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cles to enhance its sorption properties. The method of clay modification consists in the precipitation of
magnetic nanoparticles, often used in preparing of ferrofluids, on the surface of clay. The influence of
the synthesis temperature (20 and 85°C) and the weight ratio of bentonite/iron oxides (1:1 and 5:1) on
the composite materials properties were investigated. The obtained materials were characterized by the
X-ray diffraction method and Méssbauer spectroscopy. Changes in the surface and pore properties of
the magnetic composites were studied by the low nitrogen adsorption method and the electrokinetic
measurements. The natural bentonite and magnetic composites were used in sorption experiments. The
sorption of toxic metals (zinc, cadmium and nickel) from the model solutions was well described by
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1. Introduction

The heavy metal pollution occurs in many industrial wastew-
aters, contaminating the surrounding soils. Therefore looking for
the most available wastewater treatment is of great interest. The
natural clays, being comprised of mixtures of fine grained crys-
tals of clay and other minerals (including metal oxides) play an
important role in the environment by taking up cations and anions
through adsorption or ion exchange. Using them as adsorbents of
metal ions received wide attention because of their easy availability
and comparatively less cost [1]. Clays containing montmorillonite
are referred to as bentonite, which belongs in the 2:1 clay fam-
ily, composed of two tetrahedrally coordinated sheets of silicon
surrounding an octahedrally coordinated sheet of aluminium ions.
An evaluation of the montmorillonite sorption properties for the
removal of heavy metals Ni and Cu was made in [2].

Clays can be modified to improve their sorption ability [3,4].
The sorption of toxic metals As, Cd, Cr, Co, Cu, Fe, Pb, Mn, Ni and
Zn on natural and modified kaolinite and montmorillonite was
described in [5], where the modification of clays was carried out
by pillaring and acid activation. The adsorption of zinc from water
solutions on the natural and Na-enriched bentonite was studied in
[6]. The removal of copper on manganese oxide coated bentonite
was studied in [7]. Another kind of clay modification is the mag-
netic modification, when, for example, the bentonite is coated with
iron oxides [8]. The term iron oxides is often used in the scientific

* Corresponding author. Tel.: +421 55 7922612, fax: +421 55 7922604.
E-mail address: mocka@saske.sk (A. Mockov¢iakova).

0304-3894/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhazmat.2010.04.027

literature to describe the group of iron compounds with hydrox-
ide, oxyhydroxide and oxide structures. They are widely put into
practice as pigments, catalysts, sorbents, in ferrofluids [9], etc. and
the route of chemical synthesis has a significant influence on their
chemical, structural and physical properties. The montmorillonite
supported magnetite nanoparticles prepared by co-precipitation
[10] were studied for the Cr(VI) removal. It seems to be useful to
combine sorption properties with magnetic properties to produce
novel kinds of magnetic sorbents. In [11], the magnetic sorbent
was used for the removal of humic acid. Another, a very attractive
application of the modified bentonite was published by authors
[12], offering for MRI diagnostics of the gastrointestinal tract a very
cheap oral contrast agent for imaging.

In this study the low cost sorbent—natural bentonite was mod-
ified by precipitation of iron oxides in order to obtain sorbent with
better sorption properties. The changes in surface properties of new
composites were studied by the nitrogen adsorption and electroki-
netic measurements, the morphology of the composite by TEM
measurements. Changes in the structural properties were deter-
mined by XRD and Md&ssbauer spectroscopy measurements. The
sorption propensity of the selected composites was verified for
removal of zinc, cadmium and nickel from model aqueous solu-
tions.

