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ABSTRACT

Influence of matrix and structure types of the weakly basic anion exchange resins such as Amberlyst A-23,
Amberlyst A-24 and Dowex-WGR-2 onto palladium(II) sorption from the chloride and chloride-nitrate
media was investigated. The addition of sodium chloride as well as the effect of acids concentration on
Pd(II) sorption were taken into account. The batch and column methods were applied. Moreover, the
isotherm for the most efficient resin - Amberlyst A-23 was determined. The Langmuir, Freundlich and
Temkin-Pyzhev equations, which are commonly used for describing sorption equilibrium were applied in
the analysis of the obtained results. The breakthrough curves of palladium(II) and the sorption parameters
(distribution coefficients (K4, K}), ion exchange capacities (G, ), time required for the moving and
formation of exchange zone (tm, tr)) were determined. In order to trace the sorption process the FT-
IR spectra of the pure anion exchange resins and those loaded with palladium(II) were recorded, too.
Satisfactory results were obtained for all examined resins but the largest sorption capacities were found
for Amberlyst A-23 (9.99-7.61 mg/g). Sodium chloride addition, high concentrations of hydrochloric and

nitric acids cause reduction of equilibrium and working sorption capacity values.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Ion exchange has been successfully and widely applied in indus-
trial, drinking and wastewater treatment areas. Its application is
based on a variety of standard and selective commercially avail-
able ion exchangers. The conventional ion exchange resins have
found application in many fields, but their use in hydrometallurgy
has been limited due to a lack of selectivity [1].

Ion exchange resins are insoluble polymeric or macromolecular
substances with fixed ions or reactive ionic groups. The reactive
groups have been encorporated during the manufacture of syn-
thetic ion exchangers and are able to dissociate as well as to
undergo ion exchange reactions [2-5]. The high demand for ion
exchange materials led to the development of new products of spe-
cial properties. Nowadays, the most widely used ion exchangers
are organic materials based on synthetic polymers. The beginning
of the era of synthetic polymers is attributed to the work by Adams
and Holmes [6]. In the wide group of commercially available ion
exchangers whose properties and methods of preparation have
changed during the last century the strongly and weakly basic
anion exchange resins play a great role in ion chromatography.
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Selectivity of anion exchange resins depends on their polymeric
matrix, structure as well as the functional group type [7]. The
weakly basic anion exchange resins which effectively exchange
only anions of weaker acids due to their low basicity, possess pri-
mary (-NH,), secondary (=NH) or tertiary-amine (=N) functional
groups. In some cases mixtures of these groups are involved [2].
Depending on the matrix types weakly basic anion exchange resins
(e.g. acrylic, styrene-divinylbenzene, epoxy-amine and phenol-
formaldehyde) possess different properties and show various
selectivity towards the same ions. Polystyrene crosslinked with
divinylbenzene (PS-DVB) as a resin matrix offers remarkable chem-
ical and physical stability, more stable than phenol-formaldehyde
matrices. On the other hand, the exchange rates on PS-DVB resins
are low. Resins with the fast exchange rate are those based
on hydrophilic macroporous copolymers. Moreover, the strong
hydrophobic nature of PS-DVB materials unfavourably affects the
sorption process and results in their restricted application in some
areas [1,8]. Therefore, numerous attempts have been made to
increase the hydrophilicity of PS-DVB resins e.g. the hydrophilic
functional groups (hydroxymethyl, sulfonic, carboxylic) chemically
attached to the aromatic rings of the PS-DVB resins or coating of
the hydrophobic surface with hydrophilic polymers of poly(vinyl
alcohol), poly(oxyethylenes) [8,9]. Acrylic polymers as the most
important weakly basic anion exchange resins have been success-
fully applied in the fields where high levels of organic compounds
are present. In this case this type of resins shows higher values
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Nomenclature

gr (mg/g) amount of palladium(Il) adsorbed at time t
Co (mg/dm3) initial concentration of palladium(II)

C¢ (mg/dm3) concentration of palladium(lI) at time ¢
Ce (mg/dm3) concentrations of palladium(II) at equilibrium
V(dm3) volume of the solution

W(g) mass of the dry anion exchanger

ge (mg/g) sorption capacity

C: (g/cm3) working anion exchange capacity

Ct (g/cm3) total anion exchange capacity

Vp (dm3) effluent volume to the break point

V; (cm3) volume of anion exchanger in the column
U(cm?3) effluent volume at C=0.5C/Cy

Ky mass distribution coefficient

K} bed distribution coefficient

Up (cm3) dead volume in the column

Vy void (inter-particle) ion exchanger bed volume

(which amounts to ca. 0.4)

m; (g)  dry ion exchanger weight
tr time required for formation of exchange zone
tm time required for moving exchange zone

V; = Vi — Vp distinction between the total volume of efflu-
ent, V; and volume collected till the break point
appearance, Vj, (cm?)

