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1. Introduction

Promoted adsorptive removal of chromium(vi) ions
from water by a green-synthesized hybrid magnetic
nanocomposite (NFe;O4Starch-Glu-NFezO4ED)¥

Mohamed E. Mahmoud,® Rehab M. El—Sharkawy‘\"ﬁ%’?ﬂ*b and Ghada A. A. lbrahim®

A novel magnetic starch-crosslinked-magnetic ethylenediamine nanocomposite, NFesO,Starch-Glu-
NFesO4ED, was synthesized via microwave irradiation. The characteristics of the assembled
NFezO4Starch-Glu-NFesO4ED nanocomposite were evaluated via XRD, FT-IR, TGA, BET, SEM and HR-
TEM analyses. Its particle size was confirmed to be in the range 11.25-17.16 nm. The effectiveness of the
designed nanocomposite for the removal of Cr(vi) ions was explored using the batch adsorption
technique. Equilibrium results proved that the adsorptive removal of the target metal ions from aqueous
solution was highly dependent on the optimized experimental parameters. The maximum adsorptive
removal percentage values (%R) of Cr(vi) ions on NFezO,4Starch-Glu-NFezO4ED obtained at pH 2.0 were
85.27%, 91.90%, and 96.47% using 10.0, 25.0, and 50.0 mg L~* Cr(v), respectively, for an equilibrium time
of 30 min. The adsorption process was found to be strongly influenced by the presence of interfering
salts including NaCl, CaCl,, KCl, MgCl,, and NH4CL. Kinetic studies were performed and it was found that
the pseudo-second and Elovich models well fitted the experimental data with the possible suggested
ion-pair interaction mechanism. Different isotherm models were employed to assess the adsorption
equilibrium, which was revealed by fitting Langmuir, Temkin and Freundlich models. The maximum
uptake capacity based on the Langmuir model was 210.741 mg g~*. The effect of temperature and
thermodynamics confirmed that adsorption was spontaneous, feasible, and endothermic in nature.
Finally, the validity and applicability of using the NFezO4Starch-Glu-NFesO4ED nanocomposite to
remove Cr(vi) ions from real water matrices were confirmed in the range of 91.2-94.7 + 2.2-3.7%.

electroplating, catalysis, leather tanning, wood preservation,
mining chrome ore, metal cleaning, and corrosion control as
well as from some products, such as pigments, and fungicides,

Water pollution by heavy metal ions, which are introduced into
the aquatic sources through industrial effluents, is considered
a major environmental problem due to their high toxicity and
bio-accumulative nature.' Hexavalent chromium species (Cr(vi))
is one of the most dangerous heavy metal pollutants. Even at
trace levels, its solubility in water and aqueous solution,
mobility, and strong oxidation power make it the most reactive
and toxic element available in the environment.>* Cr(vi) oxy-
anions (Cr,0,>~, CrO,>~ and HCrO,") are the most predomi-
nant forms in which chromium is available in aqueous solution.
They are highly soluble and reactive.** Chromium pollutants
originate from different chemical processes including
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and in industries, such as chrome and chrome-magnesite
refractories, crafts, ceramics, photography, and glass.*” Chro-
mium is released in the environment through leaking, unsuit-
able storage and/or improper methods of disposal.®* The most
popular health problems resulting from chromium poisoning
are kidney malfunction, bladder cancer, liver problems, and
allergic skin diseases.”™ According to the United States Envi-
ronmental Protection Agency (EPA) for drinking water stan-
dards, the contaminant level of chromium in water used for
drinking should be no more than 0.1 ppm, and this figure
includes all forms of chromium that may be available in water.*
However, the concentration of Cr(vi) in wastewater can reach
50-100 mg L. This is over 1000 times more than the recom-
mended concentration.®'* Thus, considering the adverse effects
of chromium in water on both human health and microor-
ganisms, numerous studies have been focused on developing
effective approaches to remove this hazardous species from the
aquatic ecosystem.™

Numerous techniques have been implemented to remove
chromium from water. They mostly involve adsorption,
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electrodialysis, photocatalytic = remediation, evaporative
recovery, chemical reduction, membrane filtration, reverse
osmosis, and ion exchange.”®™ Among the various technolo-
gies, adsorption has attracted significant attention from many
researchers, considering that it is low-cost, reliable, simple, and
highly efficient.'® The effective adsorptive removal of Cr(vi) from
water may be accomplished by biocompatible materials
including starch, wheat straw, chitosan, alginate, and cellu-
lose.>”"* Recently, adsorptive remediation combined with
magnetic separation has been employed extensively in the
industrial field for water purification and other environmental
applications.” Magnetic separation is efficient, selective, and
faster than conventional separation processes, such as centri-
fugation and filtration.”® Also, employing magnetic nano-
particles that adsorb metal ions from water has many
advantages, including simplicity, effectiveness, recyclability of
the magnetic nanosorbent, and the fact that they can be totally
removed from solution, preventing their release into the envi-
ronment, which can cause unknown damage.”® Magnetic
nanoparticles, particularly nanomagnetite (Fe;0, NPs), are well
known as efficient nanosorbents. They highly adsorb metal and
anionic contaminants, including mercury, chromium, arsenic,
selenium, and lead, because of their high surface area to volume
ratio, high density of reactive surface sites, low diffusion resis-
tance, good biocompatibility, and low toxicity, in addition to
their magnetic properties.”*** Furthermore, their crosslinking
or grafting with organic molecules, such as polymers, poly-
saccharides, and biomolecules may improve the adsorption
effectiveness of the functionalized nanocomposites.”**2%*
Accordingly, it has been found that Fe;O, NP-based nano-
composites are very effective for the quantitative recovery of
Cr(vi) with high selectivity. For instance, it was reported that
magnetic polypyrrole (PPy)-coated-Fe;O, NPs with a core-shell
structure could efficiently remove Cr(vi).>* Ethylenediamine-
modified cross-linked magnetic chitosan resin (EMCMCR) was
synthesized and applied for the removal of chromium(vi) ions
from aqueous solution using the batch adsorption technique.*
The adsorption capacities of the prepared nanoadsorbent were
found to reach the maximum of 51.813, 48.780, and 45.872 mg
g~ " at temperatures of 293, 303, and 313 K, respectively. A study
was conducted to examine the influence of co-existing ions and
natural organic matter on the removal of chromium(vi) from
aqueous solution. A nanoscale zero-valent iron (nZVI)-Fe;O,
nanocomposite was developed and prepared for this purpose
using the in situ reduction technique.*® Adsorption kinetics,
isotherm, and thermodynamic studies for the removal of Cr(vi)
from wastewater were undertaken using a series of core-shell-
structured  amino-functionalized  Fe;0,-NP  (NH,-NMP)
magnetic polymer adsorbents linked with various diamino
groups, such as triethylenetetramine (TETA), ethylenediamine
(EDA), and diethylenetriamine (DETA).*” Functionalized
magnetic graphene nanocomposites (Fe;0,-GS) were fabricated
for the selective and efficient removal of Pb(u), Hg(i), Cr(vi),
Ni(u) and Cd(u). These metals had the sorption capacities of
27.95, 23.03, 17.29, 22.07 and 27.83 mg g, respectively.’® In
addition, the effect of the amount of glycidylmethacrylate
(GMA) used for the adsorption of metal on the properties of the
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amino-functionalized nano-Fe;O0, magnetic polymer adsorbent
(NH,-NMPs) was investigated for the removal of Cr(vi) from
aqueous solution.” To efficiently and completely remove Cr(vi)
in 5.0 min from wastewater, magnetic graphene nano-
composites decorated with core@double-shell nanoparticles
(MGNCs) were synthesized.*® Also, a magnetic double-base
Fe;0,@bagasse@chitosan (FBC) aerogel was reported to be an
effective adsorbent for the removal of Cr(vi), which exhibited the
maximum adsorption capacity of 41 mg g~ " at 65 °C.**

