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ABSTRACT

The natural clay bentonite (B) as adsorbent of leatibns was studied. To enhance its adsorption
capacity, the coating by iron oxide particles, wotselected weight ratios: 2:1 (BM1) and 4:1(BM2),

was used. The changes of the textural and suri@eaeters after the modification were studied ey th

low temperature nitrogen adsorption, XRD and SEMho#, Mdssbauer spectroscopy. The Pb(ll)

adsorption experiments were studied under therdiffeconditions, such as pH of the model solutions,
contact time and initial metal ion concentrationgter adsorption rates of BM1 and BM2 samples
were observed for lower initial metal ion concetitnas.
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INTRODUCTION

Lead is a naturally occurring toxic metal found the Earth’s crust. Important sources of
environmental contamination include mining, smejtimanufacturing and recycling activities, and, in
some countries, the continued use of leaded paaded gasoline, and leaded aviation fuel. Mora tha
three quarters of global lead consumption is fa thanufacture of lead-acid batteries for motor
vehicles. Lead is, however, also used in many ogbheducts, for example pigments, paints, solder,
stained glass, crystal vessels, ammunition, cergtaizes, jewelry, toys and in some cosmetics and
traditional medicines. Drinking water delivereddhgh lead pipes or pipes joined with lead solder
may contain lead. Much of the lead in global contads now obtained from recycling. Once lead
enters the body, it is distributed to organs swlha brain, kidneys, liver and bones. Lead exmosur
also causes anaemia, hypertension, renal impairnmemunotoxicity and toxicity to the reproductive
organs [1].

The presence of negative charge on the surfacenettges is responsible for their good sorption
properties. This makes natural bentonite a potentiadidate for removal of heavy metals from
wastes [2-7]. Besides the natural bentonite, dibrens of bentonite modification which enhance some
of its properties are used as: chemical treatmetht acids, nitrification, pillaring of interlayempace
with cations (Al), intercalation by organic catiod magnetic modification [8-21]. Surface
decoration of the aluminosilicate minerals with metic nanoparticles had led to a new class of
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composite materials, which could be also usedHerdnvironmental purposes as adsorbents of the
organic and inorganic compounds and metal ion2[2-

This paper deals with the structural and surfaggastierization of composite materials prepared by
magnetic modification of the natural clay and thagplication as potential adsorbents of heavy metal
cations.

EXPERIMENTAL

Bentonite, containing montmorillonite with crysteh@mical formula: [SigsAl o5 [Al 3.03F&.22MJo 75

O, (OH); (Ca.4Mgo.oNao0iKoor), originated from the Slovak deposit JelSovy pof@k]. The
composite materials were prepared by the methqategfipitation of the iron oxide on the bentonite
surface from the solution of Fea@H,O and FeGl6H,O (with ratio of F&/Fe" = 2) in acidic
condition by continuous stirring for 0.5 h in thigregen atmosphere at the ambient temperature [27].
The bentonite was mixed into the solution of fesramd ferric salts prior to the reaction with JXHH

and its amount was adjusted to obtain the bentowoiteoxide weight ratios 2:1 and 4:1 (denoted BM1
and BM2 respectively). Then the dark brown susmensvas stirred for half an hour. The final
products were washed with deionised water, fildated dried at 70 °C.

The powder X-ray diffraction (XRD) patterns of n&tubentonite and composite materials were
recorded using a Philips PW1820 diffractometer (Natherlands) equipped with a Cakadiation
(40 kV, 40 mA). The data were analysed using Philgoftware, X'PertHigh Score with PDF-2
Database.

The Méssbauer measurements were made in transmigsametry. A’Co/Rh-ray source was used.
The velocity scale was calibrated relativé’fe in Rh. Mssbauer spectral analysis software 6iRec
[28] was used for the quantitative evaluation of 8pectra. The Voigt-based fitting method was
applied for all spectra to determine the line posg, line widths and peak intensities.

The value of magnetization of the samples was oéted by the superconducting quantum
interference device (SQUID) magnetometer measureriée value of saturation magnetization was
determined at the maximum field of 50 kOe.

The morphology of the natural bentonite and contpasamples was observed by the field emission
scanning electron microscope TESCAN MIRA3 (TESCANM,o. Brno, Czech Republic).

Surface properties of studied samples were detedriirom the adsorption and desorption isotherms
measured with the NOVA 1200e Surface Area & Pomze Sinalyzer (Quantachrome Instruments,
USA) by the method of physical adsorption of nigngt -196 °C. First, the samples were degassed at
100 °C in a vacuum oven under a pressure lower thia for 16 hours. The measured data were
processed by the BET (Brunnauer—Emmet-Teller) &athin the range of relative pressure 0.05-0.3
to obtain the value of specific surface areg).($he values of external surfacegSand volume of
micropores (Vhicro) Were calculated from the t-plot using the Harkinsa standard isotherm. The
value of total pore volume ) was estimated from the maximum adsorption attivelgpressure
close to saturation pressure. The pore size digioip was obtained from the desorption isotherm
using the Barrett-Joyner-Halenda method [29].

