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Abstract—The present paper reports a one-pot synthesis of magnetic nanocomposites samples through acid cata-
lyzed sol-gel method. Fe(IlI) acetylacetonate was used as precursor of the iron oxide phase: tetraethylortosilicate for the
silica phase and polyvinyl alcohol (PVA, molecular mass 49000) as pore former. Different concentrations of Fe,O; in
composites matrices were prepared and studied ranging from 0% to 20%. All reactions took place in one pot at room
temperature; the materials were subsequently heat treated at 300 °C, to ensure the crystallinity for the iron oxide hav-
ing spinel structure, forming nanoparticles confined in the silica matrix. The materials were characterized using X-ray
diffraction, small-angle neutron scattering, FT-IR spectroscopy; nitrogen adsorption, Mdssbauer spectroscopy and mag-
netization measurements. The maximum value of room temperature saturation magnetization of ~54 emu/g and 0.11
kOe coercive field was achieved for the magnetic nanocomposite sample with 20% Fe,O;. The highest surface area of
680 m”/g was obtained for the sample with 10% Fe,O,. The potential applicability of the obtained materials was stud-
ied for adsorption performance for cadmium in aqueous solutions. The Langmuir isotherm model described well the
adsorption data, indicating monolayer adsorption of Cd(II) on the heterogeneous composite surface.
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INTRODUCTION

Magnetic nanocomposites have become an important class of
materials because of their favorable properties, finding use in dif-
ferent applications in medicine [1-3], electronics [4], catalysis [1,5],
and removal of heavy metals [6,7]. Their properties should be tai-
lored to ensure their dispersibility;, preventing aggregation, oxida-
tion and leaching. Magnetic nanoparticles under a certain size are
superparamagnetic, and to remain in that state their agglomeration
should be prevented [8]. Incorporation into inorganic silica or organic
polymers is the most frequent procedure for preparing materials
with magnetic properties suitable for applications. Various routes are
known to synthetize iron-oxide containing composite silica mate-
rials. For applications such as adsorption, the porosity, surface area
and surface-adsorbent interactions are the key factors to be con-
trolled by choosing the suitable synthesis method [9,10]. Julian-
Lopez et al. [9] showed that by encapsulating the magnetic nanopar-
ticles in silica, the degree of dispersion improved, chemical stability of
the material was enhanced and the toxicity reduced. To tailor these

"To whom correspondence should be addressed.
E-mail: lacramaanamaria@yahoo.com
Copyright by The Korean Institute of Chemical Engineers.

688

properties for obtaining the desired nanocomposites, Solinas et al.
[11] used the sol-gel route for synthesis of magnetic nanocompos-
ites using iron nitrate precursor, with subsequent thermal treatment
at varying temperatures. Ullah et al. [12] prepared silica - iron
oxide nanoparticle composites in a two-step method, targeting dif-
ferent ratios of iron oxide to silica. The majority of the magnetic
nanocomposites were obtained by entrapment or by incorporation
of previously prepared iron oxide nanoparticles into a silica or poly-
mer matrix [5,13,14]. In the present study, we synthetized silica-
based magnetic nanocomposites by using one-pot acid catalyzed
sol-gel method, incorporating varied amount of superparamag-
netic iron oxide phase. The obtained composite materials have been
characterized for their morphology and magnetic properties, and
tested for cadmium removal from aqueous media. Inorganic-organic
composite materials prepared by sol-gel method have attracted
great attention in separation science because they have high selec-
tivity towards toxic metal ions [15-17].

Cadmium is a highly toxic pollutant which is being discharged
into environment from natural and anthropogenic sources [16]. It
is classified as carcinogenic, and exposure to cadmium is associ-
ated with prostate, pancreas and kidney cancers [16,18-20], or Alz-
heimer’s and Parkinsons diseases [21]. Cadmium is often present
in wastewater from industries such as dye and textile processing,
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pesticides, printing and photographic industries and pigment
manufacture [21,22]. Such processes release heavy metals into the
industrial wastewater, thereby posing a hazard to the environment.
Consequently, intensive research is going on to develop suitable
adsorbents for removal of hazardous pollutants from the contami-
nated environment [23,24]. Heavy metals are generally refractory
and cannot be degraded or readily detoxified biologically [15]. For
the adsorption process, the adsorption properties of the used mate-
rials of the adsorbents are very important [20]. For example, Bystrze-
jewski et al. studied the efficiency of carbon-encapsulated magnetic
nanoparticles for Cd** removal and found that the adsorption capac-
ity was 1.77 mg/g for 20 mg/L initial metal concentration, using
50 mg of adsorbent material [25]. Similar studies by Phuengpra-
sop et al. on municipal sludge modified with iron oxide obtained
an adsorption capacity for this kind of material of 14.7 mg/g, for
1 g/L of adsorbent material and 20 mg/L initial Cd** concentration
[26]. Zhang et al. investigated Ni@Mg(OH), core-shell composite
nanostructures as metal ion adsorbent and achieved 45.02 mg/g
adsorption capacity, using 200 mg adsorbent material and initial
Cd™ concentration was 100 mg/L [27]. Areca waste was also used as
metal biosorbent, and the highest value of Langmuir maximum
uptake for Cd™* was found to be 1.12 mg/g, using 0.010 g/L adsor-
bent material and metal initial concentration was 8 mg/L [28].

