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ABSTRACT

Nowadays, magnetic nanoadsorbents are used commonly in the removal of heavy metal ions from wastewater. In this study,
we prepared starch-coated magnetic nanoparticles (Starch@MNPs) by the co-precipitation method, and used to remove Cr(VI)
ions from water. Several batch experiments were performed to determine optimum conditions in the adsorption studies for
Starch@MNPs such as pH, contact time, temperature, chromium ion and adsorbent concentrations. The synthesized
Starch@MNPs were analyzed by Scanning Electron Microscopy (SEM) to illustrate the shape and surface properties of the
nanoparticles. In order to define characterization of the adsorbent, Fourier-transform Infrared Spectroscopy (FTIR) and Energy
Dispersive X-Ray Analysis (EDX) techniques were also used. The experimental data were compared with isotherm and kinetic
models in order to determine the most suitable for fitting. The results showed that Cr (V1) adsorption of Starch@MNPs was
more suitable for Temkin isotherm and Psedudo-second kinetic model, respectively. The maximum adsorption efficiency (98%)
of Cr (VI) in 10 mg/L initial concentration was obtained at contact time of 60 min., pH 4.0 and adsorbent concentration of 2.0
g/L. The obtained data from the study showed that Starch@MNPs have quite high separation efficiency for Cr(VI) ions and
also showed that this adsorbent can be used as a promising adsorbent in future adsorption studies.
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1. INTRODUCTION

The recent advances in nanotechnology have enabled nanomaterials to be used in many areas.
Nanomaterials are generally unstable and have a tendency to agglomerate. During the production stage
of nanomaterials, researchers can control the chemical composition, size and shape of them by
improving the already superior properties of nanomaterials or gaining new physical and chemical
properties. Magnetite (FesO.) is one of the leading nanomaterials in which many studies have been
carried out in terms of its strong magnetic properties which enable it to be separated easily from water
and non-toxic structure. Due to these properties, there are many researches focusing on magnetite
nanoparticles for applications in water and wastewater treatment or for the removal of specific pollutants
from water [1]. Although many different methods are used in the synthesis of magnetite, co-precipitation
technique is one of the simple, inexpensive and effective methods. In this method, magnetite
nanoparticles are produced by combining the iron ions charged with +2 and +3 in basic solution under
high temperature and nitrogen medium.

In recent years, there has been an increasing trend in the synthesis of materials with green chemistry and
the use of these materials in many industrial applications, including wastewater treatment. Green
synthesis applications can eliminate or reduce the harm of many dangerous substances. In these
applications, biopolymers are preferred both by themselves and with the materials they are brought
together in terms of easy degradability, renewability and compatibility with living things. The most
preferred polymers among these are cellulose, starch, chitosan and plant extracts. Recently, the use of
natural starches has become significant in green synthesis methods of nanomaterials and
nanocomposites [2, 3]. Starch is one of the most abundant naturally occurring polysaccharides with low
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cost and nontoxicity, and it can also be abundant in the wastewater of many industries, such as the chips
and paper industries.

Adsorption is a method that has high removal efficiency and easy to use. This method has been used for
the removal of many pollutants from wastewaters to date and often successful results have been
obtained. Another advantage of this process is the ability to regenerate the adsorbent material by the
appropriate desorption process and to be able to be used several times without losing the high removal
efficiency. In this present work, starch/magnetite (FesO4) composites (Starch@MNPSs) were synthesized
as adsorbent materials to adsorb and separate Cr(VI) ions from an aqueous solution. The important
factors affecting the adsorption efficiency such as solution pH, contact time, and initial Cr(VI)
concentrations were investigated. The Langmuir, Freundlich and Temkin isotherm models were also
used to determine the equilibrium of the adsorption process. Kinetic adsorption experiments were
carried out to establish the effect of time on the adsorption process and to determine the adsorption rate
for Cr(VI) removal.

2. MATERIAL AND METHODS

2.1. Reagents and Chemicals

Cr(VI) stock solution (1000 mg/L) was prepared using K,Cr,O- (Riedel-de Haen). NH4OH, FeCl3.6H,0
and FeS04.7H,0 (Merck), which are required in the synthesis of magnetite nanocomposite was
analytically grade. 0.1M HCI and NaOH were used for pH adjustments.