2. Materials and methods
2.1. Materials

The natural bentonite from the deposit Stara Kremnicka (Slo-
vakia), with the formula [Si7.g5 A10_05] [Al3.03 Fegoo Mg0~75] 020
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Nomenclature

SBET specific surface area [m?/g]

p/Po relative pressure

Vinicro  micropore volume [cm3/g]

S external surface [m?2/g]

Va total pore volume [cm3/g]

e zeta potential [mV]

Co initial metal ion concentration [mg/l]

Ce equilibrium metal ion concentration in a solution
[mg/1]

Qe amount of metals adsorbed at equilibrium [mg/g]

Qn monolayer capacity [mg/g]

K Langmuir constant [I/mg]

Ky Freundlich constant related to sorption capacity
(l/g]

n Freundlich constant related to sorption intensity

R? coefficient of determination

(OH)4 (Cag42MgpaNago1Koo1) was used in this study. The ben-
tonite was at first treated by sedimentation method [13], after that
an almost monomineral fraction of montmorillonite (>80%) with
the particle size below 20 wm was obtained. The magnetic ben-
tonite was prepared in the solution containing the mixture of iron
ions (FeS0O4-7H,0 and FeCls salts with a ratio of Fe3*:Fe2*=2:1),
where the pretreated bentonite (montmorillonite) was added. After
dropping NH4OH in the solution during a continuous 30 min stir-
ring in nitrogen atmosphere at two temperatures (ambient and
85°(C), the iron oxide particles were precipitated on the surface of
bentonite. The final product was washed with the de-ionized water
to remove the unfixed iron oxide particles and dried at the tempera-
ture of 70 °C. Changing the bentonite/iron oxide weight ratios from
1:1 to 5:1, various composite magnetic materials were obtained.
Two of them, denoted as A and E (corresponding to the limiting
ratios 1:1 and 5:1), were chosen for this study.

2.2. XRD measurements

XRD qualitative analyses were performed with a Philips PW1820
diffractometer (Germany) equipped with a Cu Ka radiation (40 kV,
40 mA). The iron oxides phases were identified using the JCPDS PDF
database

2.3. Mdssbauer spectroscopy measurements

Mossbauer spectroscopy measurements were carried out with
a 57Co/Rh-ray source at the room temperature. The velocity scale
was calibrated relative to 57Fe in Rh. The recoil spectral analysis
software was used for the quantitative evaluation of the Mossbauer
spectra [14].

2.4. Transmission electron microscopy (TEM) measurements

The size, shape and the arrangement of the particles comprising
the sample A85 were investigated by the field emission transmis-
sion electron microscopy FE-TEM, JEOL JEM-2100F.

2.5. Nitrogen adsorption experiments

The surface and pore properties of prepared bentonite/iron
oxide composites (A20, A85, E20, E85) were characterized by the
nitrogen adsorption measurements realized at 77 K with the ASAP
2400 sorption apparatus (Micrometrics). The specific surface area
Sger was calculated from the adsorption isotherms according to

Table 1

Structural parameters of natural bentonite and its composites.
Sample Sper [m?/g]  ValemP[g]  Viniao [cm®/g] S [m?/g]
Bentonite 394 0.096 0.005 27.6
Composite A20 73.7 0.216 0.004 64.2
Composite E20 90.7 0.187 0.002 83.9
Composite A85 82.8 0.251 0.004 73.7
Composite E85 84.8 0.183 0.003 77.5

the BET (Brunauer, Emmett and Teller) method in a range of rel-
ative pressure 0.03-0.2 p/po. The value of total pore volume V,
was obtained from the maximum adsorption at the relative pres-
sure 0.99 p/po. The micropore volume V., as well as the value of
external surface S was obtained from the t-plot analysis. The pore
size distribution of studied samples was calculated from desorption
isotherms using the BJH (Barett-Joyner-Halenda) method.

2.6. Electrokinetic measurements

The surface charge of natural and modified bentonite as well as
of the synthesized iron oxides in distilled water was evaluated as
a function of pH by using the laser-Doppler electrophoretic light
scattering (ZetaPlus, Brookhaven Instruments, USA). To modify the
pH of the dispersions, concentrated NaOH and HCl solutions were
added in water dropwise. The measured ELS spectra were anal-
ysed and electrophoretic mobilities of the dominant peaks were
converted into zeta (¢) potentials according to the Smoluchowski
formula (i.e. without any other corrections). This is applicable for
relatively coarse particles of bentonite whose size (of faces) exceeds
their double-layer thickness (inverted Debye length). However, the
nanometric iron oxide particles were also expected to be of the
same concern due to their spontaneous agglomeration (no special
care was taken to prevent it). The same is true for the bentonite/iron
oxide composites.