Ur (cm3/min) flow rate

S(cm?) total column cross-section area, S=]]r?

r radius of column
Qo (mg/g) Langmuir constant related to the monolayer
capacity

b (dm3/g) equilibrium constant of Langmuir
ke (mg/g) Freundlich constant

1/n Freundlich constant
R gas constant (8.314]/mol K)
T (K) temperature

br (J/mol) Temkin constant related to heat of sorption
A (dm3/g) Temkin constant
RL equilibrium parameter of the Langmuir model

of anion exchange capacities compared with the PS-DVB resins
[2]. The weakly basic anion exchange resins are available on mar-
ket as gel, macroporous (macroreticular) or hyper-crosslinked. The
macroporous beads are formed by clusters of small polymeric
spherical particles of gel type and contain particles with micro-,
meso- and macro-pores (a few), whereas the mesopores have the
greatest contribution to the pore volume of the anion exchangers.
The gel resins do not have permanent porosity. Depending on the
swelling and crosslinking degrees the gel resins are characterized
by different sizes of micropores and mesopores (<4 nm) which are
formed when the resin is swelled in water [10].

This paper is a continuation of our previous works [11,12]
whose aim is to find the most suitable ion exchangers which
can be successfully applied in the recovery of palladium(II) ions
from scrap materials e.g. used auto catalysts, industry catalysts,
anodic slime, waste waters etc. The literature data concerning sorp-
tion of palladium(Il) ions on different types of ion exchangers are
incomplete due to the fact that the studies have not taken into
account the most important properties of ion exchangers such
matrix and structure type. The previous works [11,12] focus mainly
on applicability of strongly basic ion exchangers with the styrene-
divinylbenzene matrix (Dowex MSA-1, Dowex MSA-2, Varion ADM,
Varion ATM), but those under studies — weakly basic ion exchangers
with different matrix types are a new trend in our investigations.
Making comparison between the previously obtained results of

palladium(Il) sorption on the ion exchangers with the styrene-
divinylbenzene matrix and the ones presented in this paper, the
preliminary selection of the ion exchangers suitable for such a pur-
pose can be made.

The objective of the present work is to investigate the sorp-
tion potential of the weakly basic anion exchange resins with
different matrices and structure types: Amberlyst A-24 (acrylic,
gel), Amberlyst A-23 (phenol-formaldehyde, macroporous) and
Dowex-WGR-2 (epoxy-amine, macroporous) for removing pal-
ladium(Il) from the aqueous, acidic medium: chloride (HCI);
chloride-nitrate (HCI-HNO3) and chloride with sodium chloride
addition (HCI-NaCl). The Langmuir and Freundlich models were
used to describe the equilibrium isotherms for Amberlyst A-23. The
breakthrough curves were determined, sorption parameters were
calculated and FT-IR spectra were recorded to describe the sorption
mechanism of palladium(II) on the weakly basic anion exchange
resins mentioned above.

The use of the chlorine/hydrochloric acid, mixture of mineral
acids and chloride-nitrate (aqua regia) solutions as leaching agents
has found several industrial applications. Thus there is an increas-
ing interest in preconcentration, recovery and separation of PGM
metal ions from acidic media. The leaching process with acidic
sodium chloride solutions of spent catalysts containing palladium
is one of the most effective methods for secondary raw materials
treatment [12-14]. Therefore in this paper the sorption process of
palladium(II) was carried out from acidic solutions with and with-
out sodium chloride addition.

2. Experimental
2.1. Reagents and solutions

The palladium(II) stock solution was prepared from solid PdCl,,
A.R. Grade, >99.99% PdCl, (POCh, Poland) in 1.0 M HCI. Appropriate
volumes of hydrochloric acid standardized solution were added to
adjust the H* concentration to the desired value.

Aqueous chloride (0.1-3.0M HCI; 0.1-2.0M HCI-1.0M Nadl;
0.1-2.0M HCI-2.0 M NacCl) and chloride-nitrate (0.1 M HCI-0.9 M
HNO;3; 0.2M HCI-0.8M HNOs3; 0.5M HCI-0.5M HNOs3; 0.8M
HCI-0.2 M HNO3; 0.9 M HCI-0.1 M HNO3) solutions of palladium(II)
were prepared by dilution with concentrated HCI or with HCl and
HNO3 in order to obtain a desired value of H* concentration. The
working solutions were found to contain 100 mg/dm?3 Pd(Il). In the
case of chloride solutions with sodium chloride addition sodium
chloride salt (POCh, Poland) was dissolved in distilled water before
dilution with HCI. Other reagents used were of analytical grade
from POCh (Poland).