2.1. Reagents and Chemicals

Starch@MNPs were synthesized chemically in Mersin University Environmental Engineering
laboratory. Firstly 3 g of starch was dispersed in 300 mL of deionized water at 100°C for 5 minutes.
Then 12.61 g of FeS0..7H,0 and 11 g of FeCls were dissolved in 300 mL of deionized water under a
nitrogen atmosphere. When the temperature of the solution reached 85°C, 35 mL of a 25% purity
ammonia (NHs) solution and 300 mL of starch solution were added and exposed to nitrogen gas for 30
minutes. The obtained black starch-Fe;O. particles were washed with deionized water until neutral pH
and separated from the reaction solution by means of neodymium magnets (Figure 1).

Figure 1. Synthesis steps of Starch-Fe;O4 particles

2.3. Adsorbent Characterization

Particle sizes and their morphology of synthesized Starch@MNPs were characterized by a Scanning
Electron Microscope (SEM). The characterizations and elemental analysis of the adsorbents were
analyzed by FTIR (Fourier Transform Infrared Spectrophotometer) and Energy Dispersive X-Ray
Analysis (EDX) techniques.
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2.4. Adsorption Experiments

Batch adsorption studies were carried out in 50 mL flasks using an orbital shaker at 200 rpm and at room
temperature (25 +£1°C). The pH of the solutions was adjusted by using 0.1M HCI and 0.1M NaOH
solutions.

After the adsorption reaction, the magnetic Starch@MNPs were removed from the solution by
precipitation with a magnet, and the solutions were centrifuged by using a centrifuge. Cr(VI) analyses
were performed in supernatants to determine the sorption capacities of the adsorbent particles.

The effect of pH on the adsorption of Cr(V1) ions was studied by mixing 1.5 g/L adsorbent concentration
with 10 mg/L initial Cr(V1) concentration in 60 min. The pH of the solutions was adjusted at the initial
pH of 2.0-10.0 range to determine the effect of pH on the adsorption. Experiments were also carried out
at different adsorbent concentrations of 0.3-5.0 g/L at constant pH (optimum) to determine optimum
adsorbent concentrations. Similarly, different Cr(\VI) concentrations of solutions (2.5-80 mg/L) and
reaction times (5-120 min) to find optimal conditions were conducted. The Kinetic studies of Cr(V1)
adsorption on Starch@MNPs were carried out by adding these adsorbents into the solutions containing
Cr(VI) ions in optimum concentration and measuring the Cr(VI) concentration with time.

The adsorption capacities of adsorbents (g, mg/g) for Cr(\VI) ions were calculated according to Equation
1;

q=(Co+Ce)/M 1)

where; Co and C. are the initial and the equilibrium concentrations of Cr(VI) (mg/L), V is the solution
volume (L), and M is the mass of the adsorbent (g/L).

2.5. Adsorption Kinetics

Adsorption Kkinetics describe the change of adsorption capacity with time. The most commonly used
models developed for the purpose of explaining the adsorption kinetics are pseudo-first-order, pseudo-
second-order and intra-particle diffusion. The first-order kinetic model introduced by Lagergren has
been applied for the initial stages in which the adsorption process has not yet reached its equilibrium.
This equation is as follows [4] (Equation 2).

log(ge —q¢) = log(qe) — (k;/2.303).t @)

In this equation, g. and g: (mg/g) show the amounts of adsorbate on the adsorbent at equilibrium and at
any time of t. k; is the first-order sorption constant (1/min).

The second order kinetic model which is in harmony with the speed control mechanism throughout the
adsorption period, is as follows [5] (Equation 3).

t/qe = 1/(k2qe,) + (t/qe) 3)

In this equation, k; is pseudo second-order sorption constant (g/mg.min). In order to design of adsorption
applications, this sorption Kinetics are so important.
The intra-particle diffusion model has been developed by Weber and Morris [6] (Equation 4);

Je = kptg's +C 4)

In this equation, k; is intra-particle diffusion model rate constant for (mg/g 1/2); tos: half time (min); C:
equilibrium ratio constant for intra-particle diffusion model.

