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Abstract—Ruthenium compounds are highly toxic and carcinogenic. In the present study, clinoptilolite
was used in the removal of Ru species from aqueous solutions. Clinoptilolite is a good choice of sorbents
because it is naturally abundant and therefore cheap. After the process where Ru was removed from the
aqueous solution, the clinoptilolite was characterized by X-ray diffraction, X-ray fluorescence,
thermogravimetric analysis, and Fourier-transform infrared spectroscopy techniques. The influence of
pH, contact time, and temperature on the adsorption of Ru was investigated and the optimum conditions
were found to be 2 h of contact time and pH = 2. Pseudo first-order, pseudo second-order, Elovich, and
intra-particle diffusion models were used to analyze the adsorption-rate data. The pseudo second-order
model was found to be the best kinetics model in terms of matching the experimental results obtained.
Adsorption isotherms were constructed to assess the maximum adsorption capacity of clinoptilolite. The
Langmuir model fitted the data reasonably well in terms of regression coefficients. Adsorption studies
were also performed at different temperatures to calculate the thermodynamic parameters. The numerical
value of AG® decreased with increasing temperature, indicating that adsorption is favored at higher
temperatures. The positive values of AH® corresponded to the endothermic nature of the adsorption

processes. The proposed method of removal is applicable at an industrial scale.
Key Words—Adsorption, Aqueous Solution, Clinoptilolite, Removal, Ruthenium.

INTRODUCTION

Ruthenium is a rare element found in ~10~%% of the
Earth’s crust and usually occurs in association with other
platinum group metals. Ruthenium and its compounds
are used for many industrial purposes, e.g. alloys with
other metals in the manufacture of electrical wires,
electrodes, incandescent-bulb filaments, and laboratory
equipment. Ruthenium and its compounds also catalyze
chemical processes. They are also used in the chemical
industry, in electroplating, in electrocoating, and as
redox indicators (Avtokratova, 1963). Ruthenium is
widely used in the electronics industry and as one of
the most effective hardeners in high-density alloys.
Platinum metals, especially Ru and its chlorocomplexes,
have been used widely in the catalytic oxidation of some
organic compounds (Rard, 1985). The hazards associated
with all Ru compounds are that they are highly toxic and
carcinogenic, and they stain the skin severely.

Separation procedures including volatilization,
coprecipitation, solvent extraction, sorption, and chro-
matography can be used to isolate and preconcentrate Ru
from multicomponent samples containing noble and base
metals (Balcerzak, 2002; Hong and Grubbs, 2007; Lopez
et al., 2009; Knight et al., 2010; Kokate and Kuchekar,
2010). Separation of Ru has also been achieved by
coprecipitation, sequential distillation, precipitation, and
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adsorption onto inorganic materials (Gandon et al.,
1993; Granados et al., 2004; Rathore et al., 2004; El-
Absy et al., 2005). Other methods used in the removal of
metal ions from solutions include chemical precipitation,
ultra-filtration, biochemical treatment, ion exchange,
and adsorption (Nassar et al., 2004). The adsorption of
pollutants from solution plays an important role in
waste-water treatment as it eliminates the need for huge
sludge-handling processes. Adsorption is preferred over
other processes because it is cheaper and because of the
effluents it produces — well designed sorption processes
are more efficient and result in effluents which can be
recycled or disposed of more safely. Gallium arsenide,
Fe oxides, activated charcoal, and zeolites have been
used in the adsorption of Ru (Musi¢ and Ristic, 1987,
Schlesinger et al., 1990; Dyer and Aggarwal, 1995;
Qadeer, 2007).

