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HIGHLIGHTS

« Starch based nanocomposite (starch/
Sn0,) was synthesized by sol-gel
method.

« Starch/SnO, nanocomposite was used
for the removal of Hg?* from aqueous
medium.

« The maximum adsorption capacity
was found to be 333 mgg~! at 25 °C.

« The adsorbed Hg?" metal ion could be
successfully desorbed using 0.1 M HCI]
solution.
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GRAPHICAL ABSTRACT

ABSTRACT

In this study, starch based nanocomposite (starch/Sn0O,) was synthesized and used as an effective adsor-
bent for the removal of Hg?* from aqueous medium. The as-prepared starch/SnO, nanocomposite was
characterized by means of the XPS, XRD, BET, FTIR, SEM and TEM analyses. The effects of contact time,
pH, initial Hg?* concentration and temperature on the adsorption performance of starch/SnO, nanocom-
posite were investigated thoroughly. The experimental results showed that starch/SnO, nanocomposite
had high ability to remove Hg?* ion from aqueous medium. The adsorption of Hg?* was maximum at the
pH 6 and equilibrium was achieved within 60 min. The pseudo-second-order equation represented the
adsorption kinetics with high correlation coefficient (>0.998) and the Freundlich isotherm model fitted
the adsorption data better than the Langmuir. The maximum adsorption capacity was found to be
192 mg g~ ! at 25 °C which was increased with the temperature, indicated the endothermic adsorption.
The feasibility of Hg?* adsorption onto starch/SnO, nanocomposite was also studied thermodynamically
and the results showed that the adsorption was spontaneous and chemical in nature. The adsorption
capacity of the regenerated adsorbents could still be maintained at 94% by the fourth adsorption-desorp-
tion cycle.

© 2016 Elsevier B.V. All rights reserved.

* Corresponding authors.

1. Introduction

The organic ion exchangers have been widely used for the
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are not thermally stable. Inorganic ion exchangers were also used
as substitutes. Nevertheless, the inorganic ion exchangers also
have their own restrictions, like they are not much more chemi-
cally stable and not suitable for column operation. Thus, the latest
development in this field is to overcome these problems by fabri-
cating the composites with suitable materials including, resins,
agricultural residues, synthetic and natural polymers etc [1-5].
The combination of organic and inorganic precursors makes the
composite materials which have high thermal and chemical stabil-
ities. In designing composite materials, scientists and engineers
have inventively combined various ceramics, metals and polymers
to produce a new generation of outstanding materials that contain
a wide variety of applications. Thus the synthesis of polymeric-
inorganic composite has received a great deal of attention because
it provided new material with special mechanical, chemical, elec-
trochemical and optical as well as magnetic properties [6]. Many
biopolymeric materials including pectin, cellulose, alginate, chi-
tosan and gurgum etc have been thoroughly investigated by
researchers for the synthesis of composite materials [7-9]. The
starch is one of these biopolymeric materials found in nature in
abundance with large number of functional groups present in its
structure, thus making it choice of material to be explored for
its vast applications. Starch is high molecular weight, nontoxic,
inexpensive, biodegradable, having high surface area biopolymer
which is easily extractable from natural plants [10,11]. These
properties make it an excellent adsorbent for detoxification of
hazardous pollutants from aqueous medium [12-15]. The pres-
ence of a large number of -OH groups in starch structure
enhances its practical usability as these groups can be easily oxi-
dized or reduced and also contribute in the formation of the
ethers, esters or hydrogen bonds etc. The derivatization and
crosslinking of starch increase its unique properties [16,17]. The
usefulness of starch can be established by using it as potential
adsorbent for heavy metal remediation [18]. The heavy metal pol-
lution is most concerned topic of investigation in the present era
due to its alarming rate of increase every day. Out of a number
of toxic heavy metals, the upmost concern goes to mercury
pollution.

The Hg?* is a naturally occurring highly toxic metal which per-
sist in environment for prolonged periods. The major sources of
Hg?" pollution results from human activities and has significantly
increased the concentration of mercury ions in the surroundings
over the past several decades. These activities includes industrial
processes; as coal burning, chlorine production in the chlor-alkali
industry, cement, zinc, steel and other metals manufacturing,
incineration or dumping of mercury-containing products as
biomedical waste, mining and product recycling etc [19-22]. The
emitted Hg?" ions get transformed into methylmercury a highly
toxic compound which eventually builds up in water and soils and
finally enters the food chain where it accumulates in the tissues of
aquatic wildlife and moves to higher trophic levels including
humans [23]. Thus, the addition of inorganic Hg>* ions and there
conversion to methylmercury, which occurs primarily in reducing
zones in fresh aquatic bodies, terrestrial, coastal environments, and
the subsurface ocean severely impacts the humans and wildlife
[24]. The primarily human exposure to methylmercury results
from eating of estuarine and marine fish [25]. The Hg?" ions are
highly neurotoxic in nature and also affect cardiovascular organs,
kidney and bones etc [26-28]. Hence, the pre and post treatment
of mercury waste is of immense importance in the context of envi-
ronmental remediation.

The present study focuses on the synthesis of starch/SnO,
nanocomposite and its potential application for the removal of
toxic Hg?" ions from aqueous medium. Adsorption equilibrium,
thermodynamics and kinetic studies were also investigated.

2. Materials and methods
2.1. Synthesis of cross-linked starch dispersion

Dispersed solution of starch was prepared by mixing 3.0 g of
starch in 100 mL of deionized water. For cross-linking the starch
molecules, 3.0 g of citric acid (crosslinking agent) and 1.5 g of the
catalyst NaH,PO,-H,0 were dissolved in the starch solution [29].
The starch suspension containing the crosslinking agent and cata-
lyst was heated to 60 °C for 2 h with continuous stirring and then
cooled to room temperature.

