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Abstract—Iron oxide-silica nanocomposites were prepared by sol-gel method using ammonia (NH;), acetic acid
(CH;COOH) and hydrochloric acid (HCI) catalysts to generate different pH values for the reaction conditions. As
starting precursors, for the silica, respectively, for the iron oxide, tetraethylorthosilicate (TEOS) and iron-III-acetylaceto-
nate were used. The physico-chemical characterization of the materials revealed that the sample obtained with HCI cat-
alyst displays the largest surface area (300 m”/g), the most compact network structure, highest surface roughness,
biggest crystallite size (14 nm), magnetization (7 emu/g) and superparamagnetic behavior. These materials were tested
for adsorption of Cr®" and Zn”" from aqueous solution. Sample M-HCI presented the highest surface area and was fur-
ther used for adsorption of metal ions. Kinetic, thermodynamic and equilibrium adsorption measurements studies
were made for Cr*" and Zn™". To establish the material behavior from a thermodynamic point of view, temperature and
contact time of adsorption process, activation energy, free energy, of standard enthalpy and entropy were calculated.
The kinetic behavior was modelled by pseudo-first-order, pseudo-second-order and intraparticle diffusion kinetic
models and the adsorption characteristics were determined by modelling the experimental data with Langmuir, Freun-

dlich and Sips isotherms.
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INTRODUCTION

Water source pollution with heavy metals is one of the priority
problems for the environment, representing a high hazard for human
health. Cadmium, copper, chromium, lead, zinc, mercury and oth-
ers are just some of few heavy metals with toxic proprieties that
can harm human and animal organs by pollution of the water [1].
From these elements, Cr*" is one of the most toxic elements, pre-
senting different mutagen activity onto living organisms even in
small quantity [2]. Even so, Cr™" is still being used in galvanic coat-
ings, textile and leather industries, fungicide production and for
dyes and pigments [3,4]. On the other hand, Zn*" can be found in
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wastewater obtained from the galvanic coatings industry, the pro-
cessing industry, metallurgy, and also mining. Zinc ions present in
water can affect the water environment due to oxidative processes
[5]. Generation of wastewater containing chromium and zinc metal
ions has led to the development of various techniques such as ion
exchange, precipitation, reverse osmosis, and membrane separa-
tion, to recover these metal ions or minimize their negative impact
on the environment [6,7]. The majority of these processes present
some disadvantages such as high energy, large amounts of constit-
uent and sludge waste [8]. Therefore, the development of new tech-
nology for wastewater treatment is of current interest. The tech-
nologies based on adsorption could be the next option with small
costs for application and processing, making them more interest-
ing. Many studies are dedicated to the development of new mate-
rials with adsorptive properties presenting a high durability and
selectivity in order to remove a wide range of pollutants [9]. Due
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to their high adsorption affinity and capacity [10] and the ease of
separation, iron oxide-containing materials are of primary interest
in this field. The use of bare iron oxides for wastewater treatment
is limited due to the magnetically induced aggregation [11,12]. This
problem could be overcome by covering the iron oxide with silica
or other polymers, which also protects and allows better control of
the morpho-textural, structural and magnetic properties [13-17].
Bashir et al. studied the effect of different pH solutions onto struc-
tural and magnetic properties of iron oxide nanoparticles [18]. In
the same line, we report herein the preparation and the influence
of the catalyst, alongside the pH, on the morpho-textural, struc-
tural, and magnetic properties of iron oxide-silica nanocompos-
ites, for their subsequent use as heavy metal sorbents. We prepared
three materials using one pot synthesis scheme by thermal decom-
position of iron-IIT-acetyl acetonate and in situ coating with silica
using TEOS precursor, and different catalysts, NH,;, CH,COOH
and HCI, and analyzed their structural and magnetic properties
and adsorption performance of Cr*" and Zn*" ions from aqueous
solutions.

MATERIALS AND METHODS

1. Materials Synthesis

Three silica-iron oxide materials (M-HCI, M-CH,COOH, M-
NHs;) were prepared using sol-gel method. Iron-III-acetylacetonate
(Sigma- Aldrich), TEOS (Sigma- Aldrich), NH;, CH;COOH and HCI
(Sigma-Aldrich), MeOH (Sigma-Aldrich) were used as received.
A solution of 8 g of iron-IIT-acetylacetonate in 50 mL MeOH was
magnetically stirred at 55 °C for 15 minutes and was poured over a
solution of 15mL TEOS in 15mL distilled water. For each sam-
ple, 0.05 mL of catalyst--NH, (pH=10), CH,COOH (pH=>5) or HCl
(pH=2)--was added and stirred for another 30 minutes and then
ultrasonicated. A VCX-T-750 apparatus operating at 20 kHz and
750 W, with titanium sonotrode (1 cm diameter) was immersed
(1 cm deep) into the sol. The sonotrode worked at 40% amplitude,
with pulse sequence on/off - 5/5sec. A 150 mL sample glass con-
tainer was filled with 90 mL of liquid, containing the total volume
of reactants, for each preparation. During sonication the tempera-
ture increased from 25°C to 55 °C. The total transferred energy,
including thermal dissipation, was 55 J/mL, for each sample. The
resulting sols were first dried at 80 °C and subsequently thermally
treated at 200 °C.
2. Materials Characterization

The XRD structure analysis was completed using an Ultima IV
(RIGAKU) apparatus. The FT-IR spectra were recorded on KBr
pellets using JASCO FT/IR-4200 apparatus. Raman spectra were
obtained at room temperature with the MultiView-2000 SPM sys-
tem (Nanonics Imaging Ltd.), equipped with a Shamrock 500i Spec-
trograph (ANDOR), using a laser with wavelength of 514.5 nm as
the excitation source and 30 s exposure time. Quantachrome Nova
1200e apparatus was used to determine the surface area and poros-
ity. The NovaWin software was used to evaluate the isotherms ob-
tained. Imaging and roughness data were obtained with LEXT-3D
measuring laser microscope OLS4000 with 405 nm laser light source.
The magnetization measurements were performed with a manu-
ally manufactured hysteresis graph with 7k Oe magnetic field [19].

