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ABSTRACT: The extraction of cadmium(II) by the ionic liquid (RsNH"*CI") (R: tri-iso-octyl) in Exxsol D100
from hydrochloric acid solution has been investigated. The extraction reaction is exothermic. The numerical
analysis of metal distribution data suggests the formation of R;NH*CdCl; and (R;NH"),CdCI3~ species in the
organic phase. The results obtained for cadmium(II) distribution have been implemented in an impregnated
multi-walled carbon nanotubes system. The influence of aqueous solution stirring speed (2502000 min™"),
adsorbent dosage (0.05-0.2 g) and temperature (20 °C-60 °C) on cadmium adsorption have been investigated.
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RESUMEN: Extraccion liquido-liquido de cadmio(II) mediante el liquido ionico CITIOA ( cloruro de tri-iso-octyl
amonio) y su aplicacion en un sistema de nanotubos de carbono impregnados con CITIOA. Se ha estudiado la
extraccion de cadmio(I1), de disoluciones en medio HCI, por el liquido iénico (R;NH'CI") (R: tri-iso-octyl)
disuelto en Exxsol D100. La reaccion de extraccion tiene un caracter exotérmico. El analisis numérico de la
distribucion del metal sugiere la formacién de las especies Ry;NH*CACl; y (R;NH"),CdCI; en la fase orga-
nica. Estos resultados se han implementado en un sistema que utiliza nanotubos de carbono de pared multiple
impregnados con este liquido idnico. Se han investigado diversas variables experimentales: velocidad de agita-
cion de la disolucién acuosa (250-2000 min '), adicion del adsorbente (0,05-0,2 g) y temperatura (20-60 °C).
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1. INTRODUCTION its removal from the various effluents which contained
had attracted much attention both from the scientific

Cadmium is used in different industries such as and technological point of view.
pigments, electroplating, metallurgical products, etc., During last years, liquid-liquid extraction of
then this element could enter the water system through cadmium from various aqueous media has received
secondary and/or wastes, thus, and due to its toxicity, particular interest and different reagents have been
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investigated, including acidic, basic and neutral ex-
tractants and some of their mixtures (Jha ef al,
2012; Regel-Rosocka and Alguacil, 2013; Choi et al.,
2014).

These extraction procedures can also be imple-
mented in other separations processes, i.e. solid-
supported liquid membrane configuration, where
the performance of the separation is enhanced by
the combination of extraction and stripping pro-
cesses in one step (De Agreda et al., 2011). Also
there is the potential application of using these
extraction systems on other solid supports such
as being carbon nanotubes. Carbon nanotubes are
considered as materials with multiple applications,
being one of the newest, its uses as adsorbent of
metals (Salam et al., 2012; Mubarak et al., 2014;
Alguacil et al., 2014). More interestingly, the pos-
sibility of impregnating them by suitable extract-
ants could broad their applications in separating
metals.

From the above, it is apparent that little data, if
any, is available in the literature about the use of
this particular ionic liquid in this role: extractant
and impregnating carbon nanotubes for cadmium
removal from hydrochloric acid media, thus, the pres-
ent investigation was undertaken to obtain a quan-
titative characterization of the extraction reactions
between cadmium(IIl) chloride solutions and the
ionic liquid dissolved in a suitable organic diluent.
Furthermore, a multi-walled carbon nanotubes sys-
tem has been derived by using the extraction pro-
cess mentioned above, and some of the parameters
affecting the adsorption or ion exchange process,
i.e. stirring speed of aqueous solution, adsorbent
dosage and temperature, have been investigated.

2. MATERIALS AND METHODS
2.1. Materials

A 10 g dm™ stock solution of cadmium(II) was
obtained by dissolving CdCl, (Fluka) in HCI (Fluka),
and the various aqueous solutions were obtained
by the proper dilution of this in distilled water. HCI
concentration was kept constant at 1 M in all the
experiments, as previous tests demonstrated that max-
imum cadmium extraction was obtained using this
acid concentration.

The extractant Hostarex A324 was used as sup-
plied by the manufacturer (Hoechst, Germany). It
active substance were tri-iso-octyl amine (R;N),
and was diluted in Exxsol D100 (99% aliphatics),
Solvesso 100 (99% aromatics) or toluene (Fluka).
Exxsol D100 and Solvesso 100 are product from
Exxon Chem Iberia, Spain. All other reagents were
of RA grade.