2.2. Synthesis of inorganic gel of Sn0O,

0.1 M of tin (IV) chloride (SnCl4-5H,0) solution was prepared by
dissolving it in 4.0 M HCI solution. In a typical synthesis of SnO,,
the solution of NaOH (2.0 M) was added to 300 mL of the above
solution drop-wise with controlled dropping rate for the chemical
homogeneity until pH ~ 1. The resulting mixture was a whitish gel.

2.3. Synthesis of starch/SnO, nanocomposite

The starch/SnO, nanocomposite material was prepared by mix-
ing the dispersed solution of cross-linked starch and the gel of
SnO, with the continuous stirring and heating at 60 °C for 6 h
[29]. The resultant opal gel was permitted to settle overnight at
25 °C. The supernatant liquid was decanted and the gel was filtered
under suction and washed with 1.0 M HNO3 to remove excess
reagents. The excess acid was removed by washing with deionized
water and then the composite material was dried in a hot air oven
at 80 °C for several hours. The dry product was crushed into small
granules of uniform size suitable for column separations/adsorp-
tion studies. They were then treated with excess of 1.0 M HNO;
for 24 h at room temperature with occasional shaking, irregularly
replacing the supernatant liquid with a fresh acid to certify the
complete conversion of starch/SnO, nanocomposite into the H*
form. The extra acid was removed after numerous washing with
deionized water. The materials were finally dried at 50 °C in the
oven, sieving to get particles of a particular size range (~125 pum)
and kept in a desiccator.

2.4. Adsorption studies

Batch adsorption experiments were conducted in 250 mL coni-
cal flask by placing 100 mg starch/SnO, nanocomposite with
250 mL of 20 ppm Hg?* solution at 25 °C and 150 rpm. The equilib-
rium study was performed by sampling at different time intervals
(5-90 min) to achieve the equilibrium. The pH of the solution was
adjusted using 0.1 M aqueous solutions of HCI/NaOH. Other param-
eters like temperature, pH and initial concentration of Hg?* were
also changed in order to optimize the adsorption process. After
the adsorption process, starch/SnO, nanocomposite was separated
from the solution and the concentration of Hg?" in the aqueous
phase was determined by atomic-absorption spectrophotometry.

The amount of Hg?* adsorbed onto starch/SnO, nanocomposite,
g. was computed as follows:

VG -G O
¢ W x 1000

where V is the volume of Hg?* solution in litre, C, and C, are the ini-
tial and final concentrations (mgL~!) of Hg?" in solution, respec-
tively, W is the weight (g) of starch/SnO, nanocomposite.

Isotherm and thermodynamic studies were also performed by
varying the reaction temperature (25-50 °C) and initial concentra-
tion of Hg?* solution (10-150 mg L™ 1).
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2.5. Desorption and regeneration studies

To be a good adsorbent, it should be reusable several times in
adsorption—-desorption cycles. In the present study, the desorption
of Hg?* was performed using 0.1 M aqueous solutions of HCI,
H,SO4, HNO3, CH3COOH, and NaOH as the desorbing agents. The
Hg?" loaded starch/SnO, nanocomposite samples (100 mg) were
kept in the 250 mL conical flask and shaken at 298 K for 60 min
with the above desorbing agents (100 mL). Then the samples were
separated from the solution, washed with deionized water and
subjected again to adsorption-desorption process for four cycles.
The metal recovery was calculated by the following equation [30]:

9Metal recovery — Amount of metal ions desorbed "
’ Y = Amount of metal jons adsorbed

100 (2)

2.6. Antibacterial activity

The antibacterial activity of starch/SnO, nanocomposite was
studied using standard optical density assay as described in previ-
ous studies [31,32]. One loopful of an overnight grown cultures of
each Staphylococcus aureus or Escherichia coli was used as the
inoculums and inoculated to 30 mL of sterile nutrient broth (NB)
in a 100 mL Erlenmeyer flask, and these were incubated at 37 °C
under continuous shaking for 24 h at 100 rpm. The culture was
diluted to 10° colony forming units per mL with NB according to
MacFarland standard. An aliquot of 10 mL of it was aseptically
pipetted into a 190 mL NB in conical flasks. To the flask containing
test organisms, the varying concentrations (50, 100, 150, and
200 pg mL~') of starch/SnO, nanocomposites were added. Then,
again the flasks were incubated at 37 °C under continuous shaking
for 24 h at 100 rpm. Aliquots of 4 mL were withdrawn at regular
interval of one hour up to 24 h and optical density was measured
at 620 nm. The positive control was also taken concurrently [33].

3. Result and discussion
3.1. Characterization of starch/Sn0O, nanocomposite

The surface area of starch/SnO, nanocomposite and Hg?*
adsorbed starch/SnO, nanocomposite was evaluated by Brunauer
Emmett Teller (BET) equation [34] using Quantachrome surface
area analyzer (USA) by N, adsorption at 77 K. The starch/SnO,
nanocomposite showed the good surface area 11 m?g~' which
was decreased (78.5 m? g~!) after Hg?" adsorption because some
pores of starch/Sn0O, nanocomposite were closed due to the adsorp-
tion of Hg?* onto starch/SnO, nanocomposite. The starch/SnO,
nanocomposite material was prepared by mixing the dispersed
solution of cross-linked starch and the gel of SnO, with the contin-
uous stirring and heating at 60 °C for 6 h. The scheme of the synthe-
sis is given in the Scheme 1. The FTIR spectra of starch, tin oxide and
starch/SnO, nanocomposite are show in Fig. 1. In the spectra of
starch and starch/SnO, nanocomposite, the peaks between at
3290-3380 cm™! were corresponding to the —OH stretching vibra-
tions in the starch [35,36]. The broadening in this region suggested
the intermolecular hydrogen bonding. The presence of the methy-
lene group was confirmed by the appearance of two strong bands
at 2945-2830 cm™! of vCH, sym and asym stretching and a band
between 1480-1452 cm™! was due to CH, bending mode. The char-
acteristic peaks at around 1020 and 1210 cm~! were attributed to
the ether groups of the starch (C-0, stretching vibration). Another
FTIR peak at 1635 cm™! supported the presence of OH group (OH
bending). The presence and the formation of ester groups after poly-
merization with citric acid were supported by the appearance of a
FTIR bands at 1260 (m) cm™'. The strong absorption band between