2.7. Batch sorption experiments

The sorption of zinc, cadmium and nickel on natural bentonite,
composite E20 and A85 was conducted at 20°C in 50 ml capped
tubes placed on a rotary shaker for 24h in order to attain the
equilibrium. The reaction mixture consisted of a total 15 ml, con-
taining 2 g/l sorbent material and the desired concentration of
metals ranging from 10 to 750 mg/1. The amount of sorbents for cad-
mium sorption was 1 g. The solution pH was adjusted with 0.01 M
HNOs3 and 0.01 M NaOH to the value 5, resulting from the sorption
experiments realized at different pH. After the period of 24 h, the
supernatant was removed by filtration. The final metal concentra-
tion was determined by the atomic absorption spectroscopy (AAS
using a Varian 240 RS/2400). The metal uptake was calculated from
the difference between the initial and final concentrations of the
metal. The sorption isotherms for zinc, cadmium and nickel were
fitted with the linearized Langmuir and Freundlich equation.

3. Results and discussion
3.1. Adsorption measurements

The nitrogen adsorption/desorption isotherms of the natural
and modified bentonite are shown in Figs. 1 and 2. Apparently,
their characteristic features, i.e. the hysteresis loops are associated
with the capillary condensation in mesopores. The rising final parts
of the isotherms show an occurrence of macropores in the pore
structures of studied samples [15]. Table 1 summarizes the values
of BET surface area, external surface and the total pore volume.
The higher values of specific surface area and the increased values
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Fig. 1. N, adsorption/desorption isotherms of bentonite and composite A.

of total pore volume are related to the agglomerated structure of
iron oxides particles created on the surface of bentonite during the
precipitation process. As it is seen from the adsorption and desorp-
tion isotherms of synthetized iron oxides (Fig. 2), the hysteresis is
related to the adsorption in the inter-particle space. The structure
of synthesized pure iron oxides contains mainly mesopores, what
can be seen from the distribution curve of pores (Fig. 3). The calcu-
lated micropore volume V., of investigated samples has shown
that the contribution of small pores to the total pore volume is not
significant.

The pore size distribution of studied samples is shown in Fig. 3,
where an increase in the pore volume of composite materials A, E
with regard to the natural bentonite is noticeable. Comparing the
composites AandE, it can be stated that the higher pore volume was
obtained for the samples A, where the content of iron oxide parti-
cles is higher. The curves for composites A are almost overlapping
what means, that the temperature of synthesis had no influence
on the distribution of pores. Not the same is valid for compos-
ites E: curve corresponding to the magnetic composite prepared
at ambient temperature is shifted to the smaller pore diameters,
what could mean that the magnetic particles precipitated on ben-
tonite at the temperature 20 °C are smaller than those synthesized
at 85°C. The occurrence of smaller particles results in a higher sur-
face area. The composites E20 with the highest BET surface area
and the composite A85 with the highest value of total pore volume
were selected for the further research.
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Fig. 2. N, adsorption/desorption isotherms of bentonite, composite E and syn-
thetized iron oxide.
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Fig. 3. Pore size distribution of investigated samples.

3.2. TEM analysis

TEM micrograph of the prepared composite material A85 is
shown in Fig. 4. The average particle size of precipitated iron oxide
particles is between 10 and 50 nm, they created the agglomerated
structures non-homogenously distributed on the bentonite surface.

3.3. XRD characterization

The XRD pattern of natural bentonite is shown in Fig. 5a. The
analysis confirmed the presence of monomineral montmorillonite
phase. The occurrence of Fe oxidized phases was observed in both
composite materials A85 and E20 (Fig. 5b and c), but it was dif-
ficult to differentiate between magnetite (Fe304) and maghemite
(y-Fe203), due to a strong overlapping of their diffraction lines [16].
According to the JCPDS PDF database, the reflections of their crystal-
lographic planes are identical. Therefore Mdssbauer spectroscopy
was used for the more detailed study of iron oxide particles in the
composite materials.