2.2. Instrumentation

The analysis of palladium(II) concentrations was carried out by
means of the UV-VIS spectrophotometer Specord M42; Carl Zeiss
Jena, Germany.

The FT-IR spectra of the resins under discussion before and after
loading by palladium(II) ions were recorded using the Alpha spec-
trometer with ATR attachment (Bruker Optics, Germany).

The thermostatic shaker; Elpin+, type 375 S, Poland was used to
mix (mechanically shake) the solid and liquid phases.

2.3. Weakly basic anion exchange resins characteristics

The three weakly basic anion exchange resins: Amberlyst A-23,
Amberlyst A-24 (Rohm and Haas Co., France) and Dowex-WGR 2
(Dow Chemical Co., USA) [15] with different matrices and structure
types were employed in the sorption studies of palladium(II) ions
from the chloride and chloride-nitrate acidic media.
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Fig. 1. Chemical structure of (a) phenol-formaldehyde, (b) acrylic and (c) epoxy-amine resins matrix.

Amberlyst A-23 is a macroporous anion exchanger includ-
ing tertiary-amine functional groups on the phenol-formaldehyde
matrix (Fig. 1a). It occurs in the form of granules coloured from
green to grey. The total anion exchange capacity provided by the
producer is equal or higher than 1.8 equiv./dm3 (free base form).
The resin water retention is in the range 60-65% and the grain size
from 0.47 to 0.74 mm. The resin is stable up to 353 K.

Amberlyst A-24 possesses acrylic matrix (Fig. 1b) and the
tertiary-amine functional groups. It has a gel structure, of the
total ion exchange capacity >1.6equiv./dm> (free base form),
water retention 56-64% and transparent white beads of the size
0.7-0.95 mm.

Dowex-WGR-2 similar to Amberlyst A-23 possesses a macro-
porous structure. It has an epoxy-amine matrix (Fig. 1c) and
preliminary, secondary and tertiary-amine groups (polyfunction-
ality). The total ion exchange capacity is equal to 9.6 mequiv./g (dry
basis) and the beads size is in the range from 0.3 to 1.2 mm [15].

The chemical structures of the resin matrices are shown in Fig. 1.

2.4. Anion exchange experiments

The sorption of palladium(ll) from the acidic solutions was
investigated in the batch mode and under column conditions.

2.4.1. Batch adsorption studies

The equilibrium isotherms and kinetics of palladium(II) sorp-
tion were accomplished through the batch mode experiments
which were performed in 100 cm3 Erlenmeyer flasks by the addi-
tion of 0.05 dm? of palladium(II) solution into 0.05 g of the desired
anion exchange resins. In all experiments, the flasks were shaken
mechanically at 180rpm on the shaker for 1-720 min at ambi-
ent temperature (295 42 K). The time of 240 min was enough to
reach phases equilibrium. The resin was separated by filtration
after the sorption and the liquid phase was analyzed by the UV-
VIS iodide method to determine concentrations of palladium(II)
ions [3,16-18]. All collected values in this paper are the average
of three independent experiments. The precision of the parallel
measurements was +3% standard deviation.

The sorption capacities of the weakly basic anion exchange
resins were calculated from the following equations:

¢ Amount of palladium(Il) adsorbed at time t, q; (mg/g), q: (mg/g):

_ (G -GV

» (1)

qe

where Cy and C; are the concentrations of palladium(Il) in the
solution at the beginning and after time t, respectively (mg/dm?3);
V is the volume of the solution (dm3); W is the mass of the dry
anion exchanger (g).

e Sorption capacity, ge (mg/g):

Co—Ce)V
e = % (2)
where Ce is the concentration of palladium(II) in the solution at
equilibrium [16-20].

2.5. Column loading

The dynamic procedure was applied to determine the break-
through curves of palladium(ll) ions (plots C/Cy vs. V[cm?3]; C - the
concentration of Pd(Il) ions in the eluate; Cy - the initial Pd(II) con-
centration; V - the volume of effluent). Columns of a 1 cm diameter
were filled with swollen anion exchange resins - the bed volume
of the anion exchanger - 0.01 dm?3. Then the solution of initial pal-
ladium(Il) concentration equal to 100 mg/dm3 was passed through
the anion exchange resins bed. The passing rate of the solutions
through the column was constant and equal to 0.4 cm3/min. During
the column loading process by Pd(Il) ions the eluate was collected
in the fractions and the content of Pd(II) was measured. Based on
the course of the breakthrough curves the values of Vp (volume
of effluent to break point appearance), and U at C/Cy=0.5 were
obtained (determined graphically) and applied to calculate the total
and working anion exchange capacities as well as distribution coef-
ficients (mass and bed).
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Fig. 2. Typical exchange isoplane (breakthrough curve).

