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ABSTRACT

Superparamagnetic starch-functionalized magnetite nanoparticles (SMNDPs), ranging from 6
to14 nm, were prepared by a co-precipitation synthesis protocol. The SMNPs were used as
nanoadsorbents for the removal of Cr(VI) from aqueous medium by the batch adsorption
technique. The SMNPs adsorption capacity was found to decrease with the increase in the
pH of the Cr(VI) solution. Under optimum pH conditions, the maximum experimental
adsorption capacity of SMNPs for Cr(VI) was found to be 26.6 mg g~ '. While the adsorption
was endothermic, the equilibrium adsorption data could be best fitted to the Freundlich
adsorption isotherm model and its kinetics was in agreement with the pseudo-second-order
rate equation. The SMNPs could be easily regenerated because of low adsorption activation
energy. The SMNPs capacity for Cr(VI) removal remained almost undiminished even after

its repeated use.
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1. Introduction

Global industrialization has significantly increased
the concentration of chromium in the environment
and is at present one of the top toxic pollutants listed
by US EPA. Chromium (Cr) is a frequent industrial
effluent from different types of industries such as
electroplating, metal finishing processes, tanning of
leather, pigment, paints, dyes, and paper industries
[1-4]. Among the two main oxidation states of Cr in
aqueous medium, Cr (VI) is more toxic than Cr(III)
[5-10]. The permissible concentration of Cr(VI) in
drinking water is 0.05 ppm [11-13]. However, the US
EPA survey reports that the concentration of Cr(VI) in
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different wastewaters range from 50 to 100 ppm. This
is obviously much higher than the permitted level.
Accordingly, a large number of conventional methods
such as reduction, reverse osmosis, electrodialysis, ion
exchange, and adsorption have been developed for
the removal of Cr(VI) from aqueous medium. Among
these, adsorption is an effective, efficient, and
economic technique for wastewater treatment [14-19].
In this technique, depending on the nature of adsor-
bent-adsorbate interaction, there is a possibility of
recovery and reuse of the adsorbent [20,21]. Magnetic
nanoparticles are especially attractive since previous
reports have shown them to be good adsorbents of
heavy metal ions and are also easily separated using a
suitable magnet [22].
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Ensuring better dispersion of nanoparticles in
aqueous medium [23-25] is important for preserving
their surface properties. For this purpose, presently
non-toxic biocompatible stabilizers are preferred.
Among various possibilities, the biodegradable water
soluble and abundantly found starch is an attractive
alternative. Starch is a branched, hydrophilic, and
cross-linked long-chain polymer of D-glucose which
may offer neutral-free hydroxyl functional groups
with the possibility of binding to diverse chemical
groups and ions, thus enhancing surface activity func-
tionalized magnetic nanoparticles. This advantage
when combined with the colloidal magnetic stability
opens up large number of prospective applications
such as drug delivery, gene delivery, magnetic reso-
nance imaging, tissue engineering, enzyme immobi-
lization, hyperthermia, and metal adsorption [26,27].

We demonstrate the formation of fine-sized super-
paramagnetic SMNPs as a new adsorbent for removal
of Cr(VD) from aqueous medium. Such nanoparticles
can easily be separated by magnetic decantation, then
regenerated and redispersed in aqueous medium for
reuse. The objectives of this study were therefore to (1)
prepare superparamagnetic SMNPs and then utilize
these nanoadsorbents for the removal of Cr(VI) from
aqueous medium; (2) understand the mechanism of Cr
(VD) adsorption onto the surface of nanoscale SMNPs;
and (3) adsorbent recovery and recycling ability.