In the present study, the potential applicability of silica based inor-
ganic composite materials was studied for adsorption performances
for cadmium in aqueous solutions.

EXPERIMENTAL

1. Preparation of Composites

All the composite samples were obtained by the acidic catalyzed
sol-gel method. Reagent-grade chemicals, TEOS (Tetraetoxyorto-
silicate), PVA (Polyvinyl alcohol, with molecular mass of 49000)
and Fe(acac), (iron III acetylacetonate) were used. The molar ratio
of the reactants was TEOS : H,O : PVA : Fe(acac), : CH;OH : HNO,=
1:10:1.89%10 °:x: 18: 0.01. Here x stands for the molar amount
of Fe(acac); which was set as 0; 0.1; 0.15 and 0.2.

2.04 g of PVA was dissolved in 90 mL of distilled water, stirred
at 85°C for two hours and next completed, up to 100 mL with
water. The silica sol was obtained from 23.7 g TEOS, 0.07 g HNO;
and 15.14 g distilled water, and stirred for 30 minutes. Next, 5 g of
the previously obtained PVA solution was added and stirred for
another 15 minutes. Different amounts of Fe(acac); were dissolved
in 63.91 g of methanol and stirred at 55 °C for 15 minutes. Then they
were poured into a silica sol-PVA mixture and stirred for 15 minutes
at 55°C. The 0-NC sample (no iron oxide content) was also stirred
for 15 minutes at 55 °C, for comparison purposes. A gel was formed
after four days and was subsequently dried at 60 °C. The resulting
composite samples were thermally treated at 300 °C. Samples are
denoted as: 0-NC (no iron oxide content) and 10-NC, 15-NC, 20-
NC (with different content of iron oxide).

2. Characterization

The infrared spectra were recorded using a JASCO FT/IR-4200
instrument. Scanning electron microscopy analysis (SEM) FEI
Quanta FEG 250 coupled with EDX was used to characterize the
morphology of the materials. The surface area and porosity were

determined by Nova 1200e Quantachrome apparatus. The materi-
als were degassed in vacuum at 100 °C for four hours prior the meas-
urements. X-ray diffraction patterns were recorded over 10°<26<
80° with a Panalytical X’Pert Pro MPD diffractometer. Small-angle
neutron scattering (SANS) measurements were performed on the
Yellow Submarine diffractometer installed at the cold neutron beam-
line at the Budapest Neutron Centre [29]. At the time of the experi-
ment the cold source was not in operation, and the measurements
were performed with thermal neutrons using wavelengths 4.4 and
102 A, in order to cover a g-range 0.005-0.42 A™". Samples were
measured in powder form at room temperature. Analysis was per-
formed by fitting analytical models to the experimental data, using
a home-made software. Mossbauer spectra were recorded in the
transmission mode with *'Co diffused into a Rh matrix as a source
moving with constant acceleration. Magnetic properties were meas-
ured in AC (50 Hz) field of 5 kOe amplitude by means of a home-
made induction magnetometer [30].
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Fig. 1. FT-IR spectrum of nanocomposites with the increase of iron
concentration: (a) without Cd; (b) with Cd.
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Table 1. FT-IR bands wavenumber and assignment of nanocomposites

Nanocomposites without cadmium Nanocomposites with cadmium
Wavenumber Assienment Wavenumber Assienment
(em™) & (em™) &
3442 (O-H) 3425 (O-H)
1638 J(0-H) 1634 8(0-H)
1385; 1319 NO;
1210 6 (CH)+ v (C-CHj;) and/or v (C-CH;)+ v (C C), TO Si-O-Si 1210 TO Si-O-Si
1081 vSi-O-Si, 6 (O-H), v(C-0O) 1066 vSi-O-Si, 6 (O-H), v (C-0); Si-O-Cd
941 vs (C-O), vSiOH 940 vs (C-O), vSiOH
825 Cd-O
800 vs Si-O-Si, Cy COFe 777 vs Si-O-Si, CyCOFe; Si-O-Fe
636 yw(OH), Fe-O 630 yw(OH), Fe-O
554 FeOC 555 FeOC
448 0 0-Si-0, FeO 453 0 0-8i-0, FeO

Fig. 2. SEM and EDAX images of nanocomposites with the increase of iron concentration: (a) 10-NGC, (b) 10-NC-Cd, (c) 15-NG, (d) 15-NC-
Cd, (e) 20-NG, (f) 20-NC-Cd.
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RESULTS AND DISCUSSION

1. FT-IR Spectroscopy

Fig. 1(a) and Fig. 1(b) show the IR spectra of the calcinated nano-
composites in SiO,-PVA-Fe,O; system with different iron concen-
tration before and after sorption of cadmium. We can observe that
almost all the characteristic bands for silica matrix are encoun-
tered in this spectrum. The specific bands of silica are found at
448, 800, 941, 1,081 and 1,210 cm ™. The specific bands of iron oxide
are found in the interval 400-800 cm ™', the majority of them being
superposed on the vibrations of silica, except bands at 554 and 636
cm ! which are characteristic for iron oxide [31-33]. All bands of
the FTIR spectra are collected and assigned in Table 1.