Natural polysaccharides, such as starch, chitosan, chitin,
cellulose, lignin, alginate, and pectin, are polymeric carbon
derivatives with numerous practical applications.?* They have
the ability to strongly bind metal ions and can be used for the
adsorption of heavy metals."”" Among these biological poly-
mers, starch, with sufficient free hydroxyl groups on its back-
bone, has received much more attention in the removal of
chromium and other heavy metals from aqueous solution due
to its high natural abundance, selectivity, biodegradability,
biocompatibility, low cost, environmentally friendly nature, and
high adsorption efficiency.**** Starch molecules consist of
a large number of glucose units linked by glycosidic bonds. To
improve the performance of starch as an adsorbent, different
functional groups can be easily added to its backbone to target
different pollutants. Functionalization can occur via specific
interactions such as hydrogen bonding, chelating effects, and
electrostatic interaction.*® Many studies have been focused on
the use of starch, cross-linked starch and magnetic starch for
the adsorption of Cr(vi) ions from aqueous solution.'>3+3*

The aim of this study is basically directed towards devel-
oping a novel hybrid nanocomposite by crosslinking two
different nanocomposites, namely starch-For-NFe;O, and
NFe;04-For-ED via glutaraldehyde using a simple facile
microwave-assisted heating approach. The synthesized nano-
composite aimed to combine the chemical properties of
magnetite nanoparticles (an efficient and selective nanosorbent
with magnetic power), starch (an excellent chelating polymer
with biodegradable properties), and ethylenediamine (which
contains abundant amino chelating groups to accomplish
surface functionalization). The use of microwave-assisted irra-
diation was also aimed to provide a chemical route for uniform
heating, controlled growth rate, uniform nucleation, and facil-
itating better porosity compared to other conventional thermal
processes. Monitoring and optimizing the experimental
controlling parameters in the adsorptive removal process of
Cr(vi) on the NFe;0,Starch-Glu-NFe;O0,ED nanocomposite
together with the kinetics, adsorption isotherm modeling and
thermodynamic parameters were intensively investigated in
this study. The potential applications of the newly developed
nanocomposite for removing Cr(vi) ions from real water
matrices were also demonstrated.

2. Experimental procedure
2.1. Materials, reagents, and instrumentation

The chemicals and reagents in this work were of high purity and
used as received, as listed in Table S1 (ESIT). In addition, the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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specifications of the instruments applied in this study are
compiled in Table S2 (ESIf).

2.2. Synthesis of Fe;0, NPs

Fe;O, magnetic nanoparticles were synthesized according to
a former study.* In this procedure, 50.0 mL HCI solution
(0.50 mol L") was used to dissolve 0.02 mol FeCl, and 0.04 mol
FeCl;. A microwave oven with a power of 800 W was used to heat
the above mixture to 80 °C. Then, a volume of 400 mL of sodium
hydroxide (NaOH) (2.0 mol L™ ) was added to this solution in
four batches with continuous stirring. After each addition, the
mixture was heated to 80 °C for one minute in the microwave
oven at 800 W. After the final addition, the mixture solution
containing the Fe;0, NPs precipitate was inserted back into the
microwave and heated for 2.0 min. Following this step, the
Fe;0, NPs were separated with the help of a magnet. They were
then washed with double distilled water (DDW) several times
and left to dry at 50 °C.

2.3. Microwave-assisted preparation of (NFe;0,Starch-Glu-
NFe;0,ED) nanocomposite

The NFe;0,Starch-Glu-NFe;O,ED nanocomposite was synthe-
sized as follows with the help of three successive microwave-
assisted heating stages. Firstly, Fe;O,-crosslinked-starch
(starch-NFe;0,) was prepared via the surface reaction of the
cross-linked Fe;O, NPs with starch based on the following
procedure. Briefly, 4.0 g Fe;0, NPs and 10.0 mL formaldehyde
(cross-linking reagent) were mixed in a porcelain dish. The
reaction mixture was placed in a microwave oven and heated at
80 °C for 3.0 min. Subsequently, a starch solution was prepared
by dissolving 2.0 g of starch in a suitable amount of hot DDW
with continuous stirring for 1.0 h and added to the mixture
while stirring until a paste was formed. The paste was then
dried in the microwave oven at 80 °C for 3.0 min. 10.0 mL of
DDW was added to dropwise to the produced material with
stirring until a paste was formed, and then irradiated in the
microwave oven for another 3.0 min. After three cycles of
heating and stirring, the sample was washed with 50.0 mL of
DDW to remove any reaction residue and was left to dry at
a temperature of 70 °C for 6.0 h. Finally, a mortar and pestle was
used to grind the dry product to produce a very fine powder.

In the second stage of this synthetic route, similar steps were
performed to produce the (NFe;0,-ED) nanocomposite. Briefly,
4.0 g of the synthesized Fe;0, NPs was dispersed in 10.0 mL
formaldehyde by stirring in a porcelain dish for 15.0 min. Then
5.0 mL of ethylenediamine was then added dropwise with stir-
ring. Subsequently, the mixture was continuously reacted under
microwave irradiation at 80 °C for 3.0 min. Another 5.0 mL of
ethylenediamine was introduced to the mixture and again the
system was irradiated in the microwave oven for 3.0 min. DDW
and ethanol were used to wash the solid product (NFe;0,-ED),
which was then dried at 70 °C for 6.0 h and finally ground into
a very fine powder.

The final synthetic stage was accomplished by crosslinking
a combination of the two nanocomposites, starch-NFe;O, and
NFe;0,4-ED, simultaneously using glutaraldehyde as a cross-linker.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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In detail, 5.0 g of starch-NFe;O, and 5.0 g NFe;O0,-ED were mixed
very well with 20.0 mL glutaraldehyde in a porcelain dish, while
stirring for 10.0 min to obtain a paste, which was then irradiated in
the microwave oven for 3.0 min. Subsequently, 10.0 mL of distilled
water was added dropwise to the above reaction mixture and
irradiated in the microwave oven for 3.0 min. This step was
repeated three times and finally, DDW and ethanol were used to
wash the newly modified hybrid nanocomposite (NFe;O,Starch-
Glu-NFe;04ED). The mixture was dried at 70 °C until completely
dry and ground into a very fine powder. The synthetic route for the
preparation of the NFe;0,Starch-Glu-NFe;O,ED nanocomposite is
displayed in Scheme 1.

2.4. Sorption studies of Cr(vi) by NFe;0,Starch-Glu-
NFe;0,ED

The adsorption behavior of Cr(vi) ions on the NFe;0,Starch-Glu-
NFe;04ED nanocomposite from aqueous solution and real
matrices was investigated using the batch adsorption technique
at room temperature (25 = 1 °C). A specific amount of potas-
sium dichromate (K,Cr,0O) was dissolved in DDW to prepare
a stock solution of Cr(vi) ions (1000.0 mg L™"). Several rounds of
successive dilution were performed to obtain the desired
concentrations of Cr(vi). The conditions under which adsorp-
tion was conducted including solution pH, shaking time,
reaction temperature, NFe;O,Starch-Glu-NFe;O,ED nano-
composite dosage, and the presence of interfering ions were
studied and optimized using three different initial Cr(vi) ion
concentrations. Metal capacity (go; mg g ') and adsorptive
removal percentage (%R) were measured via three adsorption
experiments and the average value was calculated.