3.4. Mdssbauer spectroscopy measurements
The room temperature Mdéssbauer spectrum of the compos-

ite A85 is a complex consisting of the paramagnetic doublet and
one sextet (Fig. 6). The parameters obtained from the fitting by

Fig.4. FE-TEM (field emission-transmission electron microscopy)image of the com-
posite sample A85.
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Fig. 5. XRD spectrum of (a) the natural bentonite, (b) composite sample A85 and (c)
E20 (M - montmorillonite).

two sextet components show the Fe3* in maghemite [17] (aver-
age hyperfine magnetic field for the octahedral site: BOt=38.8T,
isomer shift IS=0.25mms~!, relative spectral area RA=59.7%;
for the tetrahedral site: hyperfine magnetic field B,T®t=47.0T,
IS=0.13mms~!,RA=35.8%). The asymmetry in the sextet subspec-
tra, their broadening and distribution of hyperfine magnetic fields
in the octahedral position are typical for nano-meter sized parti-
cles. Two paramagnetic subspectra belong with positions of Fe3* in
the natural bentonite [18].

Adifferent spectrum was detected for the composite E20, where
the superparamagnetic doublet was observed (Fig. 7). The phe-
nomena of superparamagnetism in the Méssbauer spectroscopy is
connected with small magnetic particles (below 10 nm) and causes
the magnetic hyperfine splitting to collaps and turn to a param-
agnetic singlet or doublet. As a result, the material as a whole is
not magnetized except in an externally applied magnetic field [19].
The spectrum was fitted by two components: one for the trivalent
iron in bentonite and the second one also showed Fe3*, for the iron
oxide.

Transmission [%]

Velocity [mm.s™]

Fig. 6. Mossbauer spectrum of the composite sample A85 (long dash line belongs
to the tetrahedral position of trivalent iron in maghemite, short dash line to its
octahedral position, two full lines fit the paramagnetic positions of Fe3* in bentonite).

Transmission [%]

Velocity [mm.s™]

Fig. 7. Mossbauer spectrum of the composite sample E20 fitted by two superpara-
magnetic components (long and short dash line).

The Mossbauer analysis confirms that the present magnetic
phase in the composites is maghemite and that the iron oxide parti-
cles in these composites are nano-meter sized. Also, it is pressumed
from the superparamagnetic behaviour of the composite E20 that
its iron oxide particles are smaller then those occurred in the com-
posite A85, as already shown by the adsorption analysis.

3.5. ¢-Potential determinations

The ¢-potential of bentonite, iron oxide (maghemite) and their
composites as a function of pH is shown in Fig. 8. We can see that
the particles of natural bentonite are almost constantly negatively
charged, as manifested by negative values of ¢ ranging from ca.
—20 to —27 mV at low and high pH, respectively. The only excep-
tion is a rather abrupt increase in the negative ¢ value between pH
6 and 7. Apparently, there is no isoelectric point (IEP), as it is usual
for most montmorillonites [20]. The reason is a deficiency in the
positive charge due to the substitution of Al for Si in the tetrahe-
dral sheets and Mg for Al in the octahedral sheets of the 2:1 layer
of montmorillonite. The negative structural electric charge (0.66
charge per unit cell) is balanced by cations located between the unit
layers of the montmorillonite dioctahedral structure. These cations
are thus dissolved into the aqueous solution (leaving the surface
negatively charged) and/or exchanged for other cations from the
solution. There is also a pH-dependent charge on edges of the lamel-
lar particles but it is too small to overcome the negative charge on
the lamellar faces [21].
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Fig. 8. ¢-vs.-pH dependence of bentonite, iron oxide and their composites.
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Fig. 9. Effect of solution pH on Cd?* removal.

On the other hand, the particles of maghemite manifest two
isoelectric points, at pH 4.5 and 6.5. This phenomenon is possibly
connected with a low concentration of the particles in the disper-
sions prepared for the electrokinetic experiments. The second IEP
of the maghemite sample synthesized at 85 °C, located at pH around
6.5, is however exactly the same as that published for maghemite
by many authors [22-24]. Interestingly, the particles formed at the
ambient temperature provide a similar but shifted {-pH depen-
dence, showing a lower density of Fe functional groups on their
surface.

