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a b s t r a c t

In the present study, ordered hierarchically porous silica (by sol-gel method) and metal-oxide monoliths
(through nanocasting method) were synthesized. Porous silica and metal oxide monoliths (MnO2 and
TiO2) exhibited excellent adsorption for heavy metal ions such as Pb(II) & Cd(II). The morphological and
structural study of the synthesized silica and metal oxide monoliths were done by FESEM and XRD
analysis. The adsorption studies were conducted in different batches. The maximum adsorption of Pb(II)
on SiO2, MnO2 and TiO2 varied from 91 to 125, 166e200 and 769e857 mg/g respectively depending upon
the choice of PEG, which is used as a structure directing/controlling agent. Similarly the maximum
adsorption of Cd(II) on SiO2, MnO2 and TiO2 varied from 90 to 100, 100e125 and 667e770 mg/g
respectively. The effects of contact time (0e80 min), temperature (at 303, 313 and 323 K) and pH (3e10)
on the Pb(II) & Cd(II) removal were also explored.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Removal of heavy metals from wastewater is very important to
reduce the environmental toxicant load. Heavy metals are non-
biodegradable and cause serious consequences when present in
aquatic and soil ecological system. The pollutant in water hinders
aquatic life [1] and bioaccumulation of pollutants in the ecosystem
and their potential health risks are of great concern [2] such as
multiple organ damages, change in cell cycle and may cause
carcinogenic diseases [3,4]. From the economic, environmental,
human, animal and microbial health perspective, removal of heavy
metals from water is mandatory. Heavy metal's leaching is an
important issue. Fromvarious sources including chemical industrial
waste such as printing waste, battery waste, paper manufacturing,
chemical manufacturing, food, pharmaceutical, textile [5], smelt-
ing, commercial fertilizer, pesticides, sewage sludge, metal evapo-
ration fromwater resource to soil and groundwater [6,7], water get
polluted with heavy metals.

Among the various heavy metal ions, lead and cadmium have
been accepted as one of the main concern pollutants [8]. Porous
materials are very effective for removal of these toxicants. At
).
present, most of the available adsorbents are specific for a partic-
ular type of metal ion and hence can be useful for removal of only
that one. Since water get polluted by different heavy metal con-
taminants; it would be useful to synthesize a single nanomaterial
that can absorb/trap different types of heavy metal ions. Various
metal oxides such as MgO, CuO, Fe2O3, ZnO, TiO2 and MnO2; can be
utilized to make useful mesoporous nanomaterials [9]. These metal
oxides are non-toxic and less expensive and therefore very useful to
purify large water bodies.

Porous metal-oxides (MnO2 and TiO2) are very attractive for this
purpose because of their surface active properties [10e12]. Also,
MnO2 and TiO2 shows promising catalytic properties and remark-
able potential for waste water treatment to remove a wide range of
metal-ions (e.g. lead and cadmium) [13,14]. In literature, it is found
that MnO2-coated MWCNTs were used for removal of Pb(II) from
water using packed column and removal was measured up to 95%
[15]. Zaman et al. in 2009 investigated the effect of phosphate
complexation on Cd(II) adsorption by b-MnO2 and maximum
adsorption efficiency measured was 3.515 � 10�5 mol/g [16]. The
MnO2-loaded resin had been used as an adsorbent for lead and
cadmium removal and the maximum removal efficiency was
calculated as 80.64 mg/g for Pb(II) and 21.45 mg/g for Cd(II) [17].
Some research had been done on the removal of Cd2þ, Cu2þ, Ni2þ,
and Pb2þ from synthetic solutions using nanoparticle sorbents
(TiO2, MgO, and Al2O3) with a range of experimental approaches
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[9]. Flower-like TiO2-graphene oxide was used for the removal of
heavy metal ions from water. The removal capacity of TiO2-gra-
phene oxide was measured 88.9, 72.8 and 65.6 mg/g for Zn2þ, Cd2þ,
and Pb2þ, respectively [18]. The adsorption of Pb (II), Cu (II) and Zn
(II) by TiO2 can be accomplished from simulated polluted water and
up to 94% removal was achieved [19]. The titania beads were used
to remove Cr(VI), Cd(II), Cr(III), Cu(II), and Co(II) ions from simu-
lated wastewater and the adsorption capacities were found to be
9.39, 8.94, 8.93, 8.40, and 7.62 mg g�1, respectively [20]. So from
these studies, it is obvious that there is a huge demand to synthe-
size hierarchically porous MnO2 and TiO2 materials with the
tunable high surface area and high selective adsorption efficiency.
In spite of huge demand, most of the available materials are not
user-friendly and eco-friendly. Mostly metal-oxide nanomaterials
are available in powder form which has disadvantages since they
make a miscible suspension with water. Therefore; for their
extraction from solution, expensive high-quality filters, and in-
struments are necessary. So in this regard, we tried to make hier-
archically porous MnO2 and TiO2 metal-oxide monoliths (single
rock like structure) for metal-ion adsorptionwhich is cost-effective
and user-friendly. The efficient removal of metal-ions using solid
monoliths synthesized by nanocasting method has not been stud-
ied yet.