For the study of the effect of pH, an amount of 10.0 £ 1.0 mg
of the NFe;0,Starch-Glu-NFe;O,ED nanocomposite was mixed
with 10.0 mL Cr(vi) in an aqueous solution with the following
initial concentrations 10.0, 25.0, and 50.0 mg L 'in a 50.0 mL
volumetric flask. The initial pH values were adjusted (1.0-7.0)
and the pH of the solutions was regulated using either 0.1 M
HCI or 0.1 M NaOH. The mixture was automatically stirred
using a 250 rpm mechanical shaker for 30.0 min. The magnetic
NFe;0,Starch-Glu-NFe;O,ED nanocomposite, together with the
metal ions adsorbed, were pulled out of the mixture using an
external magnetic field. It was then washed using 100.0 mL of
DDW. The complexing agent 1,5-diphenylcarbazide and a UV-
Vis spectrophotometer (in the visible region at wavelength of
Amax = 540 cm ') were used to determine the residual concen-
tration of Cr(vi).*” The adsorptive removal percentage (%R) and
the adsorption capacity (g.; mg g~ ') of Cr(v) ions on the NFej-
O,Starch-Glu-NFe;O,ED nanocomposite were calculated using
eqn (1) and (2), respectively.

(Co—C)

%R = C
t

x 100 (1)
V

ge = (Co — ) x W (2)

where C; is the concentration of Cr(vi) ions at equilibrium (mg

LY, C, is the initial concentration of Cr(vi) ions before the
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Scheme 1 Synthetic route of the NFezO,4Starch-Glu-NFezO4ED nanocomposite.

adsorption process (mg L"), W is the weight of the nano-
composite (mg) and V is the volume of solution in Liter.

The shaking time and its influence on the removal process of
Cr(vi) ions was monitored as follows. In 50.0 mL volumetric
flasks, 10.0 mL of Cr(vi) solution (at initial concentrations of
10.0, 25.0, and 50.0 mg L") was added to 10.0 + 1.0 mg
nanocomposite and the pH of solution was adjusted to its
identified optimum value, which was obtained from the
previous step (pH = 2.0). The shaking times were set at 1.0, 5.0,
10.0, 15.0, 20.0, 30.0, 40.0, 50.0, and 60.0 min using a 250 rpm
automatic shaker at room temperature. Then, an external
magnetic field was used to separate the magnetic nano-
composite together with the adsorbed Cr(vi) metal ions from
solution. The remaining Cr(vi) ions were identified at the

14832 | RSC Adv, 2021, 1, 14829-14843

maximum absorbance (A = 540 em '), as mentioned before.
Finally, the adsorptive removal percentage (%R) values were
determined using eqn (1). The investigated time factor was used
to conduct the kinetic studies and determine the adsorption
models applied to explain the interaction mechanism(s)
between Cr(vi) ions and the NFe;0,Starch-Glu-NFe;O,ED
nanocomposite. The models tested were the pseudo-first-order,
pseudo-second order, intra-particle diffusion and Elovich
models. Table S3 (ESIt) presents more details about the defi-
nition and parameters of the kinetic models.

The mass optimization of the NFe;0,Starch-Glu-NFe;O,ED
nanocomposite was studied for the removal process of Cr(vi) by
similar batch experiments using various masses (2.0, 5.0, 10.0,
15.0, 20.0, 30.0, 40.0, 50.0, 75.0 and 100.0 % 0.1 mg). Typically,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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under the optimum conditions of pH and shaking time (2.0 and
30.0 min, respectively), 10.0 mL of different initial Cr(vi)
concentrations (10.0, 25.0, and 50.0 mg L") were added to the
selected nanocomposite mass. The same steps for adsorption
and method to calculate the adsorptive removal percentage (%
R), explained above were followed.

The isotherm studies and sorption equilibrium were evalu-
ated using various initial metal ion concentrations. Specifically,
different initial Cr(vi) concentrations ranging from 10.0-
100.0 mg L~ were prepared. Then 10.0 mL of each concentra-
tion was mixed with 10.0 £ 1.0 mg of NFe;0,Starch-Glu-NFe;-
0,ED nanocomposite, the pH and shaking time of the solution
were set to their optimum values and the steps were completed
as previously explained. After equilibrium, the g. values were
calculated using eqn (2) and Origin Pro 8.5 was used to compute
the different isotherm models using the collected data. The
isotherm model equations and parameters are listed in Table S4
(ESI).t

Different reaction temperatures (20 °C, 30 °C, 40 °C, 50 °C,
and 60 + 1 °C) were used to conduct the sorption experiments to
investigate the effect of reaction temperature on the adsorption
process of Cr(vi) and to calculate the thermodynamic parame-
ters. 10.0 mL of Cr(vi) solution (10.0, 25.0 and 50.0 mg L', pH
2.0) was mixed with 10.0 + 1.0 mg of NFe;0,Starch-Glu-NFe;-
0,ED. This mixture was shaken at the selected temperatures for
30.0 min with the help of a digital temperature control shaker.
The remaining concentration of Cr(vi) ions was determined as
illustrated before. To identify the affinity of the NFe;O,Starch-
Glu-NFe;0,ED nanocomposite for Cr(vi), the Gibbs free energy
(AG®), enthalpy (AH°) and entropy (AS°) (thermodynamic
parameters) were investigated. To calculate these parameters,
the data obtained from the reaction temperature factor and the
best fitting isotherm model were used.

The ability of NFe;0,Starch-Glu-NFe;O4ED to extract Cr(vi) in
the presence of other interfering ions was tested by mixing 10.0 £
0.1 mg of the nanocomposite with 100.0 = 0.1 mg of selected
interfering salts (KCI, NaCl, MgCl,, CaCl,, and NH,Cl) and 10.0 mL
Cr(vi) (10.0, 25.0, and 50.0 mg L', pH = 2.0). The effect on the
adsorption process of Cr(vi) was investigated using the same
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experimental steps as listed above. As in the previous tests, eqn (1)
was used to calculate the adsorptive removal percentage (%R).

The potential applications of the NFe;O,Starch-Glu-NFe;-
0,ED nanocomposite to remove Cr(vi) ions from different
sources of real water matrices including samples of wastewater,
tap water and sea water were investigated under the optimized
experimental conditions. The wastewater, tap water and sea
water samples were collected from El-Mahmoudia Canal,
a source of drinking water, and the Mediterranean Sea in
Alshatby Area. All sources are located in Alexandria, Egypt. The
pH value of the tested water samples was adjusted to pH 2.0 and
spiked with the desired concentrations of Cr(vi) (10.0, 25.0 and
50.0 mg L™ "). Then, 10.0 mL of each water sample was added to
40.0 £ 1.0 mg of the NFe;O,Starch-Glu-NFe;O,ED nano-
composite and the reaction mixture was automatically shaken
for a period of 30.0 min. Subsequently, the sorbed Cr(vi) ions
were separated as previously described and the remaining ions
in solution were calculated, as mentioned above. These steps
were repeated three times and the average were taken and used
to identify the adsorptive removal percentage (%R) of Cr(vi) ions
according to eqn (1), for each of the three water samples. Blank
water samples were used for comparison.

3. Results and discussion

3.1. Structural characterization of (NFe;0,Starch-Glu-
NFe;0,ED)

3.1.1 FT-IR spectroscopy. The FT-IR analysis was generally
used to confirm the successful assembly of the target NFe;0,-
Starch-Glu-NFe;O,ED hybrid nanocomposite (Fig. 1). Fig. 1
illustrates different peaks, corresponding to the functional
groups of the constituents of the nanocomposite, e.g., Fe;0,
NPs, starch, ethylenediamine, and the crosslinking materials. A
broad band can be seen at 3271.77 cm™ ', which is mainly
present because of the intramolecular hydrogen bonding in the
magnetic nanocomposite and/or the N-H stretching vibration
of the NH, group of ethylenediamine.** The weak peak at
1714.39 cm ' is assigned to the -OH bending vibration
(6¢orp)-*>** The two other weak bands observed at 2928.30 and

Transmittance [%]

84

82

5001

T T T
4000 3500 3000 2500

T T v T
2000 1500 1000 500

Wavenumber (cm™)