2. Experimental methods
2.1. Synthesis of SMNPs

Materials used in the synthesis of starch-func-
tionalized magnetite nanoparticles were ferrous sulfate
heptahydrate (Merck), NaOH (Merck), and starch. All
chemicals used were of analytical grade and used
without further purification. Ferrous sulfate heptahy-
drate (0.2 M) was dissolved in appropriate amount in
distilled water and subjected to mechanical stirring for
15 min. To this 2 wt% of freshly prepared aqueous
starch solution was added with continuous mechanical
stirring for another 15 min to obtain a mixed solution.
Now this solution was added drop wise into a
previously heated 0.4 M NaOH solution such that the
overall reaction mixture temperature was always
maintained at 80°C. After completing the addition, the
whole reaction mixture was heated at 80°C for two
more hours until dark black precipitate formation was
observed. The pH of the reaction mixture was above
8. Now the precipitate obtained was separated by
magnetic decantation. The precipitate was then repeat-
edly washed with distilled water in order to remove
excess NaOH and finally washed with absolute
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alcohol until the washings became neutral. Thereafter,
the precipitate was dried at 40°C in a hot air oven.
The dried powder samples were ground in an agate
mortar and used further for material characterization
and adsorption studies [28-30].

2.2. Adsorption experiments

The stock solution of Cr(VI) ions was prepared by
dissolving a known amount of potassium dichromate
in distilled water. Then the pH of the solution was
adjusted by adding required amounts of 0.1 M HNO;
or 0.1 M NaOH. Batch adsorption experiments [31,32]
were conducted by adding 4 gL' of the adsorbent
(SMNPs) in different initial concentrations of K,Cr,O-
solutions. These solutions were then taken in 100 ml
stopper conical flasks and agitated on a thermostatic
shaker (Narang Scientific) for 24 h until equilibrium
was attained [33,34]. The adsorbent was then
separated from the Cr(VI) solution by magnetic
decantation method. Magnetic decantation method is
more efficient than the centrifugation as well as filtra-
tion methods [35]. Finally, the residual concentration
of Cr(VD) solutions was measured with the help of
UV/visible spectrophotometer (Perkin Elmer) at a
wavelength of 540 nm wusing the 1, 5-diphenylcar-
bazide (Merck) method. The adsorption capacity or
the amount of metal ions adsorbed at equilibrium (g.)
per unit mass of the adsorbent is calculated by Eq. (1).

\%
ge = (Co — Ce) x " (1)

Here, Cy and C. are the initial and equilibrium con-
centrations of Cr(VI) solution (in mg L"), respectively.
Further, V denotes the volume of the solution in liters
and m is the mass of adsorbent in grams. Accordingly,
the percentage adsorption of Cr(VI) ions is given by
Eq. (2).

(Co — Ce)

Ad =
% &

x 100 2

3. Results and discussion
3.1. Characterization of SMNPs adsorbent

XRD patterns of the synthesized SMNPs are shown
in Fig. 1. We observe that SMNPs XRD patterns exhi-
bit 311),(440),(511),(220), and (4 00) diffraction
planes characteristic of the magnetite phase. One also
observes that no other crystalline phase peaks could
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Fig. 1. XRD patterns of SMNPs sample.

be detected; therefore, the synthesized samples con-
sisted only of pure magnetite phase nanoparticles. We
conclude that starch functionalization does not affect
the crystalline nature of the prepared samples [36].
FTIR spectra of starch and SMNPs are shown in
Fig. 2(a) and (b). In Fig. 2(a), FTIR spectrum of starch
shows characteristic peaks at 1,163 and 1,016 cm L
These correspond to the IR stretching frequency of
glycosidic bonds (C-O-C) and C-O bonds, respec-
tively. Compared to this, the FTIR spectrum of SMNPs
displays slight shifting of the IR stretching frequencies
of the glycosidic and C-O bonds at 1,135 and
1,023 cm ™, respectively. In addition to these funda-
mental peaks of starch, we also observe another
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Fig. 2. Comparative FTIR plots of (a) Starch and (b)
SMNPs samples to demonstrate the starch functionaliza-
tion of nanoparticles.

intense IR peak at 586 cm ™" which represents the Fe-O
bond of SMNPs [37-40]. This confirms that the starch
is chemisorbed on to the surface of magnetite
nanoparticles. Fig. 3(a) displays a typical TEM image
of SMNPs showing spherical nanoparticles. Fig. 3(b)
gives the normalized particle size distribution of
SMNPs obtained using the Image] analysis software.
A large number of TEM images from different regions
of the sample were used to compile the SMNPs size
statistics used to prepare Fig. 3(b) [41-45].