The analytical grade metal salt (Pb(jiOwvas used without the further purification. Stoclkusions
(1000 mg ! and 100 mg L!) of Pb(Il) were prepared by dissolving the appiateramounts of nitrate

in de-ionized water. The stock solutions were diuto obtain the standard solutions containing 10-
500 mg Pb(Il) [*. Through the study, the pH of the solutions vafiesn 2 to 9. The amount of
adsorbent mass was stable 14 The suspensions were subsequently filtered usi@dilter paper,
and the supernatant solutions were analyzed bgttiraic absorption spectroscopy (AAS, Varian 240
RS/2400).
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RESULTS AND DISCUSSIONS
Composites characterization

The XRD measurement of the natural bentonite cowftr the dominant montmorillonite phase in the
sample, Fig. 1. The iron oxide particles were sgsited without the bearer and characterized by same
methods to better interpret the changes of theasarfind porous structure of bentonite after the
modification. The XRD analysis of Fe oxide showke teflections common for maghemiteHg0s)

and magnetite (R®,). The XRD analysis of the composite materials coréd the occurrence of Fe
oxidized phase with reflection on planes (220),1)31400), (422), (511) and (440). Except that the
goethite phasen(FeOOH) was observed for BM1 and BM2 materials.

Iron oxide

BM2

Intensity

BM1

2 Theta (degree)

Figure 1 XRD pattern of natural bentonite, compoaitaterials and iron oxide
(M — montmorillonite, G - goethite)

To determine the present iron oxide phase in theposite samples, Mdssbauer spectroscopy was
used. The bentonite/iron oxide composites spectesie wcomplexes consisting of the central
paramagnetic doublet and one sextet. The intensifyeaks of magnetically and non-magnetically
oriented phases showed the dependence on the amiprésent iron oxide phases. For the BM2
material, the sextet line was wider and the peatensity decreased in comparison to spectrum of
BM1 material. Contrary, the intensity of centrauet increased. For the fitting, two sextets amd t
doublets - two paramagnetic positions of'Fe bentonite were used [30-32]. The fitting of #pectra
was completed by the third sextet subspectrumespanding to the present goethite phase, what was
also confirmed by XRD. The demonstrations of fitddssbauer spectra are showed on Figs. 2-3 and
fitted MOssbauer parameters for BM2 composite nedtare listed in Table 1.

The measured value of magnetization of iron oxigettesized without the bearer was used to
calculate the expected mass magnetization of catepssmples, Table 2. The synthesized iron oxide
particles showed magnetization of 83.59, which imilar to y-FeOs; [33], and is smaller than

theoretical (87.3 emu/g) confirming the nanoscdlaracter of iron oxide particles. The content of
magnetic phase in natural clay depends on theitpaHl deposit and contributes to whole value of
magnetization. Usually it is about 3 — 3.5 % of®gfor this deposit [34]. The presence of trivalent
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iron in bentonite was confirmed by the XRD and Mizmser spectroscopy. The values of mass

magnetizationo of composites correspond with their content of nadig phase and are lower than
theoretical. It should be caused by the presengeethite in their structures.

BM1 BM2
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Figure 2 (left) Fitted Mdssbauer spectrum of coniteasample BM1
Figure 3 (right) Fitted Mdssbauer spectrum of cosmeosample BM2

Table 1 Mdssbauer parameters for composite mat@ki

Sample &M | ismmis) | Qs (mmis) 1)
Fe* 0.22 0.54 23.0
Fe* 0.19 0.76 38.7
Mh™ | 49.0 0.13 6.9
BM2 Mh® | 49.6 0.25 0.5
46.0 12.1
37.0 35
G 15.3 0.26 0.1 15.3

By - hyperfine magnetic field, IS - isomer shiftrélative spectral area, Bé- position of trivalent iron in bentonit&]h™!
Mh°® — tetrahedral and octahedral position of trivalérin in maghemite, G — position of trivalent irsngoethite

The measured value of magnetization of iron oxigetresized without the bearer was used to
calculate the expected mass magnetization of cabtepssmples, Table 2. The synthesized iron oxide
particles showed magnetization of 83.59, which imilar to y-Fe,0; [33], and is smaller than
theoretical (87.3 emu/g) confirming the nanoschlaracter of iron oxide particles.