Fig. 1 FT-IR spectrum of the NFesO4Starch-Glu-NFesO4ED nanocomposite.
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2862.51 cm ' may be due to the presence of CH, and its
symmetric and asymmetric stretching vibrations, which is
found in starch, glutaraldehyde, and ethylenediamine.'>*>*
Besides, the medium peak observed at 560.64 cm™ " is related to
the Fe-O bond of the magnetite nanoparticle phase.**> Another
characteristic adsorption band at 422.58 cm ™" was clearly seen,
which corresponds to the Fe-O-C bond, resulting from the
chemical interaction between magnetite nanoparticles and the
carbonyl group of the formaldehyde cross-linker.**** In addi-
tion, the stretching modes of C-C and C-O present in starch,
specifically in its polysaccharide backbone, are represented in
the strong peak identified at 1022.52 cm™'.>* The weak band
at 1714.39 cm™ ' and the medium band at 1573.56 cm ™" refer to
the stretching vibrational modes of NHCO and confirm the
formation of amide due to the bonding of ethylenediamine with
formaldehyde.?>*? Furthermore, the weak band at 2292.96 cm ™"
corresponds to the stretching and bending bands of N-H and
free NH, in ethylenediamine, respectively.”>*” Two other peaks
are clear in the FT-IR spectrum at 1348.68 c¢cm ' and
1453.43 cm ™. They are both caused by C-H symmetric bending
in the H-C-H bending mode of alkane in the structure of the
starch molecule.">**

Finally, it is worth noting from the FT-IR analysis that the
magnetite, starch, and ethylenediamine present in the nano-
composite matrix interact based on covalent bonding between
starch or ethylenediamine and magnetite nanoparticles, using
formaldehyde as a cross-linking reagent to produce the NFe;-
0O,Starch and NFe;O04ED nanocomposites. Besides, the bifunc-
tional glutaraldehyde found to cross-link these
nanocomposites via chemical bonding to produce the desired
(NFe;0,Starch-Glu-NFe;0,ED) nanocomposite. Consequently,
certain characterized functional groups in the FT-IR spectrum
of the NFe;0,Starch-Glu-NFe;O,ED nanocomposite are directly
responsible for its ability to bind and adsorb Cr(vi) from
aqueous solutions.

3.1.2. X-ray diffraction (XRD). Fig. S1 (ESIt) displays the X-
ray diffractogram of NFe;O,Starch-Glu-NFe;O0,ED, which indi-
cates the amorphous structure of this nanocomposite given that
no sharp peaks can be seen. The diffractogram reveals some
weak XRD peaks at 26 = 30.29°, 35.72°, 43.36°, 54.40°, 85.71°
and 63.93°. These diffraction peaks are related to and indexed
according to their corresponding Miller indices, ie., (220),
(311), (400), (422), (511), and (440), respectively. These results
imply that Fe;O, NPs are present in the matrix of the assembled
nanocomposite.**** Conversely, the wide amorphous diffraction
peak observed at 26 = 25.69° can be ascribed to the presence of
starch in the nanocomposite.** It is evident from the XRD peaks
that the constituents of both Fe;O, NPs and starch are present
in the NFe;0,Starch-Glu-NFe;O,ED nanocomposite. However,
the absence of peaks corresponding to ethylenediamine and the
cross-linking materials is mainly related to the inability of X-ray
diffraction instrumentation to detect them.

3.1.3. Thermal gravimetric analysis (TGA). TGA was per-
formed on the NFe;0,Starch-Glu-NFe;O,ED nanocomposite to
evaluate its thermal stability in the temperature range of 25 °C
to 800 °C, as illustrated in Fig. S2 (ESIt). It is noted from the
thermogram that the nanocomposite exhibited five successive
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stages of mass degradation with an overall weight loss of
70.15 wt%. The first stage was identified at 25.56-156.82 °C (loss
= 2.09%) due to the possible evaporation of adsorbed water
from the surface of this nanocomposite.** The second thermal
decomposition stage was characterized in the temperature
range of 156.82-400.89 °C with 26.19% weight loss. The third
thermal decomposition stage was initiated at around 400.89 °C
and extended to 545.13 °C. During this thermal process, the
sample lost 14.07% of its weight. These two stages are mainly
due to the partial and almost complete degradation of the
organic moieties from starch and ethylenediamine as well as
the cross-linked chains of the formaldehyde and glutaraldehyde
portions of NFe;O,Starch-Glu-NFe;O,ED that resulted in
decomposition of various functional groups to gases, such as
CO,, 0,, CH4, N,, NH;, and H,0.%*** The fourth thermal
degradation stage was identified at the temperature range of
545.13-713.28 °C with a weight loss of 14.94%. This mainly
corresponds to the complete degradation of all the organic
compounds in the assembled nanocomposite. The last stage of
thermal degradation was observed above 713.28 °C, where the
sample exhibited a very small weight loss of only 1.24%, indi-
cating that nanocomposite was finally converted into carbon
and the stable iron oxides.** The total loss of the last four
degradation steps is 56.43% which gives a good indication for
the assembly of the nanocomposite and identify the content of
loaded organic moiety on the surface of magnetic
nanoparticles.

3.1.4. Morphological study using SEM and HR-TEM. The
microstructure and surface morphology of the synthesized
NFe;0,Starch-Glu-NFe;O,ED nanocomposite were examined
via SEM and HR-TEM and the related images are displayed in
Fig. 2. The SEM image of the nanocomposite (Fig. 2a) shows
that it possesses a rough and porous surface embedded with
spherical nanoparticles of Fe;0,, monodispersed and
uniformly distributed with an average particle size in the range
of 18.66-23.50 nm. This surface morphology provides clear
evidence of the efficient cross-linking reaction between the
components of the nanocomposite. In addition, the SEM image
shows that the surface of the NFe;0,Starch-Glu-NFe;O,ED
nanocomposite possesses abundant pores, which can act as
active sites to enhance the adsorption of Cr(vi) ions. The HR-
TEM image of the NFe;O,Starch-Glu-NFe;O,ED nano-
composite (Fig. 2b) shows similar results to that concluded
from the SEM analysis, with a small difference in particle size.
As can be seen, the HR-TEM image of the nanocomposite
exhibits dark areas with elliptical to roughly spherical-shaped
particles, in addition to light areas. These dark areas corre-
spond to Fe;O, NPs, with a particle size identified in the range
of 11.25-17.16 nm. Conversely, the light areas are ascribed to
the organic part of the nanocomposite matrix (starch, ethyl-
enediamine and the cross-linkers). Consequently, the SEM and
HR-TEM analyses confirm the successful preparation of the
newly designed NFe;0,Starch-Glu-NFe;O,ED nanocomposite.

3.1.5 Surface area analysis. The Brunauer-Emmett-Teller
(BET) isotherm method was used to evaluate the surface area
and porosity of the assembled NFe;O,Starch-Glu-NFe;O,ED
hybrid nanocomposite. Furthermore, the pore size distribution

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2

of the nanocomposite was investigated using the Barrett-Joy-
ner-Halenda (BJH) method. Fig. 3 shows the corresponding
nitrogen adsorption-desorption isotherms of the nano-
composite. The nanocomposite exhibited a type IV isotherm, as
can be seen from the BET isotherm curve. This means that it is
a typical mesoporous material, with a type H3 hysteresis loop
associated with capillary condensation in the mesopores.** The
surface area and total pore volume (P/P, = 0.990) of the NFe;-
0,Starch-Glu-NFe;0,ED nanocomposite, which were identified
using the BET method and measured at standard temperature
and pressure (STP), were found to be 3.134 m”> ¢” " and 3.757 x
107> cm® g7, respectively. The mean pore diameter of the
nanocomposite was found to be 4.744 nm, which was calculated
using the Barrett-Joyner-Halenda (BJH) method. This value
proves that the structure of the nanocomposite is mesoporous,
and it has a uniform size.*® This feature offers an increased
number of active essential sites to adsorb metal ions, such as
Cr(vi), resulting in an enhanced adsorptive removal percentage
(%R).