2.6. Adsorption Isotherms

The equilibrium data of adsorption processes were analyzed using the Langmuir (Equation 5),
Freundlich (Equation 6), and Temkin (Equation 7, 8) adsorption isotherm models
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1/de = 1/bqyCe + 1/qm (%)

Inqe = InKg + 1/n.1nC, (6)

where, ge (mg/g) is adsorption capacity of the adsorbent in equilibrium, Ce (mg/L) is the concentration
of Cr(V1) in equilibrium, gm (Mmg/g) is the maximum adsorption capacities of adsorbents, Kr and K, are
the Freundlich and Langmuir coefficients and n is the Freundlich exponent.

gde = BIn At + BInC, )

B = RT/b, ©))
b:: Temkin isotherm constant (J/mol); Ar: Equilibrium binding constant (L/g); T: Temperature (°K)

3. RESULTS AND DISCUSSIONS
3.1. Characterization of Starch-Fe;O, Nanoparticles

Morphological study of the as-prepared nanoparticles was carried out using SEM. The SEM results were
shown in Figure 2 (a-d). In the SEM analysis results, it can be shown showed that Starch@MNPs have
a porous structure before the adsorption, and this porous structure decreased after the adsorption process.
The pores on the surface of Starch@MNPs closed and the particles tended to stick together and
agglomerate after the adsorption. Cr(VI) penetrated both into the particles and on their surface. SEM
results also showed that average dimensions of Starch-Fe;O, nanoparticles was 2. 271 pm.

Mag= 1000 K X EMT =1600kv  Signal A = 8F1

m Mag=5.00 KX EHT=15.00kV(a
ﬁ ¥ # Lins ":. o

10 pm

P
10pm Mag=5.00 KX EHT=15.00kV(c) 2 pm Mag=10.00 KX EHT=15.00 kV (d)
Figure 2. SEM images of Starch-Fe;O4
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In order to determine the material composition, EDX spectrum of Starch@MNPs was obtained and
shown in Figure 3. According to EDX results, iron (75.13%) and oxygen (20.87%) constitute the largest
part of the total particle mass. The other parts of the particles consisted of carbon (3.55 %) and chromium
(0.45 %).

The FTIR spectrum of the raw Fe;O4, and Starch-FesO, before and after the adsorption were shown in
Figure 4. The vibration peaks observed at 539 cm™, 541 cm™ and 543 cm™ are thought to belong to the
characteristic of magnetite and Fe-O bonds in Fes3O4 crystal structure [7, 8]. The vibration peaks
appeared at 3174.59 cm?, 3228.11 cm™, 2900.48 cm™ and 1629.80 cm™ are assigned to the vibrations
of hydrogen-bonded water molecules adsorbed on the surface and O-H bending vibration [9, 10]. The
peaks at 1077.94 cm, 1021.46 cm™ and 1014.81 cm™are assigned to specifically adsorbed sulphate
groups [7].

Spectrum: Acquisition

Element  Series unn. C norm. C Atom. € Error
[wt.%] [wt.%] [at.%] [wt.3]

Iron K-series 33.68 75,13 45.54

Oxygen  K-series ¢

Carbon  K-series 1.59 3,55  10.02

Chromium E-series

goco y Rm, Total: 44.82 100.00 100.00

SE MAG: 1000 x HV: 15.0 kV WD: 8.3 mm

ChR [ ]
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Figure 3. EDX analysis after adsorption
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Figure 4. FTIR spectrum of Starch-Fes;O4 particles
3.2. Cr(VI) Adsorption Studies
3.2.1. Effect of pH on Cr(VI) removal

The effect of pH on the adsorption of Cr(VI) by using Starch@MNPs composite was determined by
using 10 mg/L initial Cr(VI) concentration, 1.5 g/L nanocomposite dose, contact time of 5-60 min. The
general trends for the removal results of Cr(VI) ions reflected a continuous decrease in the removal
efficiency percentage with increasing the pH values from pH 2 to 10 (Figure 5).
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Figure 5. Effect of pH on Cr(VI) removal (Cr(VI) concentration:10 mg/L, nanocomposite dose 1,5 g/L-contact
time 5-60 min, T:25°C)

The maximum Cr(VI) removal efficiency was obtained at pH 4.0 as 92 %. It was determined that the
Cr(VI) removal efficiency of Starch@MNPs nanocomposite was higher at low pH range of 2.0-8.0, and
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decreased with increasing pH. This is due to the higher solubility of heavy metal ions in water at low
pH values. As the presence of heavy metal ions in water increased, removal efficiencies were also
increased [11].