The small-angle scattering measurements were performed on the
YuMO small-angle spectrometer [20] operating at the IBR-2 pulsed
reactor in Dubna [21]. The scattered neutrons were detected using
the time of flight method by a two-detector setup with ring wire
detectors [22]. Measurements were performed on dry powders at
room temperature. A vanadium standard was used for the calibra-
tion of absolute scattered intensity, while silver behenate sample
was used to calibrate distances [23]. The measured scattering curves
were corrected for transmission and the background scattering
from an empty aluminium sample container using the SAS soft-
ware [24]. To determine the point of zero charge (pzc), 0.1 g of M-
HCI material was mixed with 25 mL of KCI 0.1 M solution. pH of
the KCI solutions was adjusted in the range of 1-12 using NaOH
solutions, with concentrations between 0.05-2N or HNO; solu-
tions, with concentrations between 0.05-2N. After adjusting the
pH, the samples were stirred for 1 hour at 200 rpm at 298 K, using
a shaker bath with a Julabo SW23 thermostat. The samples were
filtered and the pH of the resulting solutions was determined in
the filtrate by using a pH meter of the Mettler Toledo, Seven Com-
pact type.
3. Sorption Studies

The contact time and temperature are some of the few import-
ant factors for evaluation of affinity of the materials for Ct*" and
Zn™* jons. To determine the influence of contact time and tem-
perature on the adsorption capacity of the synthesized M-HCl
material, 0.1 g material was weighed and added to 25 mL of Cr**
and Zn™" solutions of concentrations of 50 mg/L. The samples were
stirred at 200 rot/min for 15, 30, 60, 120, 180 and 240 minutes in a
mechanical shaker bath JULABO SW23), thermostatted at differ-
ent temperatures (298 K, 308 K and 318 K). Adsorption studies
were performed at pH=4. To study the effect of the sorbent dose,
different amounts of solid material (0.05; 0.1; 0.2; 0.3; 04; 0.5g)
were added to 25 mL metallic ion solution with concentration 50
mg/L. The samples were kept in contact for 60 minutes in a ther-
mostatted shaker bath at 298 K, and 200 rpm. Next, the samples
were filtered and the residual concentration of metal ions was deter-
mined in the filtrate by atomic absorption spectrometry. To study
the effect of pH on the adsorption process of metal ions, 0.1 g of
M-HCI material was accurately weighed and 25 mL of different
solutions was added, with pH in the range of 1-8, for Zn** and pH
in the range 1-6, for Cr*", at an initial concentration of metal ions
of Cy=50 mg/L. Since at pH=8.5 for Zn"* and pH=6 for Cr** begins
the process of precipitation of hydroxides of the two metals, the
adsorption was studied up to these pH values. The pH values were
adjusted using 0.05-2N, of NaOH and 0.05-2N of HNO; solu-
tions. The samples were stirred for one hour at 298 K in a shaker
bath, then filtered and the residual concentration of metal ions in
the filtrate was determined by atomic absorption spectrometry.

Equilibrium adsorption studies were conducted using 0.1 g ad-
sorbent material and 25 mL metal ions solutions varying the ini-
tial concentration between 5 and 200 mg Cr"*/L solution and be-
tween 5 and 100 mg Zn”*/L solution. In this case, the contact time
was 3 hours at 298 K, using a mechanical shaker bath at 200 rpm.
All samples were then filtered and the residual concentration of
Cr* and Zn"" ions from the filtered solution was determined using
a Varian SpectrAA 280 FS atomic absorption spectrometer.

Korean J. Chem. Eng.(Vol. 38, No. 2)



294 C. Ianagsi et al.

1600 -
m
=
1400 4 =
w
3
— 12004 2
5 =
1] o o
= 1000 EXN
,‘u;_;
& 800
=
600 ——M-HCI
—— M-CH,COOH
400+ M-NH,
200 T T T T T T 1
10 20 30 40 50 60 70 80

[20]

Fig. 1. X-ray diffractograms for samples prepared with different cat-
alysts.
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Fig. 2. SANS scattering curves of the nanocomposites. Symbols -
experimental data, solid lines - model fits.

RESULTS AND DISCUSSION

1. XRD

The X-ray diffraction patterns are presented in Fig. 1 for the three
samples prepared with different catalysts at three distinct pH.

All samples presented crystallinity, with peaks specific to cubic
phase of iron oxide nanoparticles. Also, a broad maximum centered
at 25° specific for amorphous silica was found in all samples. Three
strong diffraction lines at 26 angles of 37° (311), 57° (511) and 63°
(440) were used to determine the mean crystallite size using the
Scherrer equation [25]. The highest crystallite size with a value of
11 nm was obtained for M-HCIl sample. For M-CH,COOH and
M-NH, samples the crystallite size was 7 nm and 9 nm, respectively.
2. Small-angle Neutron Scattering

The scattering intensity data, presented in Fig. 2, show a mono-
tonic decaying intensity with increasing angle, characteristic for
porous materials such as xerogels and composites with self-simi-
lar structure over different sizes from a few to 500 nm [26-28]. In
double logarithmic representation, the deviations of the data from
a straight line indicate the presence of structural features of a char-
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Table 1. The structural parameters calculated from SANS

Sample Rg, nm P Ve
M-CH,COOH 10.71+0.05 2.47+0.02 241
M-HCI 9.69+0.03 2.53+0.02 4.84
M-NH, 9.76+0.03 2.24+0.02 4.76
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Fig. 3. FT-IR spectra for magnetic nanocomposites prepared with
different catalyst.

acteristic size, which can be in our case the magnetite nanoparti-
cles embedded in the fractal-like xerogel networks. The data were
modelled by Eq. (1).

