives the theoretical monolayer satura-
tion capacity.*’*

Freundlich Isotherm.  Freundlich isotherm is an empiri-
cal relation between the equilibrium dye uptake and equilib-
rium dye concentration and was proposed to account for the
surface heterogeneity and is given as*’*®

qe = keCl/m Q)

The parameter n in the equation signifies the heterogeneity
and is found be 3.01 for ZM-50 and 4.19 for ZrO,. The fit-
ting of the isotherm for the data was not satisfactory at
higher equilibrium concentration. While it underpredicted
the uptake at intermediate equilibrium concentrations, it
overpredicted the uptake at very high-equilibrium concentra-
tions.

Sips Isotherm. A composite isotherm, such as the Sips
isotherm,*®*° also known as the Langmuir-Freundlich iso-
therm is often used to describe adsorption, whose expression
is given by

9 mk[f Cglf

— T, A 6
1+ kyCe” ©

e

The isotherm reduces to Langmuir isotherm for n; = 1
and to Freundlich isotherm at low concentrations.

Radke-Prausnitz Isotherm. Radke-Prauznitz isotherm is a
three-parameter model given as*

g = )
1+ kCe
The isotherm reduces to Langmuir isotherm for f = 1 and

reduces to Henry’s law at infinite dilution. From reliability

parameters, this isotherm could describe the equilibrium as
well as the Sips isotherm.

The symbols in Figure 8 show the experimental data and
the continuous lines show the predictions of the correspond-
ing isotherm. The parameters obtained by nonlinear regres-
sion for all the isotherms are given in Table 3. From the fig-
ure, it is clear that the Langmuir isotherm correlates the ex-
perimental data well and is much superior to the correlation
obtained by the Freundlich isotherm. The value of ny in the
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Sips isotherm and the value of f in the Radke-Prausnitz iso-
therm is close to unity indicating that the Langmuir isotherm
is sufficient for correlating the experimental data and the
three-parameter isotherms are not required. This is confirmed
by the value of the correlation coefficient, whose value is
0.991 for all the three isotherms, namely Langmuir, Sips and
Radke-Prausnitz isotherm. The value of ¢, (indicating the
equilibrium uptake) is around 4,100 mg/g for ZM-50 and
around 2,500 mg/g for ZrO, (Table 3). This indicates that the
adsorption activity of nanocomposites is superior to ZrO,.

Conclusions

A very fine dispersion of ZrO, nanoparticles over high
surface area MCM-48 was obtained using the gel combus-
tion technique. The rate of adsorption of the nanocomposites
formed by nucleation of ZrO, nanoparticles for the adsorp-
tion of cationic dyes was greatly enhanced when compared
to the rate of adsorption over ZrO, alone. A number of fac-
tors contribute to this effect including surface area, particle
size and amount of surface groups present in the nanocom-
posite. The higher adsorption capacity of the nanocompo-
sites was due to strong adherence of ZrO, nanoparticles
over the high surface area MCM, and this was found be
significantly higher than the adsorption capacity observed
with Zl'02.
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