Fig. 8 also shows that the electrokinetic response of 1:1 (A85)
bentonite-maghemite composite, being characterized by a net neg-
ative charge (¢ above —10mV) at all pHs, is intermediate between
that for the unmodified bentonite and maghemite prepared at
85°C (measured separately). This reveals that both components
are exposed at the outer surface of the composite particulates.
Interestingly, the {-pH dependence for A85 resembles that for ben-
tonite (montmorillonite) at pH below 4.5 and above 6.5, i.e. just
when the surface of maghemite and montmorillonite are equally
(negatively) charged, i.e. they are electrostatically attracted. It can
be expected then that the maghemite nanoparticles are desorbed
from the montmorillonite sheets. That the ¢-potential of mont-
morillonite is only (apparently) detected in the ELS spectra of the
A85 composite can be caused by the fact that the clay platelets are
much bigger, providing much more intense light scattering signal,
than the precipitated iron oxide nanoparticles. On the other hand, a
rather firm adhesion of the positive nanoparticles can be expected
on the negative montmorillonite platelets at pH from 4.5 to 6.5
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Fig. 10. Effect of solution pH on Zn2* removal.
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Fig. 11. Sorption of Zn?*on natural bentonite and composite E20.

due to the electrostatic attraction. Indeed, the {-potential course of
A85 over this pH range follows that for maghemite, although with
a remarkable shift towards montmorillonite, supporting the above
idea of a combined maghemite/montmorillonite surface of the A85
composite particulates in the given pH range. In fact, should the
maghemite be desorbed, it would not be detected in the ELS spectra.

3.6. Sorption experiments

The pH of aqueous solution is very important parameter influ-
encing the metals sorption onto sorbent materials. To investigate
the effect of solution pH on the sorption, the pH values were
adjusted to the range of 2-9. The uptake of cadmium and zinc over
this range of pH was studied with the initial metal concentration
100 mg/1 (Figs. 9-10). It followed from the figures that the adsorp-
tion capacity of cadmium removal for all three sorbents was found
stable at pH 5-6. The higher uptakes at pH above 7 are ascribed to
the precipitation of hydroxides [25]. The uptake of zinc on three
sorbents was found to be stable at pH 5-6. Basing on these exper-
iments and electrokinetic studies, the sorption experiments were
conducted at pH equal 5.

3.6.1. Zinc sorption

The data on Zn%*sorption are shown in Figs. 11 and 12. The max-
imum values of the sorbed amount on bentonite and composite
E20 were reached in the concentration range 10-750 mg/1 (Fig. 11),
while the saturated sorption on composite A85 was achieved
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Fig. 12. Sorption of Zn?* on composite A85.
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Fig. 13. Sorption of Cd?* on natural bentonite, composites E20 and A85.

already in lower concentration range 10-100 mg/1 (Fig. 12). The
sorption data were well fitted to the linear form of the Langmuir
isotherm:

C 1 N Ce
Ge  QmK = Qm’
where C, is the equilibrium concentration of metal ions in the
solution, g is the amount of metal sorbed by the adsorbent, Qp
represents the maximum adsorption capacity and K is the sorp-
tion equilibrium constant [26]. The Langmuir model parameters are
presented in Table 2. The high R? values suggest that the Langmuir
model describes the sorption data very effectively. The maximum
sorption capacity for bentonite is higher than for the composites
E20 and A85. However, the equilibrium values C, obtained for com-
posite E20 at lower concentrations of zinc ions (see Fig. 11) suggest
that the sorption on composites should be favorable in the low
concentration range.

(1)

3.6.2. Sorption of cadmium

The uptake of Cd%* is shown in Fig. 13. The adsorption data were
subjected to the Langmuir isotherm model in linear form (Eq. (1)).
The calculated parameters introduced in Table 2 indicate that the
composite sorbent E20 is the most suitable sorbent of Cd2* in the
whole initial concentration range. Additional sorption experiments
were realized in concentration range 1-10 mg/l, using 1 g of sorbent
(Figs. 14 and 15). These experiments confirmed that both compos-
ite sorbents E20 and A85 are more effective in Cd2* sorption than
the natural bentonite. The calculated sorption efficiency for both
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Fig. 14. Sorption of Cd?* on natural bentonite and composites E20.
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Fig. 15. Sorption of Cd?* on bentonite and composite A85.

sorbents E20 and A85 was 98.7%, while for bentonite 80.9% was
achieved.