1(q)=Aq " +Bexp(—q’Ry/3) +bg 1)

The first term describes a general power law scattering arising from
self-similar structure of the porous xerogels, and the second term
is a Guinier-term describing the iron oxide particles and their agglom-
erates. The third term is a free parameter representing an adjust-
able flat background. Fitting was performed by a home-made Monte
Carlo least square minimization software. The structural parame-
ters are collected in Table 1.

3. FT-IR and Raman Vibrational Data

The FT-IR spectra (Fig. 3) show the characteristic bands of
Fe(acac), at ~1,624 and ~1,541 cm™"' for M-HCl and M-NH, sam-
ples, respectively; they are weak due to the partial decomposition
at 200 °C [29].

In case of M-CH;COOH sample, the band presents only one
intense peak at 1,550 cm™ showing the complexation reaction with
Fe(acac); residue. The silica precursor bands were observed at
~1,050, ~800 and ~445 cm™" for all samples. The band at 936 cm™*
for M-CH,COOH sample indicates the Si-OH bonds. The peaks
specific for maghemite appear at ~655, 615 and 560 cm™" [30].

The two main Raman peaks around 500 cm™' and 1,600 cm™
in Fig. 4 are attributed to the YFe-O) and /C-O) bonds, the last
one being referred also as a coupled vibration between YC-C) and
UC-0) [31,32]. Around the same values (500 cm ™ and 1,600 cm™)
are expected to be found the Si-O bending and stretching bands
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Fig. 4. Raman spectra for magnetic nanocomposites prepared with
different catalyst.

[33]. The changes in this region are mainly due to the Si substitu-
tions with other metal ions that influence the connectivity to the
terminal oxygen atoms, leading to changes in the Raman spectra
[33]. Minor variations in band positions were observed between
the M-HCL, M-NH; and M-CH;COOH samples. Values of 473
cm™ in case of M-NH, and M-CH;COOH, respectively, 476 cm™*
in case of M-HCI, were detected, whereas for the second specific
band, 1,576 cm ™ (M-NH;), 1,585 cm™ (M-CH,COOH) and 1,588
cm™' (M-HC) were observed [31,32]. The shoulder at 1,370 cm™
observed both in Raman and IR spectra corresponds to the com-
bination of YC-O) and YC=C) stretches and JCH,) bending
[34]. The ~473-476 cm™" band is also present due to the less sig-
nificant contributions of bending vibration from CH-C-CH, as a
result of Fe atoms shifting in the direction of the acetylacetonate’s
oxygen group [35]. The peak at 592 cm™" corresponds to the O=C-
CH,; bending and is also is influenced by the CH-C-CH; bending
and O-Fe stretching [35]. While a vibration is considered to be
Raman active if it causes a change in polarizability, in case of the
IR, the vibration mode is active only when there is a change in
dipole moment. Therefore, a difference in the band intensity is vis-
ible when comparing the IR and Raman spectra, changes that may
influence the Raman spectra are hydrogen bonding and modifica-
tions in the chain conformation which result in different elec-
tronic structure of the molecular unit [34]. Other influencing factors
are crystal field splitting, chain packing and solvation interaction
with the molecular unit which are contributing to the electronic
structure of the molecular unit [34]. All aforementioned changes

Table 2. Textural parameters calculated from N, adsorption isotherms
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Fig. 5. N, adsorption-desorption isotherms for the samples prepared
with different catalysts.

lead to shifts in the normal mode frequencies and line shapes [34].
The difference between the samples is also visible in the band inten-
sity decrease, which shows an inverse behavior compared to the
trend in magnetization. Slight amorphicity of the compound is more
pronounced in the case of M-HC], highlighted by the band shape
[34]. Lower intensity and less defined bands are obtained, as ex-
pected, for the most acidic compound M-HCI [35]. The change in
intensity of Raman peaks can be related to the pH, which affects
the material’s surface and influences the molecule reorientation and
bonds on the terminal area [36,37]. We observed a positive cor-
relation between pH and intensity; thus, by increasing pH value
the peak intensity also increases. It was observed that at lower pH
value, peak alteration may occur [37].

4. N, Adsorption-desorption Isotherms

Prior to the analysis, the samples were degassed in vacuum for
4hours at 100°C. In Fig. 5 the N, adsorption-desorption isotherms
with the pore size distribution are shown.

Sample M-NH, exhibits a type IVa isotherm according to [IUPAC
classification [38], indicating mesoporous material with hysteresis
of type H2b, with plate-like pores. Isotherms for samples M-HCl
and M-CH,;COOH are of type H4, indicating conical shaped pores
and micro porosity. The textural data are collected in Table 2.

For efficient adsorption of heavy metal pollutants, a high surface
area is mandatory [39]. The surface area was evaluated by Brunauer-
Emmett-Teller (BET) method. Sample M-HCI presented the high-
est surface area with the value of 300 m*/g and total pore volume

Sampl BET surface area, Pore width, Total pore volume, FHH,
ample name m’/g nm cclg Fractal dimension
M-HCI 300 3 0.197 2.8598
M-CH,COOH 219 34 0.219 2.8415
M-NH; 241 5 0.324 2.6687

Korean J. Chem. Eng.(Vol. 38, No. 2)
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M-HCI

Fig. 6. 3D laser microscopy images for sample with different catalyst.

of 0.197 cm’/g, while M-NH;, and M-CH,;COOH had lower val-
ues: 241 m*/g with a total pore volume of 0.324 cm’/g, and 219
m’/g with a total pore volume of 0.162 cm’/g, respectively. Further,
the pore size distribution was evaluated using the non-linear den-
sity functional theory (NL-DFT) equilibrium model. A general
trend can be observed that the porosity is decreasing when the pH
of catalyst is lower (Table 2). From Frenkel-Halsey-Hill (FHH)
adsorption-activation method, the highest value of rugosity was

Table 3. Calculated values from 3D laser microscopy images

obtained for M-HCL. To calculate the degree of micro porosity, the
external and micropore surface was considered from the V-t method
in the 0.15-0.55 P/P, domain. In case of M-HCI we obtained a 50%
micro porosity, 25% micro porosity for M-CH,COOH and no
micro porosity for M-NHj. It was observed that basic conditions
in the sol-gel synthesis lead to an increase in the materials meso-
porosity, which also confirms the influence of the pH of catalyst
solution on the morphology of the obtained materials.