600-625 cm™! attributed to the vibration of Sn-O-Sn groups. Fur-
thermore, the wavenumber of the peak for Sn-O-Sn stretching
vibrations shifted from its original position 650-625 cm™!, which
suggested that new interactions between starch molecules via
hydrogen bonding into starch.

The morphologies and the particle sizes of SnO, in the
nanocomposite were characterized by the TEM and HRTEM
(Fig. 2a and b). The SnO, nanoparticles were agglomerated to the
polymer matrix (starch) and the size of the SnO, nanocrystallines
were in the range of 5-12 nm. The average diameter of the
nanoparticles was found to be 8 nm. The HRTEM image of the
selected nanocrystal of SnO, was inserted in Fig. 2b, and supported
the crystalline nature of nanocrystals.

The distance between lattice fringes (d-spacing) were found to
be 0.33 and 0.18 nm corresponding to the lattice spacing of 110
and 211 planes, these hkl vales were also supported with the
XRD analytical results (Fig. 3), and indicated that nanoparticles
were rutile SnO, structure and were well crystallized. The wide-
angle X-ray diffractograms (WAXD) of the starch, SnO, and
starch/Sn0O, nanocomposites are shown in Fig. 3. In the diffrac-
togram of starch, three well defined peaks at 20, 16.68°, 17.92°,
and 22.94° were observed, which corresponds to the typical crystal
pattern of starch with miller indices (111), (200) and (211)
respectively and indicated a semi-crystalline nature. The sharp
and well-defined peaks appeared in the diffractogram of SnO, at
20, 26.880, 33.920, 37.990, 51.90, and 65.800 having miller indices
(110),(101),(200),(211) and (301) indicated the planes of rutile
SnO, crystallites, which were correlated with JCPDS reference data
(JCPDS 41-1445) and were with good agreement of reported val-
ues. In the case of starch/SnO, nanocomposites, some peaks were
disappeared and some became less intense which might be due
to the presence of the polymer matrix and possible interaction.
Although, the diffraction peak intensity of starch and SnO, in the
starch/SnO, nanocomposite changed but there is no evidence of
any additional peak or peak shift in the diffraction angles is
observed that support only physical interaction between SnO,
and starch. Therefore, it can be concluded that the diffractograms
of starch/SnO, nanocomposites were only superimpositions of
the diffractograms of the two components starch and SnO,.

Over the past several decades, high resolution X-ray photoelec-
tron spectroscopy has become very popular due to significant
improvements in energy resolution that provide reliable informa-
tion regarding the physico-chemistry of a material surface. The ele-
mental composition was determined from survey scan. It was
found that the starch/SnO, nanocomposite had carbon, oxygen
and tin (Fig. 4a). The deconvolutions of the C1s regions of the spec-
tra as shown in Fig. 4b, for the identification of the nanocomposite
surface functionalities were fitted by six peaks, at 283.98, 284.24,
284.64, 258.41,286.48 and 288.47 eV corresponded to the carbon
atom in the forms of C'—C (sp®), C—OH (primer and secondary),
C—0—C (stretch ring), C—C=O0 (citric acid carbonyl), 0=C"—0—C
(carbonyl group of ester), and C'OOH (acidic group of citric acid
unit), respectively. It was observed that the peaks of C—OH and
C=0 which belong to citric acid unit were slightly shifted to lower
binding energy form its original position due to the polymeric nat-
ure of starch and interaction with SnO, in starch/SnO, nanocom-
posite. The O1s spectrum is also curve-fit using three peaks
(Fig. 4c). The main peak at 531.54 eV was due to the presence of
hydroxyl and ether groups. Small percentages of other types of O
present at 530.52 eV can be attributed to various carbonyl (C=0)
groups in the starch/Sn0O, nanocomposite. The resolved component
corresponding to O1s at 531.0 eV belongs to SnO, structural oxy-
gen atoms or oxygen inside non-stoichiometric oxides within the
surface region of the material, while 532.7 eV corresponds to
adsorbed oxygen and oxygen of the polymeric groups. The
adsorbed oxygen exists on the grains or surface of the SnO,
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Fig. 1. FTIR spectra of starch, SnO, and starch/SnO, nanocomposite.

crystallites from O, molecules of the ambient atmosphere. As
shown in Fig. 4d, the Sn3d high resolution spectrum that indicated
two strong peaks belongs to Sn3ds; and Sn3ds;, at 487.84 eV and
495.98 eV, respectively. It was observed that the binding energy of
Sn3ds; and Sn3ds), was shifted to lower values that supported the
interaction of SnO, with polymer matrix (starch) in the starch/
SnO, nanocomposite. The adsorption of Hg?* onto starch/SnO,
nanocomposite was also supported using X-ray photoelectron
spectroscopy (XPS). As shown in Figure a, the appearance of the
Hguq and Hgs spectrum after the adsorption revealed that Hg?*
was adsorbed onto starch/SnO, nanocomposite. Two photoelectron
peaks detected for Hgus,» (100.75 eV) and Hgyss,» (104.80 eV) in

the inset Figure (Figure a) implied that Hg?" existed in a divalent
state [37].