The plot of magnetization verses magnetic field
(M-H loop) at room temperature for SMNPs is shown
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Fig. 3. (a) A typical TEM image of SMNPs sample showing spherical nanoparticles and (b) the normalized particle sizes
distributions found using the TEM images from different regions the SMNPs sample.
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Fig. 4. Magnetic moment verses magnetic field graph of
SMNPs.

in Fig. 4. The magnetization curve of SMNPs was
measured using vibrating sample magnetometer
(Lakeshore VSM 7410). Typical superparamagnetic
hysteresis characteristics were observed. In absence of
external magnetic field the synthesized superparamag-
netic nanoparticles do not show any magnetic prop-
erty. Various magnetic measurement results of SNMPs
are given in Table 1. As reported by Liu et al, the
lower M; value obtained for SMNPs may be occurring
because of the decrease in the particle size and conse-
quently large deformations on the surface of small
particles [46—48].

3.2. Effect of pH on adsorption properties

Fig. 5 shows the effect of pH on the removal of Cr
(VD) ions by the SMNPs from the aqueous medium. All
experiments relating to effect of pH on adsorption
capacity were carried out at 4 ppm initial solution con-
centration. At 298 K and pH 2, the adsorption capacity
(g¢) is highest and it decreases with increase in pH of

Table 1
VSM measurement results for SMNPs sample
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Fig. 5. Shows effect of pH on Cr(VI) ions removal by
adsorbent samples through g. (mg g™") vs. pH plots.

the Cr(VI) solution. This may be explained in the fol-
lowing manner. In aqueous medium, the iron oxide
surface is hydroxyl functionalized [49]. Further, as
mentioned earlier, starch functionalization also seems
to provide access to some additional free hydroxyl
functional groups of glucose units on the nanoparticle
surfaces. These hydroxyl groups may react with acids
or bases to be positively or negatively charged depend-
ing on whether the pH less than or greater its point of
zero charge (PZC), respectively [50]. Thus, to under-
stand better the possible mechanism of Cr(VI) adsorp-
tion, we determined the PZC of the SMNPs adsorbent
(Fig. 6). The PZC for SMNPs was determined by the
salt addition method and the pH,,. value was found
to be 6.33 [51-53]. In more acidic pH conditions (for
pH < pH,,.), there are more H" ions that make SMNPs
surfaces positively charged. Now in acidic medium,
the dominant forms of Cr(VI) ions are HCrO, and
HCr,0O;, while in basic medium dominant forms of Cr
(VD) ions are CrOi* and Cr20§7 [54]. Therefore, the
higher adsorption removal efficiency we observed in
acidic medium may be due to electrostatic interaction

. SMNPs
Reaction temperature

Magnetization saturation Remnant magnetization Coercivity
(M) (emu/g) (M,) (emu/g) (Hy) (gauss)
80°C 53.55 5.133 64.76
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Fig. 6. ApH vs. initial pH plots for determination of the
pHp.c of SMNPs adsorbent sample. Lines joining the data
points are only meant as a guide to the eye.

between the positively charged adsorbent surface and
the negatively charged Cr(VI) adsorbate species. With
the increase in pH, the SMNPs surfaces are less posi-
tively charged. Alternatively, in alkaline pH conditions
(for pH > pHp,.) due to the presence of more OH"
ions, SMNPs surfaces are negatively charged [55]. With
the increase in pH, the removal efficiency of Cr(VI)
decreased because of two reasons. Firstly, as men-
tioned earlier, SMNPs adsorption surfaces are nega-
tively charged at pH > pH,,,.. Hence, there is increased
electrostatic repulsion between negatively charged
CrO;~ and negatively charged SMNPs surfaces. Fur-
ther, at higher pH, OH™ ions compete with CrO;~ spe-
cies for adsorption sites leading to decrease in removal
efficiency with increase in pH.