3.2.2. Effect of nanocomposite concentration on Cr(VI) removal

The effect of the adsorbent concentration on the Cr(VI) adsorption by using Starch@MNPs
nanocomposites was investigated in the initial Cr(\VI) concentration of 10 mg /L, contact time of 60 min
and pH 4.0. Adsorbed Cr(VI) concentrations for different nanocomposite concentrations (0.3-5 g/L)
were shown in Figure 6 as percentage removal efficiency.
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Figure 6. Effect of nanocomposite concentration on Cr(V1) removal (Cr (VI1):10 mg/L, pH:4.0, contact time: 5-60
min, T:25°C)

As shown in Fig. 6, the maximum Cr (VI) removal was obtained at 2.0 and 3.0 g/L nanocomposite
concentrations. Maximum removal efficiency of 97% was achieved in the first 15 minutes at 2.0 g/L
Starch-Fes04 concentration while, it did not change with time significantly. The lowest Cr (V1) removal
efficiency (21-26%) was obtained at the lowest adsorbent concentration of 0.3g/L.

3.2.3. Effect of initial Cr(V1) concentration on Cr(VI) removal

The effect of the initial Cr (VI) concentration on Cr (VI) removal was carried out at different Cr (VI)
concentrations in the range of 2.5-80 mg/L (adsorbent concentration: 2.0 g/L, pH:4.0 and contact time:
5-120 min). The Cr (VI) removal efficiencies with different initial Cr (V1) concentrations were shown
in Figure 7. As shown in Figure 7, it was observed that Cr(VI) removal efficiency decreased with
increasing of initial Cr(VI) concentration, and the highest removal efficiency was obtained in 10 mg
Cr(VI)/L as 98%.
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Figure 7. Effect of initial Cr(\V1) concentration on Cr(VI) removal (adsorbent concentration: 2 g/L, pH:4.0, contact
time: 5-120 min, T:25°C)

3.2.4. Effect of contact time on Cr(VI) removal

The effect of contact time on the adsorption of Cr (VI) ions on Starch@MNPs nanocomposite was
investigated under optimum conditions of pH 4.0, nanocomposite concentration of 2.0 g/L and Cr(VI)
concentration of 2.5-80 mg/L. According to results seen in the Figure 8, maximum Cr(VI) removal
efficiency was obtained generally in the first 45 min, and the removal efficiencies did not change
significantly with increasing of time.
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Figure 8. Contact time effect on Cr(VI) removal (adsorbent concentration: 2 g/L, pH:4.0, Cr (VI) concentration:
2.5-80 mg/L, T:25°C)

3.3. Adsorption Isotherms
In order to determine the sorption performance of an adsorbent for a special compound which is desired
to remove with an adsorption process from polluted water/wastewater, several isotherm calculations are

carried out, and constant parameters are calculated for tried each isotherm equations. In this study,
experimental data were applied to the Langmuir, Freundlich and Temkin isotherm equations to
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determine the most suitable isotherm model by using regression analyses. The constant parameters and
correlation coefficients (R?) were summarized in Table 1 and Figure 9 (a, b, ¢).
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Figure 9. The isotherm modeling result of Cr(VI) adsorption with Strach-FesOs a) Langmuir isotherm, b)
Freundlich isotherm, ¢)Temkin isotherm.

According to the Table 1, it was also observed that the values of nand R were all less than 1.0 indicating
that adsorption Cr (V1) was favorable. The results showed that the degree of fit for the Temkin model
was higher than that for the Freundlich and Langmuir models.

Table 1. The parameter of isotherm models

Langmuir Isotherm Freundlich Isotherm Temkin Isotherm
Model Model Model

1 1 N 1 1 _RT (A C
. = baC. ' an Inq, = InK; +;InCe e = by n(Ar.C.)
O Ki(mg/g)

(mg/g) 0.280 (Limg") 8.120 Br 0.44

b (L/mg) 1.472 n 0.584 Ar(L/9) 1.46
RL 0.271 R? 0.758 R? 0.929
R? 0.486

ge: amount of adsorbed material, b: Langmuir constant, Ce: equilibrium concentration, gm:
monolayer adsorption capacity, Krand n: Freundlich constants, R: constant, T: temperature, bt
and Ar: Temkin isotherm constants.

3.4. Adsorption Kinetics

In order to study the mechanism of the adsorption process, kinetic experiments were carried out at 25°C
with adsorbent concentration of 2.0 g/L and initial Cr(\VI) concentration of 10 mg/L. The adsorption
capacities were determined for 5-120 min. The pseudo-first-order, the pseudo second order and
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intraparticle diffusion models were used to evaluate the fits of the obtained data. The constant parameters
and correlation coefficients (R) were summarized in Table 2 and Figure 10 (a, b and c).
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Figure 10. a) Pseudo-first-order kinetic model, b) Pseudo-second-order kinetic model, c) Intraparticle diffusion
kinetic model.