The SEM micrographs of starch/SnO, nanocomposite material at
two different magnifications are given in Fig. 5a and b. It can be
seen that the surface of starch/SnO, nanocomposite was porous
and rough with cracking which might be due to the presence of
crosslinked starch in the starch/SnO, nanocomposite.

3.2. Adsorption studies

The effect of contact time for Hg?* adsorption using starch/SnO,
nanocomposite material is shown in the Fig. S1. It was noted that
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Fig. 2. (a) TEM of starch/SnO, nanocomposite (b) HRTEM of SnO, nanoparticles.
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Fig. 3. XRD diffraction pattern of starch, SnO, and starch/SnO, nanocomposite.

the adsorption of Hg?* was rapid at the initial stage and the equilib-
rium was achieved in 60 min. After, 60 min, there was no increment
in the adsorption of Hg?* metal ion. The rapid adsorption of Hg?*
metal ion at the initial stages was due to the accessibility of large
number of vacant surface sites on the surface of starch/SnO,
nanocomposite material [38]. The pH is an influential factor in
the adsorption process which can affect the charge transfer
between the solid and liquid. The effect of pH for the adsorption

of Hg?* onto starch/SnO, nanocomposite material was evaluated
at different pHs which is shown in the Fig. S1. It was found that
the removal efficiency was increased with increasing the pH. At
pH 2, the adsorption was 42% which was increased to 95.5% at pH
6 and after that the adsorption started to decrease. The change in
the adsorption efficiency with pH can be explained due to change
in the ionic state of hydroxyl and carbonyl functional groups of
starch/SnO, nanocomposite at different pH. In the acidic medium,
the functional groups of starch/SnO, nanocomposite were proto-
nated; as a result, the adsorption capacity of starch/SnO, nanocom-
posite to remove the Hg?* metal ion was decreased. As the pH of the
solution was increased, the hydroxyl and carbonyl groups were
deprotonated and bonded with Hg?* metal ions through electro-
static attraction [39]. The adsorption efficiency was decreased
above the pH > 6. Therefore, all the following experiments were
performed at a pH 6. The adsorption of Hg?*onto starch/SnO,
nanocomposite was also performed at different concentrations
(10-150 mg L) of Hg?* metal ion where time and pH were kept
60 min and 6, respectively. It was noted that Hg?* adsorption per-
centage was decreased from 99.5% to 72.5% with the increase in
Hg?*concentration from 10 to 150 mg L' (Fig. S1). This decrease
in the adsorption percentage was due to the less availability of
adsorption sites at the surface of starch/SnO, nanocomposite for
the higher concentration of Hg?>* metal ion.

3.3. Reusability of starch/SnO, nanocomposite material

To reduce the cost of adsorption process for the practical appli-
cation, the desorption of adsorbed Hg?* from starch/SnO,
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Fig. 5. SEM images of starch/SnO, nanocomposite at different magnifications.

nanocomposite and its regeneration is very important. It was noted
that the desorption was maximum in 0.1 M HCI. The adsorbent was
reused for four consecutive cycles, indicated a loss of only 2.5% in
the adsorption percentage after four cycles which revealed a good
regeneration capability of starch/SnO, nanocomposite material
(Fig. 6a). Consequently, starch/SnO, nanocomposite could be eco-
nomically and effectively used for the treatment of Hg?* contami-
nated wastewater.

3.4. Rate constant study

In order to estimate the adsorption characteristic of starch/SnO,
nanocomposite, it is important to investigate the rate at which

Hg?* toxic metal ion was removed from aqueous medium. Pseudo
first-order and pseudo second-order kinetic models were applied.

3.4.1. The pseudo-first-order equation

The pseudo-first order equation of Lagergren [40] is generally
expressed as:

kqt

)

where ¢, and g, are the amounts of Hg?* adsorbed (mg/g) at time t,
and at equilibrium, respectively, and k; is the rate constant of
pseudo-first-order adsorption (1/min).
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The linearized form of the pseudo-first order model for the
adsorption of Hg?* metal ion onto starch/SnO, nanocomposite at
various Hg?* initial concentrations (20, 50 and 100 mg L™ 1) is given
in Fig. S2. The values of the rate constant k; were obtained from the
slopes the plot of log(q. — q;) versus t (Table 1). The correlation
coefficients values (R?) for the pseudo first order kinetic model
obtained at all the studied concentrations were low indicating that
the adsorption of Hg?* deviated significantly from the pseudo-first-
order kinetic model.

3.4.2. The pseudo-second-order equation
The pseudo-second-order adsorption kinetic rate equation is
expressed as [41]:

Table 1
Kinetic parameters for Hg?* adsorption using starch/SnO, nanocomposite.

Table 3
Thermodynamics parameters for the adsorption of Hg?>* onto starch/SnO,
nanocomposite.

Co,mgL™' AH°, Kjmol™! AS°,KJmol 'K! —AG®, Kjmol!
298K 308K 318K
20 40.28 0.14 1.44 2.84 4.24
t 1 t
. )

Qt:m q_e

Where k, is the rate constant for the pseudo-second order adsorp-
tion (g/mg min).

The plots of t/q, versus t of Eq. (4) gave linear plots (Fig. S2). The
values of rate constant k, were evaluated from the intercepts of the
plot (Table 1). The obtained values of the correlation coefficients
(R?) for pseudo-second-order kinetic model were >0.998 for all the
studied concentrations. These results showed that the adsorption
of Hg?* onto starch/SnO, nanocomposite belongs to the pseudo-
second-order kinetic model and Hg?* was adsorbed on the surface
of starch/SnO, nanocomposite via chemical interactions.

3.5. Adsorption isotherms

Adsorption isotherm studies are important to define the frac-
tion of adsorbate molecules that are divided between solid and lig-
uid phases at equilibrium. In the current study, the isotherm
results were examined using the Langmuir and Freundlich iso-
therm models (Fig. S2).