Metal-oxide monoliths with hierarchically porous structures
can be prepared by using nanocasting process. In this method at
first pores of the parental silica monoliths have been saturated with
a choice of metal salt solution. Thereafter by heat treatments, the
metal salt is converted to corresponding metal oxides. At the end,
silica part gets removed by either KOH or NaOH [21]. This process
has already been used to prepare porous nanomaterials and
monoliths of carbon, NiO, TiO2, Co3O4, SnO2, MnO2, ZrO2, Cr2O3,
In2O3, CeO2, Fe2O3, Y2O3 and various or mixed-oxides [22e30].
Ordered porous oxides because of their large surface areas, large
pore volumes and ordered pore networks have a wide range of
potential applications in energy storage, nanoreactors, semi-
conductors, electronic devices, catalysis and gas sensors [31]. The
application of these metal oxide monoliths is highly dependent on
their pore diameter as well as their surface properties. By altering
the pore diameter of the parental monolith, it is possible to change
the porous structure of progeny metal oxide monoliths. The for-
mation of meso/micropores is highly dependent on the nature and
concentration of structure directing agents (e.g. surfactants/water
soluble polymers).

As the metal oxidemonoliths are the inverse replicas of parental
monoliths, so it is possible to control the porosity of the replica
monolith by changing the porosity of parent silica monoliths. By
exploring this fact, we have synthesized various pore size
controlled TiO2 and MnO2 monoliths by a nanocasting method
using parent mesoporous silica monoliths. To explore the effect of
pore diameter/surface area on the application of metal oxide
monoliths, we have thoroughly studied the adsorption efficiency of
these metal-oxide monoliths for the removal of metal ions such as
Pb(II) & Cd(II). The effects of contact time, temperature, pH and
adsorbent concentration for removal of metal ions were also
explored. The kinetic and equilibrium studies of the monoliths
were done by Langmuir and Freundlich Isotherms.

2. Material and methods

2.1. Materials

Manganese nitrate and Tetraethoxysilane (TEOS) were pur-
chased from Alfa Aesar, England. Polyethylene glycol (PEG) (MW
4000 & 35,000 g/mol) and Cetyltrimethyl bromide (C18TAB) were
purchased from Sigma-Aldrich, USA. Lead nitrate, cadmium
carbonate and titanium tetrachloride were obtained from Spec-
trochem, India. Nitric acid (69%) and Ammonia (28e30%) were
purchased from Merck, India. All the reagents were of analytical
grade. All reagents were used without further purification. All
synthetic solutions of metal ions were prepared with milli-Q water.

2.2. Characterization of monoliths

X-ray diffraction analysis (XRD) was performed using PAN-
ALYTICAL X'Pert PROX-ray diffractometer having Cu Ka (l¼ 1.540Å)
radiation operated at 45 KV. For field emission scanning electron
microscopy (FESEM), JEOL- 7000 FESEM equipped with Energy
Dispersive X-ray Spectroscopy (EDX) detector was used. Surface area
was analyzed through BET surface area analyzer of Microtrac BEL
Corp. Pvt. Ltd, Japan (Microtec Belsorp MinieII). Atomic adsorption
spectrophotometer (AAS) of GBC 932AA was used to analyze the
metal ion concentrations.