The working anion exchange capacity, C; (Fig. 2) obtained by
dynamic procedures was calculated from the following equation:
_Vp-Go

G =
Vi

(3)

whereas the total anion exchange capacity, C; (Fig. 2) from Eq. (4):

_UxG

C
Y

(4)

where Vj, - the effluent volume to the break point (dm?), Gy - the
initial concentration of Pd(II) solution (mg/dm?3), V; - the volume of
anion exchanger in the column (cm3) and U - the effluent volume
at C/Cy=0.5 (cm3).

The distribution coefficients, Ky, K} of palladium(II) were calcu-
lated, too (Egs. (5) and (6)):

e The mass distribution coefficient:

Ky= J=Uo=W (5)
m;
¢ The bed distribution coefficient:
o U- UO - VV
Kd - V] (6)

where Uy - the dead volume in the column (cm3), Vy, - the void
(inter-particle) ion exchanger bed volume (which amounts to ca.
0.4) and m; - the dry ion exchanger weight (g) [16,18,21,22].

During the loading process of anion exchange bed, at any time
the ion exchange takes place in only a portion of bed called
exchange zone or interchangeably the mass transfer zone.

Exchange zone moves down through the anion exchange bed.
The direction of the moving of exchange zone and the acidic
solutions (chloride or chloride-nitrate) flow are the same. After
the exchange zone the anion exchange bed is exhausted whereas
underneath it is still fresh. When the exchange zone reaches the
end of the anion exchange bed, palladium ions leak in the effluent.
Based on the column parameters and breakthrough curves the time
required for the formation, t; and moving of the exchange zone, ty,
were calculated.

The time required for the formation of exchange zone can be
deduced according to the following equation:

tfr=-— xS (7)
r
where V; = V; — Vp; distinction between the total volume of efflu-
ent, V¢, and the volume collected to break point appearance, V;
(cm3); U; - the flow rate (cm3/min), S - the total column cross-
section area and S= Hr2 (cm?2); r - the radius of column=0.5 cm).
The time required for moving exchange zone, t;, was also
obtained from Eq. (8):
Vi
tm = Ui xS (8)

where V; - the total effluent volume [4].
2.6. Adsorption isotherms

Among the weakly basic anion exchange resins under discus-
sion, Amberlyst A-23 was chosen (the most efficient for Pd(II)
sorption)in order to determine the sorption isotherm. The isotherm
was obtained by means of the batch method (analogous for that
described in Section 2.4.1). The concentrations of Pd(Il) in the solu-
tions (0.1 M HCI-1.0 M NaCl-x mg/dm?3 Pd(Il)) were variable and
included in the range 100-2400 mg/dm?3. The phases contact time
was equal to 240 min, temperature (295 + 2 K).

The adsorption data were analyzed in terms of Langmuir (Eq.
(9)), Freundlich (Eq. (10)), and Temkin-Pyzhev (Eq. (11)) isotherm
models. The characterization of the adsorption models is presented
in Table 1 [23-26].

2.7. Analytical procedure - the iodide method

The iodide method was used to determine the concen-
tration of Pd(Il) during the sorption process [27,28]. In the
acidic medium (HCl, H,;SO4) containing excess of iodide
(e.g. KI) palladium(ll) forms a brown-red complex [Pdl4]?~
([PACl4]?~ +4KI— [PdI4]*>~ +4KCl), which provides the basis for a
moderately sensitive spectrophotometric method of determining

Table 1
Characteristics of the adsorption models.
Equilibrium adsorption models Lineal form Plot Calculated coefficient
. Ce 1 Ce
L. == 4= 9 C, . C =1/sl
angmuir % = b + % 9) e/qe vs. Ce Qo =1/slope
b=slope/intercept
Freundlich log ge = log kr + 1 log Ce (10) log ge vs. log Ce 1/n=slope
il kf = 1ointercept
Tempkin = <¥) InA+ (IZ—T) InCe(11) ge vs. InCe br =(RT/slope)
T T

A=exp(intercept/slope)

Ce - equilibrium concentration of palladium ions (mg/dm?); Qo - Langmuir constant related to monolayer capacity (mg/g); b - Langmuir constant (L/g); ge — sorption capacity
(mg/g); kr — Freundlich constant (mg/g); 1/n - Freundlich constant; R — gas constant (8.314]J/mol K); T - temperature (K); br - Temkin constant related to heat of sorption

(J/mol); A - Temkin constant (dm3/g).
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Fig. 3. Distribution graph of Pd species depending on the composition of the solu-
tions: (a) chloride; (b) nitrate solutions.