According to the Langmuir, the uptake of adsorbate molecules
takes place on a homogenous surface with a finite number of
adsorption sites through monolayer adsorption without any inter-
action between adsorbed molecules. The linear form of the Lang-
muir isotherm model can be written as [42]:

1 1 1
% Q, Q.G )

where Q,, and b are the Langmuir constants related to maximum
monolayer adsorption capacity and energy of adsorption, respec-
tively. The values of Q,, and b were calculated from the intercept
and slope of linear plots of 1/q. vs. 1/C,, respectively (Table 2). It
was found that the values of Q,, was increased with the increase
in temperature which showed the endothermic nature of adsorp-
tion of Hg?" onto starch/Sn0O, nanocomposite.

Initial concentration of Hg?* (mg L") Pseudo-first-order

Pseudo-second-order

Slope Intercept ky (min~) R? Slope Intercept ky (gmg~! min~") R?
20 -0.024 2.25 5.68 x 1072 0.935 0.019 0.13 2.86 x 1073 0.988
50 —-0.025 1.95 5.75 x 1072 0.936 0.008 1.06 1.03 x 1073 0.988
100 —-0.0255 1.55 5.87 x 1072 0.938 0.004 1.04 0.36 x 1073 0.987
Table 2
Langmuir and Freundlich adsorption isotherm constants for the adsorption of Hg?" onto starch/SnO, nanocomposite.
Temperature (°C) Langmuir constants Freundlich constants
qn (mgg ") b(Lmg") R R? 1/n n K R?
25 192 0.15 0.25 0.968 0.556 1.79 9.66 0.992
35 200 0.07 0.39 0.961 0.588 1.70 7.94 0.991
45 333 0.02 0.64 0.968 0.642 1.55 6.91 0.995
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Table 4 where C, (mg/L) is the lowest initial Hg>* concentration and b is
List of various adsorbents (with maximum adsorption capacities) for the adsorption of Langmuir constant (L/mg). The value of R, indicates the type of
2+ *
He™ the isotherm to be either unfavorable (R, > 1), linear (R, = 1), favor-
Adsorbents Maximum References able (0 < R; < 1) or irreversible (R; = 0). In the present study the val-
adsorption » ues of R; was <1 which demonstrated the favorable adsorption of
capacity (mgg_) Hg?* onto starch/SnO, nanocomposite.
E_afboxymﬁhyl'cmtosan 5507-8 {;‘g} The Freundlich isotherm is valuable to find the sorption phe-
ice straw . . . . .
Modified wool chelating fibers 133 [47] nomenon .w1th Fhe heterogonous sorbgnt media. This Frfzund!lch
Chitosan-phenylthiourea resin 1355 [48] 1soth?rm is derived from Fhe assumption that the sorption sites
Multi-walled carbon nanotubes 84.66 [49] are disseminated exponentially with respect to the heat of sorption
Magnetic mesoporous silica composites 1979 [50] model. The linearized form of Freundlich isotherm is expressed by
Silica ) 196.6 [51] the following equation [44]:
Polystyrene coated CoFe,0,4 particles 86.9 [52]
Dowex-50 x -100 234.6 [53] 1
Silica-supported dithiocarbamate 80.2 [54] N
GMA/DVB amine (R-N) 347 [55] logq, = logKy + n InC, )
Dithiocarbamate chelating resin (DTMAN)  461.3 [56]
STO ite material 333 P t . . .
fanocompostte matera S:jjsn where, Krand n are the Freundlich adsorption constants which were

determined from the intercept and slope of the linear plots of log q.

The essential characteristic of the Langmuir isotherm can be
expressed in terms of the dimensionless equilibrium parameter

R;, which is defined as [43]:

R

_ 1
71+bCo

vs. log C,, respectively.

The Langmuir and Freundlich parameters are listed in Table 2.
The higher values of correlation coefficients (R*> > 0.998) for Fre-
undlich model than that of Langmuir model suggested multilayer
rather than monolayer adsorption occurred onto starch/SnO,
nanocomposite. Due to the lower value of correlation coefficient
(6) for the Langmuir isotherm model, this model could not properly

described the relationship between the amounts of adsorbed
Hg?* metal ions and its equilibrium concentrations in the solutions.

%O
OH
OH
o
0 O—
H— —H----- O=8Sn=0
o
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Fig. 7. Adsorption-desorption mechanism for Hg?* ion using starch/SnO, nanocomposite.


