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Abstract: The efficiency of natural sepiolite for the removal of Cu2* and Co?*
from aqueous solution was determined using the batch method. The sorption
experiments were performed as afunction of the initial metal concentration, the
equilibration time and temperature. Thermodynamic parameters, such as en-
thalpy, free energy and entropy, were calculated from the temperature depen-
dent sorption isotherms and these values showed that the sorption of the inves-
tigated metals onto sepiolite was endothermic. The pseudo-second order kinetic
model provides the best correlation of the experimental kinetic data.
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INTRODUCTION

Wastewaters from many industries, such as metallurgy, tannery, mining, bat-
tery-production, insecticide, fungicide, paint and coating manufacture, etc., pol-
lute the environment with heavy metals, which is of very serious environmental
concern for al living organisms, especially for humans. Heavy metal ions, such
as copper and cobalt, accumulated through the food chain; even at low concen-
trations, have damaging effects on human health because there are no adequate
mechanisms for their elimination from the body.1

The most important technologies developed to remove and recovery heavy
metals from wastewaters include chemical precipitation, ion exchange, electro-
chemical removal, membrane separation, microbe separation, sorption by acti-
vated carbon, etc. Heavy metals sorption by low-cost sorbents is currently of
great interest. The employment of clay minerals, such as kaolinite,23 vermicu-
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102 LAZAREVIC et al.

lite,# montmorilonite,> bentonite® and sepiolite’® has recently received in-
creasing attention because they showed high sorption capacities and are abundant
in nature, inexpensive and environmental friendly.

Sepiolite is a hydrous magnesium silicate (Si12039Mgg(OH)4(H20)4-8H20)
characterized by its fibrous morphology and intracrystalline channels. Due to its
sorptive, rheological and catalytic properties, sepiolite is widely used in a variety
of industrial applications. Sepiolite is used as a catalyst and catalyst support,10 a
filler in polymer composites,11 a membrane for ultrafiltrationl2 and as molecular
sieves.13 Sepiolite is an effective and economical sorbent material, a bleaching
and clarifying agent, a filter aid, an industrial sorbent and the spectrum of its
utilization ranges from cosmetics to paints and fertilizers.

The aims of this study were: to investigate the effectiveness of natural se-
piolite in the removal of Cu2* and Co2* by sorption from agueous solution; to
examine the dominant mechanisms of the interaction of these ions with sepiolite;
to investigate the influence of the equilibrium time and temperature on the
sorption capacity of sepiolite; to determine the thermodynamic parameters of
sorption (free energy change, enthal py and entropy change).

EXPERIMENTAL

The natural sepiolite sample was obtained from the deposit Andri¢i (Serbia). The chemi-
cal composition, X-ray diffraction, differential thermal and FTIR analyses of the sample and
the point of zero charge of 7.4+0.1 were reported previously.4

Sorption procedure

The batch equilibration method was used to investigate the removal of Cu2* and Co?* by
the natural sepiolite sample. The sorption of ions onto the sepiolite was studied based on the
shift of the point of zero charge, determination of sorption isotherms and the correlation bet-
ween the quantity of Mg?* released from, and the quantity of Cu2* and Co?* sorbed onto the
sepiolite sample. The experiments were performed using solutions of Cu(NOg3), and Co(NO3),
in high quality water (18 MQ) obtained from a Mill-Q water purification system.

The shift of the point of zero charge was investigated using 0.01 and 0.001 mol dm3
solutions of Cu(NOs), and Co(NOs),. The measurements were performed using 25 cm3 of
metal ion solutions (concentration 0.01 or 0.001 mol dm3) in poly(vinyl chloride) (PVC)
vessels. The initial pH value (pH;) of the electrolytes was adjusted by the addition of small
quantities of a 0.1 mol dm™= HCl or KOH solution. Then, 0.050 g of sepiolite was added to
each sample. Equilibration was attained by shaking for 24 h in a water bath thermostated at
298 K. The dispersions were then filtered and the final pH of the solutions (pH;) was deter-
mined. The point of zero charge was found from a plot of pH; vs. pH;. The sorption of Co?*
was examined in the pH range from approx. 3.5 to approx. 8, whereas the sorption of Cu2*
was investigated from approx. 3.5 to approx. 6 in order to avoid ion hydrolysis at higher pH
values and the dissolution of sepiolite at lower pH values.