2.3. Experimental procedures

2.3.1. Synthesis of silica monoliths
TEOS (8.1 ml) was added to a mixture of PEG (9.54 � 10-4 M)

and 1.38 ml nitric acid (30%) solution in 8.25 ml distilled water and
then mixed by stirring at room temperature for 5e10 min until a
translucent sol was obtained. After that, 1.3 g CTAB was added to
the sol with continuous agitation until the surfactant was dissolved
completely. Here, CTAB was used as surfactant template for for-
mation of mesoporous structures in monoliths. The obtained sol
was transferred to microplates and 8e12 h time was required for
sol to gel formation at 40 �C. Thereafter aging of the gel was done at
40 �C for 72 h. To increase the degree of condensation and stability
of the SiO2 monoliths, the solvent exchange was performed. Silica
monoliths were soaked in (1M) NH4OH solution for 9 h at 90 �C.
Later, SiO2monoliths were acidified by using (0.1M) HNO3 solution.
After washing with de-ionized water, monoliths were kept in an
oven at 40 �C for 4e5 days for proper drying. Finally, freshly pre-
pared monoliths were calcined at 550 �C for 5 h using 1 K/min
heating ramp.

2.3.2. Nanocasting
SiO2 monoliths were degassed using a vacuum pump and

then impregnated with aqueous metal salt solutions [3.1 M
Mn(NO3)2$4H2O and 2.7 M TiCl4] by incipient wetness. After the
first cycle of impregnation, monoliths appeared transparent. After
that, the monoliths were heated for 10 h at 150 �C and 100 �C for
MnO2 and TiO2 respectively. These two steps were repeated for 5
times. Afterward, composites of MnO2 were calcined at 300 �C for
6 h with 1 K/min heating ramp. Finally, silica part was leached out
from both of the composites to get metal-oxide monoliths by using
NaOH (2 M). Schematic diagram of the synthesis process for parent
SiO2 along with MnO2 & TiO2 metal-oxide monoliths is shown in
Scheme 1. By changing the chain length of polymer (PEG), it is
possible to alter the morphology of the silica monoliths along with
the morphology of the metal-oxide monoliths as well. Synthesized
monoliths were in the cm range scale (0.5 cm in diameter and
0.8 cm in length). The final MnO2 monoliths appeared black while
the TiO2 were beige in color.

2.4. Adsorption study

Metal ions adsorption on the metal-oxide monoliths was
executed in a batch system at ambient temperature using favorable
conditions. Dry silica/metal-oxide monolith (MnO2 & TiO2) (0.02 g)
was added into a 100 ml of synthetic metal ion solution
(10e50 mgL-1) and agitated for different time periods at a speed of



Scheme 1. Schematic representation of synthesis of porous silica monolith and metal-oxide monoliths with different pore size/surface area.
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200 rpm. After the adsorption period, the solution was centrifuged
for 10 min at 6000 rpm and the supernatant solutions were
analyzed to determine the residual metal ion concentration left in
the solution by AAS. AAS was used to analyze the dissolved Pb(II) &
Cd(II) from a standard solution of lead nitrate and cadmium car-
bonate respectively, using calibration curve. The adsorption ca-
pacity (qe) was calculated by the uptake amount of metal ions
adsorbed per mass unit of monoliths (mg/g) using the formula:

qe ¼ ðCo � CeÞ
m

� V (1)

where Co is the initial and Ce is the equilibrium concentration (mg/
L), while V is the volume of the solution (L) and M is the weight of
the adsorbent (g). To control precision, each one of the adsorption
experiments were performed in triplicates and average value was
reported.
3. Results and discussion

As mentioned above nanocasting is a simple method for syn-
thesis of porous metal-oxide monoliths. For stabilization of meso-
porous silica monoliths, the water soluble polymer is needed
because they have a direct effect on hydrophilicity and flexibility of
the porous structure. Bimodal interconnected porous structures
obtained by phase separation and gelation after interaction
(hydrogen bonding) between gelling silica/CTAB micelles and
polymer. White gels having bimodal structures can be obtained by
addition of polymer with increasing chain length due to a decrease
in phase separation time [32,33].