Average Mean square Maximum Maximum Maximum Surface Surface
Sample roughness root roughness peak height valley depth peak-to valley kurtosis skewness
(Sa) (Sq) (Sp) (Sv) height (Sz) (Sku) (Ssk)
258 umx258 um
20.35 30.7 1329 144.99 277.85 7.46 -0.59
M-CH,COOH
40 pmx40 pm
1.20 1.6 52 16.19 21.36 4.36 —-0.38
258 pmx258 pm
4.90 9.7 92.4 136.29 228.69 30.87 1.09
M-HCl
40 pmx40 pm
1.85 45 8.0 77.05 85.07 105.33 -8.71
258 pmx258 um
4.07 5.6 339 18.68 52.66 537 0.79
M-NH,
40 pmx40 um
0.37 0.6 5.1 0.62 5.73 18.19 3.25

February, 2021
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5. 3D Laser Microscopy Images and Roughness Data

From the 3D laser microscopy images of the three samples (Fig.
6), the calculated values of average roughness (Sa), mean square
root roughness (Sq), maximum peak height (Sp), maximum val-
ley depth (Sv), maximum peak-to valley height (Sz), surface kur-
tosis (Sku) and surface skewness (Ssk) are obtained and shown in
Table 3:

All analyzed samples were investigated on a 40 pmx40 pm area
and on the entire area (258 pmx258 pum). For every specified sam-
ple and area, ten measurements were performed to eliminate pos-
sible measurement errors. In the 258 pmx258 um analysis, the
highest roughness in both Ra and Rq values was obtained for the
M-CH,;COOH sample, followed in decreasing order by the M-HCl
and M-NH, samples. In case of 40 pmx40 pm roughness analy-
sis, highest roughness was found for the M-HC], followed by M-
CH,COOH and M-NHj. Note that the 40x40 area was selected
on flatter surfaces in all three cases. Higher roughness in case of
M-CH;COOH (258 pmx258 pm) and M-HCI (40 pumx40 pm) is
the result of a higher Sz value, which is obtained from the sum of
Sp and Sv values. This result indicates the presence of higher peaks
and lower valleys in comparison to other materials. According to the
asperity results (Ssk) for M-HCI (40 pmx40 pm), and M-CH,COOH
samples negative values were obtained, indicating porous surfaces
and majority of pits. Sku indicated the presence of peak or valley
defects, which in this case are present on the surface of all ana-
lyzed samples. The rugosity data from 40x40 pm area corresponds
with the textural parameters data from N, adsorption-desorption
isotherms, indicating the highest rugosity of M-HCI sample and
the lowest rugosity in the case of M-NHS,, which also can be cor-
related with the pore shape, in the last case, plate shape indicating
lower peak to valley height (Sz) for M-NH,, whereas the higher
rugosity (M-HCl and M-CH;COOH) have similar pore shape. In
the case of 258x258 um area, there is a slight difference which
occurs due to the larger examination area, with the higher risk of
intercalation of crystals, resulting in different rugosity values.

6. Magnetization

In Fig. 7 the magnetization curves are plotted. M-HCI presents

the best magnetization saturation having a value of 7 emu/g with a

8
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Fig. 7. Magnetization curves for the samples synthetized with dif-
ferent catalysts.

coercive field of 0.03 kOe. For M-NH; the magnetization satura-
tion value is 5 emu/g with a coercive field of 0.009 kOe, followed
by M-CH,;COOH with a magnetization value of 4 emu/g and a
coercive field of 0.02 kOe. The magnetization data indicate super-
paramagnetic behavior for all samples.

7. Sorption Studies

7-1. Point of Zero Charge (pHpzc)

The point of zero charge (pHpzc) is generally described as the
pH at which the net charge of the total surface area of the particles
(ie., the surface of the absorbent) is zero, a concept that has been
introduced in studies concerning the colloidal flocculation in order
to explain the pH affecting this phenomenon [40]. From the experi-
mental data plot, Fig. 8, it is observed that the M-HCI material has
pHpzc=4; thus, the range in which it is recommended to perform
adsorption is the pH interval, 2-6.

7-2. Effect of the Adsorbent Material Dose

The efficiency of the adsorption process is calculated according

to Eq. (2):

Ci—Crez
=—-100 2
== @
12 -
]
10 -
]
8
[ |
I
el ]
4 - n (] [ [ ]
L ]
2 -
0 2 4 6 8 10 12
pHi
Fig. 8. pHpzc for M-HCI material.
= Cr(Vl)
80 - e Zn(ll)
[ ] ] L] L] L}
=70 -
2
o
— 60+
5
['7])
£
5 50 ™
oy
=
D 40
kel
=
2
g ]
E ° . '] L] ]
220
]
é ‘; l‘i 1‘2 1‘6 2‘0

sorbent dose [g/L]

Fig. 9. Effect of the adsorbent material dose on Cr*" and Zn”* adsorp-
tion process from aqueous solutions.
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where Ci is the initial concentration of metal ion in the solution
and Crez is the residual concentration of metal ion in the solution
following the adsorption process. The influence of dose of adsor-
bent material on Cr*" and Zn** adsorption process is shown in Fig.
9. It is found that the dose of adsorbent material influences the
removal efficiency of C*" and Zn™". Thus, in the case of Cr*" adsorp-
tion the removal efficiency is ~80%, starting with a dose of 0.1 g of
material in 25 mL of initial solution with Cr® concentration of
50 mg/L. In the case of Zn’* adsorption, the removal efficiency is
~25%, starting with 0.1 g of solid material in 25 of initial solution
with Zn** concentration of 50 mg/L. Higher sorbent material con-
centrations in these conditions are therefore unnecessary.
7-3. Effect of pH on Adsorption