Zeolite-containing rocks are used in waste-water
purification to remove toxic and radioactive elements
(Breck, 1974). Zeolites are thermally stable, resistant to
radiation, and are widely available throughout the world.
They are used frequently in sorption processes because
of their low cost and ion selectivity (Arambula-Villazana
et al., 2006; El-Naggar et al., 2008). Clinoptilolite is a
natural zeolite that has been considered for radioactive-
waste treatment (Elizondo er al., 2000; Osmanlioglu,
2006; Borai et al., 2009; Sharma et al., 2009).
Clinoptilolite belongs to the most widely available
family of zeolites. The ideal composition is
Nag[AlgSiz007,].24H,0 (Barrer, 1985). Reserves of
clinoptilolite-rich tuffs have been found throughout the
world (Schiith et al., 2002).
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The aim of this work was to study the efficiency of
natural clinoptilolite in the adsorption of Ru species
from aqueous solutions. The effects of different para-
meters such as initial concentration, initial pH of the
solution, and temperature on the adsorption process were
studied.

Experimental

Reagents and methods

All chemical reagents (obtained from Merck,
Darmstadt, Germany) used in this study were of
analytical reagent (AR) grade and were used without
further purification. All solutions were prepared in
double distilled water. Ruthenium ions were obtained
as Ru trichloride hydrate (also from Merck, Darmstadt,
Germany).

Natural clinoptilolite was obtained from deposits in
Semnan, Iran; the zeolite was crushed and pulverized in a
mortar and sieved to a particle size of 100—224 pm. The
powder was refluxed in distilled water in order to remove
soluble salts and then washed and dried at 110°C. The
powder was stored in a desiccator over saturated NaCl
solution in order to maintain a constant vapor pressure
throughout the period of the experiments. The purified
sample was characterized by X-ray diffraction (XRD),
Fourier-transform infrared (FTIR) spectroscopy, and
thermal analysis. The XRD patterns were collected
using a Bruker, D8 ADVANCE X-ray diffractometer
with CuKa radiation (wavelength: 1.5406 A; Ni filter) up
to 45°20 at ambient temperature. The Na, K, Ca, Si, and
Al contents of the sample were determined using a
Bruker, S4 PIONEER X-ray fluorescence spectrometer.
The FTIR spectrum of the clinoptilolite was obtained
using a Nicolet Impact 400D Model spectrophotometer
(Nicolet Impact, Madison, Wisconsin, USA) using the
KBr pressed-disk technique. For each KBr pellet, 1 mg of
zeolite and 100 mg of KBr were weighed, ground in an
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agate mortar, and pressed. Spectra were recorded in the
wavenumber range 400—4000 cm™'. Thermogravimetric
analysis (TGA) was performed using a Mettler, TG-50
thermal analyzer from ambient temperature to 800°C at a
heating rate of 10°C min™" in air. The determinations of
Ru ions were carried out using an inductively coupled
plasma-atomic emission spectrometer model Integra-XL
(GBC, Adelaide, Australia).

Adsorption experiments

To discover the optimum conditions, the adsorption
of Ru was studied by batch technique. A sample of 0.3 g
of zeolite was equilibrated with 10 mL of Ru solution of
known concentration at fixed temperature for a known
period of time. After equilibration, filtration of the solid
phase was followed by centrifugation of the filtrate
(3000 rpm for 5 min). 5 mL of the supernatant solution
was then taken for Ru measurement. The amount of Ru
adsorbed was calculated from the difference in concen-
trations before and after adsorption.

q = (Cl — Cf) X Vim (1)

where ¢ is the amount of metal ions adsorbed by a unit
mass of zeolite (meq g_l); C; and Cy are the initial and
final Ru concentrations (meq L"), respectively; m is the
amount of zeolite used (g); and V is the volume of Ru
solution (L).

The effects of different parameters, including initial
Ru concentration, the solution pH, the contact time, and
the temperature were investigated.

RESULTS AND DISCUSSION

Physicochemical characterization

X-ray diffraction patterns of the purified clinoptilo-
lite and of a material examined by Treacy and Higgins
(2007) were compared (Figure 1). Clinoptilolite was the
major phase found in the zeolite-rich rock examined.
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Figure 1. XRD patterns of the natural zeolite (a, black line) and of material examined by Treacy and Higgins (2007) (b).
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Figure 2. FTIR spectrum of clinoptilolite.