The carbon nanotubes were obtained from Fluka,
having the characteristics shown in Table 1.

TABLE 1. Characteristics of the carbon nanotubes
type multi-walled
melting range 3652-3697 °C
density 2.1gmL™
appearance dust
purity 97% carbon
dimensions 10£1 nm external diameter

4.5£0.5 nm internal diameter
3-6 um (length)

maximum adsorption 1295 cm’ g!

BET 263m*g”!

2.2. Procedure
2.2.1. Generation of the ionic liquid

The ionic liquid was generated by shaking equal
volume phases of the corresponding organic phase
and 2 M HCl solution for ten minutes at 20 °C, after
phase separation, the acid content in both the equil-
ibrated aqueous and organic solutions were checked
by titration, in ethanolic medium, with standard
NaOH solutions and using bromothymol blue as
indicator. Under the above experimental conditions,
the next reaction occurs:

Hy+Clyg+ RsNo, & (R;NHCL) (1)

org

with generation of the ionic liquid. The subscripts
aq and org refereed to the corresponding aqueous
and organic phases.

2.2.2. Liquid-liquid extraction experiments

Distribution ratio experiments were performed
at 20 °C (unless otherwise stated) by shaking
(700 min~") equal volumes (20 cm®) of the organic
and aqueous phases in separatory funnels for the
required time. It should be noted here that iso-
decanol was used as modifier of the organic so-
lutions prepared from Exxsol D100, since using
this diluent a third (an undesiderable) phase was
formed after the contact of the aqueous and organic
solutions. After phase separation, the metal remain-
ing in the aqueous solution was analysed by AAS
using a Perkin Elmer 1100B spectrophotometer. The
amount of cadmium extracted was obtained by dif-
ference with the initial concentration in the aqueous
phase. From these data, the distribution ratio, D¢,
was calculated as:

logDc¢g=log[Cd] —log[Cd] (2)

org aq
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where [Cd(II)],,, and [Cd(II)],, are the total equilib-
rium cadmium concentrations in the organic and
aqueous phases, respectively.

2.2.3. Impreganted carbon nanotubes experiments

The impregnated carbon nanotubes were pre-
pared by impregnating the adsorbent with a solu-
tion of 50% v/v of the ionic liquid in Solvesso 100.
The impregnation process was carried out by gently
shake of 100 mL of the organic solution and 1 g of
the pristine carbon nanotubes, during 24 hours at
20 °C, after, the mixture was filtrated and washing
several times with distilled water until all the excess
of the organic solution was eliminated from the
solid. The impregnated solid was then dry at 80 °C
until constant weight was achieved.

The batch transport experiments were carried out
in a glass reactor provided of mechanical (impeller)
shaking. Solution (100 cm®) containing cadmium(II)
and 1 M HCI was used as starting solution and to
this, weighed amounts of the impregnated adsorbent
was added. In each adsorption experiment, the stir-
ring rate in the aqueous solution was kept constant
at 2000 min~', unless otherwise stated. The cadmium
content of the aqueous solution was periodically
determined by Atomic Absorption Spectroscopy
(AAS).

3. RESULTS AND DISCUSSION
3.1. Liquid-liquid system

A preliminary test was carried out to determine
the time needed to achieve equilibrium. Thus, the
effect of equilibration time on the extraction of
cadmium(II) by the ionic liquid TIOAH'CI™ was
studied by shaking phases of the extractant 10% v/v
in Exxsol D100 and 5% v/v iso-decanol and an
aqueous phase of 1.0 g L™ Cd(II) in 1 M HCI for
different times at 20 °C. Equilibrium was achieved
within 5 minutes of contact, though the change
between 1 minute and 60 minutes was negligible
(log Dg=2.5%0.05).

The relationship between cadmium extraction
and the temperature was also studied using the same
organic and aqueous solutions as described above.
Table 2 shows the variation of log D¢y and the tem-
perature. There is a decrease of cadmium extraction

TABLE 2. Effect of the temperature
on cadmium extraction

Temperature (°C) log D
20 2.5
40 2.3
60 2.0

with the increase of temperature. The extraction
process is therefore exothermic with AH® estimated
as —20 kJ mol ™.

