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Abstract—Sorption of palladium(II) from model solutions with polysiloxanes modified with amine and thiourea
groups was stidied and it was found that the maximum sorption on aminopropyl polysiloxane is shifted slightly
to alkaline region compared with a sulfur-containing sorbent. First time an effect of a series of external factors
on a sorption kinetics of palladium with polysiloxanes was researched, diffusion coefficients of sorbate ions were
calculated, and evaluation of their dependence on an initial concentration of metal, a grain diameter of the sorbent,
and a temperature of sorption environment was carried out. It is shown that quantitative desorption of palladium
from thiocarbamoylated polysiloxane is achieved by double treating the sorbent with hydrochloric acid solution

of thiourea at high temperature.
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Extremely low concentrations of precious metals in the
analyzed samples along with a multicomponent matrix of
a sample containing macroquantities of elements, which
accompany platinoids, stipulate an introduction into the
analysis scheme of a stage of concentrating metals of
platinum group.

Multi-component samples and the similarity of the
chemical properties of the platinum metals require previ-
ous separation them from each other.

Organopolymeric ion exchange and complexing sor-
bents, which are of a low thermal stability, high chemical
activity of the matrix, high swelling capacity, limited
availability of functional groups, are often used for sorp-
tion concentrating of palladium [1-9].

There is a lot of work on sorption recovery of pal-
ladium with silica covalently modified with organic
chelating groups [10, 11]. In this case all the functional
groups are available on the surface of the sorbent matrix.
Usually structural-adsorption characteristics of the origi-
nal silica are kept.

Polysiloxanes obtained by a joint polycondensation
of organosilicon compounds with tetraethoxysilane
(sol-gel method) in the presence of precursors ensuring
the formation of chelating groups of given composition
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in the structure of the sorbent, are promising sorbents
for the extraction of metals of the platinum groups. In
[12, 13] conditions of platinum extraction with amino-
propyl polysiloxane and also polysiloxane modified with
thiourea were studied in detail. Conditions of separation
of platinum from ions of base metals were found. Earlier
sorption of palladium on such materials has not been
studied.

The aim of the study was investigation of sorption of
palladium(II) from model solutions with aminopropyl
polysiloxane (APPS) and polysiloxane modified with
thiourea groups (PSMT).

EXPERIMENTAL

Synthesis and identification of sorbents were described
previously in [12]. (3-Aminopropyl)triethoxysilane (AP-
TES, 98%, Sigma-Aldrich) and tetraethoxysilane (TEOS,
98%, Acrosorganics) were used as starting materials for
the synthesis of adsorbents. The state standard (GSO
8432) was used to prepare the solution of palladium(II).

Sorption of palladium was studied under continuous
stirring by an agitator PE-6410M (Ekros) equipped with
the heated platform and a controller of the oscillation
frequency in the static mode by a method of separate por-
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Fig. 1. Sorption a (mmol g!) of palladium(II) ions vs. pH of
environmental for (/) APPS and (2) PSMT. The initial con-
centration of palladium(II) 0.148 mmol dm-3, weighed portion

of the sorbent 10 mg, 0.071 < dyp,;;, < 0.100 mm, the process
time 24 h.

tions of the individual solutions of metal salts. A universal
buffer mixture was used in order to maintain the acidity of
sorption solutions. Exact values of pH of solutions were
monitored using an ionomer I-130M. Potassium chloride
(ionic strength of a solution 0.1 mol dm-3) was used as
a base electrolyte. Quantity of adsorbed metal was calcu-
lated by the difference of the initial and the equilibrium
(after separation of the phases by filtration) concentra-
tions. The equilibrium concentration after separation
of the phases was determined spectrophotometrically
(Helios-a) with thiocarbamide as an analytical reagent
according to the known procedure [ 14]. The experimental
kinetic data were mathematically treated in the software
package OriginPro 8.1 in accordance with the equations
of diffusion and kinetic models discussed in detail in [13].

RESULTS AND DISCUSSION

Polysiloxanes grafted with thiourea and amine groups
extract palladium(II) ions from weakly acidic and weakly
alkaline solutions (Fig. 1).

Extraction of palladium(Il) ions is maximum with
PSMT atpH 5.0-6.5, and with APPS at pH 6.5-8.0. Under
experimental conditions APPS is of the highest sorption
capacity (0.43 mmol g-1) as for PSMT a sorbability value
is 0.30 mmol g-1.