https://www.researchgate.net/publication/276099173_Adsorption_of_HgII_from_aqueous_solutions_by_thiol-functionalized_polymer-coated_magnetic_particles?el=1_x_8&enrichId=rgreq-664ca723-78f6-47ce-a9af-509f0248999e&enrichSource=Y292ZXJQYWdlOzMwMTY0OTcwODtBUzozNTkwNTE3Mjk4ODMxMzZAMTQ2MjYxNjAxMTcwOQ==
https://www.researchgate.net/publication/259159642_Adsorption_of_mercury_ions_from_synthetic_and_real_wastewater_aqueous_solution_by_functionalized_multi-walled_carbon_nanotube_with_both_amino_and_thiolated_groups?el=1_x_8&enrichId=rgreq-664ca723-78f6-47ce-a9af-509f0248999e&enrichSource=Y292ZXJQYWdlOzMwMTY0OTcwODtBUzozNTkwNTE3Mjk4ODMxMzZAMTQ2MjYxNjAxMTcwOQ==
https://www.researchgate.net/publication/222003485_Synthesis_of_Amine_and_Thio_Chelating_Resins_and_Study_of_Their_Interaction_with_ZincII_CadmiumII_and_MercuryII_Ions_in_Their_Aqueous_Solutions?el=1_x_8&enrichId=rgreq-664ca723-78f6-47ce-a9af-509f0248999e&enrichSource=Y292ZXJQYWdlOzMwMTY0OTcwODtBUzozNTkwNTE3Mjk4ODMxMzZAMTQ2MjYxNjAxMTcwOQ==
https://www.researchgate.net/publication/273422728_Synthesis_and_characterization_of_dithiocarbamate_chelating_resin_and_its_adsorption_performance_toward_HgII_CdII_and_PbII_by_batch_and_fixed-bed_column_methods?el=1_x_8&enrichId=rgreq-664ca723-78f6-47ce-a9af-509f0248999e&enrichSource=Y292ZXJQYWdlOzMwMTY0OTcwODtBUzozNTkwNTE3Mjk4ODMxMzZAMTQ2MjYxNjAxMTcwOQ==
https://www.researchgate.net/publication/251528112_Removal_and_recovery_of_mercury_from_aqueous_solution_using_magnetic_silica_nanocomposites?el=1_x_8&enrichId=rgreq-664ca723-78f6-47ce-a9af-509f0248999e&enrichSource=Y292ZXJQYWdlOzMwMTY0OTcwODtBUzozNTkwNTE3Mjk4ODMxMzZAMTQ2MjYxNjAxMTcwOQ==
https://www.researchgate.net/publication/263353118_Synthesis_characterization_of_curcumin_based_ecofriendly_antimicrobial_bio-adsorbent_for_the_removal_of_phenol_from_aqueous_medium?el=1_x_8&enrichId=rgreq-664ca723-78f6-47ce-a9af-509f0248999e&enrichSource=Y292ZXJQYWdlOzMwMTY0OTcwODtBUzozNTkwNTE3Mjk4ODMxMzZAMTQ2MjYxNjAxMTcwOQ==
https://www.researchgate.net/publication/287227275_Over_the_adsorption_in_solution?el=1_x_8&enrichId=rgreq-664ca723-78f6-47ce-a9af-509f0248999e&enrichSource=Y292ZXJQYWdlOzMwMTY0OTcwODtBUzozNTkwNTE3Mjk4ODMxMzZAMTQ2MjYxNjAxMTcwOQ==
https://www.researchgate.net/publication/221777461_Preparation_of_Cross-Linked_Magnetic_Chitosan-Phenylthiourea_Resin_for_Adsorption_of_HgII_CdII_and_ZnII_Ions_from_Aqueous_Solutions?el=1_x_8&enrichId=rgreq-664ca723-78f6-47ce-a9af-509f0248999e&enrichSource=Y292ZXJQYWdlOzMwMTY0OTcwODtBUzozNTkwNTE3Mjk4ODMxMzZAMTQ2MjYxNjAxMTcwOQ==
https://www.researchgate.net/publication/51617129_Synthesis_of_a_novel_silica-supported_dithiocarbamate_adsorbent_and_its_properties_for_the_removal_of_heavy_metal_ions?el=1_x_8&enrichId=rgreq-664ca723-78f6-47ce-a9af-509f0248999e&enrichSource=Y292ZXJQYWdlOzMwMTY0OTcwODtBUzozNTkwNTE3Mjk4ODMxMzZAMTQ2MjYxNjAxMTcwOQ==
https://www.researchgate.net/publication/229187667_Silica_gel_ethyleneimine_and_its_adsorption_capacity_for_divalent_Pb_Cd_and_Hg?el=1_x_8&enrichId=rgreq-664ca723-78f6-47ce-a9af-509f0248999e&enrichSource=Y292ZXJQYWdlOzMwMTY0OTcwODtBUzozNTkwNTE3Mjk4ODMxMzZAMTQ2MjYxNjAxMTcwOQ==
https://www.researchgate.net/publication/7466038_Van't_Hoff_analysis_of_K_T_How_goodor_bad?el=1_x_8&enrichId=rgreq-664ca723-78f6-47ce-a9af-509f0248999e&enrichSource=Y292ZXJQYWdlOzMwMTY0OTcwODtBUzozNTkwNTE3Mjk4ODMxMzZAMTQ2MjYxNjAxMTcwOQ==
https://www.researchgate.net/publication/23765939_Use_of_rice_straw_as_biosorbent_for_removal_of_CuII_ZnII_CdII_and_HgII_ions_in_industrial_effluents?el=1_x_8&enrichId=rgreq-664ca723-78f6-47ce-a9af-509f0248999e&enrichSource=Y292ZXJQYWdlOzMwMTY0OTcwODtBUzozNTkwNTE3Mjk4ODMxMzZAMTQ2MjYxNjAxMTcwOQ==
https://www.researchgate.net/publication/244359379_Adsorption_properties_and_mechanism_of_cross-linked_carboxymethyl-chitosan_resin_with_ZnII_as_template_ion?el=1_x_8&enrichId=rgreq-664ca723-78f6-47ce-a9af-509f0248999e&enrichSource=Y292ZXJQYWdlOzMwMTY0OTcwODtBUzozNTkwNTE3Mjk4ODMxMzZAMTQ2MjYxNjAxMTcwOQ==
https://www.researchgate.net/publication/40449224_Adsorption_of_CuII_HgII_and_NiII_ions_by_modified_natural_wool_chelating_fibers?el=1_x_8&enrichId=rgreq-664ca723-78f6-47ce-a9af-509f0248999e&enrichSource=Y292ZXJQYWdlOzMwMTY0OTcwODtBUzozNTkwNTE3Mjk4ODMxMzZAMTQ2MjYxNjAxMTcwOQ==

314 Mu. Naushad et al. / Chemical Engineering Journal 300 (2016) 306-316

3.6. Thermodynamic studies

Temperature has a distinct effect on the adsorption capacity of
adsorbent. The adsorption of Hg?* metal ion onto starch/SnO,
nanocomposite was analyzed at different temperatures (25-
50 °C). It was noted that the adsorption was increased with the
increase of temperature which suggested the endothermic nature
of the adsorption process (Fig. S1). The thermodynamic parameters,
standard free energy change (AG®), standard enthalpy change (AH°®)
and standard entropy change (AS°) were evaluated to define the fea-
sibility and nature of adsorption process. The values of AH° and AS°
were calculated from the slopes and intercepts of the plots of In K,
versus 1/T (Figure is not given) by using the following equation.