The pH of the aqueous solution is a crucial parameter for the
process of removal of metal ions by adsorption [41]. The pH of
Cr* was studied in the range of 1-6, and the pH of Zn™ in the
range of 1-8. No studies have been performed at higher pH val-
ues because the two ions precipitate. From the data presented in
the Fig. 10, with the increase of pH to pH=4 the adsorption capac-
ity of the two ions increases to pH 4, and then remains constant,
reaching q~9 mg/g for Cr*" and q~3 mg/g for Zn™"
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Fig. 11. Pseudo-first-order kinetic model.
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Fig. 12. Pseudo-second-order kinetic model.
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Fig. 10. pH effect on the adsorption process of Cr* and Zn** from
aqueous solutions using M-HCI material.

7-4. Kinetic Studies
7-4-1. Pseudo-first-order and Pseudo-second-order Kinetic Models
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Table 4. Kinetic parameters for adsorption of Cr** and Zn** ions adsorption onto M-HCI material
Pseudo-first-order kinetic model Pseudo-second-order kinetic model
q& exp> qe, cale> k1 > 2 2 qe, cale kz, 2 2
TK . R . _
mg/g mg/g min~' « mg/g min "' (mg/g) "’ d
Cr6+
298 12.04 6.87 0.0141 0.8244 0.55 12.06 69.71 0.9943 0.082
308 12.14 5.85 0.0144 0.214 0.45 1221 98.72 0.9999 0.081
318 12.23 525 0.0151 0.8235 0.44 14.08 124.4 0.9975 0.071
Zn2+
298 4.49 3.67 0.007 0.8484 0.21 5.54 4.033 0.9909 0.027
308 4.75 2.95 0.0078 0.8348 0.28 5.48 6.55 0.9972 0.031
318 499 2.35 0.0118 0.9458 0.23 5.67 12.02 0.9998 0.033

ple M-HCI were conducted by modelling the experimental data
using pseudo-first-order (Fig. 11(a) and 11(b)) and pseudo-sec-
ond-order (Fig. 12(a) and 12(b)) kinetic models. Kinetic parame-
ters for both models are presented in Table 4.

For both metal ions, Cr*" and Zn™, the value of the regression
coefficient, in the case of the pseudo-first-order kinetic model is
smaller than in the case of the pseudo-second-order kinetic model,
showing that the pseudo-second-order kinetic model better describes
the adsorption process of the metal ions on the M-HCl material.
These results agree with literature data according to which the
adsorption process depends on the temperature and at the same
time the chemical reactions can represent the limiting factor for
adsorption process kinetics. Also, due to the relatively short time
required to saturate the contact surface of the material, it can be
considered that the adsorption process takes place without mass
transfer in solution [42,43]. It can be assumed that over time the
adsorption of metal ions in the solution takes place, the formation
of strong chemical bonds established by attraction forces and ion
exchange between them and the substrate. Using the value of the
kinetic constant k, obtained and the Arrhenius equation, the value
of the activation energy, Ea, can be determined and associated
with the adsorption process. Thus, the activation energy is calcu-

5.0 4

= Cr(Vl)
'\__\: Zn(ll)
4.5
4.0 4
354
<
£ 304

0.00315 0.00320

T
0.00325 0.00330 0.00335

1T [1/K]

Fig. 13.InK, versus 1/T for Cr*" and Zn"" ions adsorptions onto M-
HCI material.

lated from the linearized graph representing Ink, as a function of
1/T (Fig. 13).

The activation energy Ea in the case of Cr** adsorption (22.8 kJ/
mol) is less than 40 kJ/mol, corresponding to physical adsorption,
while in the case of Zn* adsorption, the activation energy Ea
(53.1KkJ/mol) is bigger than 40 kJ/mol, which allows us to state that
the adsorption process is physico-chemical adsorption [44].

7-4-2. Intraparticle Diffusion Kinetic Model

The mechanism of adsorption can be discussed from different
points of view. One is the intraparticle diffusion kinetic model,
which gives information about the limits of batch adsorption. Thus,
if the pseudo-first-order and pseudo-second-order kinetic models
cannot provide very clear information about the adsorption mech-
anism, intraparticle diffusion can provide this information more
accurately. The adsorbate is assumed to be initially transferred on
to the surface which is then transported to the available sites by a
diffusion process in this model and the formation on a boundary
layer is finally followed by the interaction of adsorbent within the
sites [45]. For the present study, the first 10 minutes can be attributed
to the mass transfer that takes place by diffusion through the bound-
ary layer, while the final linear part indicates intraparticle diffu-
sion, which refers to the highest diffusion in the pores of the material

Cr(VI)
Zn(Il)

q, [mg/g]

T T .t T b T

o -

%5 [min)

Fig. 14. Intraparticle diffusion for adsorption of metal ions onto the
M-HCI material.
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Table 5. The intraparticle diffusion model parameters for the adsorp-
tion of metal ions onto M-HCI material (work conditions:
initial concentration of Cr** and Zn’* 50 mg/L, temperature
298 K, pH=4, agitation rate 120 rpm)

Intraparticle diffusion model

Metal ion —— >
Ky (mg-g— min ") C R
Cr* 291 0.70 0.8388
Zn** 0.72 0.28 0.8609

[46,47]. To distinguish if film diffusion or intraparticle diffusion is
the determining rate step, the kinetic experimental data were pro-
cessed according to the Weber and Morris model, Eq. (3):

qt:kdg?' ot +C (3)

where q, - adsorption capacity at time t; k- - kinetic constant of
intra-particle diffusion (mg g min?); and C - a constant cor-
related with the thickness of the liquid film around the adsorbent
particles.