Despite the higher affinity of platinoids to a “soft”
donor sulfur atom compared to nitrogen-containing
groups, lower sorption capacity of thiocarbamoylated
polysiloxane seems natural in view of the high kinetic

inertness of anionic aqua-chloro complexes and cationic
hydroxocomplexes of palladium found in the solution.
In [15] it was shown that in acidic environments palla-
dium exists in the form of a complex ion [PdCl,]?-, and
also the form of palladium complexes depending on the
acidity of the environment are given. With increasing pH
in solutions of palladium complexes hydrolysis occurs:

. O 4o O C
N~/ ) N
P == w
ca  a ¢’ OoH,
HO I HOo Cl
HO 2N\ H' 2
—_ /Pd\ —_— /Pd
cl o om, ™ o ‘onm

A dilution of the solution, an increase of pH from 1
to 3, and a decrease in the concentration of ions Cl- con-
tribute to development of this stage.

Then the polymerization occurs and at pH >4 in the so-
lution there exist polynuclear complexes of palladium(II).
The concentration of palladium complexes, an increase in
pH from 3 to 8, and reducing the concentration of chloride
ions contribute to a growth of the polymer. At pH > 7
stable complexes [PAOH]" and [Pd,(OH),]** are formed.

Aqua-chloro- and hydroxocomplexes of platinum
metals are of a high degree of kinetic inertness in inner-
ligand substitution reactions in the coordination sphere
of the central ion. At the same time a possible anionic
exchange on protonated amino groups enables proceeding
of sorption on aminated polysiloxane by the ion-exchange
mechanism with subsequent coordination of a metal by
nitrogen atom of a grafted group.

An obvious way of increasing the lability of the pal-
ladium complexes is an increase in temperature. Indeed,
heating of a sorption solution to 80—-85°C allows achieve-
ment of a 100% extraction of palladium with PSMT.

Noteworthy is the fact that platinum(IV) is extracted
with PSMT at pH 2 quantitatively already at room tem-
perature [12]. Under these conditions platinum(I'V) is in
solution in the form of chloride complexes and, therefore
may be sorbed by the ion exchange with protonated amine
groups. Thus, platinoids, which often accompany each
other in the analyzed objects, can be divided by adjusting
the temperature of the adsorption environment.

The kinetics of the sorption process is determined by
the time required to reach equilibrium between the con-
centrations of sorbed component in the solid and liquid
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Fig. 2. Integral kinetic sorption curves of palladium(II) (a) to PSMT and (b) APPS at different initial concentrations of sorbate. (a) Sorp-

tion (mmol g!), (7) time (min); the same for Figs. 3 and 5. The stirring speed 120 rpm, 0.071 < d,,

< 0.100 mm, weighed portion of

rain

the sorbent 10 mg, pH 7.6, temperature 25°C. The initial concentration of palladium(II) (mmol dm-3): (/) 0.018, (2) 0.037, (3) 0.079.

phases [16]. Arate of reaching equilibrium during sorption
is an important characteristic of complexing sorbents and
has both practical and theoretical importance. This param-
eter allows assessing the feasibility and usefulness of an
applied absorbent to solve practical problems, as well as to
make an assumption about the mechanism of the process.

In studying the mechanism of the sorption process
determination of a limiting stage as well as stages that
provide a relatively large contribution to the kinetics of
the process plays a key role. An additional complexity
consists in the possible imposition of stages at each
other over time. Therefore, it is advisable to consider the
relationship of kinetic dependences with various factors
affecting the sorption process. It should be noted that
studies, which systematically examine the impact of the
various stages on the kinetics of extraction of palladium
with polysiloxanes, could not be found.

The sorption of palladium with PSMT over time,
first increases sharply and then grows gradually until it
reaches its equilibrium value (Fig. 2), the contact time
between phases is about 120 min. Further interaction of
phases does not lead to a noticeable change in the degree
of extraction of the metal.

With an increase in the initial concentration of a sor-
bate in a solution an increase in the metal sorbability is
observed at a certain reduction of the phase contact time
(Fig. 2). A higher rate of sorption at the initial time is
due to the large number of free active sites that causes
a significant concentration gradient between the sorbed
ions in solution and in the sorbent phase. A fter some time

owing to the accumulation of the sorbate in the active
sites the concentration gradient decreases and the rate of
sorption is reduced. In the experiment the initial palla-
dium concentrations correspond to the Henry adsorption
isotherms that is an evidence of a proportional increase
in the amount of adsorbed metal with increasing time.

Relations of the processing of the experimental data in
the coordinates Ft!/2, where F'is a relative amount of ions
in the sorbent, allow calculating the diffusion coefficients of
ions (Table 1) therewith the coefficient of external diffusion
(diffusion of solute from the solution to the surface of the
sorbent through the film) determined by the slope of the
first straight-line portion of the curve, and the coefficient
of internal diffusion (diffusion in the sorbent grain), by the
slope of the second portion of the curve [17, 18].

With increasing the initial concentration of the metal
an increase in the coefficient of external diffusion in sorp-
tion to APPS and nonmonotonic variation of values D,
in the case of PSMT were observed, a coefficient D, for
both sorbents varies within a narrow range.