To determine the effect of the organic diluent
on the present system, extractions were carried out
with solutions of TIOAH"CI™ 10% v/v in each dilu-
ent and aqueous phases of 1.0 g L™ cadmium(II)
in 1 M HCI. Temperature was 20 °C and equilibra-
tion time was 10 minutes. Table 3 shows the extrac-
tion results obtained for these experiments. It can
be seen that, apparently, better extraction results are
obtained when aromatic diluents are used instead of
Exxsol D100. Moreover, the use of aromatic dilu-
ents avoided the use of iso-decanol (modifier), since
with these aromatic diluents no third phase (or sec-
ond organic phase) is formed at every hydrochloric
acid concentration.

The influence of initial cadmium concentration
on extraction of the metal was studied at 20 °C, by
shaking aqueous phases which contained different
cadmium concentrations in 1 M HCI and organic
phases of TIOAH"CI™ 10% v/v in Exxsol D100 and
5% vlv iso-decanol. As it can be seen from Table 4,
the variation in the initial cadmium concentration
influenced the extraction of the metal, decreasing it
as the initial cadmium concentration in the aqueous
solution is increased, though for each initial cad-
mium concentration, there is no appreciable differ-
ence in metal extraction with different total chloride
concentrations in the aqueous phase.

In order to estimate the composition of the ex-
tracted species, the experimental data obtained in
the distribution equilibrium studies were evaluated
using a computer program which searches, for a given
model, the best set of equilibrium constants that
would minimize the error squares sum defined by:

2

UZZ(IOgDEXP_IOgDcaIC) (3)

TABLE 3. Influence of the organic
diluent on cadmium extraction

Diluent log D
Exxsol D100 2.5
Solvesso 100 3.0
Toluene 3.2

fand 5% v/v iso-decanol.

TABLE 4. Influence of the initial metal
concentration on cadmium extraction

Initial metal concentration (g L™") log D

0.01 3.0
1.0 2.5
10 0.9
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TABLE 5. Results of numerical
calculation for cadmium(II) distribution

Species log K.\
R,NH'CdCI; 4.7 max 5.0
(R;NH*),CdCL" 4.6 max 4.8

where D, is the distribution coefficient of
cadmium(IIl) determined experimentally and D, is
the value calculated by the program solving the mass
balance equation for the metal and the extractant,
assuming a particular set of species and constants.
Several models with species of different stoichiom-
etries were tried in order to investigate the possibil-
ity of finding different species which could improve
the fit to the experimental data. For this particular
system, the program fits the existence of two species
in the cadmium-loaded organic phases; the corre-
sponding stoichiometries are summarized in Table 5,
which also shows the values of log K,,. The nature of
the extracted species corresponded well to an anion-
exchange mechanism between the chloride ion of
the ionic liquid and the anionic cadmium(II) species
found in the aqueous solution, these stoichiometries
compared well with those found in similar extraction
systems (Regel-Rosocka and Alguacil, 2013).

3.2. Impregnated carbon nanotubes system

The adsorption of cadmium(II) by the ionic lig-
uid generated from the amine Hostarex A324 and
hydrochloric acid has also been studied using the
carbon nanotubes technology, where the organic
extractant impregnated the carbon nanotubes, and
in order to expand the practical range of usage of
these carbon nanotubes.

To achieve effective adsorption of cadmium(II)
in this solid-liquid system, is necessary to explore the
effect of the stirring speed on the percentage of metal
adsorption. Very often, the adsorption of a metal
onto a solid matrix depends of the resistance due to
the liquid boundary layer. Similarly to other separa-
tions technology, sometimes, the magnitude of the
boundary layer resistance is comparable to or even
greater to other resistances. In the present investiga-
tion, stirring of the aqueous solution was carried out
from 250 to 2000 min ' (Table 6). The percentage of
metal adsorption increased from 250 to 1000 min ",
and beyond that no increase in cadmium(II) adsorp-
tion was observed. Consequently, the thickness of
the aqueous diffusion layer and the aqueous resis-
tance to mass transfer were minimized and the diffu-
sion contribution of the aqueous species to the mass
transfer process is assumed to be constant.