Increasing the iron concentration, no visible band shifts occurs,
but the intensities of the following bands change significantly: 1,081,
800, 636 and 554 cm™". From this, it may be perceived that with
lower quantity of iron oxide introduced into sample, the specific
bands for silica are more intense. In the case of 0-NC sample, another
band at 3,700 cm ™" attributed to non-hydrogen bonded OH groups
can be observed.

After cadmium adsorption, certain changes in the spectra were
observed. The majority of bands characteristic to Si-O-Si were
shifted, mainly due to the breakage of the OH after binding with
cadmium but also with iron. Two specific bands, due to the cad-
mium adsorption, are seen at 1,385cm ' and 825 cm™". The first
one is specific for the NO; anions and indicates the presence of
cadmium nitrate in the sample [34]. The second band at 825 cm™,
indicates the interaction of cadmium with silica matrix and can be
attributed to CdO bond on the surface [35,36]. The band at 777
cm™, attributed to Si-O-Fe [37] is slightly shifted after Cd adsorption.
2. SEM and EDAX

In Fig. 2 the SEM images before and after cadmium adsorp-
tion are presented. In the insets the EDAX spectra are shown. The
results indicate that after the cadmium was introduced, the amor-
phous phase of samples was reduced, so a more compact surface
is observed. The images indicate an overlaid plate-like structure.
Overall, the dimensions of aggregates obtained are decreasing with
the increase of iron concentration from 300 um to 200 um. The
EDAX measurements confirmed the presence of Cd in the mate-
rials visible also from FT-IR spectroscopy.

3. Surface Area and Porosity

Nitrogen adsorption/desorption isotherms with and without
adsorbed cadmium are presented in Fig. 3(a) and Fig. 3(b). Sam-
ple 0-NC exhibits a type IV-a isotherm with H4 hysteresis loop,
characteristic for mesoporous materials with small percentage of
micro porosity. In case of samples 10-NC, 15-NC and 20-NC the
isotherms present a concave allure at low P/Po values, indicating a
type I IUPAC) isotherm or Langmuir isotherm. These isotherms
present in most cases only micropores having a small external sur-
face area [38].

In case of samples after the cadmium was adsorbed, some changes
were observed. The isotherms for sample 10-NC-Cd and 15-NC-
Cd indicate a type I isotherm and the sample 20-NC-Cd show a
type IVa with a H4 hysteresis loop.

In Fig. 4(a) and Fig. 4(b), the pore size distributions of materials
calculated by DFT method are illustrated. The calculations indi-
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Fig. 3. N, adsorption-desorption isotherms for the composite sam-
ples: (a) without Cd; (b) with Cd.

cate the clear presence of microporous material with high internal
surface area and some wider micropores at the limit of mesopo-
rosity as suggested by the isotherm shape. For the sample 0-NC,
the results show only narrow micropores of 2.3 nm diameter. For
the composite samples, the results indicate the majority of microp-
ores smaller than 2 nm, and some wider ones at 2.5 nm growing
in quantity with the increase of the iron oxide concentration.

For the samples with adsorbed cadmium we observed a small
increase in size for all samples. In Table 2 are collected the textural
parameters of the studied samples.

The specific surface area was evaluated by BET (Brunauer Emmet
Teller) equation. The total pore volume was determined at 0.99
relative pressure by the Gurvischt rule. The micropore volume was
calculated by Alpha-S method [39].

The sample 15-NC adsorbed about 0.231 cm’/g of N, present-
ing the biggest total pore volume with a surface area of 649 m’/g.
Following Alpha-S method we observed that the sample 10-NC
adsorbed more gas possessing the biggest micropore volume and
the biggest surface area of 680 m”/g. Introducing a smaller amount
of iron in the silica sample, a higher surface area could be obtained
(sample 10-NC). With the increase of concentration of iron oxide
in silica (15-NC and 20-NC), the number of pores started to de-
crease, or be filled with the iron oxide, thus resulting in a slightly

Korean J. Chem. Eng.(Vol. 36, No. 5)
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Fig. 4. Pore size distribution by DFT method for the samples with
the increase of iron concentration: (a) without Cd; (b) with
Cd.

smaller surface area, pore size distribution and total pore volume.
The 10-NC, 15-NC and 20-NC samples present 75% microporos-
ity. FHH method shows an increase of rugosity with the increase
of iron concentration.

In case of samples with adsorbed cadmium we observed a de-
crease of the surface area, indicating that a part of pores is filled with
cadmium. The rugosity of samples indicates also a smoother sur-
face when cadmium was added. The SEM images, Fig. 2, show also
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Fig. 5. Powder X-ray diffraction (XRD) patterns of the nanocom-
posite particles with the increase of iron concentration. The
stronger peaks belong to maghemite; the 104, 113 and 024
reflections are from hematite.

a more compact surface in case of samples with adsorbed cad-
mium.
4. X-ray Diffraction

Powder X-ray diffraction (XRD) patterns of the nanocompos-
ite particles with different iron concentration are shown in Fig. 5.
The diffractograms show the peaks characteristic for maghemite
crystal structure [40] at 30.3, 35.7, 434, 53.7, 57.3 and 62.9 degrees
20 with an additional broad peak between 15 and 30°, belonging
to amorphous silica. For the 10-NC sample, the presence of hema-
tite [41] is put in evidence by the peak located at 33 degrees, corre-