3.3. Adsorbate concentration and adsorption isotherms

In order to investigate the adsorption capacity (q.)
of SMNPs, the initial concentration of Cr(VI) was var-
ied from 4 to 12 ppm. All such adsorption experi-
ments were carried out at pH 2 (the pH at which
optimum adsorption occurs). Adsorption capacity (ge)
was found to increase with the initial bulk adsorbate

Table 2
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concentration. This variation is quantified by an
adsorption isotherm that depicts the typical relation-
ship between the adsorbate on the surface of adsor-
bent as a function of its concentration in the solution
at a particular temperature. In the present study,
adsorption isotherms were evaluated at 30°C and at
the optimum pH 2. These data are tested for Lang-
muir, Freundlich, and Temkin adsorption isotherm
models. While the best model fitting to our data is
obtained for the Freundlich adsorption isotherm, the
data also fit well to the Langmuir isotherm. Table 2
summarizes the fit details of the experimental data to
both Freundlich and Langmuir models. In contrast to
the Langmuir model, the Freundlich model does not
predict surface saturation and also assumes the possi-
bility of the existence of a multi-layered structure. The
Freundlich adsorption model also assumes that differ-
ent adsorbent binding sites are not equal and adsor-
bent surface may be heterogeneous. The linearized
form of the Freundlich adsorption isotherm equation
[56,57] can be written in the following manner.

logge = log K¢ + %log Ce 3

Thus, the values of the Freundlich constants Ky and n
are determined from the intercepts and slopes of this
graph, respectively. The linear fit to logg. vs. logC,
plots is shown in Fig. 7. The value of K¢ for removal
of Cr(VI) by SMNPs from aqueous solutions at 298 K
and pH 2 is found to be 23.45 mg g~ ' with n equal to
239 L g ' On the other hand, the maximum adsorp-
tion capacity experimentally found (when the initial
Cr(VI) concentration is 12 ppm) is 26.6 mg g~ '. This
adsorption capacity value of SMNPs is about 20-30%
higher than recent reports of magnetite nanoparticles
being used as adsorbents for removal of Cr(VI) from
aqueous medium [58,59]. This adsorption capacity is
significantly higher than the first report by Hu et al
investigating magnetite nanoparticles as adsorbents
(169 mg g ' adsorption capacity) for removal of Cr
(VD) from aqueous medium [60]. Further, this value
for Cr(VI) removal is also better than many other

Freundlich and Langmuir adsorption isotherms fitting parameters for Cr(VI) adsorption on to the surface of SMNPs at

303 K and at pH 2

Freundlich constant parameter

n@Lgh R?

Kr (mg g™

Langmuir constant parameter

Q° (mg gfl) b (L mgfl) R?

23.45 2.397 0.999

32.69 291 0.9695
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Fig. 7. Freundlich adsorption isotherm plot for removal of
Cr(VI) ions by SMNPs adsorbents.

adsorbents [61-64]. Table 3 compares the adsorption
capacity of various adsorbents for removal of Cr(VI)
with that of the present study [65-73].

This improvement in adsorption of Cr(VI) due to
starch functionalization of magnetite nanoparticles
may be explained in the following way. As surmised
earlier in the introduction, starch functionalization
seems to provide access to some additional free
hydroxyl functional groups of glucose units on the
nanoparticle surfaces. These are protonated at lower
pH (< pHzpc) conditions resulting in additional posi-
tive surface charge as compared to normal magnetite
nanoparticles of similar size distribution. Better
adsorption capacity occurs due to increase in electro-
static interaction between the positively charged
SMNPs surface and the HCrO, anions.

Table 3
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3.4. Adsorption kinetic studies

Adsorption kinetics of Cr(VI) on to the surface of
SMNPs was investigated at the optimum pH 2. The
data obtained was fitted to both pseudo-first-order
and pseudo-second-order rate expressions. However,
the adsorption kinetics was found to follow pseudo-
second-order kinetics much better than the first-order
rate expression using Chi-square test [74]. The linear
form of pseudo-second-order rate expression [75] is as
given in Eq. (4).

t 1 1
P +qe 4)
In above equation, k, denotes the rate constant for
pseudo-second-order adsorption (g mg™' h™") and kyq?
(mg g ' h™") is the initial adsorption rate and g; is the
adsorption capacity at time f. The straight line fit to
plots of t/q; vs. t (Fig. 8) confirmed that the adsorp-
tion process followed second-order kinetics. The
values of adsorption capacity (g.) and second-order
rate constant (k;) at different temperature were
obtained from slope and intercept of corresponding
graph, respectively. The relevant linear fit data is
presented in Table 2.