Pd(II). The colour of the complex does not depend on the con-
centration of hydrochloric and sulfuric acids up to 10 M. Ascorbic
acid is added usually as a reductant to reduce the iodine liberated
by atmospheric oxygen. The solution containing unknown con-
centration of palladium(Il) ions was put into a 50cm? flask, then
5cm3 of 6 M HCI, 10cm?3 of 20% KI solutions and 2 or 6 cm? of 1%
(newly prepared) ascorbic acid solution depending of the solutions
under investigation were added. Absorbance was measured at
the analytical wavelength, Amax =407 nm in the 1-cm cell against
blank test as the reference.

3. Results and discussion
3.1. Species of palladium(II) complexes

Depending on the concentration of chloride and nitrate ions
palladium can form different chloride, nitrate and chloride-nitrate
complexes. Due to the fact that palladium has a large tendency to
undergo hydrolysis, hydrolytic species of Pd(Il) complexes (aqua-
complexes) occur, too.

Palladium in the chloride solutions can form stable chloride-
complexes such as [PdCl]*, [PdCly], [PdCl3]~ and [PdCl4]?> :
Pd?* +Cl~ — [PdCI]*, logK=6.1; Pd?* +2Cl~ — [PdCl,], logK=10.7;
Pd%* +3Cl- — [PdCl3], logK=13; Pd?* +4Cl- — [PdCl4 )%,
logK=16; Pd2?*+5Cl- — [PdCl5]*>~, logK=14; Pd?*+6Cl-—
[PdClg]*~, logK=12 (Fig. 3). The most stable palladium(II)
chloride-complex is [PdCl4]?>~ due to the highest value of the
stability constant. The major species in the acidic solution con-
taining 0.1 M and higher chloride concentration is [PdCl4]?~. At
higher pH values than 8, formation of another hydroxide-chloride
or hydroxide complexes begins [PdCl3(OH)]?>~, [PdCl,(OH),]?~,
[PACI(OH);]?~ and [Pd(OH)]*, [Pd(OH), ], [Pd(OH)3]~, [Pd(OH)4]?~.
The reaction schemes of hydroxide complexes of palla-
dium(Il) are  following: Pd?* + 2H,0 — [Pd(OH)]* + H30",

K=10-23; Pd2*+4H,0— [Pd(OH);]+2H;50*, K=10"%2, Pd?*+
6H,0 — [Pd(OH)3]~ +3H50", K=10"12; Pd2* +8H,0 —
[PA(OH)4]%~ +4H30%, K=10-14[29,30].

In the chloride-nitrate solutions containing CI~ and
NOs~ ions, chloropalladium(Il), nitratepalladium(ll) and
chloride-nitratepalladium(II) appear but the chemical morphology
of the chloride-nitratepalladium(Il) complexes is more compli-
cated and not described in literature. In aqueous nitrate solutions
palladium(Il) may form a series of anionic complexes with nitrate
ions: Pd%* + NO3~ < [PA(NO3 )]+; Pd%* + 2NO3~ & [PA(NOs3), 1;
Pd?* +3NO3~ < [Pd(NO3)3]~; Pd%* +4NO3~ < [Pd(NO3)4]%.
Moreover, free palladium(ll) ion [Pd(H;0)4]** can form
nitrate-hydroxide complexes of palladium(Il): [Pd(H,0)3(NO3)]*;
[Pd(H;0)2(NO3)2];  [Pd(H20)(NO3)3]7; Pd(NO3)4>~. In 0.1M
nitric acid medium majority of palladium exists as the free ion
[Pd(H,0)4]3*. Its concentration decreases with the nitric acid
concentration increase. The maximum of the [Pd(NOs3)(H,0)s3]*
complex is at 1.0M HNO;. With the nitric acid concentration
increase the portion of [Pd(NOs3);(H,0),] species increases
[31-33].