As can be seen Table 2, correlation coefficient of pseudo-second-order model for Cr(VI) adsorption with
Starch-Fe;04 is larger than correlation coefficients of pseudo-first order and intraparticle diffusion models.

Pseudo-second-order model for Cr(VI) adsorption demonstrates the chemisorption may be the rate-
limiting step.

Table 2. The parameter of kinetic models

. L Pseudo-Second Order Intraparticle Diffusion
Pseudo-First Order Kinetic Model Kinetic Model Model
k1 Qe R2 k2 Oe R2 ke C R2
(I/min) (mg/g) (I/min)  (mg/qg) (9.dk®%)  (mg/g)
0.099 0.20 0.954 4,11 0.20 1.00 0.982 3.82 0.86
ky l=[;]+i*t Qe = k,t%% + C
log(qe - qt) = lque - 2303 *t qe k2 * qez Qe € p

ki: the pseudo first-order rate constant, kz: the pseudo second-order rate constant, kp: intra-particle diffusion rate
constant, C: boundary layer thickness.

Data on the removal of Cr(VI) ions by adsorption process obtained from several studies in the
literature were given in Table 3. When the results obtained in this study are compared with the
results of similar studies in the literature, it is revealed that the results of the isotherm model of this
study are compatible with the Temkin isotherm model unlike other studies.
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Table 3. Studies in the literature about Cr(VI) removal by adsorption

Efficiency/ Adsorption

Adsorbent Adsorption isotherm/kinetic capacity Reference
Starch-functionalized magnetite e pH 2.0 [12]
- Freundlich isotherm
nanoparticles (SMNPs) Pseudo-second-order kinetic model 26.6 mg/g
ﬁ::r?]f;t(i![\él ’:1];?;) articles Langmuir isotherm 99.0 mg/ =
9 P Pseudo-second-order kinetic model U mgig
Casein (MNPcs) - [13]
) . Langmuir isotherm
magnetite nanoparticles Pseudo-second-order kinetic model 87.81 mg/g
CTAB modified - 14
. . Langmuir isotherm 6.74 mg/g [14]
Magnetic nanoparticles (FezOx) Pseudo-second-order kinetic 95.77%
Mixed magnetite and maghemite 2.4 mglg [15]
nanoparticles - 96-99%
L-Cysteine Functionalized Magnetite - [16]
- Langmuir isotherm
(Fea04) Nanoparticles Pseudo-second-order kinetic 34.5mg/g
RGO/NiO Langmuir isotherm 198 may/ (17]
Pseudo-second-order kinetic model 99
Fe-Cu binary oxide nanoparticles Freundlich isotherm pH 3.0 (18]
Pseudo-second-order kinetic 71.43 mg/g
Ni20z nanoparticles A pH 6.0 [19]
Pseudo-second-order kinetic 20.41 my/g
Spent tea-supported magnetite Langmuir and Liu isotherm models H20 [20]
(ST/Mag) nanoparticles Pseudo-second-order kinetic PH 2.
30 mg/g
) : : Temkin isotherm model pH 4.0 This study
Starch-coated magnetic nanoparticles Pseudo-second-order Kinetic 3.8 mglg
(Starch@MNPs) 98.2%

4. CONCLUSIONS

In this research, Starch/FesO. nanoparticles were synthesized as adsorbent materials and their removal
efficiency on Cr (VI) ions from water was investigated. It was observed that the removal of Cr (VI) at
high pH values decreased in comparison with low pH values, and the optimum removal was obtained at
pH 4.0. Similarly, optimum process conditions such as adsorbent concentration, initial Cr (VI)
concentration and contact time were determined as 2.0 g/L, 10 mg/L and 60 min, respectively. Kinetic
studies were carried out to examine the adsorption mechanism, and the correlation coefficients of the
first and second degree and intraparticle diffusion Kinetics reactions were calculated as 0.954, 1.00 and
0.86, respectively. According to these calculations, Cr (VI) adsorption was more appropriate to the
second order kinetic model. In order to determine adsorption isotherm model, Langmuir, Freundlich and
Tempkin isotherm equations and their coefficients were interpreted, and best isotherm model was found
to be Tempkin equation.
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