3.2. Adsorption studies

3.2.1. The effect of pH. The pH of the contact solution
during the adsorption of Cr(vi) ions by the newly designed
(NFe;0,Starch-Glu-NFe;0,ED) nanocomposite was examined in
this study, considering that it is a main factor in the removal
process. Generally, the initial pH of the contact solution affects
the surface properties of the nanocomposite, such as surface
charge, active sites, and solubility. In addition, the pH has
a significant influence on the adsorbed metal ions and degree of
ionization. Possible reasons for this include hydrolysis and
complexation with the functional groups of the nano-
composite.*>*® Thus, different initial pH values of contact
solutions (1.0-7.0) were applied to test the amount of metal
taken by the nanocomposite under these conditions. The study
was carried out using three different Cr(vi) concentrations (10.0,
25.0, and 50.0 mg L") at 25 + 1.0 °C. Fig. S3 (ESIT) shows the

© 2021 The Author(s). Published by the Royal Society of Chemistry

(a) SEM and (b) HR-TEM images of the NFezO4Starch-Glu-NFezO4ED nanocomposite.

values of %R of Cr(vi) ions by the NFe;0,4Starch-Glu-NFe;O0,ED
nanocomposite and the effect of the initial pH of contact
solution on this process. According to this plot, it can be seen
that the adsorption of Cr(vi) ions increased as the pH of the
contact solution increased from 1.0 to 2.0, with maximum
adsorption observed at pH 2.0. For an initial concentration of
10.0 mg L', the maximum %R was 79.38% and 83.82%
(25.0 mg L"), and for 50.0 mg L™, it reached 82.92%. While,
a gradual decrease in the Cr(vi) adsorptive removal percentage
values was evident and characterized upon increasing the pH
value of contact solution from 3.0 to 7.0. This trend can be best
explained considering two facts, one is related to the surface
charge of the NFe;0,Starch-Glu-NFe;O4ED nanocomposite and
the other is related to the form of Cr(vi) ions present in the
aqueous solution. Generally, in aqueous solutions, Cr(vi) is
present in various forms, depending on the pH of the solution.
H,CrO, is the form of Cr(vi) when pH = 1.0. For pH in the range
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Fig. 3 Nitrogen adsorption—desorption isotherm (inset) pore size of
the NFezO,4Starch-Glu-NFezO4ED nanocomposite.
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of 1.0 to 6.0, HCrO, ™ is the predominant form, while Cr,O;,,
Cr;050°~, HCrO,~, and Cr O3>  are also present. With an
increase in pH, these forms are turned into CrO,”” and
Cr,0,2 .1 Simultaneously, the surface of NFe;O,Starch-Glu-
NFe;04ED is characterized by the presence of numerous amine
(-NH,) and hydroxyl (-OH) active functional groups. The form
of these groups differs depending on the pH level. When the pH
of the solution is more acidic (<4), these functional groups are
easily protonated, thus becoming cationic (-NH;" and -OH,").
This leads to greater attraction to the negatively charged ions
present in the solution. Thus, the nanocomposite became
electrostatically attracted to HCrO, ™~ ions and the removal rates
were elevated.”” When the pH was less than 2, a decrease in the
%R was recorded as Cr(vi) is available in the form of H,CrOy,,
and chromium and protons compete to bind to the available
adsorption sites on the nanocomposite.'*** With an increase in
the pH value from 3.0 to 7.0, the concentration of H' ions
decreases, while the -NH, and -OH are more difficult to
protonate. In this case, the concentration of OH™ also increases
and it starts to compete with HCrO,  on adhering to the surface
of the NFe;O,Starch-Glu-NFe;O,ED nanocomposite, where
OH™ prevails, leading to less adsorption of Cr(vi).”” Thus, it can
be concluded that a pH value of 2.0 represents the optimum pH
value for the adsorption of Cr(vi) from aqueous solution.

3.2.2. Shaking time factor and kinetic studies. Fig. 4 shows
the %R of Cr(vi) by the NFe;0,Starch-Glu-NFe;O,ED nano-
composite considering different shaking contact times using
various initial concentrations of Cr(vi) ions, namely, 10.0, 25.0,
and 50.0 mg L™ ". The adsorption rate of Cr(vr) on NFe;0,Starch-
Glu-NFe;04ED was initially quite high (from 1.0 to 15.0 min),
and then gradually reached equilibrium at 30.0 min. The %R of
Cr(vi) using a shaking time of 1.0 min was characterized as
53.42%, 61.81% and 57.80% for 10.0, 25.0, and 50.0 mg L' of
Cr(v1), respectively, and these adsorption values reached the
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Fig. 4 Effect of contact time on Cr(vi) ion removal percentage (%R) by
the NFesO4Starch-Glu-NFezO4ED hanocomposite. (Sample volume =
10.0 mL; nanosorbent dose = 10.0 + 1.0 mg; Cr(v) initial concentra-
tions = 10.0, 25.0, and 50.0 mg L; pH value = 2.0; shaking time = 1.0,
5.0, 10.0, 15.0, 20.0, 30.0, 40.0, 50.0, and 60.0 min; temperature =
25 °C; shaking speed = 250 rpm).
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maximum at 30.0 min as 79.45% (10 mg L '), 83.79%
(25 mg L") and 82.90% (50 mg L™ "). The high %R after a period
of time may have resulted from the complete and more efficient
binding between Cr(vi) ions and the active surface sites on the
NFe;0,Starch-Glu-NFe;O,ED nanocomposite.”” The equilib-
rium process reached the optimum condition once all the active
sites on the nanocomposite were fully occupied by Cr(vi) ions.*”

The use of kinetic models was employed for the analysis of
the experimental data to determine the adsorption mechanism
and its potential rate-controlling steps, including mass trans-
port and chemical reaction. It is necessary to gather informa-
tion on the kinetics of metal adsorption to choose the best
conditions to apply during the uptake of the metal by the
nanocomposite.”® Thus, to find out the most suitable adsorp-
tion mechanism(s) in this research, the following kinetic
models were applied to the experimental data for Cr(vi) sorption
on NFe;0,Starch-Glu-NFe;O0,ED with different initial Cr(vi)
concentrations (10.0, 25.0 and 30.0 mg L™"), pH = 2.0 and at
25 °C, including the pseudo-first order, pseudo-second order,
Elovich and intra-particle diffusion models. The equations used
to describe these kinetic models and their identified parameters
are presented in Table S3 (ESIt). The graphical representations
of the investigated kinetic models are illustrated in Fig. S4a-
d (ESIY), respectively. The correlation coefficient (R*) and the
predicted g, values are the two criteria used to validate the order
of the adsorption process and estimate the applicability of the
kinetic model, respectively. According to the listed values of R*
and ¢, in Table S3 (ESI{), the pseudo-first order (R* = 0.9280 for
10.0 mg L™ ", 0.8820 for 25.0 mg L ™", and 0.8180 for 50.0 mg L™ ;
ge = 3.3906 for 10.0 mg L™, 10.6867 for 25.0 mg L', and
29.1659 for 10.0 mg L") (Fig. S4a, (ESIT)) and intra-particle
diffusion (R® 0.8940 for 10.0 mg L', 0.8700 for
25.0 mg L', and 0.8070 for 50.0 mg L™, Fig. S4b (ESI{)) models
provide poor fits for the adsorption process in this study.
Consequently, the validity of these models is inadequate for the
purpose of interpreting the assumed mechanism of adsorption
of Cr(vi) on NFe;O,Starch-Glu-NFe;O,ED. Conversely, the
characterized R* and ¢, values calculated using the pseudo-
second-order kinetic model (R*> = 0.9999, 0.9996, and 0.9998
and ¢g. = 8.1967, 21.7391, and 42.6076 for 10.0, 25.0, and
50.0 mg L', respectively, Fig. S4c (ESI{)) represent an
outstanding fit to the practical data points. This indicates that
the pseudo-second-order is the best model to predict the
adsorption process from a kinetic point of view, and that it has
chemisorption characteristics.*® Therefore, the possible chem-
ical reactions of Cr(vi) with NFe;0,Starch-Glu-NFe;O,ED are
mainly accomplished by the suggested ion-pair interaction
mechanism between Cr(vi) and the hydrogen ions located on
the surface of the NFe;0,Starch-Glu-NFe;O,ED nanocomposite.
The same conclusion was deduced concerning the fit of the
pseudo-second order model to the adsorption process in other
studies using different adsorbents.*>*”*” Besides, the identified
R? values for the Elovich model (Fig. S4d, (ESIt)), which is
usually applied to describe adsorption on highly heterogeneous
surfaces, were found to be 0.9700, 0.9700, and 0.9680 using
10.0, 25.0 and 50.0 mg L™ " Cr(v1) ions concentrations, respec-
tively. These good correlation coefficients greatly suggest that
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the surface of NFe;O,Starch-Glu-NFe;O4ED corresponds to
a heterogeneous system.** Furthermore, the values of the
adsorption rate («) in the Elovich model were characterized as
2916.4027, 50 100.6158, and 14 539.1641 mg g~ " min ™" for 10.0,
25.0, and 50.0 mg L' Cr(vi) ion concentrations, respectively,
which indicate very rapid and efficient adsorption behavior for
the NFe;0,Starch-Glu-NFe;O,ED nanocomposite.