Table 2. Textural parameters of samples with the increase of iron concentration, before and after cadmium adsorption

Sample Sper [m*/g] S, [m*g] S [m*g]l  dper[nm]  dgy [nm] VTP [em¥g ] Alpha-S [cm’/g]  d, FHH
0-NC 105 157 95 2.3 34 0.056 0.046 2.95
10-NC 482 680 363 1.9 3.1 0.222 0.182 2.90
10-NC-Cd 381 502 339 2.1 33 0.181 0.146 2.96
15-NC 475 649 355 1.9 3.1 0.231 0.175 2.86
15-NC-Cd 370 487 331 2.1 33 0.189 0.141 2.95
20-NC 406 571 304 1.9 3.1 0.206 0.151 2.83
20-NC-Cd 284 380 248 2.1 33 0.153 0.105 2.93
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Table 3. X-ray diffraction results of samples with the increase of

Table 4. Structural parameters obtained by fitting Eq. (1) to SANS

iron concentration data of the nanocomposites
Crystallite size [nm] Sample Rg, A P 7
Sample Composition Scherrer equation: 0-NC 49402 3.99+0.02 1.53
D=RA/(f cos &) 10-NC 1033422 233 598

0-NC Amorphous N/A 15-NC 74.5+1.7 2.38 4.71
10-NC Maghemite (-Fe,O5)/ 23/31 20-NC 66.6+0.2 2.56 5.62

Hematite (a-Fe,O;)
15-NC Maghemite (j-Fe,0;) 28 _
20-NC Magnetite (Fe;O,)/ 30/31

Maghemite (y-Fe,O5)

sponding to diffraction with Miller index 104, and also by two
weak lines with Miller indexes at 113 and 024. Sample 0-NC shows
only the amorphous broad peak specific to glassy silica. The Scher-
rer equation was used to determine the crystalline size of materi-
als, see Table 3.

For all samples, the results indicate an increase of crystallite size
when iron oxide is introduced. The appearance of hematite, for
sample 10-NC, could be due to the increase of nanoparticles crys-
tallite size to 31 nm [42]. The presence of broad peak of amor-
phous silica beside the peaks specific to iron oxide indicates that
the samples were coated efficaciously on the surface of the nano-
particles. Magnetite and maghemite phases can hardly be sepa-
rated by diffraction [43], but the presence of both was revealed by
Mossbauer spectrometry.

5. Small-angle Neutron Scattering (SANS)

Small-angle scattering is a powerful method of structure analy-
sis of amorphous and semicrystalline materials, giving informa-
tion on the length scales roughly from 1 to 100 nm. At this resolution,
scattering is sensitive to the differences of scattering length densi-
ties, called contrast. The 0-NC sample is dry silica gel, consisting
of agglomerated silica particles and air. The primary units are the
small particles formed during the polycondensation process [44];
their agglomerates form a solid network with grain sizes of sev-
eral hundreds of nanometers. The three silica - iron oxide com-
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Fig. 6. Small-angle neutron scattering data of the silica nanocom-
posites.
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Fig. 7. Mossbauer spectra of magnetic nanocomposites. (a) 10-NC,
(b) 15-NC and (c) 20-NC.
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posite samples have three-phase morphology, and the scattering
generally contains a contribution from all phase boundaries. The
interpretation is facilitated when one or two components prevail
and dominate the scattering pattern. The scattering data of the
four samples is shown in Fig. 6. The xerogel and the composite
samples show markedly different pictures: the 0-NC sample shows
a distinct power-law part at small g, which is characteristic of sharp
phase boundaries, and a broad maximum centered at zero and
extending beyond the maximum q reached in the measurement.
The composite samples show a much stronger scattering intensity,
which can be attributed to the presence of the iron oxide nanopar-
ticles. The curvature at q=0.03 A" indicates the presence of inho-
mogeneity of characteristic 20 nm, and can be identified with the
iron oxide particles embedded in the silica matrix.

The scattering curves of all samples could be modelled by Eq.
(1), frequently used to describe systems with complex morphology
having multiple levels of characteristic sizes [45,46]:

I(q):Aq_‘D+ Bexp(jggg) +bg 1)

Here the first term describes the scattering from the large silica and
silica - iron oxide agglomerated particles, and the second term is
the Guinier equation [47] that describes the size of the primary
silica particles in the 0-NC sample and the iron oxide nanoparti-
cles in the composite samples. In the composite samples the strong
scattering from the iron oxide nanoparticles masked the signal
from the small silica beads. In this model, the Guinier radius gives
an estimate of the average size of the otherwise polydisperse iron
oxide crystallites. The results of modelling are shown in Table 4.

The SANS data show the two-level structure generally present in
dry xerogel materials, consisting of primary units and their agglomer-
ates [48-51], and the presence of finite size nanoparticles of aver-
age sizes 20-30 nm.
6. Mossbauer Spectra

Mossbauer spectra are shown in Fig. 7. They can be decom-
posed into doublets and sextets (Table 5). The doublets represent
the iron in magnetically disordered state like paramagnetic, super-
paramagnetic or amorphous state, while the sextets correspond to
magnetically ordered state at ferromagnetic, antiferromagnetic or
ferrimagnetic.

From Table 5, the amount of magnetically disordered phase de-

Table 5. Room temperature Mossbauer parameters

o [emu/g]
50

40

Fig. 8. Magnetization curves of nanocomposites obtained at room
temperature.