Considering the data obtained in the processing of
kinetic dependences F—t!’2 and —In (1-F)-t it can be
concluded that the sorption process is in a mixed diffusion
mode and both stages (the external and internal diffusion)
contribute significantly to the overall rate of the process.

Since the functional groups of polysiloxanes under
study can form coordination bonds with the metal ion, i.e.,
are complexing, a treatment of kinetic relations in accor-
dance with the equations of chemical kinetics models also
seems advisable. These models describe the process, the
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Fig. 3. Integral kinetic sorption curves of palladium(II) to (a) PSMT and (b) APPS at different grain sizes of the sorbent. The stirring
speed 120 rpm, weighed portion of the sorbent 10 mg, pH 6.7, temperature 25°C. The grain size of the sorbent (mm): (/) 0.100-0.125,

(2) 0.071-0.100, (3) less than 0.071; the same for Fig. 4.

rate-limiting stage of which is the interaction of sorbate
with the functional groups of the sorbent.

Correlation coefficients obtained in the processing of
the experimental curves in accordance with the model
equations of chemical kinetics are presented in Table 2.
The data of Table 2 shows that a pseudo-second order
model most adequately describes the sorption process in
the whole timeslot. The rate-limiting stage is the chemical
reaction between sorbed ions and the functional groups

Table 1. The diffusion coefficients of palladium (II) ions

of the sorbent. At small values of the time processes of
diffusion of sorbate ions are superimposed on the stage
of the chemical interaction.

With decreasing a diameter of the grains the rate of
absorption of the ions must increase due to the fact that
in the sorption process uneven distribution of the ion
with the concentration gradient along the radius of the
grain is observed in the mass and volume of the grain.
More complete ion exchange occurs upon the grain size

A model of the diffusion, D, Model of internal diffusion, D,
Influence factor cm? s-!

APPS PSMT APPS PSMT
%y > 103, mol dm-3 1.8 5.51x 109 9.88x 109 1.84x 108 244 x 108
3.7 6.44 x 109 2.94 x 109 1.84x 108 1.71 x 10-8
7.9 9.17x 109 1.86x 108 2.64x 108 1.73x 108
grain, MM 0.100-0.125 6.12x 109 2.52x10° 1.89x 108 2.63x 10
0.071-0.100 4.21x10°9 5.29 x 10-9 1.89x 109 3.56x 109
<0.071 6.44 % 109 3.22x 109 2.38x 107 2.61x10°
T, K 293 6.44x 109 2.52x10° 2.38x 10 2.63x 10
323 3.31x 108 2.45%10-8 1.99 x 10-8 3.64x 109
358 2.70% 10-8 2.92x10-8 1.07x 10-8 7.61 x 10-8

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 87 No. 7 2014



SORPTION EXTRACTION OF PALLADIUM(I) WITH MODIFIED POLYSILOXANE

(a)

5000

4000

3000

t/a(t)

2000

1000

60 180 300 4201

927
(b)

4000

3

/ ]
3000

2
2000
1000
120 240 360 t

Fig. 4. Treatment of integral equations of the model kinetic curves of pseudo second order with different diameter of sorbent particles

of (a) PSMT and (b) APPS. (1) time (min).

reduction. However, the experimental curves (Fig. 3) do
not exhibit monotonic dependence of the sorption rate on
the grain size of the sorbent.

The calculated internal diffusion coefficients (Table 1)
for all sorbents do not depend linearly on the the grain di-
ameter that, according to [19], does not allow determining
the gel kinetics as a limiting stage of the process. Sorption
at all polysiloxanes investigated is adequately described by
the pseudo-second order model (Table 2) that is evidenced
by the linear character of the corresponding curves (Fig. 4).

Kinetic curves obtained for PSMT at different tem-
peratures are shown in Fig. 5. The diffusion coefficients

D, and D, vary non-monotonically (Table 1), the change
in values of the coefficients occurs within a single order.
This fact indicates that the diffusion can not be considered
as a limiting stage of sorption of palladium on polysi-
loxanes under study, although it is important in the early
stages of interaction. This conclusion is also confirmed by
the relatively low values of the corresponding diffusion
coefficients (Table 1).

Mathematical analysis of sorption isotherms of
palladium(II) on thiocarbamoylated polysiloxane based
on the use of well-known formal models, shows that in the
concentration range of palladium(II) up to 6 mmol dm-3

Table 2. Fitment of kinetic models for describing the sorption of palladium(II)

Influence factor Pseudo-first order model Pseudo-second order model

APPS PSMT APPS PSMT

cl4 % 105, mol dm-3 1.8 0.979 0.998 0.996 0.999
3.7 0.989 0.984 0.994 0.997

7.9 0.987 0.896 0.999 0.998

A grain, MM 0.100-0.125 0.997 0.986 0.998 0.988
0.071-0.100 0.955 0.991 0.998 0.999

<0.071 0.986 0.852 0.996 0.999

T, K 293 0.986 0.986 0.996 0.988
323 0.984 0.983 0.999 0.997

358 0.966 0.992 0.966 0.999
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Fig. 5. Integral kinetic sorption curves of palladium(II) to (a) PSMT and (b) APPS at different temperatures of the reaction medium.