AH°  AS°

R’ R ®
The AG° (free energy change) was calculated from the following

relation.

AG® = AH® — TAS® 9)

InK. = —

where R (8.314 kJ/mol K) is the gas constant, T (K), absolute temper-
ature and K. (L/mg), standard thermodynamic equilibrium constant
defined by g./C.. The values of AG® and AH°, AS°, for Hg?>* adsorp-
tion onto starch/SnO, nanocomposite are given in Table 3. It is
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Fig. 8. Growth curves for (a) Escherichia coli and (b) Staphylococcus aureus.

apparent from Table 3 that the values of AH® was positive indicated
the endothermic nature of the adsorption. The positive values AS®
revealed an increase in the randomness at the solid/solution inter-
face during the adsorption process. The negative values of AG° indi-
cated the degree of spontaneity of the adsorption process and AG®
values were become more negative with the increase in tempera-
ture from 298 K to 318 K, showed that higher temperature favored
the Hg?* adsorption onto starch/SnO, nanocomposite.

3.7. Performance assessments

The maximum adsorption capacity of starch/SnO, nanocompos-
ite was compared with the other adsorbents reported in the liter-
ature (Table 4) [45-56]. It was found that maximum adsorption
capacity of starch/SnO, nanocomposite was higher than most of
the adsorbents. Although, some adsorbents had better g, than
starch/Sn0O, nanocomposite, but they were expensive. So, on the
basis of cost & performance, starch/SnO, nanocomposite had a bet-
ter prospect. We had also assessed the performance of several
adsorbents at the same conditions (adsorbent weight-8 mg;
volume-25 mL and temperature 298 K). It was noted that starch/
SnO, nanocomposite had better adsorption efficiency than Fe;0,,
cyclodextrin, resin, graphene oxide and cyclodextrin sheet (CD-R)
(Fig. 6b).

3.8. Adsorption/desorption mechanism

The proposed mechanism for the adsorption/desorption of Hg?"
metal ions onto starch/SnO, nanocomposite material is shown in
Fig. 7. The starch/SnO, nanocomposite material had several car-
bonyl, hydroxyl and free oxygen groups. These groups are electron
rich species and have tendency to donate the electron to the elec-
tropositive metal, according to the hard and soft acid base theory.
Consequently, these groups were bonded to the Hg?* metal ion
through electrostatic attraction. The desorption of Hg?" ion was
performed using 0.1 M HCL In the acidic medium, the functional
groups of starch/SnO, nanocomposite were protonated; as a result,
the adsorption capacity of starch/SnO, to remove the Hg?* metal
ion was decreased.

3.9. Antibacterial activity

The antibacterial nature of SnO,/Starch composite was ascer-
tained against two test organisms i.e., S. aureus and E. coli and it
was found that the composite is effective against both the bacte-
ria’s. The SnO,/Starch composite was an effective antimicrobial
agent at all the concentrations as it inhibited the growth of S. aur-
eus and E. coli. The concentration of 200 pg mL~! was most effec-
tive against both E. coli and S. aureus (Fig. 8). The death phase of
the test organisms was observed after 22 h of incubation. The pres-
ence of Sn metal in composite is accountable for its better antimi-
crobial activity. The mechanism may involve attachment of
composite to the cellular membrane of the bacteria’s, thus interfer-
ing in cellular activities such as active transport across cell mem-
brane, retarding enzymatic activities and cell metabolism etc and
ultimately causing cell lyses [57].

4. Conclusions

This study showed the successful synthesis of starch/SnO,
nanocomposite material as an adsorbent for the removal of highly
toxic Hg?* metal ions from aqueous medium. The material was
characterized by various analytical techniques and TEM analysis
showed that the SnO, nanoparticles were agglomerated to the
polymer matrix (starch) and the size of the SnO, nanocrystallines