Table 6. Room temperature magnetization parameters

Saturation Remanent Coercive
Sample magnetization magnetization field
[emu/g] [emu/g] [kOe]
0-NC N/A N/A N/A
10-NC 29.71 2.88 0.108
15-NC 46.77 5.24 0.076
20-NC 54.19 9.25 0.115

creases from 42% to 20% due to increase of iron oxide concentra-
tion and formation of larger crystals that are magnetically ordered.
In case of sample 15-NC only maghemite phase was formed. Sam-
ple 10-NC shows besides the maghemite phase also the hematite
phase with amount of 9%. The sample 20-NC contains magnetite
having almost the same amount as maghemite.

Mossbauer spectra show that with the increase of iron concen-
tration, oxidation is not complete and magnetite starts forming;
also, hematite was present in the 10-NC sample [52].

7. Magnetization

The room temperature magnetization curves are presented in
Fig. 8, and the derived data are collected in Table 6.

The curves show a small hysteresis, indicating predominantly
superparamagnetic behavior of the composite samples. The data
shows that the saturation magnetization is increasing with the in-

Isomer Quadrupole Hyperfine Relative o

Sample shift & splittingpAEQ ﬁe){g BHf area [%] Attribution

0-NC N/A N/A N/A N/A -

10-NC (1)=0.347 (1)=0.923 N/A 42 Fe(III) in magnetically non-ordered phase
(2)=0.324 (2)=—0.034 (2)=47.387 49 Maghemite
(3)=0.375 (3)=—0.158 (3)=50.729 9 Hematite

15-NC (1)=0.347 (1)=0.891 N/A 33 Fe(III) in magnetically non-ordered phase
(2)=0.317 (2)=—0.012 (2)=48.684 67 Maghemite

20-NC (1)=0.342 (1)=1.014 N/A 20 Fe(III) in magnetically non-ordered phase
(2)=0.324 (2)=—0.018 (2)=48.865 41 Maghemite
(3)=0.517 (3)=—0.021 (3)=44.634 39 Magnetite
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crease of iron content, reaching 54 emu/g for the sample with 20%
iron content. Same increasing trend is seen for the remanent mag-
netization. The coercive field was the smallest for the sample 15-
NC, which presents only maghemite phase.
8. Adsorption Studies

To determine the adsorption performance of the new synthe-
sized materials, the effect of initial concentration of Cd(II) solution
onto the materials adsorption capacity was studied. Samples of
0.1 g of dry composite beads were mixed with 25 mL Cd(II) solu-
tions, at concentrations between 5 and 40 mg/L, and stirred for
120 minutes at 25°C in a Julabo SW23 thermostatic and shaking
water bath with a stirring speed of 200 rpm. Because at pH~8, pre-
cipitation of cadmium hydroxides occurs, for the present experi-
ment pH was kept in range 4-6. The pH of solutions was measured
using CRISON MultiMeter MM41 with a glass electrode, which
had been calibrated using various buffer solutions. Analysis of resid-
ual cadmium content into the solutions was by atomic absorption
spectrometry using a Varian SpectrAA 280 FS atomic absorption
spectrometer. The equilibrium adsorption capacity and adsorp-
tion isotherm equations are given in Table 7.
8-1. The Influences of the pH and Contact Time and Temperature
on the Capacity of Adsorption

The pH of the solutions represents the most significant vari-
ables with an important effect on the affinity of a material for a
certain jon. This influence of the pH is related to the form of the
metallic ion from the solution and to the functional group from
the surface of the extracting composite material. For the adsorp-
tion process, the pH of Cd** solutions was set in the 4-6 pH interval,
being considered from literature studies [55], as the pH interval in
which the most H' ions are released and further adsorbed on the
three composite materials surfaces, to Si-O and to Fe-O groups.
The composite with 20% Fe, contains more functional groups, and
a better sorption capacity of this composite for the Cd** ions has
been observed. Therefore, we may presume that the Fe-O group
has an increased role in Cd™*, comparatively with Si-O group. Dif-
ferent literature studies tried to enrich and to give new explana-
tions of the adsorption mechanism. One way to explain the ad-
sorption mechanism is by measuring the zeta potential [27]. The
electrostatic attraction coming from the surface charges of parti-

Table 7. Quantities and equations for equilibrium adsorption isotherms

cles is another important factor deciding the adsorption behavior
[27,56]. The surface charges are usually varied with the change of
pH value, so the zeta potential of the nanocomposite at different
pH conditions should be also analyzed in adsorption studies. For
example, the zeta potential is positive at low pH values, and by
increasing pH value the zeta potential gradually becomes negative,
while pH value increases to 6.5, for the analyzed nanocomposite,
in Zhang et al., 2015 study. This fact that negative charges are pres-
ent on the surface of the nanocomposite helps enhance the adsorp-
tion capacity for heavy metal ions through additional electrostatic
attraction [27]. The solution pH has a significant effect on the uptake
of metal, since it determines the surface charge of the adsorbent
and the degree of ionization and speciation of the adsorbate. It is
very common that acidic solution hinders metal uptake because of
high concentration of H" ions competing with metal ions due to
the protonation of various functional groups on the surface of the
adsorbents. With increasing pH, the competition from the hydro-
gen ions decreased and the positively charged ions could be adsorbed
at the negatively charged sites on the adsorbent [57]. In the cases
of processes of adsorption in dynamic regime (on column), the
breakthrough capacity is measured, as well [57].