In this regard, PEGwith different chain length/molecular weight
(4000 and 35,000 g/mol) had been used as the water soluble
polymer. In Fig. 1A, the nitrogen sorption isotherms of the SiO2,
MnO2 & TiO2 monoliths with a different chain length of PEG are
plotted. The surface area and pore volume decreased whereas pore
size increased when SiO2 monoliths were replaced by metal oxide
monoliths (Table 1). For all synthesized samples, type IV isotherms
could be observed as confirmed from the IUPAC classification. The
uniformity of pore sizes and shape were defined by the sharp
adsorption and desorption branches in H1 hysteresis loops of the
synthesized hierarchically porous silica monoliths. Fig. 1B shows
the pore size distribution by using the BarretteJoynereHalenda
(BJH) method of as synthesized monoliths, which confirms the
mesoporosity nature of the monoliths. After the removal of silica
part, the crystal phase composition of the metal-oxide monoliths
was determined by XRD analysis. Fig. 1C shows the diffraction
patterns of metal-oxide monoliths. It was observed that after
calcining at 300 �C, monoliths impregnated with manganese ni-
trate resulted in the formation of b-MnO2. The diffraction peaks
were confirmed by JCPDS card No. 24e0735 [34]. While TiO2 was
obtained from TiCl4 and the peaks for rutile and anatase were
confirmed by JCPDS card No. 21e1272 [35].

Mechanically steady metal-oxide monoliths were retrieved by
nanocasting method upon the leaching of the silica portion. Influ-
ence on the homogeneity of monoliths structure of the SiO2, MnO2
and TiO2 was analyzed using FESEM. Fully interconnected pores
were formed by the phase separation in metal-oxides monoliths.
The porous structures of the monoliths with different PEG are
shown in Fig. 2 (molecular weight 35,000 series) and in Fig. SI 1
(molecular weight 4000 series). There appear to be fine meso-
porous structures within the walls, but higher magnification im-
ages are difficult to obtain due to the charging of the sample. Metal-
oxide monoliths have rough mesoporous walls as compared to
silica monoliths. The purity of the metal oxide monoliths (almost
complete removal of SiO2) was confirmed by EDX analysis (Fig. 2
and Fig. SI 1). Uniform distribution of the precursor metal salts
throughout the core of the SiO2 monoliths was responsible for
chemical homogeneity.



Fig. 1. A) Nitrogen adsorption-desorption isotherm, B) pore size distribution (by BJH method) plots for the monoliths and C) XRD pattern of metal-oxide monoliths.

Table 1
Textural characteristics for the silica and metal-oxide monoliths determined from nitrogen sorption measurements.

Sample Name MW of PEG (g mol�1) BET area (m2 g�1) Pore diameter (nm) Pore volume (cm3 g�1)

SiO2-40 4000 691 13.2 2.3
SiO2-350 35,000 761 18.4 1.4
MnO2-40 4000 19 47.7 0.2
MnO2-350 35,000 27 25 0.1
TiO2-40 4000 140 18 0.6
TiO2-350 35,000 220 9.4 0.5

Fig. 2. FESEM images and corresponding energy-dispersive spectrum of A) SiO2 e 350 B) MnO2- 350 and C) TiO2- 350 monoliths.
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3.1. Adsorption studies

3.1.1. Effect of pH
Adsorption of Pb(II) & Cd(II) in the pores of monoliths depends

on the pH of the solution, because of the degree of ionization,
surface binding sites of adsorbents and the chemistry of adsorbates.
Adsorption of Pb(II) & Cd(II) by silica and metal oxide monoliths
were studied at a pH range from 3 to 10. pH values were adjusted by
addition of either NaOH or HNO3 in the synthetic solution of Pb(II)
& Cd(II) [36e38]. Fig. 3 (A & B) shows plots for the effect of pH on
Pb(II) & Cd(II) adsorption efficiency of metal-oxide monoliths.
Maximum metal ion removal was observed at pH 6 for all the
monoliths. Under the acidic conditions (at low pH), the surface of
the adsorbents was surrounded by Hþ ions that compete with
metal ions, which prevented the metal ions from approaching the
binding sites on the adsorbent. Whereas at high pH values, metal
ions were adsorbed due to the negatively charged ions. With the
increase of pH, metal-oxides form deprotonated oxides and results
in an increase in adsorption of metal ions on the surface of metal
oxides due to which electrostatic repulsion force between surface
and metal ions decreases.