https://www.researchgate.net/publication/276099173_Adsorption_of_HgII_from_aqueous_solutions_by_thiol-functionalized_polymer-coated_magnetic_particles?el=1_x_8&enrichId=rgreq-664ca723-78f6-47ce-a9af-509f0248999e&enrichSource=Y292ZXJQYWdlOzMwMTY0OTcwODtBUzozNTkwNTE3Mjk4ODMxMzZAMTQ2MjYxNjAxMTcwOQ==
https://www.researchgate.net/publication/259159642_Adsorption_of_mercury_ions_from_synthetic_and_real_wastewater_aqueous_solution_by_functionalized_multi-walled_carbon_nanotube_with_both_amino_and_thiolated_groups?el=1_x_8&enrichId=rgreq-664ca723-78f6-47ce-a9af-509f0248999e&enrichSource=Y292ZXJQYWdlOzMwMTY0OTcwODtBUzozNTkwNTE3Mjk4ODMxMzZAMTQ2MjYxNjAxMTcwOQ==
https://www.researchgate.net/publication/222003485_Synthesis_of_Amine_and_Thio_Chelating_Resins_and_Study_of_Their_Interaction_with_ZincII_CadmiumII_and_MercuryII_Ions_in_Their_Aqueous_Solutions?el=1_x_8&enrichId=rgreq-664ca723-78f6-47ce-a9af-509f0248999e&enrichSource=Y292ZXJQYWdlOzMwMTY0OTcwODtBUzozNTkwNTE3Mjk4ODMxMzZAMTQ2MjYxNjAxMTcwOQ==
https://www.researchgate.net/publication/273422728_Synthesis_and_characterization_of_dithiocarbamate_chelating_resin_and_its_adsorption_performance_toward_HgII_CdII_and_PbII_by_batch_and_fixed-bed_column_methods?el=1_x_8&enrichId=rgreq-664ca723-78f6-47ce-a9af-509f0248999e&enrichSource=Y292ZXJQYWdlOzMwMTY0OTcwODtBUzozNTkwNTE3Mjk4ODMxMzZAMTQ2MjYxNjAxMTcwOQ==
https://www.researchgate.net/publication/251528112_Removal_and_recovery_of_mercury_from_aqueous_solution_using_magnetic_silica_nanocomposites?el=1_x_8&enrichId=rgreq-664ca723-78f6-47ce-a9af-509f0248999e&enrichSource=Y292ZXJQYWdlOzMwMTY0OTcwODtBUzozNTkwNTE3Mjk4ODMxMzZAMTQ2MjYxNjAxMTcwOQ==
https://www.researchgate.net/publication/221777461_Preparation_of_Cross-Linked_Magnetic_Chitosan-Phenylthiourea_Resin_for_Adsorption_of_HgII_CdII_and_ZnII_Ions_from_Aqueous_Solutions?el=1_x_8&enrichId=rgreq-664ca723-78f6-47ce-a9af-509f0248999e&enrichSource=Y292ZXJQYWdlOzMwMTY0OTcwODtBUzozNTkwNTE3Mjk4ODMxMzZAMTQ2MjYxNjAxMTcwOQ==
https://www.researchgate.net/publication/51617129_Synthesis_of_a_novel_silica-supported_dithiocarbamate_adsorbent_and_its_properties_for_the_removal_of_heavy_metal_ions?el=1_x_8&enrichId=rgreq-664ca723-78f6-47ce-a9af-509f0248999e&enrichSource=Y292ZXJQYWdlOzMwMTY0OTcwODtBUzozNTkwNTE3Mjk4ODMxMzZAMTQ2MjYxNjAxMTcwOQ==
https://www.researchgate.net/publication/229187667_Silica_gel_ethyleneimine_and_its_adsorption_capacity_for_divalent_Pb_Cd_and_Hg?el=1_x_8&enrichId=rgreq-664ca723-78f6-47ce-a9af-509f0248999e&enrichSource=Y292ZXJQYWdlOzMwMTY0OTcwODtBUzozNTkwNTE3Mjk4ODMxMzZAMTQ2MjYxNjAxMTcwOQ==
https://www.researchgate.net/publication/7466038_Van't_Hoff_analysis_of_K_T_How_goodor_bad?el=1_x_8&enrichId=rgreq-664ca723-78f6-47ce-a9af-509f0248999e&enrichSource=Y292ZXJQYWdlOzMwMTY0OTcwODtBUzozNTkwNTE3Mjk4ODMxMzZAMTQ2MjYxNjAxMTcwOQ==
https://www.researchgate.net/publication/23765939_Use_of_rice_straw_as_biosorbent_for_removal_of_CuII_ZnII_CdII_and_HgII_ions_in_industrial_effluents?el=1_x_8&enrichId=rgreq-664ca723-78f6-47ce-a9af-509f0248999e&enrichSource=Y292ZXJQYWdlOzMwMTY0OTcwODtBUzozNTkwNTE3Mjk4ODMxMzZAMTQ2MjYxNjAxMTcwOQ==
https://www.researchgate.net/publication/228483938_Antimicrobial_activity_of_essential_oils_of_Trachyspermum_ammi_Int_J_Pharm_Biol_Arch?el=1_x_8&enrichId=rgreq-664ca723-78f6-47ce-a9af-509f0248999e&enrichSource=Y292ZXJQYWdlOzMwMTY0OTcwODtBUzozNTkwNTE3Mjk4ODMxMzZAMTQ2MjYxNjAxMTcwOQ==
https://www.researchgate.net/publication/244359379_Adsorption_properties_and_mechanism_of_cross-linked_carboxymethyl-chitosan_resin_with_ZnII_as_template_ion?el=1_x_8&enrichId=rgreq-664ca723-78f6-47ce-a9af-509f0248999e&enrichSource=Y292ZXJQYWdlOzMwMTY0OTcwODtBUzozNTkwNTE3Mjk4ODMxMzZAMTQ2MjYxNjAxMTcwOQ==
https://www.researchgate.net/publication/40449224_Adsorption_of_CuII_HgII_and_NiII_ions_by_modified_natural_wool_chelating_fibers?el=1_x_8&enrichId=rgreq-664ca723-78f6-47ce-a9af-509f0248999e&enrichSource=Y292ZXJQYWdlOzMwMTY0OTcwODtBUzozNTkwNTE3Mjk4ODMxMzZAMTQ2MjYxNjAxMTcwOQ==

Mu. Naushad et al./ Chemical Engineering Journal 300 (2016) 306-316 315

were in the range of 5-12 nm. The maximum monolayer adsorp-
tion capacity was 333 mg g~! and the removal percentage reached
up to 97%. The kinetic studies denoted that the adsorption of Hg?*
metal ion onto starch/SnO, nanocomposite material followed
pseudo-second order model and the equilibrium data fitted well
Freundlich isotherm model. The thermodynamics results showed
that the adsorption of Hg?" onto starch/Sn0O, nanocomposite mate-
rial was spontaneous and the reaction was endothermic. It was
also found that the adsorbed Hg?* metal ion could be successfully
desorbed from the starch/SnO, nanocomposite material using
0.1 M HCI solution. The adsorption capacity of the regenerated
adsorbents could still be maintained at 94% by the fourth adsorp-
tion-desorption cycle.
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