3.5. Adsorption activation enerqy

Adsorption activation energy for the adsorption of
Cr(VD on the surface starch-functionalized magnetite
nanoparticles has been calculated with the help of
Arrhenius equation. The Arrhenius adsorption activa-
tion energy is given by the following expression.

Compares the adsorption capacity of various conventional adsorbents with Starch-functionalized magnetite nanoparticles

for removal of Cr(VI)

S. No. Adsorbents Adsorbent capacity (mg g ") References

1 Wheat bran 0.94 [43]

2 Activated alumina 1.60 [44]

3 Modified oak sawdust 1.70 [45]

4 Sawdust 3.60 [46]

5 Mixed maghemite-magnetite nanoparticles 3.60 [471]

6 Magnetite nanoparticle 11.23 [48]

7 Diatomite 11.55 [49]

8 Anatase 14.56 [50]

9 Commercial activated carbon 15.47 [51]

10 Beech sawdust 16.13 [52]

11 Maghemite 19.20 [14]

12 Magnetite nanoparticle 22.00 [37]

13 Magnetite nanoparticle 25.36 Present study
14 Starch-functionalized magnetite nanoparticles 26.60 Present study
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Fig. 8. The pseudo-second-order kinetics graph of SMNPs sample: (a) t/g; vs. at time (t) at different temperatures and
(b) Fraction of adsorption capacity verses time (t) at different temperatures.

E,
lnkzzlnA—ﬁ 6))

Here, A is the temperature independent pre-exponen-
tial factor (g mg ' h™"), E, is the adsorption activation
energy (kJmol™'), R is the universal gas constant
(8.314J mol ' K™, and T is the solution temperature
(K). Adsorption rate constant for the adsorbate (Cr
(VD)) on the surface adsorbent were calculated at
number of temperatures (Table 2) from experimental
data assuming pseudo-second-order rate equation.
Now, these values are plotted against 1/T (Fig. 9).

23
22
<21
£
2.0
1.9
0.0030 0.0031 0.0032 0.0033

/T (K)

Fig. 9. In k; vs. 1/T plots for determination of adsorption
activation energy of SMINPs.

The adsorption activation energy is obtained from
the slope (—E,/R) of the straight line graph. The
adsorption activation energy for the Cr(VI) adsorp-
tion on the surface of starch-stabilized magnetite
nanoparticles is found to be 11.57 k] mol™'. Now,
physisorption involves smaller activation energy
values ranging from 5 to 40 k] mol™'. On other hand,
chemisorptions are specific and require larger adsorp-
tion activation energy e.g. 40-800 k] mol™' due to
chemical bond formation between the adsorbate and
adsorbent [76-80]. Thus, the activation energy
obtained in the present investigation indicates that Cr
(VD) was physically adsorbed on the surface of
SMNPs.

3.6 Recovery and recycle evaluation

Very low activation energy of Cr(VI) adsorption on
to SMNPs meant that the adsorption could be reversi-
ble and therefore, the technologically attractive possi-
bility of adsorbent regeneration and reuse was
investigated. The first step in this process involves
adsorbent regeneration and then the recovery of the
component adsorbed on the adsorbent surface [81-83].
From adsorption experiments at different pH, we
know that Cr(VI) adsorption on SMNPs decreases
with increase in pH. Therefore, desorption of Cr(VI)
from SMNPs was carried out in basic medium. This
was done by shaking the Cr(VI)-loaded adsorbent in
0.1 M NaOH solution for 24 h at 298 K. After the com-
pletion of this desorption treatment, SMNPs were
washed thoroughly with distilled water until no more
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removal.