For the determination of the sorption isotherms, solutions of Cu2* (initial concentrations
from 30 to 250 mg dm-3) and Co?* (initial concentrations from 30 to 200 mg dm-3) in demi-
neralized water were prepared. The initial pH values of the solutions were 5.6+0.1. Aliquot of
25 cm? of each solution was equilibrated for 24 h with 0.05 g of sepiolite, with shaking. The
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SORPTION OF Cu?* AND Co?* FROM AQUEOUS SOLUTIONS ONTO SEPIOLITE 103

metal ions remaining unabsorbed in the supernatant, as well as the concentration of Mg?*,
were determined using AAS (Perkin Elmer 730). All the sorption studies were repeated twice;
the reported value is the average of two measurements.

Effect of contact time

The removal of Cu?* and Co?* by the sepiolite sample was al so investigated as a function
of the contact time. Solutions of the metal ions (25 cmd) with an initial ion concentration of
100 mg dm3 and a pH value of 5.6+0.1 were equilibrated with 0.05 g sepiolite at a tempera-
ture of 298 K for contact times ranging from 1 h to 24 h. After separation of the solid from
liquid phase, the final concentration of Cu?*, Co?* and Mg?* were measured as dependent va-
riables of time.

Effect of temperature

In order to investigate the influence of the temperature on the sorption process, sorption
experiments were also performed at temperatures of 318, 328 and 338 K. The M2* solutions
with different initial concentrations were adjusted to a pH value of 5.6+0.1. Aliquot of 25 cm?
of each solution was equilibrated for 24 h with 0.05 g of sepiolite, with shaking in a water
bath thermostated at the desired temperature.

RESULTS AND DISCUSSION
Sorption of Cu2* and Co%* onto sepiolite

The specific sorption of cations onto a solid surface leads to a shift in the
point of zero charge to lower values. This shift is more pronounced, the greater
the amount of specifically sorbed ionsis.1®

The results of the determination of the point of zero charge for sepiolite in
Cu(NO3), and Co(NO3), solutions, of concentrations 0.01 and 0.001 mol dnr3,
are presented in Figs. 1 (for Cu2*) and 2 (for Co?*). From the dependences pHs
vs. pH;, the value of the point of zero charge was obtained as the pH value at
which the plateau of the curve, i.e., the inflexion point of the curve, appeared.

« 0.01 mol dm’ Cu(NOy),
¢ 0.001 mol dm’ Cu(NO3),

G 5
= [ ] N L] ; [ ] ° = = # .

44
3

Fig. 1. Dependences of pH; on pH;

2 -_— during the equilibration of sepio-

3.5 4.0 45 5.0 5.5 6.0 lite with 0.01 and 0.001 mol dm3

pH; Cu(NOs), solutions.
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s 0.01 moldm’ Co(NO,),
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Fig. 2. Dependences of pH; on pH;
3 . . during the equilibration of sepio-
s 6 s litewith 0.01 and 0.001 mol dm3
pH; Co(NOy), solutions.

The pH of the point of zero charge, pHpc, values of the sepiolite determined
in solutions of M2* of concentration 0.01 mol dm3 were 4.4+0.1 and 6.2+0.1 for
the solutions of Cu2* and Co?*, respectively, whereas the respective values ob-
tained in solutions of concentration 0.001 mol dm—3 were 4.6+0.1 and 6.5+0.1.

During the equilibration of sepiolite with Cu(NO3), and Co(NO3), solutions,
the plateau position shifted towards lower pH values compared to the pHpzc of
7.440.1, obtained under the same conditions for KNO3 solutions (concentration
of 0.1, 0.01 and 0.001 mol dm3, in the pH range from approx. 3.5 to approx.
10),14 indicating that specific sorption of Cu2* and Co2* onto the sepiolite oc-
curred. For the same initial ion concentration, the shift of the plateau was more
pronounced with Cu2* than with Co2*, suggesting that Cu2* have a higher af-
finity for specific sorption onto sepiolite sample than Co2*. The shift of PHpzc in
the solutions of M2+ was higher when the initial concentration was 0.01 mol dm—3
as aresult of increased specific sorption.

The quantity of specifically sorbed ions onto the surface of solidsl® is
strongly dependent of the radii of the hydrated ions, the electron charge, the
metal electronegativity, the hydrolysis constant, etc. The electric charge of the
investigated ions are the same and the radii of the hydrated ions (Co2*, 0.423 nm
and Cu?*, 0.419 nm)17 and metal electronegativities (Cu, 1.90 and Co, 1.88) are
similar. There are, however, differences in the hydrolysis constant: Cu2* (10-7-53) >
> Co2* (109:6).18 The higher the hydrolysis constant of a given ion is, the higher
isthe tendency of the ion to specific sorption.