The intraparticle diffusion for adsorption of metal ions onto M-
HCI material is represented in Fig. 14.

It is observed, in Table 5, from the value of the diffusion con-
stant, Kdiff, that in the case of Cr*" the diffusion in the pores of
the material is higher than in the case of Zn™". In the case of Zn®*
it can be stated that the value of the diffusion constant is influenced
by intraparticle diffusion resistance and in the micro and the mes-
opores of the material was higher. In the case of Cr** adsorption it
can be concluded that the adsorption process proceeds faster [47].
The fact that the linearized curve does not pass through the origin
demonstrates that the pore diffusion of metal ions during adsorption
influences the kinetics of the adsorption process.

7-5. Thermodynamic Studies

The adsorption capacity of the M-HCl material depends on the
contact time and temperature. Figs. 15(a) and 15(b) show the influ-
ence of contact time and temperature on the adsorption capacity
of the M-HCl material.

To obtain information on the energy changes associated with

Table 6. Thermodynamic parameters for the adsorption of Cr* and

Zn** jons adsorption onto M-HCl material

Metal Temperature, AG’, AH’, AS’,
ion K kJ/mol kJ/mol kJ/mol-K

298 —4.72

cr* 308 ~5.54 19.54 81.46
318 —6.36
298 —-1.98

Zn** 308 -2.07 6.73 89.17
318 -2.16
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the adsorption process, thermodynamic studies were carried out
in the temperature range 298-318 K. Based on the data obtained
from the thermodynamic studies, it could be concluded whether
the adsorption process is spontaneous or not. Thus, the variations
of standard enthalpy, AH’, standard Gibbs free energy, AG’, and
standard entropy; AS’, were determined. From the linear represen-
tation of the dependence of K} as a function of 1/T (Fig. 13), the
variation of standard entropy and the variation of the standard
enthalpy were determined. Subsequently, the variation of Gibbs free
energy was evaluated using the van't Hoff equation. The obtained
thermodynamic parameters are presented in Table 6.

Negative Gibbs free energy values suggest that adsorption of metal
ions occurs spontaneously. Also, decreasing the value of Gibbs free
energy with temperature increase shows that the adsorption pro-
cess of metal ions is favored by increased temperature. The posi-
tive values of the standard enthalpy confirm that the adsorption
process is endothermic, supported by the slight increase of the
adsorption capacity at equilibrium and the kinetic constant (k,) of
pseudo-second-order as the temperature increases. The entropy
change being positive suggests that the adsorption causes a greater
disorder at the liquid-solid interface.

7-6. Equilibrium Studies

The Langmuir, Freundlich and Sips adsorption isotherms describ-
ing the adsorption process of the metal ions on the M-HCI mate-
rial are shown in Fig. 16. The specific parameters of the studied
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Fig. 15. Contact time and temperature effect on the adsorption process in the M-Cl material.
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Table 7. Langmuir, Freundlich and Sips isotherm parameters for Cr*" and Zn”" ion adsorption onto M-HCI material

Metal Qe Langmuir Freundlich Sips

ion mg/lg g, mg/g K, R Kymg/g  1/ng R K, q.mg/g  1/n, R’
cr 296 34.04 0017  0.9929 112 027  0.8866 031 32.1 023 0.9989
Zn** 62 10.0 0024 09861 0.51 059 09567 0.015 8.04 026 09873

isotherms are presented in Table 7.

From the data presented in Table 7 it can be seen that the ad-
sorption process of the metal ions is modelled well by the Sips iso-
therm, based on the value of the regression coefficient [48]. This
suggests that the adsorption mechanism is that of the monolayer
adsorption.

CHARACTERIZATION OF THE MATERIALS AFTER
THE ADSORPTION OF Cr** AND Zn*

1. FT-IR Spectroscopy Analysis after Adsorption

From the FT-IR spectra presented in Fig. 17 it is observed that
in the band assigned to the hydroxyl groups, the peaks at 3,738
and 3,837cm™" of the starting material M-HCI, disappear after
adsorption.

The vibrational specific bands of the Fe-O and Si-OH bonds
are present at wave numbers 443, 559 and 778 cm™" which, follow-
ing the adsorption process, are shifted to higher wave numbers
and decrease in magnitude. In case of sample M-HCI-Cr, sharp
peaks appear in the 1,600-400 cm " interval, confirming the appear-
ance of Cr-O bonds [49]. In the FT-IR spectrum for the adsor-
bent material after Zn** adsorption the sharp peak at ~3,417 cm™
remains sharp but shifts to ~3,425cm™", and the peak specific to
the OH vibration from the wave number 3,837 cm™' disappears
while the peak at 3,738 cm™" shifts to 3,775 cm ™. The Zn-O bond
is highlighted by the appearance of a vibration at wave number
465cm™" [50].