The content of magnetic phase in natural clay dépem the locality of deposit and contributes to
whole value of magnetization. Usually it is about-3.5 % of FgO; for this deposit [34]. The
presence of trivalent iron in bentonite was confidhby the XRD and Mdssbauer spectroscopy. The
values of mass magnetizatiorof composites correspond with their content of nadig phase and are
lower than theoretical. It should be caused byptiesence of goethite in their structures.
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Table 2 Theoretical and measured values of massatiagtion of natural bentonite,
iron oxide and composite samples

Sample Theoreticalo | Measureds
(emu/g) (emul/qg)
Bentonite 4.02
Iron ; 83.59
oxide
BM1 27.86 17.20
BM2 16.72 10.30

A detail of the morphology of BM1 material observeyl SEM is shown in Fig. 4. The presence of
iron in the modified sample was also confirmed WXEanalyses. The mapping mode was used for
the separation of the composition contrast. The gmots points represent the iron oxide particles

covering the bentonite surface, Fig. 5. Generdlydverage size of magnetic particles in composites
materials was in the range 10-30 nm.

W spectrum 2
Wik o
Fe 633 0.2
7 0.1
01
0.1
01
0.1

6 g kel

Figure 4 SEM image of composite material BM1 witb)Eanalysis

[f: Kol

I 1Curn

Figure 5 SEM image of composite material BM1 in piag mode to separate the contrast
of iron oxide covering the bentonite surface
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The surface properties were also studied by the teawperature nitrogen adsorption method. The
hysteresis loop between the adsorption and deearfianches of the investigated samples is an
evidence of the presence of mesopores in the gtascbf the natural bentonite and composites. The
hysteresis loop observed for the pure iron oxide sinilar to type H1, according to the IUPAC report

[35], which is typical for materials with tendentty create agglomerates, what is in agreement with
the results obtained from the SEM observations. gifesent loop is a result of additional sorption

process into the interparticles space. The shagkeofinal parts of the adsorption isotherms of the
bentonite and composite materials is related tatoeirrence of macropores in studied materials.

Due to the presence of the iron oxide particleghdn volume of adsorbed gas was observed for the
BM1 and BM2 materials than for bentonite, Fig. Boathe value of total pore volumég increased
after the modification, Table 3. The value of sfiecsurface are&er of the bentonite increased
almost twice after the modification. The value romore volumeVy,, is lower for BM1 and BM2,
probably due to restrained access of the nitrogetecules into some of micropores filled by the
agglomerated iron oxide nanoparticles. The mesapoaharacter of the studied sample was also
confirmed by the pore size distribution curves,. FigFor the composite materials an increase of the
adsorbed volume in the range 2 — 50 nm was obsewiat is an evidence of the agglomerated
particles precipitated on the surface of bentofite distribution curve for BM2 sample is shiftedt )

to lower values of pore diameters. The presencenafller pores could point at the presence of smalle
iron oxide particles in the samples, what corregigonith the results presented from the Mossbauer
spectroscopy
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Figure 6 (left) Low temperature nitrogen adsonptmd desorption isotherms of composite samples in
comparison with natural bentonite and synthetized oxide

Figure 7 (right) Pore size distribution curvesofmposite samples in comparison with natural betg@md
synthetized iron oxide

Table 3 Structural parameters of natural bentoirit@, oxide and composite materials

Sample Seer(M?/g) V (en /g) Viicro (M) S (m7g)
B 39.4 0.096 0.006 25.4

Iron oxide 75.6 0.266 0.003 67.7
BM1 71.5 0.205 0.003 62.4
BM2 80.8 0.177 0.001 75.1
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Pb(I1) adsorption

The metal ion uptake increased in the pH range 8dm6, the highest metal uptake was observed for
pH 7-10, due to the precipitation of Pb(QHFig. 8. For the next adsorption experiments thienaal
pH equal 5 was selected.

The kinetics of the Pb(ll) adsorption was studiedrty the first 40 minutes of experiment. The metal
uptake was analysed in eight different time intexvh followed from the Fig. 9 that the amount of
removed Pb(Il) was almost stable in the whole sidime interval for both adsorbents. For the
equilibrium adsorption, the 24 hour adsorptionnvaewas chosen.

To analyze the kinetics of the adsorption, the geesecond-order model was used to interpret the
experimental data, Eq (1):

t_ 1 .1
P

—t, 1)
G kdg e

whereq, andg; are the amounts of metal ions adsorbed per urssrfrag ¢) at equilibrium and at
any timet, respectivelyk is the rate constant for the adsorption processgymin™) [36].