The zeolites were significantly hydrated as illustrated by
discrete water absorption bands in their 3500 and
1640 cm ™' regions (Figure 2). These bands, which
were centered at 3449 and 1636 cm ™', refer to water
molecules associated with Na and Ca in the channels and
cages of the zeolite structure. Other bands near the 1078
cm ™' band, arising from asymmetric stretching vibration
modes of internal 7—O bonds in 70, tetrahedra (7 = Si
and Al ), were also observed. The 796 and 461 cm !
bands are assigned to the stretching vibration modes of
O—T—0 groups and the bending vibration modes of
T—O0O bonds, respectively (Wilson, 1994; Tanaka et al.,

In the TG and DTG curves of the natural sample
(Figure 3), a characteristic dehydration peak between 25
and 200°C with a 13.1% weight loss was observed.

Optimization of conditions

The adsorption of Ru species was at its greatest at
pH 2 (Figure 4) so the present adsorption studies were
carried out at that pH.

Electrochemical and spectral studies on RuCl; in
aqueous solution in the pH range 0.4—2.0 have shown
that Ru(IIl) may exist as four major species,

2003).
The chemical composition of the zeolite was obtained 0.004
by XRF (Table 1). The Si/Al ratio of the natural [
clinoptilolite studied was 5.086 which is within the
range (4—5.5) suggested by Breck (1974).
0.002
Table 1. Chemical composition of purified clinoptilolite
obtained by the XRF method. i
=0
Species Wt. (%) E o0
. 2 0.000 <
Si0, 67.71 = g
AlL,O; 11.30 :En =
Na,O 2.39 ]
Ca0 2.09 =
K,0O 1.86 l i
MgO 0.696 -0.002
Fe,04 0.439 B
TiO, 0.116
SrO 0.107 B
BaO 0.059 - L
LOI 13.2 0,004 L T
Total 99.97 0 200 400 600 800

* Loss on ignition

Temperature (°C)

Figure 3. TG and DTG curves of clinoptilolite.
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Figure 4. Effect of pH on adsorption of Ru (Ru concentration =
2.5%x 10 *mol L7, temperature = 25°C, and contact time = 1 h).

[RuCl14(H,0)5] ", [[RuCl3(H,0)5], [RuCl5(H,0)4]",
and/or [RuC1(H,0)s]*". They are referred to here as
species 1, 2, 3, and 4, respectively. The approximate
concentrations of these complexes in solution were: at
pH 0.40, 1 + 2 = 47.2%, 3 = 31.6%, and 4 = 21%; at
pH 1,1=12.1%, 2 =36.6%, 3 =40.4%, and 4 = 11%; at
pH 2, only species 3 was present (Taqui Khan et al.,
1986). The charge repulsion between the zeolite surface
and negatively charged species of Ru at pH<2.0 may be
one of the reasons for poor adsorption at these pH
values. Competition with H3O" is another possible
reason. At higher pH values, hydroxyl ions are
introduced gradually to the coordination sphere and
negatively charged Ru complexes are produced.

The results show that as contact time increased, Ru
adsorption increased initially, but then approached a
constant value rapidly (Figure 5). Equilibrium was
attained after 2 h, after which time no further significant

0.030

0.025 - .

0.020

0.015 -

Adsorption (meq g'1 )

0.010 4

0.005

0.000 T T T T T T
0 50 100 150 200 250 300

Time {min)

Figure 5. Effect of contact time on adsorption of Ru (Ru
concentration=2.5 x 10~ *mol L', temperature = 25°C, and pH
=2.0).
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increase occurred in the level of adsorption. After just
15 min, 92% of the amount of adsorption at equilibrium
had been achieved. A shaking time of 2 h employed for
all of the equilibrium adsorption studies was sufficient to
ensure that adsorption equilibrium was reached.

Adsorption kinetics and thermodynamics

The adsorption kinetics of Ru complexes from the
liquid phase was evaluated by applying four different
models, namely, pseudo first-order, pseudo second-
order, the Elovich equation, and the intra-particle
diffusion model. These models were tested to fit the
experimental data obtained by batch experiments.