2. Raman Spectroscopy after Adsorption

After adsorption, chromate compounds are visible also in the

Raman spectra, Fig. 18. The peak at 1,030 cm™' resulted due to the
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Fig. 17. FI-IR spectra after adsorption of the metallic ions on mag-
netic nanocomposite.

reaction between chromate ions in the solution and iron oxide
nanoparticles [49]. According to the literature, the expected peak
specific for the chromium compounds is between 800 and 1,030
cm™' [49]. In our case the 1,030 cm ™' peak is very low in intensity
due to the small amount of introduced Cr** in comparison to the
iron TIT acetyl acetonate. This situation was also referred in another
study [51] which explains the obscurity of the chromium peaks
due to the co-existent ones (Fe(acac), in this case), as well as the
low signal and high noise levels in the measurements. The contri-
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Fig. 18. Raman spectra for the magnetic nanocomposites prepared
with HCI after adsorption of Cr*" and Zn™",

bution of the Raman spectra is mainly to its possibility to detect
the Cr* both from the surface and the bulk material, proving the
adsorption ability of the present material [51]. In the case of Zn®*
absorption, the same peak around 1,030 cm™" is present indicat-
ing the same type of bonding as in case of Cr*". While the Cr™*
solution resulted in higher metal adsorption, in the case of Zn’",
the specific peak is seen to be more intense due to the better sur-
face adsorption [51]. The ratio of the metal/acetylacetonate peaks
differs for the two materials, being higher in the case of Zn’* adsorp-
tion as a consequence of possible diffusion reaction and therefore
better surface adsorption [51]. The obtained peaks indicate sur-
face modifications, with the presumption that the ionic radius
(Cr*"'=044 A, Zn**=0.74 A) [52], is the main reason for the Zn
adhesion on the surface of the material. However, greater “infiltra-
tion” of the Cr*" and better adsorption in the depths of the com-
pound was obtained due to the smaller ionic radius confirmed by
the sorption test [53]. The higher overall intensity of all peaks for
the spectra with Zn** is also attributed to the fluorescence of the
Zn containing materials [54]. The characteristic peak at 1,370 cm™
in Raman spectra for the nanocomposites prepared with different
catalysts becomes more distinguishable after Cr** and Zn’* adsorp-
tion, resulting in two smaller peaks (~1,366-1,384 cm ™" and ~1,282-
1,291 cm™"). This may be due to the formation of Fe(acac),(M)
(M=Zn" or Cr™) type compounds in which case the C-O and
C=C stretching frequencies are modified or shifted [55]. In Fe(acac)s,
there is a symmetrical chelate ring and two equivalent C-O and
C=C bonds, therefore incorporating additional metals will result
in shifts of these vibration bands to higher or lower frequencies [55].

Table 8. Textural parameters calculated from N, adsorption isotherms

= M-HCI
Zn-M-HCI
Cr-M-HCI

volume adsorbed [cc/g]

10 20 30 40

pore width [nm]

0.0 02 04 06 08 1.0
relative pressure [P/Po]

Fig. 19. Nitrogen adsorption isotherms and the pore size distribu-
tion of M-HCI nanocomposite before and after adsorption
of metal ions.

3. N, Adsorption-desorption Isotherms after Adsorption of
Cr* and Zn™*

The isotherms obtained revealed for sample Zn-M-HClI a type
Ib isotherm, specific for mesoporous material with a small quan-
tity of micro porosity and in case of sample Cr-M-HCl a type II
isotherm specific for non-porous material. In Table 8 the textural
parameters are presented.

It can be seen that the adsorption of the two metal ions pro-
duces different changes of the surface area and pore volume. Thus,
after the adsorption of Cr*" the surface of the material decreases
substantially from 300 m’/g to 0.64m’/g, and the pore volume
decreases from 0.197 cm’/g to 0.002 cm’/g. This can be explained
by noting that Cr* ions in the form of chromate, dichromate enter
and fill the pores of the material. On the other hand, in the case of
Zn’™* adsorption, the surface area value doubles, reaching 645 m’/g
and the pore volume increases to 0.305 cm’/g, which can be caused
by forming Si-O-Zn bonds extending over the solid silica network.
The OH groups covering the surfaces of the solid glassy network
of SiO, allows the formation of Si-O-Zn bonds. This process can
be seen by the disappearance of OH bands from the FT-IR spec-
trum and the appearance of Si-O-Zn bonds (Fig. 17).

4. Mechanism of Adsorption

The mechanism of the adsorption process of Ct*" and Zn** on
the M-HCI material goes as follows. The pH of the aqueous solu-
tion is a significant parameter for the removal of metal ions by
adsorption [56]. The adsorption of Cr** in the pH range from 1-6
was studied and the experimental results reveal that with the in-
crease of pH, the adsorption capacity increases up to ~9.7 mg/g at
pH 4. Cr*" exists in the aqueous phase in various anionic forms

Langmuir surface area, BET surface area, Pore width, Total pore volume, FHH,
Sample name N N 3 . .
m’/g m/g nm cm’/g Fractal dimension
M-HCI 329 300 3 0.197 2.859
M-HCl-Zn 870 645 24 0.305 2.889
M-HCI-Cr 0.93 0.64 33 0.002 1.739
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Table 9. Adsorption capacities of some adsorbents cited in the literature

Adsorption capacities, mg/g

Adsorbent o o Reference
Cr Zn
Chitosan supramolecularly cross-linked with trimesic acid, CTMA 20 - [58]
Rice straw 32 - [59]
N,N-dimethylaminoethylmethacrylate-polypropylene 16 - [60]
MnO, 1 - [61]
Carbon nanotubes, CNTs - 0.17 [62]
Zirconium-aluminum pillared clays 0.715 0.572 [63]
Silica functionalized with mono amino and mercapto groups 12.36 - [64]
Maghemite nanoparticles 6.53-10.17 - [65]
Carboxylatedbiochar 18.2 - [66]
Magnetic biochar 27.2 - [66]
N-doped carbon with magnetic particles 16.0 - [67]
7-Fe,O;@cellulose aerogels 10.2 - [68]
Fe;0,@n-SiO, nanoparticle 3.8 - [69]
Maghemite 19.2 - [70]
Mesoporous SiO,-Fe,0; 7.2 - [71]
Maghemite nanoparticles 2.62 - [72]
Fe,O,/AISBA-15 13 - [73]
Fe,O; - SiO, composite 6.17 - [74]
Magnetic magnetite nanoparticle 8.67 - [75]
Nanocelluloseferroferric oxide hybrid aerogel 22 - [76]
magnetite nanoparticles 23 - [77]
7-Fe, 0O, 4.79 [78]
Fe,O;-ceramisite - 74 [79]
#Fe,0, - 19.23 [80]
Magnetic biochar (Fe,0;-EC) - 9.42 [81]
Magnetic maghemite (j-Fe,O;) nanotubes - 84.95 (82]
M-HCl 29.6 6.2 This paper