The contact time and temperature of the adsorption process are
other important factors for the evaluation of the material affinity
for the Cd™" ions. To establish the influences of the contact time and
of the temperature on the capacity of adsorption of the functional-
ized material, 0.1 g of material was mixed with 25 mL Cd** solu-
tion (10 mg/L), prepared from a Cd(NO3), standard solution 1,000
mg/L (Merck). Different stirring times were used--5, 15, 30, 45, 60,
90 and 120 minutes--by using a water bath Julabo SW23 type (with
thermostat and shaker) at different temperatures (298 K, 308 K
and 318 K). The samples were shaken at 200 rot/min. In all cases,
the samples were filtered and the residual concentration of Cd™*
was evaluated by atomic adsorption spectrometry (Varian Spec-
trAA 280 FS). The adsorption capacity of the material, q (mg/g)
was calculated as previously presented in Table 7.

8-2. Kinetics of the Adsorption Process

The kinetics of the Cd** adsorption on the three composites
was studied by using two kinetics model equations: the equation
of pseudo-first-order proposed by Lagergren and the kinetic equa-

Adsorption capacity _(C=CYV

e

q, - maximum absorption capacity (mg/g)
m C, - initial concentration of Cd(II) in solution (mg/L)

C, - equilibrium concentration of Cd(II) in solution (mg/L)
V - volume of the aqueous solution with Cd(II) content (L)
m - mass of the adsorbent (g)

Langmuir isotherm 9 KC,

4e= 1+K,C,

q. - maximum absorption capacity (mg/g) (53]
C, - equilibrium concentration of Cd(II) in solution (mg/L)

q; - Langmuir maximum adsorption capacity (mg/g)
K} - Langmuir constant

1/ng

Freundlich isotherm q.=K;:C,

q. - maximum absorption capacity (mg/g) (54]

C, - equilibrium concentration of Cd(II) in solution (mg/g)
Ky and ny - characteristic constants related to the adsorption
capacity and the intensity of adsorption
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tion of the pseudo-second order.
The pseudo-first-order equation can be expressed as follows:

dq
d_tt:kl(qe_qr) 2

where q, and q, are the adsorbed amounts of adsorbent per unit
mass of material at equilibrium and time t, respectively, and k; is
the rate constant for pseudo-first-order adsorption model. The g,
at different times t can be determined by the following pseudo-
first-order kinetic equation after integrating:

In(q.—q)=Inq~ kit 3

The kinetic model of pseudo-second order may be presented by
using the following equation:

dq
d_tt:kz(qe_qr)z 4

where k; is the rate constant for the pseudo-second-order adsorp-
tion. By the linearization of this equation, the following relation is
obtained:

R ©5)

U kq L
For the modelling of the experimental data, the linear forms of the
two models were used. The kinetic constant for the pseudo-first-
order is calculated from the linear representation of In(q,—q,) func-
tion of time, and the kinetic constant for the pseudo-second order,
was estimated from the linear representation of t/q, function of
time. Based on the values of the resulting constants and of the ob-
tained regression coefficients (R’), the kinetic model that describes
best the adsorption process can be established. All the obtained
experimental data for the Cd** adsorption process for all the three
composites materials at all three studied temperatures were best
fitted by the pseudo-second-order kinetic model. The graphical
representation of these curves is presented in Fig. 9, and the val-
ues of the kinetics parameters are presented in Table 8.
8-3. Thermodynamics of the Adsorption Process

Since with the temperature increases, the adsorption capacity of
the material also increases, it can be concluded that the adsorp-
tion process is endothermic. The specific thermodynamic parame-
ters were calculated: the Gibbs free energy (AG"), the free enthalpy
(AH’) and the free entropy (AS) by using the followings equations:

AG’=—RTInK, (©)
C
where: K= CA < (7)
AS"  AH

and logK = 3R~ 2303RT
where R is the gas constant, K, is the equilibrium constant, T is
the temperature (K), C,, is the equilibrium concentration Cd** on
adsorbent (mg/L), and C, is the equilibrium concentration of Cd**
in the solution (mg/L).

In all the cases of Cd** adsorption on the three synthetized com-
posites materials, the thermodynamic parameters were calculated
from the slope and the intercept, by using the linear representa-

May, 2019

140 -

(a)
120 4
100
80
k=3 |
=1
60
404 m 208K|
T ® 308K|
20 A 318K|
0 d T * T v T ¥ T ’ T i T
0 20 40 60 80 100 120
Time [min]
120 4
(b)
100 1
80
S 60+
40
W 298K
20 ® 308K
A 318K
0 L3 T . I . T L) I . T T
0 20 40 60 80 100 120
Time [min]
90
1 (©
80
70
60
.. 504
(= 4
= 404
30
201 W 298K
] ® 308K
1°f A 318K
0 i T ¥ T v T ’ T ¥ T ) T
0 20 40 60 80 100 120
Time [min]

Fig. 9. Lagergren pseudo-second order kinetic model of Cd*" ad-
sorption on the nanocomposites materials (a) 10-NGC, (b) 15-
NG, (c) 20-NC.

tion of InK; function of 1/T (Fig. 10). The AG’, AH’ and AS’ val-
ues are collected in Table 9.