The sorption isotherms (with the same solid/liquid ratio as in the determi-
nation of the pHpzc) and the dependences of the quantity of Mg2* released into
the solution as a result of the ion exchange process on the equilibration concen-
tration of the sorbed ions, ce are presented in Figs. 3 (for Cu?*) and 4 (for Co?*).
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The total amount of Mg2* present in the solution after equilibration of the
solution with sepiolite is the result of two processes: the ion exchange of Mg2*
from the sepiolite structure with Cu2* and Co?*, and dissolution of the sepiolite.
The exchangeable Mg2* were determined as the difference between the total
amount and amount of Mg2* released into the solution due to dissolution of
sepiolite (0.09 mmol g1, determined during the determination of the pHpyc).14
The difference between the values of ge (mmol (M2*) g-1) and ge (mmol (Mg2*)
g1) corresponds to the quantity of M2+ removed from the solution by other me-
chanisms: specific sorption, ion exchange with exchangeable ions from the sepio-
lite structure, etc. The mechanism of precipitation of hydroxides of these ions
(M(QOH)>) could not be involved considering the pH values of the solutions. The
occurrence of specific sorption of Cu2t and Co?* onto the sepiolite was con-
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firmed by the shifts of the pHp,c towards lower pH values, proportional to the
quantity of specifically sorbed ions.

During the ion exchange of Cu2* and Co?*, Mg2* are displaced from the
sepiolite lattice, releasing them into solution and replacing them within the
structure. This process does not influence the change of the pHp,c because H*
ions are not involved in the ion exchange process.

The process of ion exchange depends of the similarity of crystallographic
radii of Mg2* and the M2*. The values of crystallographic radii of Cu2*, Co2*
and Mg?* of 0.073, 0.075 and 0.072 nm, respectively, suggest that the affinity of
the investigated ions for ion exchange with Mg2* should be very similar.1® The
results of the present investigation showed that quantity of M2+ exchanged was
almost the same for Cu2* and Co?*.

According to the results presented in Figs. 3 and 4, obtained at atemperature
of 298 K, the sepiolite sample showed the higher sorption capacity for Cu2* then
for Co2*.

Effect of contact time

The effect of contact time on the amounts of Cu2* and Co2* sorbed onto
sepiolite is shown in Fig. 5. It can be seen that the removal of Cu2* and Co?*
using sepiolite as the sorbent is a two-step process. Most of the metal ion sorp-
tion was achieved within 400 min for both investigated ions. The initial faster
metal ion uptake may be explained by the high number of available active sites
on the sepiolite surface. Thereafter, a slower increase of the amount of cations
sorbed can be observed in the second stage, due to the gradual occupancy of the
active sites and the decrease of the metal ion concentrations in the solutions; thus
the sorption became less efficient.

n Cu%
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i1 o Mgﬁ/Cu2+
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o ] @%ﬁff%%:éﬂ Fig. 5. Effect of contact time on
0.04 the amounts of Cu?* and Co?* sor-
bed and Mg?* exchanged (initial
01— : ion concentration of 100 mg dm3,

0 200 400 600 800 1000 1200 1400 & a temperature of 298 K and pH
¢t/ min of 5.6£0.1).
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SORPTION OF Cu?* AND Co?* FROM AQUEOUS SOLUTIONS ONTO SEPIOLITE 107

In addition to Cu2* and Co2* sorption, the quantity of Mg2* released into the
solution as result of the ion exchange process was also examined (Fig. 5). The
obtained data confirmed that the affinity for ion exchange was similar for Cu2*
and Co2*, and that sorption of the investigated ions included a high amount of
specific sorption on the sepiolite surface.