Cr(VID) could be detected in the washings and the fil-
trate also became neutral. The recovered SMNPs were
subjected to the adsorption protocol as given in Sec-
tion 2.2. The adsorbent was recovered and reused for
six consecutive cycles. Fig. 10 shows variation of
adsorption capacity vs. such desorption cycles. Very
little (%) decrease in adsorption capacity of SMNPs,
for Cr(VI), was observed even after six consecutive
cycles. Please note that the amount of reused adsor-
bent was kept constant in repeat cycles although more
than 90% of the SMNPs could be recovered after
washing. The amount of SMNPs/reused adsorbent
was kept constant in all desorption cycles by carrying
out several parallel adsorption-desorption experi-
ments. Adsorbent loss in each cycle was compensated
from such parallel experiments.

3.7. Effect of temperature on adsorption properties

Fig. 11 displays the effect of temperature on Cr(VI)
ions” removal from aqueous solutions by SMNPs.
Adsorption capacity for Cr(VI) removal increases as

Table 4
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the temperature is changed from 303 to 333 K. That
higher temperature leads to increased adsorption
capacity indicates endothermic adsorption of Cr(VI)
ions on SMNPs surface. An increase in Cr(VI) removal
with the temperature may be due to increase in the
number of adsorption surface active sites at higher
temperature by the breakage of some bonds near
adsorption surface active site.

3.8. Adsorption thermodynamics studies

The dependency of the equilibrium constant (K) vs.
1/T for the binding of chromium ions on the adsorbent
was analyzed in terms of van’t Hoff plots. The thermo-
dynamic parameters of adsorption process such as
change in standard free energy (AG®), enthalpy (AH),
and entropy (AS°) are calculated [84] at different tem-
peratures 303, 313, and 323 K using Eqgs. (6)—(8).

AG® = —RTInK (6)

o T,Tq K
s =R(20 )~ (1) %

Fit parameters obtained by linear fitting the kinetic experimental data (for removal of Cr(VI) by SMNPs adsorbents) to
the pseudo-second-order rate expression (Eq. (4)) at different temperatures

Removal of Cr(VI) by SMNPs

Temperature (K) g (mg g™ ") ky (gmg 'h™") R? X

303 9.6927 5.6338 0.999 0.001891
313 9.56022 7.7053 0.999 0.058804
323 9.7446 8.8494 0.999 0.03566
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Thermodynamic parameters of adsorption of Cr(VI) on to SMNPs at different temperatures. Values presented in this table
were obtained from experiments done with initial 4 ppm Cr(VI) aqueous solution concentration and at the optimum pH 2

Temperature (K) AG* (kK] mol™)

AH" (k] mol ™! AS°(Jmol 'K

303 —8.74458 78.84 289.085
313 —9.44969 84.05 306.26
323 —11.34915 89.42 323.98
AHE — AGE Madras for the VSM characterisation. One of authors
AS° = + 8 (PN. Singh) is thankful to University Grant

Here, K is the equilibrium constant, R is ideal gas
constant (8.314 ] mol ' K™, and T is the absolute tem-
perature. The details of these thermodynamic parame-
ters are given in Table 5. The negative value of AG* and
positive value of AH® indicate that the reaction is
spontaneous and endothermic in nature [85]. As men-
tioned in sub-Section 3.6, the endothermic process
might be attributed to some bond breaking with
increasing temperature resulting in increased number
of active sites on the adsorbent sites. The positive
entropy change (AS°) (Table 5) indicates that the degree
of randomness increases during the adsorption process.

4. Conclusions

Superparamagnetic  starch-functionalized  pure
phase magnetite nanoparticles (SMNPs) synthesized by
a co-precipitation method were used as nanoadsorbents
for removal of hexavalent chromium from aqueous
medium. The removal efficiency of Cr(VI) was found to
be highly pH dependent with optimum adsorption
occurring at pH 2. The isotherm data for SMNPs adsor-
bents best fitted the Freundlich adsorption isotherm
model, suggesting a physical adsorption mechanism.
From the experimental data at different temperatures,
the adsorption process was found to have a low energy
of activation characteristic of physisorption. Owing
to this low adsorption activation energy, the adsorbent
demonstrated excellent regeneration and reuse
capacity. The Cr(VI) adsorption process on to SMNPs
followed pseudo-second-order kinetics. From the
thermodynamic studies, we conclude that the adsorp-
tion process was endothermic in nature with increase in
randomness at the adsorbent-adsorbate interface.
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