From the thermodynamic studies it resulted that negative values
of the Gibbs free energy (AG’) were obtained, at all the studied
temperatures, indicating that the adsorption process is sponta-
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Table 8. Kinetic parameters for adsorption of Cd(II) onto materials
Temp Qe Pseudo-first-order kinetic model Pseudo-second-order kinetic model
X) mg/g Qe calo ME/E k;, min™" R’ 7 Qe, calo MG/ k,, min™' (mg/g)™' R’ 7
10-NC
298 0.95 0.45 0.0113 0.8127 0.32 1.12 0.89645 0.9901 0.017
308 1.02 0.52 0.0136 0.8292 0.41 1.15 0.86443 0.9967 0.022
318 1.07 0.62 0.0153 0.8541 0.44 1.18 0.84654 0.9953 0.012
15-NC
298 1.09 0.66 0.0091 0.914 0.65 1.26 0.7957 0.9939 0.027
308 1.27 0.72 0.0126 0.9329 0.78 1.31 0.7155 0.9946 0.031
318 1.44 0.82 0.0266 0.9456 0.85 1.63 0.6108 0.9906 0.033
20-NC
298 1.44 0.92 0.0109 0.9057 0.23 1.50 0.6237 0.9949 0.021
308 1.59 1.01 0.0162 0.8475 0.82 1.67 0.5621 0.9935 0.037
318 1.72 1.02 0.0232 0.9020 0.28 1.81 0.5314 0.9962 0.011
057 , B 10-NC 59]. The pozsitive values of the standard enthalpy (AH’) indicate
T @ 15NC that the Cd™" adsorption on the three materials is endothermic.
0.7 RS A 20-NC From the free enthalpy being much smaller than 80k]J/mol we
0.8 _h_%_"'“'%-%.i may conclude that the studied adsorption process is a physisorp-
-0.9- tion. Above this value, the process is considered to be chemisorp-
104 o tion [60].
1.1+ e In the same manner as the adsorption process, the ion ex-
£ 415 Te— . . . .

12 e change presumes the surface interaction of ionic species from an
s T aqueous solution with a solid composite. Both of them are physi-
44 cal processes which are based on physical attractions, but they
: ': ] may be differentiated by the enthalpy values. Thus, in the case of
:1'? F— e ion exchange, the enthalpy value is much bigger compared with

' r————————T————— the adsorption process. The Cd™ adsorption is an endothermic pro-
0.00315 0.00320 0.00325  0.00330  0.00335 . fe T
1T (K] cess, the AH’ values being positive and very small, indicating not

Fig. 10. Van't Hoff plots for the adsorption of Cd™".

neous [58]. The values for the free Gibbs free energy are decreas-
ing from —2,412 to —2,796 kJ/mol, as the temperature is increasing
from 298 K to 318 K. This indicates that the Cd** adsorption pro-
cess is spontaneous. The decrease of the free energy indicates the
existence of a reduced driving force and the adsorption process is
influenced by temperature. The positive value of the standard entropy
(AS’) indicates a decrease of the free space at the solid-liquid inter-
face, during the Cd** adsorption onto the composite materials, and
also suggests that the systems present a disordered adsorption [15,

strong electrostatic attractions [15,20,34,37,55,61-63]. Therefore for
the present materials the process is adsorption and not ion ex-
change.

Nitrogen sorption data indicated that the specific surfaces areas
decrease after the Cd** adsorption, which can be due to the Cd**
adsorption into the pores.

8-4. Influence of Initial Concentration of the Cd(II)

The influence of Cd(II) initial concentration onto the nano-
composite materials adsorption capacity is depicted in Fig. 11. It
can be observed that the increase of the initial concentration of
Cd(IT) leads to an increase of the adsorption capacity until a con-
stant value is reached. Maximum value of the adsorption capacity
has a value of 1.9 mg/g for 10-NC sample, 3.2 mg/g for 15-NC

Table 9. Thermodynamic parameters for the adsorption of Cd(II) onto materials

10-NC 15-NC 20-NC
Temp,
K K, AG’, AH’, AS’, K, AG®, AH’, AS’, K, AG’, AH’, AS’,
L/g  KkJ/mol KkJ/mol kJ/(mol K) L/g  Kk/mol kJ/mol kJ/(mol K) L/g  KkJ/mol KkJ/mol KkJ/(mol K)
298 0.18 —2412.2 027 -1679.2 042 —-1679.2
308 0.19 —-2604.5 331 19.85 0.31 -21154 10.45 38.47 0.5 —-2115.5 11.32 43.62
318 0.19 -2796.7 0.36 —2551.7 0.58 —2551.7
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Fig. 11. Influence of the initial concentration of Cd(II) on the adsorp-
tion capacity of the nanocomposite materials. T=25 °C.