3.2.3. Effect of NFe;0,Starch-Glu-NFe;0,ED
composite dosage. Generally, the lower consuming of the
adsorbent material is profitable due to the economical consid-
eration. Thus, to calculate the optimum quantity of NFe;0,-
Starch-Glu-NFe;O4ED nanocomposite for the adequate
adsorption of Cr(vi), several dosages of NFe;O,Starch-Glu-
NFe;0,ED were used (2.0-100.0 mg) for three different Cr(vi) ion
concentrations (10.0, 25.0, and 50.0 mg L~ "). The results of
these experiments are depicted in Fig. S5 (ESIt) to show that the
%R of Cr(vi) increased with an increase in NFe;O,Starch-Glu-
NFe;0,ED nanocomposite dosage until an equilibrium state
was reached in the range of 50.0-100.0 mg. The minimum
adsorptive removal percentages of Cr(vi) were identified as
52.74%, 40.76%, and 33.61% using 2.0 mg of the NFe;O,Starch-
Glu-NFe;04ED nanocomposite for the Cr(vi) concentrations of
10.0, 25.0, and 50.0 mg L', respectively. The maximum
adsorptive removal percentages of Cr(vi) were 85.96%, 92.41%,
and 96.47% at 100.0 mg of the nanocomposite for the same
concentrations (10.0, 25.0, and 50.0 mg L', respectively). This
behavior is basically due to the possible increase in the number
of active functional groups that are freely available to interact
with the target metal ions on the surface of the NFe;0,Starch-
Glu-NFe;0,ED nanocomposite in the same volume and there-
fore increase the efficiency of adsorption.***

3.2.4 Adsorption isotherm study using the effect of the
concentration of Cr(vi) ions on NFe;0,Starch-Glu-NFe;0,ED.
To explain the mechanism of interaction between the adsorbing
solid material of the nanocomposite and metal ions, adsorption
isotherms were applied to determine the equilibrium between
the concentration of metal ions remaining in the solution (C.)
and the amount that was already adsorbed on the surface of the
nanocomposite (g.). Accordingly, the adsorption isotherms can
describe the equilibrium distribution of adsorbed molecules
(Cr(vi) ions) between the solid NFe;O,Starch-Glu-NFe;O,ED
nanocomposite and liquid phases. Varying the initial metal ions
concentration is the most commonly known procedure to
evaluate the isotherm parameter adsorbent-adsorbate system.
Mostly, the metal adsorption equilibrium should be reached
when its concentration in bulk liquid phase is in a balance with
that at the boundaries of solid phase.** The experimental
equilibrium data for the adsorption of Cr(vi) on the NFe;0,-
Starch-Glu-NFe;O4ED nanocomposite was described by four
models of adsorption isotherms, Freundlich, Langmuir, Tem-
kin, and Dubinin-Radushkevich (D-R) using different initial
concentrations of Cr(vi) ions (10.0-100.0 mg L™ ") at 25 °C, where
the pH was 2.0. Table S4 and Fig. S6a-d (ESIf) show the linear
equations of the isotherm models studied and the parameters
calculated for the sorption process in this work. It can be
concluded from Fig. S6a (ESIf) that the Langmuir plot best
describes the sorption process with R> = 0.9501. Thus, this verified

nano-
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that Cr(vi) ions covered the surface of NFe;0,4Starch-Glu-NFe;O,ED
in a monolayer distribution. The maximum identified value for
Cr(vi) adsorption capacity by the NFe;O,Starch-Glu-NFe;O,ED
Nanocomposite, gmay, was 210.741 mg g~ * (Table S4, (ESIT)). In
addition, the identified K;, (Langmuir constant) value (0.0274)
refers to the favorable adsorption reaction between Cr(vi) and
NFe;0,Starch-Glu-NFe;O,4ED at pH 2.0. The other essential char-
acteristic parameter of the identified isotherm, namely the Lang-
muir isotherm, is the dimensionless constant separation factor or
equilibrium parameter (Ry), which can be calculated using eqn (3)
as follows:*

1

Rl= —
YT 1RKG

(3)
where C, (mg L") is the initial concentration of the target metal
ions and K, (L mg ') is the Langmuir constant. Table S4 (ESIT)
shows the calculated value of R;. Generally, the value of Ry, is
always <1 when the Langmuir isotherm model is fitted.** As can
be seen in Table S4 (ESI}), the values Ry, were identified to be in
the range of 0.2676-0.6463.

The Freundlich isotherm assumes that adsorption occurs on
a heterogeneous nanocomposite surface, which affords unequal
free active binding sites with various energies of adsorption. This is
represented by an empirical equation and the adsorption capacity
in this case is related to the concentration of Cr(vi) at equilibrium
(Ce)- The linear equations and the calculated isotherm parameters
for the Freundlich isotherm model are presented in Table S4
(ESIt). The identified value of R? of this isotherm model (0.9340),
as given in Table S4 and Fig. Séb (ESIf), denotes that the
Freundlich model is less favorable for the explanation of the
adsorption of Cr(vi) on NFe;0,Starch-Glu-NFe;O,ED. However, the
sorption intensity constant (n) for this adsorption system was
found to be greater than unity, confirming the favorable sorption
process by the NFe;0,Starch-Glu-NFe;O,ED nanocomposite. This
is because the higher the n-value (n > 1), the higher the intensity of
sorption.* Besides, the characterized value of the Freundlich
constant, Kg, (6.117 L mg™ ") also indicates the high adsorption
capacity of the NFe;O,Starch-Glu-NFe;O,ED nanocomposite.

In the case of the Temkin isotherm,*® it assumes that the
heat emitted throughout the adsorption process decreases in
a linear manner as more of the nanocomposite is covered by the
adsorbate given that they both interact. This isotherm can
predict whether this process is physically or chemically
controlled. The calculated parameters by the linear form of
Temkin model are illustrated in Table S4 (ESIt). Eqn (4) was
used to calculate the Temkin isotherm equilibrium constant
(br; measured in k] mol ™). This constant is an expression of the
heat of adsorption and/or the adsorption bonding energy.