The pseudo first-order equation is generally
expressed as follows:

dg

— = Ki(qe — qr)

i )

where ¢, and ¢, are the amounts of species adsorbed per
unit weight (mmol g~') of sorbent at equilibrium and at
any time ¢, respectively, and K, is the rate constant of
pseudo first-order sorption (min~'). After integration
and applying the boundary condition of ¢ = 0 at # = 0, the
integrated form of the equation becomes:

(3)

The pseudo second-order equation (Blanchard et al.,
1984) based on adsorption equilibrium capacity can be
expressed as:

In(g. — qv) = Ing. — Kyt

dq _
dr

where K, is the rate constant of pseudo second-order
sorption (g mmol~" min~"). Integrating this equation and
applying a boundary condition of ¢ = 0 at # = 0 gives:

(5)

Ka(ge — ¢r)? “4)

t 1 t

— 4+ —
¢ K2 qe

The sorption rate can be obtained from equation 6:

g _ 1
U Kag) + 140 ©)

and the initial sorption rate, /, can be defined as
h = qug
Therefore, equation 8 can become

t

"+ /) "

The initial sorption rate, # (mmol g~' min™"), the

equilibrium sorption capacity, ¢., and the pseudo
second-order rate constant, K,, can be determined
experimentally from the slope and intercept of the plot
of t/q, vs. t.
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Table 2. Kinetics parameters obtained for Ru adsorption onto clinoptilolite (pseudo first-order and pseudo second-order

models).

—— Pseudo first-order model —— —— Pseudo second-order model ——
qe (exp.) 1 qe (theor.) RZ KZ qe R2
(mmol g~ (min~") (mmol g~ (g mmol " min") (mmol g~
0.164 0.021 0.111 0.9260 0.546 0.172 0.9998

The Elovich equation (Mclintock, 1967) is given as
follows:

=R ©)

where ¢, is the sorption capacity at time #, o is the initial
sorption rate of the Elovich equation (mmol g~ min™"),
and the parameter B is related to the extent of surface
coverage and activation energy for chemisorption
(g mmol~!). The constants can be obtained from the
slope and intercept of the linear relationship of ¢, vs. In «.
The intra-particle diffusion model (Weber and Morris,
1963) is

¢, = Kaiit'> + C (10)

where Kgirr is the intra-particle diffusion rate constant
(mmol g~ min~'"?) and C is the intercept.

Parameters and correlation coefficients for four
kinetics models for Ru adsorption on the zeolite were
calculated from corresponding plots (Tables 2 and 3).
The value of R? for the pseudo second-order kinetics
model was greater than for the other models. According
to this rate law, the rate of sorption depends on the
sorption capacity but not on the concentration of the
sorbate. The pseudo second-order mechanism is also
generally applicable for the sorption of small metal ions
and with a short contact time to equilibrium. It was,
therefore, selected as the best model to fit the experi-
mental data and was used to determine the activation
energy, E,, which was evaluated from the slope of In K,
vs. 1/T using the Arrhenius equation (Figure 06), viz.

E,

InK, =InA4 — RT

(11)

where K, and A4 are the rate constant and temperature-
independent factor (g mmol~' min™"), respectively; E,,
the activation energy of the reaction of adsorption

(J mol™'); R, the gas constant (8.314 J mol ™' K™;
and 7, the adsorption at absolute temperature (K).

In order to obtain thermodynamic parameters, the
distribution coefficient, k4 (mL g '), was determined
according to

k= [@] < VIW (12)

G

where C; and Cy are the initial and final concentrations
of the Ru in solution, respectively; I, the weight of
zeolite (g); and V, the volume of the solution (mL).
The thermodynamic state functions, i.e. AH? and AS°,
were calculated (Table 4) from the slopes and intercepts
of the linear variation of In k4 with the reciprocal of the

temperature, 1/T (Figure 7).
Inkg = —(AH*/RT) + (AS°/R) (13)

The Gibbs free energy of adsorption, AG®, was then
calculated from:

AG® = AH® — TAS® (14)
-2.3 4
¥
5
-2.5
Ln
-2.7 T T
31 34

3.2 3.3
(11M*10~ (1/°C)

Figure 6. Linear least-squares method for calculating E,.