The kinetic parameters for Pb(ll) adsorption on¢atbnite and composite material BM2 are given in
Table 5. These results indicate that the rateilgistep may be a chemical adsorption.
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Figure 8 (left) Effect of pH of the solution on tRé&(11) adsorption
Figure 9 (right) Effect of contact time on the Rpédsorption

Table 5 Kinetics parameters of pseudo-second-anbeiel for the adsorption of cadmium (II) onto bemitte
and composite material BM2

Sample| k(g/mg.min) ge (MY/Q) R Qe exp. (MA/Q)
B 0.205 63.7 0.9989 63.1
BM2 0.563 76.9 0.9998 75.0

0Oe exp.— @mount of Pb(ll) ions adsorbed per unit massatilibrium
(obtained from the equilibrium adsorption experitsapresented below)
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The equilibrium adsorption isotherms are illustdaite Fig. 10. The modified samples adsorbed higher
amount of Pb(ll) in lower concentration range theemtonite, Figs. 10-11. By increasing the initial
Pb(Il) concentration in the solution, the satumatif adsorbents was achieved and higher Pb(ll)
uptake by natural sample was observed.

To analyze the equilibrium data the linearized Lrang adsorption isotherm was used. The Langmuir
model, often applied by various workers for theaapon of variety of compounds, properly fitted
the experimental data in the studied range ofritiali concentrations. Its linear form is represehby

Eq. (2):

-1,C ()

where C, and g are equilibrium solute concentration and equilibriuadsorption capacity,
respectivelyQo is Langmuir constant representing maximum adsanptapacity (amount of adsorbed
metal ions per 1 gram of sorbent) ahdis adsorption equilibrium constant [37]. The obeal
parameters are listed in Table 6.
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Figure 10 (left) Equilibrium adsorption isothernes Pb(ll) adsorption onto natural bentonite
and composite materials
Figure 11 (right) Pb(ll) adsorption for lower imitiion concentration range

Table 6 Langmuir parameters for Pb(ll) adsorptiatodentonite and composite materials

Sample Qo (Mg/g) b (L/mg) R
B 96.2 0.078 0.9960
BM1 85.5 0.283 0.9995
BM2 90.9 0.228 0.9984

Qo — maximum adsorption capacity, b — constant relatéh the adsorption energy,
R? — correlation coefficient
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Different adsorption rates of natural bentonite aachposite materials apparent at low concentrations
evoked the further study of their sorption effidgnThe removal of heavy metal cations at low
concentrations from aqueous environment is geweditficult. In very low metal concentrations,
processes such as precipitation (addition of a bag®ecipitate hydroxides) are not adequate and
sufficient [38]. Due to the complexation with inargc and organic ligands of the water, the final
dissolved concentrations are above those expectagding to the thermodynamic solubility products
of the precipitates [39]. On the other hand, sorptin the commercially activated carbon is effegtiv
but very expensive [40].

While the equilibrium adsorption capacitigs of the composite materials were almost equal & th
whole investigated concentration range, they wetdeatly higher in comparison to bentonite, Fig.
11. The effect of Pb(Il) adsorption onto bentonitas 63 % , BM1 and BM2 composite material
reached 71 and 75 %, respectively.

CONCLUSION

The synthesis of bentonite/iron oxide compositderetl to obtain the composite materials, whose
properties were affected by the precipitation ofghemite and goethite on the bentonite surface in
agglomerated form. The studied composite sorbdmiwed good affinity to Pb(ll) cations, especially
for lower initial metal ions concentrations in thaution. They showed to be convenient in disposal
metals cations from the aqueous solutions, whegie ttoncentration is very low, but still harmful a
well as for the final purification of pre-treatechste waters. Moreover, magnetic sorbents could be
separated from the medium after the adsorptiongam high gradient magnetic field [41].

LIST OF SYMBOLS

B hyperfine magnetic field (T)

IS isomer shift (mm9)

QS quadrupole splitting (mn's

I relative spectral area (%)

o] magnetization (emu’

p/po relative pressure (hydrostatic pressure/saamatressure) (-)

\% adsorbed volume of the nitrogen at the correspangiessure (cfng?)
Seer specific surface area {rg*)

Voo micropore volume (cirg?)

S external surface area trg?)

Vv, total pore volume (chrg™)

Co initial metal ion concentration (mg*)

m sorbent concentration (g')-

o} amounts of metal ions adsorbed at various tintes) g*)

t time (min)

k rate constant of the pseudo-second-order modéhé adsorption process (g Tmin™)
R coefficient of determination (-)

Ce equilibrium metal ion concentration (mg)L

Qo Langmuir constant representing maximum adsorptigacity (mg d)
b Langmuir sorption equilibrium constant (L g

Oe amount of metals adsorbed at equilibrium (i g
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