In order to investigate the mechanism of sorption and the potentia rate-
-controlling steps, the two most widely applied kinetic models were used to fit
the experimental data: the pseudo-first-order equation proposed by Lagergren20
and the pseudo-second-order kinetic model proposed by Ho and G. McKay.21
The linear forms of the pseudo-first-order and pseudo-second-order equations are
given by the following equations:

kgt
lo —)=Ilo - 1
9(0e — 0) =109 de 5303 (1)

t 1 t
N 5 + —
G kooé Ce
wherett is the contact time (min), e and ¢ are the amounts of sorbed M2+ (mmol
g), at equilibrium and time t and k; and ko are the rate constants of the pseudo-
first-order (min—1) and pseudo-second-order kinetics (g mmol—1 min-1), respec-
tively.
Theinitial sorption rate h (mmol g-1 min—1) can be obtained using calcul ated
values of the pseudo-second-order rate constant and the equilibrium sorbed
amounts from the following expression:

h=ko08 ©)
The pseudo-first-order and pseudo-second-order model for the sorption of
Cu2* and Co?* onto sepiolite are shown in Figs. 6 and 7, respectively. Based on

)
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, -— . Fg. 6. Linear fitting of the kinetic
2000 0 200 400 600 800 1000 1200 1400  data by the pseudo-first-order ki-
¢ /min netic model.
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108 LAZAREVIC et al.

the above two kinetic models, the obtained parameters for the sorption kinetics
aregiveninTablel.

2+
= Cu

8000 4 a Co*t /

6000
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2000

Fig. 7. Linear fitting of the kinetic
200 400 600 800 1000 1200 1400 1600 data by the pseudo-second-order
¢t/ min kinetic model.

<

-200

It can be concluded that the pseudo-second-order equation is the model that
best describes the experimental data, since the ge values estimated by this model
are in good agreement with the experimental results and the values of the cor-
relation coefficients are closeto 1.

TABLE I. Kinetic parameters for Cu?* and Co?* sorption onto sepiolite

Pseudo-first-order Pseudo-second-order
Metal K K h
lon _l Ge R2 2 ) Oe R2 ]
min1 mmol g1 g mmol-I min'l mmol g1 mmol g1 mint
Cu?* 0.00322 0.184 0.972 0.025 0.352 0.995 0.0031
Co?* 0.00398 0.147 0.947 0.078 0.201  0.997 0.0030

According to the literature, the pseudo-second-order kinetic model includes
different sorption mechanisms, such as surface complexation, ion-exchange, etc.
The modd is based on the assumption that the rate-limiting step may be chemical
sorption or chemisorption involving valence forces through the sharing or ex-
change of electrons between the sorbent and the sorbate and that the sorption rate
depends on the concentration of sorbate at the sorbent surface.21.22 As the cor-
relation coefficients are very high (Table 1), it may also be assumed that sorption
of Cu2* and Co2* onto sepiolite occurs through chemisorption, which confirms
that the main mechanisms of sorption onto the sepiolite sample are specific sorp-
tion and ion exchange of Mg2* from the sepiolite structure with Cu2* and Co2*
from the solutions.

Effect of temperature

The relationship between the amount of Cu2* and Co2* sorbed per unit mass
of sepiolite ge (mmol (M2*) g-1) and the equilibrium concentration ce (mmol
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(M2*) dm3) for four series of experiments at different temperatures are shown in
Figs. 8 and 9. The quantity of sorbed ions increased with increasing temperature.
This indicates that a higher temperature favors metal ion removal by sepialite,
i.e, that the sorption of Cu2* and Co2* onto sepiolite are endothermic processes.
The increase of sorption with increasing temperature may be attributed to either
an increase in the number of active surface sites on the sorbent surface or the
desolvation of the sorbing species and a decrease in the thickness of the boundary
layer surrounding the sorbent; hence the mass transfer resistance of the sorbate in

SORPTION OF Cu?* AND Co?* FROM AQUEOUS SOLUTIONS ONTO SEPIOLITE

the boundary layer decreases.?3

tures.
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Thermodynamics of sorption

In order to investigate the effect of temperature on the sorption of Cu?* and
Co2* onto sepiolite, the distribution coefficient, Kg, was calculated at the tempe-
ratures 298, 318, 328 and 338 K using the equation:

Kq = @)

The thermodynamic parameters, the enthalpy change (AH), the entropy
change (AS), and the Gibbs free energy change (AG) were calculated using the
following equations:

InKg =ASR — AH/(RT) (5)
AG =AH -TAS (6)
The enthalpy change and the entropy change were determined graphically

from the dope and intercept of the straight line plots of In Kq versus 1/T (Fig.
10). The values of the thermodynamic parameters are presented in Table 1.

» Cu2+
0.0 5 A C02+

20,51 \-\

" \
204 Fig. 10. Effect of temperature on

. ; . — ; . — | the distribution coefficients for
0.0029 00030  0.0031 00032 00033 00034 2+ and Co?* sorption onto se-

r'/K! piolite.