Table 3. Kinetics parameters obtained for Ru adsorption onto clinoptilolite (Elovich and intra-particle diffusion models).

Elovich model

—— Intra-particle diffusion model ——

o R2 kdiff C R2
(mmol g71 min’l) (g mmolfl) (mmol gfl minfl/z) (mmol gfl)
0.0221 29.0 0.8206 0.0095 0.035 0.7424
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Table 4. Activation energy (£,) and thermodynamic parameters obtained for Ru adsorption onto natural clinoptilolite.

Temperature E, AH° AS° AG°
(°C) (kJ mol™ ") (kJ mol™") (kJ mol~" K71 (kJ mol™ "
25 6.32 11.66 0.065 —7.71
35 —8.36
45 -9.01

The activation energy and enthalpy for the adsorption
process were positive (Table 4). In other words, the
adsorption of Ru species was an endothermic process.
Endothermic adsorption means that higher temperatures
favor adsorption of Ru (Figure 8) and a negative value
for AG°® indicated that the adsorption process was
favored.

Adsorption isotherms

Adsorption isotherms were plotted from the data
obtained at different concentrations by means of the
following equation (Figure 8):

a=[(Ci — Ce) x VIm] (15)

where « is the amount of metal species adsorbed by unit
mass of zeolite (mg g~ ") at equilibrium; C; and C, are the
initial and equilibrium concentration of Ru (mg mL™"),
respectively; m is the amount of zeolite (g); and V is the
volume of Ru solution (mL). The value of « is valid for
equilibrium at a particular temperature.

Two adsorption isotherm models were used to fit the
experimental data. The Freundlich equation

a=KeC" (16)
was initially applied in its linear form
Ina = InKy + nInC (17)

where Ky is the known Freundlich constant related to the
adsorbent capacity and » is an exponent related to the

4.0

3.5

LnKy

3.0 1

25 . -
3.1 3.2 33
(11Mx107 (1/°C)

34

Figure 7. Linear least-squares method for calculating the
thermodynamic parameters.

https://doi.org/10.1346/CCMN.2011.0590106 Published online by Cambridge University Press

strength of the adsorption. The applicability of the
Langmuir equation (equation 18) was also tested, where
the constant K; and the saturation capacity a, were
evaluated by regression analysis of its linear form
(equation 19):

amKLC
= SwlLe 18
UK (18)
el e (19)

a Adm KL Adm

The correlation coefficients (R?) of the linearized
Langmuir and Freundlich adsorption isotherms
(Figures 9 and 10) revealed better results from the
Langmuir model (Table 5). The applicability of the
Langmuir isotherm suggests monolayer coverage of the
Ru species at the surface of the zeolite.

CONCLUSIONS

Local clinoptilolite was investigated as an adsorbent
for Ru ions from aqueous solutions. The adsorption of
Ru onto clinoptilolite was best described by the pseudo
second-order rate model. The data also correlated well
with the Langmuir adsorption model. Adsorption studies
were also performed at different temperatures. The
numerical value of AG® decreased with increasing
temperature, indicating that adsorption was favored at

25

amgg)

0 T T T
0.0 0.5 1.0 1.5

Ce (mgmL™)

Figure 8. Adsorption isotherms at different temperatures.
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Table 5. Adsorption isotherm parameters for Ru onto natural clinoptilolite.

Langmuir Freundlich ——
Temp. K am R? v n R?
() (mL mg™") (mg g (em’ g™
25 0.01165 15.60 0.9894 4.1973 0.4142 0.9798
35 0.01264 17.54 0.9878 3.7422 0.4304 0.9800
45 0.02004 19.61 0.9924 3.5467 0.4350 0.9776
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0.12
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0.00 # T T T
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Figure 9. Linear least-squares method for calculating para-
meters of the Langmuir isotherm.

higher temperatures. The positive values of AH®
revealed that the process was endothermic. These results
will be helpful in the design of Ru-removal processes in
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