3.2. ATR-FT-IR analysis

The FT-IR spectra for the weakly basic anion exchange resins
Amberlyst A-23, Amberlyst A-24 and Dowex-WGR-2 before and

100

% T
3
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0+ T T T T T T T T )
4000 3600 3200 2800 2400 2000 1600 1200 800 400
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Fig. 4. ATR-FT-IR spectra before and after the sorption process of Pd(Il) on (a)
Amberlyst A-23; (b) Amberlyst A-24; (c) Dowex-WGR-2.
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after modification by means of palladium(II) ions (after the sorption
process) were recorded from 4000 to 400 cm~! in order to predict
the mechanism of Pd(II) sorption. The spectra of the anion exchange
resins mentioned above are shown in Fig. 4.

The FT-IR spectrum of Amberlyst A-23 showed the absorp-
tion of —-OH group (stretching vibration of -OH group, strong,
broad peak) in the region of wavelength from 3414 to 3360 cm™!
(3400 cm~1)(in the parenthesis the literature data of the wavenum-
ber where the peaks of the earlier mentioned groups should
occur are given). Moreover, the peaks related to stretching vibra-
tion of —CH, (alkane) at 2912cm~! (2925cm~1), vibration of
C=C aromatic ring at 1612cm~! (1610cm™1), deformation vibra-
tion of -CH, group at 1462cm~! (1460 cm™1), vibration of -OH
group in plane at 1336 cm~! (1390 cm~') are observed. The asym-
metric stretching vibration of phenolic C-C-OH, vibration of
C-0-C aliphatic ether and stretching vibration of -CH,OH groups
occurred at 1256cm~! (1237cm~1), 1120cm~"! (1100cm~1) and
1040cm~! (1045cm~!) wavenumbers, respectively. The peaks
related to the substituted benzene, vibration of CH out-of plane,
vibration of CH in plane, ortho-substituted and adjacent 5H at
922cm~! (976cm1), 864cm~! (885cm~1!), 780cm~! (760cm~1)
and 656 cm~! (694 cm~1) are observed, respectively. The lack of the
band related to the stretching vibration of N-H in the region from
3500 to 3200 cm~! suggests that Amberlyst A-23 contains tertiary-
amine functional groups [34]. In the region: 1980-2770cm™!,
2380-2270cm~! and 1000-860cm™! after the sorption process
some peaks disappeared as the effect of palladium(Il) complexes
binding with resin. The same changes in the first two regions are
also observed in the case of Dowex-WGR-2 [35,36].

The spectra for Amberlyst A-24 before and after the sorption
process are similar. The peaks related to the vibration of the

a: (mg/g)

0 100 200 300 400 500 600 700 800
t [min]

——0.1MHCI-1.0M NaCl —8—05MHCI-1.0M NaCl —&— 1.0M HCI-1.0M NaCl

—8—20MHCI-10MNaCl —%— 1.0M NaCl

3 .
5
(=]
E
&
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acrylic matrix and functional groups of resin appear at the same
wavelength but their intensities are different. This fact can be
explained by the fact that Pd(II) sorption process on Amberlyst
A-24 is not satisfactory enough (low values of the capacities)
therefore the spectra after the sorption process do not show differ-
ences compared with those before the sorption (commercial anion
exchange resin is modified to a small extent). The results indicated
that the sorption could be carried out by ion exchange between
Pd(II) ions and hydrogen atoms of —OH, -NH; groups of anionic
resins.

3.3. Effect of phases contact time

The influence of phases contact time on palladium(Il) sorption
from the chloride and chloride-nitrate solutions by the weakly
basic anion exchange resins under discussion was investigated and
the plots presenting the changes of the amount of Pd(II) adsorbed
versus time, g; (mg/g) vs. t (min) for Amberlyst A-23 are depicted in
Fig. 5. The kinetic curve showed that the sorption of Pd(II) was rapid
for the first 30 min and then slowed considerably till saturation
was attained. The experimental results suggest that the amount of
Pd(II) adsorbed (mg/g) increases with the increasing contact time.
This tendency is observed in the case of all examined resins. This
can be explained by the fact, that at the initial stage of sorption
a large number of surface sites is available for palladium(II) and
after a lapse of time the number of sites decreases and additionally,
repulsion between the solute molecules of solid and the bulk phases
occurs causing hindrance to the remaining surface sites occupied
by palladium(II). Smooth, simple and continuous time variation
curves indicate the monolayer coverage on the surface of anionic
resins [37]. The time 250 min is enough to achieve equilibrium for
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Fig. 5. Effect of phases contact time on Pd(II) sorption on Amberlyst A-23 in (a) xM HCI-1.0 M HCI; (b) x M HCI-2.0 M NaCl; (c) xM HCI; (d) x M HCl-y M HNOs.
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Fig. 6. Breakthrough curves of palladium(II) for (a) chloride; (b) chloride-nitrate; (c and d) chloride with sodium chloride addition solutions.