Studying the effect of the temperature on the
metal adsorption it was revealed that this ad-
sorption increased with the increase of the tem-
perature (Table 7), thus, under these experimental

TABLE 6. Influence of stirring speed
on adsorption of cadmium(II)

Stirring speed (min™") Cadmium adsorption’ (%)

250 48.5
500 58.0
1000 70.5
2000 70.5

Aqueous phase: 0.01 g L™ Cd in 1 M HCI. Adsorbent dosage:
0.2 g. Temperature: 20 °C.
"After 1 hour.

TABLE 7. Influence of temperature
on adsorption of cadmium(II)

Cadmium [Cd] [Cd]
Temperature (°C)  adsorption (%) (mgL™) (mgg™)
20 70.5 3.0 3.5
40 92.5 0.75 4.6
60 98.5 0.15 4.9

Aqueous phase: 0.01 g L' Cd in 1 M HCI. Adsorbent dosage:
0.2 g. Time: 1 hour.

conditions, the removal of cadmium from the solu-
tion has an endothermic character, with AH® esti-
mated as 66 kJ mol™".

Also, the effect of adsorbent dosage on cadmium
adsorption was studied. Table 8 shows percent-
age of adsorption values for the removal of cad-
mium through carbon nanotubes impregnated with
50% v/v of the ionic liquid in Solvesso 100. It can be
seen that the percentage of adsorption increased with
the adsorbent, showing table the corresponding metal
uptakes and cadmium equilibrium concentrations.

Comparison of the above results with these ob-
tained when pristine carbon nanotubes were used
as adsorbent of cadmium from 1 M HCI solution
shown, that under this acidic conditions, cadmium
is not adsorbed or removed from the aqueous solu-
tion using the pristine material, thus, the effective-
ness of impregnating it with this ionic liquid is fully
demonstrated.

In order to analyze the adsorption rate of
cadmum(II) onto the impregnated carbon nanotubes,

TABLE 8. Influence of carbon nanotubes
dosage on adsorption of cadmium(II)

Dosage (g)  Adsorption (%) [Cd] (mgL™) [Cd] (mgg™)
0.05 36.5 6.4 7.3
0.1 59.0 4.1 5.9
0.2 89.0 1.1 4.5

Aqueous phase: 0.01 g L™' Cd in 1 M HCI. Temperature: 20 °C.
Time: 2 hours.
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TABLE9. Rate constants and data fit for the adsorption of
cadmium(II) onto the impregnated carbon nanotubes

Model k R?
pseudo-first order 0.039 min™! 0.9941
pseudo-second order 0.007 g mg ' min™! 0.9954

the pseudo-first order (Eq. (4)) and the pseudo-
second order (Eq. (5)) rate models were used:

ln(qe—qt)zln(qe)—klt 4)
t 1 t
—= +— (5
qt k2q§ qe

where k; and k, are the rate constants for each
model, q, and q. are the metal uptake per unit mass
of the adsorbent at an elapsed time and at equilib-
rium, respectively, and t is the elapsed time.

The results from these simulations are shown in
Table 9. As can be seen from these results (very simi-
lar R? values), the kinetic adsorption of cadmium(II)
can be represented well by the two models.

It should be noted here that in these impregnated
systems, as in solid supported liquid membrane exper-
imentation (Alguacil et al., 2004; Alonso et al., 2006),
the nature of the extracted species has not been deter-
mined, since it is broadly accepted that it should be
the same that those findings in conventional liquid-
liquid extraction systems, see Table 5 for the present
system.

4. CONCLUSIONS

The ionic liquid (R;NH'CI) can extract
cadmium(II) from hydrochloric acid media. There
is a decrease in cadmium extraction with increasing
temperature, so that the extraction is exothermic.
Metal extraction is dependent on the metal concen-
tration and the organic diluent. On the basis of a
computer simulation model, cadmium(II) extrac-
tion by this ionic liquid can be explained by an
anion exchange reaction with the formation of two
metal-extractant species in the organic solution.

The extraction system has been implemented in
an impregnated carbon nanotubes system in which,
under the investigated experimental conditions, the

metal adsorption is dependent on the stirring speed
of the aqueous solution (up to 1000 min~').This
adsorption increases with the increase of the adsor-
bent dosage and with the temperature, the latter
being attributable to an endothermic reaction with
estimated AH°=66 kJ mol™".

Metal adsorption can be represented either by
the pseudo-first or the pseudo-second order models.
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