RT
=" )

where B is the Temkin constant, R is the gas constant (8.314 x
10~* k] mol " K ") and T'is the absolute temperature (K). For an
adsorption process to be controlled chemically (chemisorption),
the typical bonding energy should be in the range of 8-

16 kJ mol~'. Conversely, if it was controlled physically (phys-
isorption), the adsorption energy should be less than
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—40 kJ mol '.>* Thus, the by value obtained (0.091 kJ mol %)
indicates rather weak ion interaction between Cr(vi) ions and
the NFe;0,Starch-Glu-NFe;O,ED nanocomposite via the phys-
isorption process. In addition, the identified R* value (Table S4
and Fig. S6c, (ESIt)) reveals that the isotherm data for Cr(vi)
adsorption on the NFe;0,Starch-Glu-NFe;O,ED nanocomposite
is best fitted to the Temkin isotherm model among the inves-
tigated isotherm models (R* = 0.9927).

Moreover, the equilibrium of Cr(vi) was also investigated and
monitored in relation to the Dubinin-Radushkevich (D-R)
isotherm. Calculating the value of the sorption energy in this model
(Es in k] mol ") is very helpful to predict the mechanistic type of
adsorption, which it can be directly calculated using eqn (5).

1
\% 2Kad

Es = (5)

If the magnitude of Ej is less than 8 kJ mol ™", physical adsorption
will take place, whereas in the case of chemisorption or ion exchange,
the value of E, will fall in the range of 8-16 k] mol".** The value of
Eq in the present study was 0.047 k] mol ', representing a phys-
isorption process.* However, as shown in Table S4 and Fig. Sé6d
(ESIt), the experimental data does not match the D-R isotherm
model (R* value = 0.8920). The adsorption reaction equilibrium of
Cr(v1) ions on the NFe;0,Starch-Glu-NFe;0,ED nanocomposite was
found to follow the fitting order of Temkin > Langmuir > Freundlich
> D-R according to the correlation coefficients.

3.2.5. The effect of reaction temperature on Cr(vi) adsorp-
tion and thermodynamic parameters. The influence of reaction
temperature on the adsorption and removal of various toxic
heavy metals was reported in previous studies.*»*” Usually this
type of study includes changing the reaction temperature to
determine the effect of this variation on the sorption process. It
also indicates whether sorption has an exothermic or endo-
thermic nature.” The adsorptive removal percentage of Cr(vi) on
NFe;0,4Starch-Glu-NFe;O,ED was tested in the temperature
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Fig. 5 Van't Hoff plot for the adsorptive removal of Cr(vi) ions
(concentration = 10.0, 25.0, and 50.0 mg L™%) on the NFesO4Starch-
Glu-NFezO4ED nanocomposite.

range of 20 °C to 60 °C and the collected results are plotted
graphically in Fig. S7 (ESIt). For the three concentrations under
investigation, the adsorptive removal percentage of Cr(vi) on the
NFe;0,Starch-Glu-NFe;O,ED nanocomposite was found to
increase as the reaction temperature increased. This trend
confirms that the adsorption process of Cr(vi) on NFe;0,Starch-
Glu-NFe;O4ED follows an endothermic interaction mechanism.
The maximum adsorptive removal percentage values for Cr(vi)
were characterized to be 83.87%, 86.61%, and 85.88% using
10.0, 25.0, and 50.0 mg L™ of Cr(vi), respectively, at 60 °C, as
displayed in Fig. S7 (ESIT). This shows that the newly developed
NFe;0,Starch-Glu-NFe;O,ED nanocomposite can extract and
remove Cr(vi) ions from aqueous solution in a wide reaction
temperature range.

Table 1 Standard thermodynamic parameters for the adsorption of Cr(vi) on the NFesO,4Starch-Glu-NFesO4ED nanocomposite at different

reaction temperatures

Adsorption thermodynamic parameters

Initial concentration

of Cr(vi) (mg L™1) Temperature (K) InKg (Lg) AG® (k] mol ™) AH° (k] mol ™) AS° (Jmol 'K R
10.0 293 1.65 —3.297 5.908 31.410 0.9854
303 1.70 —3.643
313 1.73 —3.863
323 1.81 —4.256
333 1.87 —4.564
25.0 293 1.65 —4.013 4.472 28.866 0.9697
303 1.70 —4.275
313 1.73 —4.495
323 1.81 —4.865
333 1.87 —5.169
50.0 293 1.58 —3.849 4.526 28.492 0.9850
303 1.62 —4.092
313 1.68 —4.373
323 1.73 —4.655
333 1.81 —4.998
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Fig. 6 .Effect of interfering species on Cr(vi) ion removal percentage
(%R) by the NFezO4Starch-Glu-NFezO4ED nanocomposite. (Sample
volume = 10.0 mL; nanosorbent dose = 10.0 + 1 mg; Cr(v) initial
concentrations = 10.0, 25.0, and 50.0 mg L; pH value = 2.0; shaking
time = 60.0 min; temperature = 25 °C; mass of interfering salt = 100.0
+ 0.1 mg; shaking speed = 250 rpm).

To evaluate the heat change and determine whether the
adsorption of Cr(vi) by the NFe;O,Starch-Glu-NFe;O,ED nano-
composite is spontaneous or not, it was important to consider
the thermodynamics of the process. The Gibbs free energy
change (AG°), enthalpy change (AH°), and entropy change
(AS°), all considered thermodynamic parameters, were calcu-
lated from the experimental adsorption equilibrium data
measured at different reaction temperatures, as listed in Table
1. These parameters were calculated using eqn (6)-(8).>

AG° = —RTIn K4 (6)
AG® = AH° — TAS® 7)
AS®  AH®
InK, = >> _ 21
M= R T RT (8)

where T is the absolute temperature (K) and Ky (L g~ ') is the
adsorption equilibrium constant, which was calculated using

eqn (9).
Ky =

e
. ©)
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where g. (mg g ') is the quantity of Cr(vi) adsorbed onto
NFe;0,4Starch-Glu-NFe;O4ED at equilibrium and C. (mg L") is
the concentration of Cr(vi) at equilibrium. According to Fig. 5,
the values of AH® and AS° were calculated using the slope and
intercept of the linear Van't Hoff plot of In K4 vs. 1/T, respec-
tively. All the calculated results are listed in Table 1. Fig. 5
demonstrates that all the points of the relation between the
adsorption equilibrium constants over the selected experi-
mental temperature range lie on a straight line. This means that
Cr(vi) ions bind to the same interaction sites on the NFe;0,-
Starch-Glu-NFe;O,ED nanocomposite.*” The negative values
identified for AG° confirm that the process of adsorption of
Cr(vi) on NFe;0,Starch-Glu-NFe;O,4ED is thermodynamically
feasible and that the nanocomposite spontaneously adsorbs
Cr(vi) with high selectively. Additionally, the values of AG°® were
found to increase in magnitude from 3.297 to 4.564 k] mol ,
from 4.013 to 5.169 k] mol ™, and from 3.849 to 4.998 k] mol *
for the three concentrations tested of Cr(vi), i.e., 10.0, 25.0, and
50.0 mg L™, respectively, as the reaction temperature increased
from 20 °C to 60 °C. This indicates that increasing the
temperature enhanced the adsorption between Cr(vi) ions and
the assembled nanocomposite due to the increasing number of
available active sites for the adsorption process as well as the
decrease in the boundary layer surrounding the NFe;O,Starch-
Glu-NFe;O4ED nanocomposite.*®> Conversely, the identified
positive values of AH° (5.908, 4.472, and 4.526 kJ mol; all
<25 k] mol ") indicate that the adsorption reaction of Cr(vi) ions
on the NFe;0,Starch-Glu-NFe;O,ED nanocomposite is endo-
thermic and physical in nature.* Besides, the values of AS°
(Fig. 5) were determined to be 31.410, 28.866, and 28.492 J
mol™' K for 10.0, 25.0, and 50.0 mg L™ of Cr(vi) ions
concentrations, respectively. The positive values identified for
AS° reflects an increase in the randomness at the solid/solution
interface during the adsorption process that caused by the
release of water molecules around Cr(vi) with some structural
changes in the NFe;0,Starch-Glu-NFe;O,ED
nanocomposite.>***

3.2.6. The effect of interfering ions. The adsorption char-
acteristics of a sorbent for metal ions are generally dependent
on the type and concentration of other co-existing and
competing ions which are present in the liquid phase.