3.1.2. Effect of contact time
The effect of contact time was analyzed between 15 and 80 min

for the adsorption of metal ions by monoliths (Fig. 3C and D). The
initial concentration of metal salts was kept 100 mg/L at pH 6. The
equilibrium time depends on upon the initial concentration of
Pb(II) & Cd(II) ions in the solution. Pb(II) & Cd(II) ions were
Fig. 3. Adsorption capacity of silica and metal oxide monoliths to show effect of pH on the
quantitatively absorbed by the metal oxide monoliths from the
synthetic solution even after a short time of exposure (<15 min).
Since there was no significant increase in metal ions sorption after
65 min, the reaction time of 80 min was kept for auxiliary experi-
ments [39e43].

3.1.3. Effect of metal ions concentration
Effect of the metal ions concentration on the monolith (0.02 g)

dependent adsorption process was studied by changing the initial
Pb(II) & Cd(II) concentrations in the range of 10e50 mg/L at most
effective pH (6) and at room temperature (Fig. SI 2). The adsorption
of metal-ions at different concentrations was fast during the early
stage, which slowly decreases with further adsorption process until
equilibrium was reached. Fast adsorption at small time was due to
the large availability of adsorption sites on the surface of metal-
oxides. The results confirmed that the removal efficiency of metal
ions was directly proportional to the initial concentration of the
metal ions [44e47]. The removal percentage of Pb(II) & Cd(II) by
SiO2, MnO2, and TiO2 monoliths were found to be 88e94%, 94e96%
and 92e98% respectively of different metal ion concentration
(Fig. SI 2).

3.2. Adsorption kinetics

The kinetics of Pb(II) & Cd(II) adsorption on metal oxides were
also evaluated using Lagergren's first order rate equation and
pseudo-second-order kinetic model [48e50]. The Lagergren's first-
order rate equation is usually used to predict adsorption kinetics
metal ions A) & B) and effect of time on with initial concentration (100 mg/L) C) & D).
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and is expressed as;

logðqe � qtÞ ¼ logðqeÞ � K1

2:303
t (2)

The pseudo-second-order rate equation is expressed as;

t
qt

¼ 1
k2q2e

þ t
qe

(3)

where qe and qt are the amount of metal ions (mg/g) adsorbed at
equilibrium and at any given time t (min) respectively. While K1 is
the rate constant for the pseudo-first order reaction for adsorption
(min�1) and K2 is the rate constant for pseudo-second order reac-
tion (g/mg min) [51]. Linear fit plots of pseudo-first order and
pseudo-second order for SiO2, MnO2 and TiO2 monoliths on the
adsorption of Pb(II) & Cd(II) ions are shown in Fig. SI 3 and SI 4,
respectively. The pseudo-second order kinetic model coordinates
well with the adsorption of metal-ions, which suggested that the
metal-ions adsorption process might be mostly controlled by
chemisorption.
3.3. Adsorption isotherms

Adsorption isotherm gives proper quantitation of effectiveness
of adsorption. The relationship between the concentration of
adsorbed and dissolved adsorbate at equilibrium along with the
interactive behavior between the adsorbate and adsorbent can also
describe by adsorption isotherm. In this study, Langmuir and
Freundlich isotherm models were used to analyze the adsorption
mechanisms, through which experimental results of metal ions can
be explained in a wide range of concentrations [52]. The Langmuir
equation is expressed as follows;
Fig. 4. Langmuir isotherm plot for Pb(II) and Cd(II)
Ce
qe

¼ 1
Qob

þ Ce
Qo

(4)

where the adsorption capacity at equilibrium is qe (mg/g) and the
maximum amount of the Pb(II)& Cd(II) adsorbed per unit weight of
the adsorbent is Q0 (mg/g).