In(Kq/dm’g")
>
>
| 2

The positive enthalpy change indicates that the process of Cu2t and Co?*
remova from solution by sepiolite is endothermic. The free energy values are
small and positive and decrease with increasing temperature. This indicates that
the sorption is more efficient at higher temperatures and that the reaction requires
a small amount of energy. The AG values will be negative if the solution
temperature becomes higher than 338 K. This indicates the presence of an energy
barrier in the sorption process.24 Considering the positive values of AG, it has
been suggested that this is quite common with the sorption of metal ions by the
ion-exchange mechanism because of the activated complexation of the metal ion
formed with the sorbent in the excited state.25
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SORPTION OF Cu?* AND Co?* FROM AQUEOUS SOLUTIONS ONTO SEPIOLITE 111

TABLE Il. Thermodynamic parameters of the sorption of Cu?* and Co?* by sepiolite

AG / kJmol-1
:\gﬁt""' AH/KImolt  AS/Jmol KL TIK
298 318 328 338
cu?r 13.45 37.77 2.24 148 1.06 0.728
Co?* 10.34 48.80 4.80 3.81 3.32 2.84

The positive values of entropy change may be explained by structural chan-
ges of both the sorbates and sorbents during the sorption process.326 According
some authors, the positive values of ASindicate an increase in randomness at the
solid/liquid interface during the sorption of metal ions by clays.2”

CONCLUSIONS

The sorption capacity shown by the sepiolite suggests that this mineral, as a
natural low-cost sorbent, can be successfully employed for the removal of Cu2*
and Co2* from highly polluted waters.

The retention occurred dominantly by specific sorption and exchange of
Mg2* from the sepiolite structure. The occurrence of specific sorption was con-
firmed by shifts of the pHp,c towards lower pH vaues, proportional to the quan-
tity of specifically sorbed ions.

The sorption kinetic study showed that the pseudo-second-order model des-
cribed best the experimental data, indicating that the sorption may be controlled
by chemical sorption.

The thermodynamic analysis showed that the process of sorption of Cu2*
and Co?* onto sepiolite was endothermic. The small and positive AG values
suggest that the sorption process requires a small amount of energy.
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H3BOJ

COPIILIMJA JOHA BAKPA U KOBAJITA U3 BOAEHUX PACTBOPA HA CEITMOJIUTY,
NCIINTUBABE PABHOTEXE, KUHETUKE U TEPMOJJUHAMUKE COPIIIIUIE

CJIABULIA JIAAPEBURY, UBOHA JAHKOBUR-YACTBAH?, XKEJBKO PAJIOBAHOBURY, BPAHUCIIAB
MTOTKOIbAK?, BOPBE JAHARKOBHUR' n PAJIA TIETPOBIR*

! Texnoaouko—metanrypuiku gaxyaitieiti, Kaprezujesa 4, 11 000 Beozpao u ZHchmeyu_t 3a xemujy,
itiexHon02ujy u meitianypzujy, hezowesa 12, 11001 Beozpao

V pany je ucnurana epUKaCHOCT yKJamarma joHa Oakpa U KoOajiTa U3 BOJCHHX PacTBOpa Ha
HPUPOJHOM CENHOJIMTY IPUMEHOM METOJIe YpaBHOTEKaBamwa 1noceOHux npoba. Vcruran je yrunaj
noueTHUX KoHUeHTpauuja Cu2t u Co%*, kao i BpeMeHa YpaBHOTEKABAHA H TEMIIEPATYPe HA HpPO-
ec copmiuje. BpenrHocTn TepMOIMHAMHYKUX [TapamMeTapa copiiiyje (IpoMeHe eHTasInuje, mpoMe-
HE EHTPOIIHje, MPOMEHe CI000/IHe CHEPTHje COpILKje), oapeleHe Ha OCHOBY 3aBHCHOCTH COPITIIHO-
HOT KarlaIliTeTa oj TeMIlepaType, yKasyjy Ha To aa je mporec copmumje Cu2t n Co%* na cenmonuty
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ergoTepMad. ITopehemeM ekcriepuMeHTanux pe3ynrara ca KHHETHIKAM MOJeNMa yTBpheHo je na
ce xuneTuka copruuje Cu2t u Co?* Ha cenmuonuTy MOXKE OMHCATH KMHETHUKHM MOJIEJIOM IICEYI0-
-JIPYTOT pefa.
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