3.6.3. Nickel sorption

The sorption of nickel on the sorbents is shown in Fig. 16. The
plots of experimental data implied that the sorption data on ben-
tonite and composite E20 should be tested to Freundlich isotherm
model, given in its linear form:

In ge = InK; +ninCe, (2)

where the constants of Freundlich equation K and n indicate the
relative sorption capacity of the adsorbent and the intensity of the
adsorption. The sorption data on composite A85 were tested to
Langmuir model. The results are presented in Table 3.

The values of R? from 0.94 to 0.98 indicate, that the sorption
process is satisfactorily described by the selected isotherm models
(bentonite, composite E20 — Freundlich, composite A85 - Lang-
muir). The constant K, related to the sorption capacity is higher for
the composite E20. The additional sorption experiments conducted
in low concentration range 1-15 mg/1 (Figs. 17 and 18) showed that
when using 2 g of sorbents, the efficiency could achieve 96.8% for
both composites E20, A85 and 73.3% for bentonite.

The composite sorbents E20 and A85 should be very convenient
for removing metals from aqueous solutions where their concen-
tration is very low but still harmful.
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Fig. 16. Sorption of Ni2* on bentonite and composites E20 and A85.



280

A. Mockovciakovd et al. / Journal of Hazardous Materials 180 (2010) 274-281

Table 2
Langmuir parameters for Zn?* and Cd?*sorption.
Sorbent Zn%* cd*
Qn [mg/g] K [l/mg] R? Qn [mg/g] K [l/mg] R?
Bentonite 36.63 0.027 0.9932 61.35 0.030 0.9964
Composite E20 29.67 0.063 0.9952 63.29 0.042 0.9955
Composite A85 14.10 0.891 0.9905 48.78 0.043 0.9969
Table 3
Freundlich and Langmuir parameters for Ni?* sorption.
Sorbent Niz*
K [1/g] n Qn [mg/g] K [l/mg] R?
Bentonite 2.326 0.497 0.9879
Composite E20 6.73 0.294 0.9441
Composite A85 27.93 0.018 0.9809
v of the composites structure explored by XRD and Mdossbauer
2 spectroscopy confirmed the maghemite phase in composites and
revealed the smaller iron oxide particles in the composite E20. The
composites E20 and A85 were tested for sorption of zinc, cadmium
10 i and nickel in wide initial concentration range (10-750 mg/1). Sorp-
tion experiments conducted in low concentration ranges 1-10 mg/1
"o of cadmium and 1-15 mg/1 of nickel ions showed, that the compos-
2 ite materials E20 and A85 possess the potentiality to be an effective
;,, N sorbent for the removal of heavy metals from waters with low metal
5 _ ) concentrations. They could be used for the purification of drinking
.-' water with a content of heavy metals exceeding the determined
- | .. .
.o [ 2 composite E20 | llmlltS (ca}used by the different reasons, e.g. spates), or for the ﬁngl
Q purification of the pretreated wastewaters from the industry still
0 T containing low concentrations of unfavourable heavy metals ions.
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
-1
CImg.I'] Acknowledgements

Fig. 17. Sorption of Ni%* on bentonite and composite E20.
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Fig. 18. Sorption of Ni2* on bentonite and composite A85.

4. Conclusions

The synthesis of bentonite/iron oxides composites offered to
obtain material used as sorbents of heavy metals from aque-
ous solutions, which due to their magnetic properties should be
easily separated from the medium by applying a magnetic field.
The increased specific surface area, pore volume of composites
comparing to the natural bentonite suggests the formation of
the agglomerated structure created from the precipitated nano-
sized iron oxides on the surface of bentonite (TEM). The analysis
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