When the surface is entirely covered with metal ions, Q0 rep-
resents the adsorption capacity, helping in the assessment of
adsorption act of different adsorbents. Langmuir equilibrium con-
stant (b) which is interrelated to the similarity of the connecting
spots, shows the bond energy for the adsorption reaction. The
linear plots of Ce/qe vs. Ce propose the validity of the Langmuir
isotherms and the values of Q0 and b are obtained from slope and
intercepts of the plots [53e55]. Plots for Langmuir isotherm for
adsorption on silica and metal-oxide monoliths for Pb(II) & Cd(II)
are shown in Fig. 4.

The Freundlich isotherm is a resultant model of multilayer
adsorption on the adsorbent. It can be described as:

log qe ¼ log Kf þ
log Ce

n
(5)

Freundlich constants, Kf (mg1�1/nL1/n g�1) and n, depict the
adsorption capacity and intensity, respectively [56,57]. Freundlich
isotherm plot for Pb(II) and Cd(II) adsorption on SiO2, MnO2 and
TiO2 are shown in Fig. 5. Although, SiO2 monolith has high surface
area resulted in a decrease in maximum adsorption. As, adsorption
mechanism is generally based on an ion exchange or formation of
bidentate binuclear surface complexes between metal oxides and
metal ions [58,59], so metal oxides are more competent to hold
other metal ions. In both cases (MnO2 and TiO2 monoliths), the
bond between heavy metal ions and metal oxide surface is strong
due to which metal oxides can adsorb metal ions from very diluted
adsorption on SiO2 and metal oxide monoliths.



Fig. 5. Freundlich isotherm plot for Pb(II) and Cd(II) adsorption on SiO2 and metal oxide monoliths.

M. Sharma et al. / Journal of Alloys and Compounds 720 (2017) 221e229 227
metal ion solutions. Therefore; in spite of having a lesser surface
area, MnO2 monoliths (in compared to SiO2 monoliths) has
maximum adsorption value almost as high as SiO2 monoliths. The
maximum adsorption capacities for Pb(II) & Cd(II) were described
in Table 2. Monolayer adsorption capacity calculated from the
Langmuir model indicates the better applicability due to higher
values of correlation coefficients (R2). Table 3 shows a comparison
study of maximum sorption capacities of metal ions reported in the
literature. Therefore, it could be conceived that the as synthesized
metal oxide monoliths could be employed as an alternative
adsorbent for Pb(II) & Cd(II) adsorption at low concentrations.
Table 2
Langmuir and Freundlich constants and correlation coefficients for adsorption of
Pb(II) & Cd(II) on metal-oxide monoliths.

Sample Name Metal ions Langmuir Freundlich

Q0
a b R2 Kf

b n R2

SiO2-40 Pb(II) 90.9 1.1 0.997 383.7 6.02 0.983
Cd(II) 100 0.3 0.998 36.47 1.02 0.997

SiO2-350 Pb(II) 125 0.1 0.996 338.06 2.20 0.970
Cd(II) 90.9 0.5 0.999 27.4 1.21 0.988

MnO2-40 Pb(II) 166.6 0.13 0.995 358.9 1.96 0.943
Cd(II) 100 0.28 0.999 30.13 3.38 0.989

MnO2-350 Pb(II) 200 0.12 0.995 276.69 1.66 0.951
Cd(II) 125 0.42 0.984 30.19 3.22 0.990

TiO2-40 Pb(II) 769.2 0.245 0.988 683.9 1.12 0.984
Cd(II) 667 0.555 0.993 206.06 1.44 0.941

TiO2-350 Pb(II) 857 0.307 0.999 785.23 1.14 0.964
Cd(II) 770 0.333 0.983 331.8 2.08 0.902

a (mg g�1).
b (mg1�1/nL1/n g�1).
3.4. Effect of temperature on adsorption

To determine the effect of temperature on the surface of hier-
archically porous metal oxides for Pb(II) & Cd(II) adsorption,
adsorption experiments was monitored at various temperatures
(303, 313 and 323 K). Increase in temperature results in a decrease
of the values of ln(qe/Ce) and also 1000/T which specifies the
exothermic nature of the adsorption process [69,70]. At different
temperatures the values of ln(qe/Ce) are treated according to Van't
Hoff equation;

ln
�
qe
Ce

�
¼ �DH

RT
þ DS

R
(6)

where R is the universal gas constant (8.314 Jmol�1K�1) and T is the
absolute temperature. The slope (DH/R) and intercept (DS/R) were
evaluated from the plot between ln(qe/Ce) and 1/T as shown in
Fig. SI 5. At higher temperature, the adsorption process was also
increased as Pb(II) and Cd(II) were adsorbed on the surface of
mesoporous metal oxides. Gibbs free energy (DG) for adsorption of
metal ions was calculated as of the following relation; [70,71]