all systems and resins, therefore this equilibrium time was cho-
sen in adsorption studies. The highest values of sorption capacities
are usually observed for Amberlyst A-23 (7.61-9.99 mg/g), lower
for Dowex-WGR-2 (8.70-9.99 mg/g) and much lower in the case of
Amberlyst A-24; from 2.03 t0 9.96 mg/g. The differences of the sorp-
tion capacities are caused by different matrix and structure of the
resins. Those two factors (matrix: phenol-formaldehyde, acrylic,
epoxy-amine and structure: gel or macroporous) have an effect
on palladium(Il) behaviour in the examined systems. All weakly
basic anion exchange resins examined here possess amino groups
which are helpful in the sorption process (HSAB theory, N as a
donor atom). Moreover, those groups can act as a hydrogen bond-
ing donator. The amino group on the matrix of Amberlyst A-23 and
Dowex-WGR-2 can form hydrogen bonds with the hydrogen atom
of the hydroxyl group. In the case of Amberlyst A-24 with the matrix
without hydroxyl group hydrogen bonding interaction is negligible
[15].

3.4. Breakthrough curves of Pd(II)

Isoplanes of palladium(Il) were determined for anionic resins
under discussion in order to observe progress of Pd(Il) sorption pro-
cess, how efficient are Pd(Il) ions retained on resins. Fig. 6 depicts
the comparison of a few (not all) Pd(II) isoplanes for Amberlyst A-
23, Amberlyst A-24 and Dowex-WGR-2. Based on those isoplanes
and Egs. (3)-(8) the working and total anion exchange capacities, Cr,
Ct, mass and bed distribution coefficients, Ky, Kj; as well as the time
required for the moving and formation of the exchange zone, ty,, tf
were calculated. Table 2 present the collected values of the above
mentioned parameters. Making comparison between the total and
the working anion exchange capacities the total capacities possess
higher values than the working anion exchange capacities. More-
over, anionic resins possess different values of capacities. This fact
indicates that those resins possess different selectivity towards pal-
ladium(II) ions. Based on the working anion exchange capacities
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Table 2
Comparison of sorption capacity, the mass, bed distribution coefficients and the time required for formation and moving of exchange zone.

Solution G (x1072 g/cm?3) Ci (x1072 g/cm?3) Ky x 102 K x 10? tr x 103 tm x 103

A-23 WGR-2 A-24 A-23 WGR-2 A-24 A-23 WGR-2 A-24 A-23 WGR-2 A-24 A-23 WGR-2 A-24 A-23 WGR-2 A-24
0.1 M HCl 47 7.7 48 78 98 55 21.88 30.04 20.16 7.76 9.80 546 1335 21.00 1099 736 5.85 1.57
0.5M HCl 43 57 14 59 66 2.1 16.79 20.16 7.81 587 6.58 211 1040 14.42 461 471 334 1.86
1.0M HCl 28 32 03 35 44 1.0 10.72 1342 3.52 346 438 095 7.07 9.6 255 295 334 1.96
2.0M HCl 08 1.5 - 1.7 24 0.5 772 7.38 1.73 1.65 241 047 550 5.50 137 251 255 1.37
3.0M HCl 02 08 - 1.0 1.7 0.3 341 5.03 1.18 095 1.64 032 216 4.02 098 196 255 0.98
0.1MHCI-09MHNO; 19 1.6 01 37 26 06 1658 7.95 201 3.72 259 0.55 1060 5.89 157 579 275 1.37
0.2M HCI-0.8 M HNO; 2.1 1.7 02 38 26 07 1126 7.96 248 3.74 2.60 0.67 667 6.02 1.96 531 275 1.57
0.5MHCI-0.5MHNO; 22 23 03 35 33 0.8 596 10.08 284 350 329 077 432 712 2.16 530 255 1.57
08MHCI-0.2MHNO3; 28 29 03 35 41 1.0 4.00 12.46 3.51 346 4.06 095 314 842 226 217 275 1.67
0.9M HCI-0.1 M HNO; 3 29 03 37 32 1.0 238 9.86 3.79 3.69 3.22 1.03 196 6.71 294 206 0.98 2.36
1.0M Nacl 45 32 05 58 43 1.2 21.88 1327 426 5.76 433 115 1659 9.03 255 451 275 1.57
0.1MHCI-1.0MNaCl 34 3.1 04 44 42 09 16.79 1293 315 442 4.22 085 1321 9.22 236 3.73 3.14 1.57
0.5MHCI-1.0MNaCl 21 2 03 28 3.0 06 1072 9.22 2.15 2.82 3.01 058 844 6.87 147 294 294 0.88
1.0MHCI-1.0M NaCl 1.1 13 01 20 23 04 772  6.86 1.61 2.03 224 044 398 5.89 137 334 334 1.18
20MHCI-1.0MNaCl 06 0.8 09 15 0.3 341 462 124 090 1.51 034 236 4.18 098 098 271 0.98
2.0 M Nacl 29 13 03 44 22 0.7 1658 6.73 236 437 220 064 952 530 137 491 275 0.88
0.1MHC-2.0MNaCl 22 1 02 30 19 04 1126 585 1.52 297 1.91 0.41 943 412 1.18 236 2.16 0.79
0.5M HCI-2.0M NaCl 0.8 0.8 - 1.6 1.7 0.5 596 5.22 1.64 157 1.70 044 962 451 137 275 294 1.37
1.0MHCI-20MNaCl 03 0.8 - 1.1 1.5 0.4 4.00 4.65 125 1.05 1.52 034 766 4.22 098 255 2.75 0.98
20MHC-2.0MNaCl 02 05 - 06 1.1 0.3 238 336 099 0.63 1.10 027 785 294 098 1.57 1.96 0.98