The stirring speed 120 rpm, 0.071 < d,
(K): (1) 293, (2) 323, (3) 358.

sorption isotherm is most adequately described by the
Redlich—Peterson and Langmuir—Freundlich equations.
This demonstrates the chemical heterogeneity of the
surface containing various functional groups in nature.
This conclusion is supported by the calculated values of
the parameters of the inhomogeneity.

Sorption capacity of PSMT with respect to the ions
of palladium(Il) determined by the horizontal part of
the isotherm (Fig. 6) is 0.65 mmol g-!. The number of
functional groups of the sorbent reaches 1.49 mmol g-!
[12], i.e., the molar ratio of Pd : TM is equal to 1 : 2 that
corresponds to the binding of the complex ion of a pal-
ladium with two thiourea groups.

The structure of complex compounds of palladium(II)
with loose thiourea of Pd(Thio),Cl, and Pd(Thio),Cl,

a
0.7}
....... hd
&!..’:’.‘::h-w,._......-.:, I
O'6F - = — = — T, 2"5
| ¢ ]
0.5F

04 1 1 1 1 1 1 1 1 1 1 1 1
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Fig. 6. Sorption isotherms of palladium(II) to PSMT. Weighed
portion of the sorbent 10 mg, dyyi, < 0.071 mm, pH 6, tem-
perature 25°C, process time 24 h. (a) Sorption (mmol g!),
(cpg) palladium(II) concentration (mmol dm-3). Model:
(1) Langmuir, (2) Freundlich, (3) Redlich—Peterson, (4) Lang-
muir—Freundlich, (5) Thoth.

ain < 0.100 mm, weighed portion of the sorbent 10 mg. The temperature of the reaction mixture

composition is considered in detail in [20]. Based on the
data of instrumental methods of analysis it is confirmed
in [21] that thiourea is coordinated by metal through
sulfur atom. By IR, XPS spectroscopy, ESR, elemental,
and derivatographic analysis it was found that recovery
of palladium(1I) is associated with reactions of complex-
ation with functional groups of sorbents. IR spectra of
a Mtilon-T fiber containing thiourea fragments before
and after sorption indicate the possibility of association
between the metal ions and nitrogen and sulfur atoms of
thioamide group [22].

Practical implementation of sorption implies the
possibility of desorption of the sorbate from the sorbent
surface. High stability of thiourea complexes of palla-
dium significantly hinders a selection of a way of sorbent
regeneration. In particular, widespread acid desorption
with respect to PSMT regeneration after sorption of
palladium is ineffective, as evidenced by the acid-base
dependencies (Fig. 1).

Sorption of palladium(II) with thiocarbamoylated
polysiloxane is reversible. It was shown (Table 3) that

Table 3. Degree of palladium(II) desorption vs. eluent type

Desorption degree D, %
Eluent
Sage I| Sage II |Sage III| X
NHj;(conc.), 25°C 10.3 | 17.7 2.8 1[30.8
10% TM + 0.5 mol dm-3 HClI:
25°C 544 | 109 09 1[66.2
85°C 87.5 | 12.07 — 99.6
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with the concentrated solution of ammonia no more than
30% of palladium can be desorbed (phase contact time
24 h at 20°C), but a quantitative desorption of palladium
is achieved by double treating of the sorbent with acidic
thiourea solution at 85°C.

These results agree with those of other authors that
demonstrate that with thiourea solution palladium is
quantitatively extracted from silica [23], chitosan [9],
anion exchangers [4] and fibrous sorbents [3].

CONCLUSIONS

(1) It is shown that with aminated and thiocarbamo-
ylated polysiloxanes by pH adjustment a group separa-
tion of palladium from accompanying base metals may
be performed. The maximum pH of the sorption of
palladium(II) (pH 6.5-8.0) is substantially spaced from
the highest sorption of platinum (pH 2) that enables sepa-
ration of palladium and platinum ions with the aminated
sorbent by the selection of optimal parameters of sorp-
tion or transition to the dynamic conditions. Separation
of platinum with PSMT can be performed by changing
the temperature regime of sorption.

(2) Sorption of palladium occurs in the kinetic mode
with significant influence of the diffusion of ions in the
film and grain of the sorbent. It was established that the
experimental results are most adequately described by
the pseudo-second order model.

(3) Mixed chloride-thiourea complexes of palladium(II)
with a ratio of Pd : thiourea 1 : 2 is formed on the surface
of the polysiloxane modified with thiourea groups.
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