DG ¼ DH � TDS (7)

Table SI 6 shows the negative values of DG which confirms the
spontaneity of the adsorption reactions.
3.5. Reusability

As stated in above, a strong bond formed between metal-oxides
and metal-ions at the time of adsorption, which is essential for



Table 3
A comparative account of the adsorption efficiency of heavy metal-ions by different metal-oxide nanostructures.

Adsorbents Surface area (m2/g) Metal-ions Maximum adsorption Conditions References

(mg/g) %

TiO2 nanoparticles e Pb(II)
Cd(II)

e 44.7
25

Time- 60e90 min [60]

Nano- TiO2 e Pb(II) e 100 pH-2 [61]
MnFe2O4- G composite 79.30 Pb(II)

Cd(II)
100
76.9

e pH- 2-8
Time-220 min

[62]

GO-TiO2 e Pb(II)
Cd(II)

65.6
72.8

e pH- 5.6
Time- 12 h

[63]

Silica nanotubes (SNT) e Pb(II) 42.85 e pH-4, 7, 9, Temp-30 �C
Time-240 min

[64]

ß-MnO2 83.5 Cd(II) 12.9 e Temp-20-50 �C
pH-4-6

[65]

Mesoporous silica 198.3 Cu(II) 36.38 e pH-2-7 [66]
Silica monoliths 565 Cu(II) 145.98 e pH-7 [67]
SiO2 monolith
MnO2 monolith
TiO2 monolith

761
27
220

Pb(II)
Cd(II)
Pb(II)
Cd(II)
Pb(II)
Cd(II)

125
90.9
200
125
857
770

e pH-6
Temp-30 �C
Time-80 min

Present study
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complete removal of metal-ions fromwater. In this case, no specific
filtration techniques are required for metal-oxide extraction due to
its large size. Also the metal oxide monoliths possess a robust and
strong mechanical structure that can sustain water flow for
extended periods of time, which will increase the adsorption ca-
pacity. The micrometer-sized overall structure with mesoporosity
of monoliths provides the necessary mechanical robustness against
wear and tear; while their nanostructure provides the high surface
area as well as the high removal capacity for heavy metal ions.
Though, regeneration or reusability of metal oxide bear great
challenges, still by treating the saturatedmetal-oxides by 2MNaOH
for 5 h, moderately regenerated metal-oxides can be obtained [72].
Here, we have checked the reusability of synthesized monoliths for
3 cycles and observed that, the removal efficiency decreases upto
35e40% (Fig. SI 7).

4. Conclusion

Two different high surface area SiO2 monoliths were turning out
to porous MnO2 and TiO2 monoliths via nanocasting method. Hi-
erarchically porous metal oxide monoliths exhibited excellent
adsorption performance for Pb(II) & Cd(II). The adsorption studies
were conducted in different batches. The removal percentage of
Pb(II) & Cd(II) by SiO2, MnO2, and TiO2 monoliths were observed
88e94%, 94e96% and 92e98%, respectively. Thermodynamic
studies on the surface of hierarchically porous metal oxides for
Pb(II) & Cd(II) adsorption were monitored at various temperatures
(303, 313 and 323 K). Negative DG value suggests that the
adsorption process was spontaneous. Synthesized monoliths are in
the cm range scale (0.5 cm in diameter and 0.8 cm in length) which
gave a unique advantage in the form of efficient and low-cost re-
covery over existing systems. Porous monoliths with large struc-
ture are highly efficient for heavy metal ions removal and results
were found to be comparable or better than other metal oxide
nanocomposites in literature. These advantages will make the
nanocasted metal oxide monolithic system a potential candidate
for development of a user-friendly, low-cost device for the treat-
ment of large polluted water bodies.
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