Table 10. Parameters of Langmuir and Freundlich isotherms for
Cd(II) adsorption onto nanocomposite materials

Parameters 10-NC 15-NC 20-NC

Adsorption Experimental values

isotherms  q,, .., (mg/g) 1.94 3.21 411
Isotherm models’ values

Langmuir  q; (mg/g) 1.97 371 448
K; (L/mg) 0.028 0.015 0.019
R’ 0.9985 0.9549 0.9819

Freundlich  K; (mg/g) 0314 0.468  0.650
1/ng 0.558 0.621 0.615
R’ 0.7554 0.8493 0.8818

sample and 4.1 mg/g for 20-NC sample in the present conditions
with 30 mg Cd/L initial ion concentration. The maximum adsorp-
tion capacity values increase with the increase of the iron content
in the materials. Thus, the composite material with the highest
adsorption capacity is 20-NC. For the 0-NC sample with no iron
content the adsorption capacities were low; and therefore equilib-
rium studies were not performed on this material. Previous studies
proved that the co-presence of some other metal ions can decrease
the adsorption capacity for Cd*, reducing therefore the compos-
ite’s adsorption efficiency [64].

8-5. Adsorption Isotherms

Adsorption isotherms relate the solution concentration and the
amount of sorbate adsorbed per unit mass of adsorbent at constant
temperature. Langmuir and Freundlich equilibrium isotherms have
been used to model the experimental data in order to establish the
adsorption mechanism and the maximum adsorption capacity of
the composite materials.

The adsorption isotherms of Cd(II) on the composite materials
are presented in Fig, 12, and the fitted parameters with the correla-
tion coefficients are collected in Table 8.

The adsorption process of Cd(II) on the composite materials is
better described by the Langmuir model with regression coeffi-
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Fig.12. Cd (II) adsorption isotherms of the composite materials.
T=25°C: (a) 10-NC, (b) 15-NG, (c) 20-NC.

cient in the range R’=0.955-0.998. The maximum adsorption capac-
ity theoretically obtained by modelling the experimental data with
Langmuir isotherm (qL, exp, 10-NC=1.97 mg/g; qL, exp, 15-NC=
3.71 mg/g and qL, exp, 20-NC=4.48 mg/g) is very close to the
experimental data values at the highest concentrations. Based on
these results, it can be concluded that the adsorption process of
Cd(Il) on the composite materials is mono-layer adsorption on
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the surface of the composite particles. The adsorption mechanism
is controlled by chemisorption processes as a result of strong che-
lation between Cd(II) and iron oxides present on the composite
materials surfaces. The linear representation of the Freundlich iso-
therm for all materials has very low correlation coefficients, sug-
gesting that this isotherm cannot describe the Cd(II) adsorption
onto the studied materials.
8-6. Regeneration Study

An important parameter for the characterization of the effi-
ciency of the materials used as adsorbents is the regeneration capac-
ity that may be translated as the property of materials of reutilization
in the adsorption processes. One cycle (adsorption-desorption) of
regeneration study was performed. The desorption was performed
by mixing 1 g of cadmium containing composite mixed with
25mL NaCl/HCl 5% solution and stirring for 2h at 25°C with
200 rpm stirring speed. Next, the material was filtered, washed with
distilled water and dried at room temperature. The procedure of a
previous study was followed [65].

The adsorption/desorption process may be represented as fol-
lows, from [61]:

H'-R-H'+Cd* < R-Cd*+2H" ©)

The regeneration grade, for the three studied composites materi-
als, was in the 90%-92% interval. Although, for the present study,
only one cycle (adsorption-desorption) of regeneration study was
performed, the high percent of regeneration obtained after the first
cycle, shows its suitability for many regeneration cycles.

CONCLUSIONS

Composite silica materials containing magnetite or maghemite
nanoparticles were prepared in a simple one-pot synthesis using
PVA polymer as poroform and TEOS and Fe(acac); precursors.
Materials were characterized for their morphology and magnetic
properties. Nitrogen adsorption revealed high surface area and total
pore volume for all samples, and microporosity as major pore popu-
lation. XRD and SANS indicated iron oxide nanoparticles with 20-
30 nm dimensions. XRD shows also a gradual shift from hematite
to magnetite depending on the iron content, supported also by
Mossbauer data. Magnetic measurements show the highest value
of saturation magnetization 54 emu/g.

To study the applicability of the composite materials the adsorp-
tion performance for cadmium removal was examined. The equi-
librium data indicate predominantly monolayer adsorption on the
composites surfaces, and adsorption capacity in the range of 2-4
mg/g, after 120 min contact time, and increasing with the increase
of the iron content. After evaluating the values of the regression
coefficients, it can be concluded that the Cd** adsorption process
onto the three studied materials is better fitted by the pseudo-sec-
ond-order kinetic model. The negative values of the Gibbs free
energy (AG’) and the positive values of the standard enthalpy (AH’)
indicate that the Cd** adsorption on the three materials is a spon-
taneous and endothermic process. From the value of the standard
enthalpy (much smaller than 80 kJ/mol) it resulted that the adsorp-
tion process is physisorption. Also, based on the better fit of the
adsorption isotherms with the Langmuir model, it results that the

adsorption mechanism is controlled by chemisorption processes,
as a result of strong chelation between Cd(Il) and iron oxides pres-
ent on the composite materials surfaces. Therefore, we may con-
clude that for the present case, the adsorption mechanism is con-
trolled by both physisorption and chemisorption processes. The
regeneration grade, for the three studied composites materials, was
in the 90%-92% interval after one adsorption-desorption cycle. The
collected data indicate that the new produced materials can be used
as adsorbents for recovery of metal ions from aqueous solutions.
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