such as chromate [CrO,]”", dichromate [Cr,O,]* or hydrogen chro-
mate [HCrO,]". The dominant form of Cr*" at low pH is [HCrO,]”
[41]. From these results, it can be concluded that the chromium
adsorption mechanism is achieved by the active form of Cr* which
is adsorbed on the surface of the material by electrostatic bonding
or by hydrogen bridges to it. Adsorption capacity is increasing with
the pH, up to pH value of 4. At such low pH, the removal per-
centage of Cr* is high because the adsorption surface is proton-
ated; thus, the strong electrostatic forces lead to attraction of Cr*
anionic species to the adsorbent. The constant level of adsorption
above pH=4 may be due to the saturation of the adsorption sites
of anionic species, such as [CrO,]* and [Cr,0,]", which delays
the adsorption of Cr®" ions on the surface of the M-HCI material.
Thus, because the pH has risen above the zeta potential of the
adsorbent, there is a reduction in the electrostatic attraction be-
tween the Cr®" species and the adsorbent surface [41].

In the case of Zn®* adsorption can be achieved by electrostatic
attractions bonds [57] and forming Si-O-Zn groups on the silica
surface. Adsorption of Zn*" to the composite material remains
unchanged above the pH=4. Adsorption of Zn’" to the composite
material decreases below pH=4 (Fig. 10). This could be due to the
increase of the amount of H' in the adsorption centres.

According to the comparative data presented in Table 9, regard-
ing other materials used for Cr*" and Zn** adsorption from aqueous
solutions, it is seen that our silica-iron oxide nanocomposites have
a high adsorption capacity and can be used with good efficiency:.

Due to their good removal efficiency and stability in aqueous
solutions, these materials can be used as adsorbents for removal of
Cr™ and Zn™ ions from wastewaters. It was also found that the
studied material has higher affinity for Cr* ions, with adsorption
capacity of ~30 mg/g, in comparison to the Zn”" ions, that achieved
adsorption capacity of ~6 mg/g.

We performed SEM measurements before and after adsorption
and included them into the Supplementary Material.

DESORPTION STUDIES

Desorption studies help to elucidate the nature of the adsorp-
tion and to establish the recycling capacity of the depleted adsor-
bent and the recovery of the adsorbed metal ions from the solution
[83,84]. For desorption 1 g of adsorbent material was taken, which
was stirred for 4 h in contact with a 1 M solution HCI/HNO,. After
depletion, the sample was filtered and the amount of desorbed
metal ions (Cr** or Zn™) in solution was determined. Desorption
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amount of approximately 96% for Cr** and about 94% for Zn®*
was reached. From the solution, the metal ions can be concentrated,
purified and then reused in various industrial processes, and the sor-
bent material can be reused in subsequent adsorption processes.

CONCLUSION

We compared the morphological, magnetic and adsorptive prop-
erties of iron oxide-silica nanocomposites prepared with different
catalysts. The maximum crystallite size (11 nm) and best magneti-
zation value (7 emu/g) was registered for M-HCI, which was cho-
sen to test its ability to adsorb metal ions from aqueous solutions.
The adsorption mechanism of C** and Zn** was studied by kinetic,
thermodynamic and equilibrium studies. It was found that the
adsorption process proceeds spontaneously, enhanced by the in-
crease of temperature, being an endothermic process. The adsorp-
tion mechanism is best modelled according to the pseudo-second-
order kinetic model. The equilibrium sorption data were mod-
elled using Langmuir, Freundlich and Sips isotherms. The Sips
isotherm was the one that best describes the mechanism of the
adsorption for both Cr*" and Zn*. The pHpzc of the M-HCI mate-
rial was determined as being equal to 4 and with the increase of
PH up to this value the adsorption capacity of the two ions increases
up to pH=4, and then remains constant. The adsorption process
was conducted at acidic pH, pH~4, where the adsorption mecha-
nism of Cr*" and Zn”" can be described in four steps: (i) protona-
tion of the active groups on the surface of the M-HCl material; (ii)
adsorption of the metal ions on the protonated substrate and the
metal ionic complexation; (iii) Cr** can be reduced by means of
electron donor groups; and (iv) chemical complexation, electro-
static attraction or cation exchange processes are finally taking place
[85,86]. All of the obtained nanocomposites presented higher
adsorption affinity for Cr** ions. The highest adsorption capacity
of ~30 mg/g for Cr™" ions and ~6 mg/g for Zn" ions was for the
samples prepared in the most acidic synthesis conditions.
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SEM Analysis tion were done in order to investigate the interactions between chro-
Scanning electron microscopy (SEM) before and after adsorp- mium and zinc ions with the surfaces of the materials and were

M-HCI sample after adsorption for Cr, at 250x(left) and 1000x(right)

Fig. S1. Scanning electron microscopy (SEM) before and after adsorption.



M-NH3 sample at 250x(left) and 1000x(right)

Fig. S1. Continued.

presented in Fig. S1.

It can be seen that the adsorbent material before the adsorption
of metal jons has a fine powdery morphology, with relatively small
pore sizes, and after adsorption, the material agglomerated as blocks,
which can confirm that metal ions in anionic form such as chro-
mate [CrO,]”", dichromate [Cr,O,]"” or hydrogen chromate [HCrO,]".

In the case of zinc, adsorption can be achieved by Si-O-Zn bonds
that extend the network. In the crystalline network of SiO,, there
are Si-O-Si bonds, but there is also O in the form of OH. This H
allows the formation of Si-O-Zn bonds. These arguments can be
supported by the disappearance of OH groups from the FT-IR
spectrum and appearance of Si-O-Zn bonds.
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