Table 2 Adsorptive removal of Cr(vi) ions from real samples by the NFesO,4Starch-Glu-NFezO4ED nanocomposite®

% Removal

1% run ond

run

3" run

10.0mg L™' 25.0 mg L™ 50.0 mg L' 10.0 mg L' 25.0 mg L™ " 50.0 mg L' 10.0 mg L™" 25.0 mg L' 50.0 mg L ™"

Conditions

Tap water 83.71 85.97 86.65 91.23 92.78
Sea water  79.18 83.81 84.73 86.63 86.79
Wastewater 81.37 84.16 85.62 90.14 91.75

“ Values are based on triplicate analysis.

© 2021 The Author(s). Published by the Royal Society of Chemistry

95.97 — — — Shaking time =

87.78 91.77 92.36 94.67 30.0 min, pH =

94.63 — — — 2.0,
nanosorbent
mass = 40.0 +
1.0 mg
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Table 3 Comparison with other previously reported nanosorbents

Equilibrium
Adsorbent Maximum adsorption capacity ¢max (mgg~') pH  time (min) Reference
NFe;0,Starch-Glu-NFe;O,ED nanocomposite 210.741 2.0 30.0 This work
EDA-MPs-2 32.150 2.5 5.0 29
EDA-MPs-4 36.630 2.5 10.0
EDA-MPs-6 49.500 2.5 30.0
EDA-MPs-8 60.980 2.5 60.0
EDA-MPs-10 61.350 2.5 60.0
Ethylenediamine-modified cross-linked magnetic chitosan 51.813 2.0 60.0 25
Modified MnFe,O0, 31.550 2.0 5.0 49
Poly(GMA-co-MMA)-ED 22.900 2.0 120.0 50
Lignin 5.640 3.0 >600.0 51
Starch functionalized iron oxide nanoparticles (IONPs) 9.020 2.0  1440.0 14
Fe@Fe,O; core-shell nanowires 7.780 3.0 120.0 52
Fe;0,-polyethylenimine-montmorillonite 8.800 3.0 120.0 53
NFe;0,@MIL-88A(Fe)/APTMS 7.990 2.0 30.0 54
Fe;0,-GS 17.290 2.0 240.0 28

Moreover, the selectivity of a sorbent for certain metal ion is
also based on its selectivity towards other competing ions.
Therefore, the adsorptive removal percentage values of Cr(vi) by
NFe;0,Starch-Glu-NFe;O,ED were also investigated and deter-
mined in the presence of other competing metal ions, such as
K%, NH,", Na“, Ca®", and Mg*"as well as without interference.
Fig. 6 shows the collected results of this study in the presence
and absence of competing metal ions. Selection of these cations
is mainly due to their expected existence in various water
samples such as wastewater, drinking water and sea water.
Noticeable changes in the removal process of Cr(vi) on the
NFe;0,4Starch-Glu-NFe;O,ED nanocomposite were evident as
a result of the presence of the co-existing species. The presence
of these metal ions in solution was found to contribute to
a significant decrease in the removal percentage for the three
evaluated Cr(vi) concentrations compared with the removal
percentage values without competing ions. The examined
interfering metal ions can be grouped in the ascending order of
interference of Mg>" < Ca®" < K" < Na'< NH," for the three
investigated Cr(vi) concentrations (Fig. 6). This trend proves
that NH," is the highest interfering species in the sorption
process of Cr(vi) by the NFe;O,Starch-Glu-NFe;O,ED nano-
composite, whose presence led to lower removal percentages
(85.72%, 52.49%, and 48.93% using 10.0, 25.0, and 50.0 mg L ™"
of Cr(vi), respectively). These results are related to the fact that
NH," exhibits the highest competing behavior with Cr(vi)
among the selected coexisting ions, binding to the active
surface functional groups on the NFe;0,Starch-Glu-NFe;O,ED
nanocomposite. Generally, the ionic radii and ionic charge of
the interfering ions as well as the nature of the functional
groups on the surface of the nanocomposite are the main
reasons for the competitive affinity between the target metal
ions (Cr(vi)) and the interfering ions on the surface of the
NFe;0,Starch-Glu-NFe;O,ED nanocomposite as previously
reported.***

3.2.7. Potential application of NFe;0,Starch-Glu-NFe;0,-
ED nanocomposite for the removal of Cr(vi) from real water

14840 | RSC Adv, 2021, 11, 14829-14843

matrices. The application of the newly designed NFe;O,Starch-
Glu-NFe;0,ED nanocomposite for the adsorptive removal of
Cr(vi) ions from real water matrices is an important final step
performed in this study via batch equilibrium technique. The
selected water samples were spiked with 10.0, 25.0, and
50.0 mg L™" of Cr(vi) and then adjusted to the optimum
conditions for the extraction and the adsorptive removal
process. The collected data of this study is presented in Table 2.
The adsorptive removal percentage values of Cr(vi) were deter-
mined to be 91.2 + 3.0%, 92.8 £+ 2.2% and 95.9 + 3.1% (tap
water), 90.1 & 3.3%, 91.8 £ 2.6% and 94.6 + 3.4% (wastewater),
91.8 & 3.0%, 92.4 + 2.6% and 94.7 £ 3.7% (sea water) for the
samples spiked with 10.0, 25.0 and 50.0 mg L™ " of Cr(v1) ions,
respectively. Thus, the outlined results in this section confirm
the validity and applicability of the NFe;O,Starch-Glu-NFe;0,-
ED hybrid nanocomposite for the effective adsorption of Cr(vi)
ions from different water sources.

4. Conclusion

A strategy was employed in this study to synthesize a newly
designed magnetic  NFe;0,Starch-Glu-NFe;O,ED  nano-
composite and verify its characteristics for the successful
removal of Cr(vi) from aqueous solution. The sorption process
and experimental controlling parameters were tested, and the
optimized values of each parameter were determined using the
batch adsorption technique. The maximum percentage values
of Cr(vi) removal were identified at pH 2.0, while shaking for
a period of 30.0 min using 40.0 mg of the NFe;0,Starch-Glu-
NFe;0,ED nanocomposite to establish 85.27%, 91.90%, and
96.47% removal by 10.0, 25.0 and 50.0 mg L' of Cr(vi),
respectively. The studied and evaluated kinetic models
confirmed the valid fitting of the adsorption of Cr(vi) ions on the
NFe;0,Starch-Glu-NFe;O,ED nanocomposite according to the
pseudo-second-order (R* = 0.9997) and Elovich (R* = 0.9706)
isotherm models based on an ion-pair interaction mechanism.
The equilibrium data was correlated well with the Temkin

© 2021 The Author(s). Published by the Royal Society of Chemistry
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model followed by the Langmuir model compared to the other
isotherm models. The dependence of Cr(vi) adsorption on
temperature revealed that the adsorption process was charac-
terized by feasibility, spontaneity and endothermic nature. The
mechanism of adsorption of Cr(vi) on NFe;O,Starch-Glu-NFe;-
0,ED was mainly based on the ion-pair interaction occurring
between the negatively charged HCrO,  and Cr,0,>~ and the
positively charged magnetic NFe;O,4Starch-Glu-NFe;O,ED
nanocomposite at lower pH. Certain ions, such as Na*, K*, Ca®",
Mg>*, and NH," were found to exhibit strong interference in the
process of Cr(vi) removal from water. The investigated NFe;O,4-
Starch-Glu-NFe;O4ED was confirmed as a promising nano-
composite for the removal of Cr(vi) from different real water
samples. Finally, the developed magnetic NFe;O,Starch-Glu-
NFe;0,ED nanocomposite was found to display excellent values
of adsorptive removal percentage of Cr(vi) compared to other
previously reported adsorbents under the same experimental
conditions (Table 3).
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