the selectivity series are following: Dowex-WGR-2 > Amberlyst A-
23> Amberlyst A-24 (0.1-3.0 M HCl); Dowex-WGR-2 ~ Amberlyst
A-23>Amberlyst A-24(0.1-0.9 M HCI-0.9-0.1 M HNO3). In the case
of solution with sodium chloride addition, the series are following:
Amberlyst A-23>Dowex-WGR-2>Amberlyst A-24 (1.0M Nacl,
2.0 M NacCl; 0.1 M HCI-2.0 M NaCl) and Dowex-WGR-2 ~ Amberlyst
A-23>Amberlyst A-24 for residual solutions. Amberlyst A-24 pos-
sesses the smallest values of sorption parameters. In some cases the
break point of column is observed just after the sorption process
starts therefore the values of working anion exchange capacities for
Amberlyst A-24 cannot be determined. Differences in the capacity
values come from various physicochemical properties of resins and
also from different mechanism of palladium(II) binding. In the case
of Amberlyst A-24 high value of capacities are observed in dilute
solution such as 0.1 M HCl, and then the capacities drastically drop
with increasing of hydrochloric acid concentration. This fact can be
explained by the sieve effect and palladium complexes exclusion
due to small sizes of micropores. Moreover, high values of capac-
ities in the case of Amberlyst A-21 in 0.1 M HCl solutions can be
caused by binding of palladium(Il) complexes by amine groups of
the resin in the not only superficial layer of anion exchanger but
also inside resin matrix.

The nature of palladium(Il) mechanism depends on such param-
eters as pH, anion exchange properties as well as palladium(II)
metal ion properties. The pH effect on the sorption mechanism can
be explained by the values of the point of zero charge (pHzpc). pH
values can be lower or higher than the point of zero charge (pHzpc).
In the first case at pH<pHzpc the surface of resin is positively
charged, whereas in the opposite situation pH < pHzpc the surface of
resinis negatively charged causing the attraction between resin and
palladium complexes (e.g. chloro-anionic complexes of Pd) result-
ing in greater capacities at low pH values. Additionally, matrices
of the resins under discussion with the hydroxyl groups such as
phenol-formaldehyde, epoxy-amine contain a donor atom of oxy-
gen which has also influence on efficient Pd(II) sorption.

In the acidic solutions containing hydrochloric acid and pal-
ladium ions in form of anionic chloro-complexes the sorption of
hydrochloric acid as well as the sorption of above mention palla-
dium complexes can be observed. The sorption of acid on weakly
basic anion exchange resin follows a two-step mechanism. Firstly,
the free ionogenic groups of the resin are protonated by H* ions

of the acid (Eq. (12)) and in the second step the anion association
(resin-salt dissociation) occurs (Eq. (13)). This mechanism can be
presented by using the following equation:

Step1: R-NH,+H*Cl~ — RNH;*Cl~ (12)

Protonation of the above mentioned groups results into the forma-
tion of positively charged surface due to the presence of protonated
species on the surface of pore walls of resins:

Step2: RNH3*Cl~ +[PdCl42 ] — [RNH3*PdCl42] + CI= (13)

The second step — anion association is a result of electrostatic inter-
action between the positively charged functional groups and the
negatively charged anion of the acid [15,38-41]. Bhandari et al.
[38,39] believed that specific adsorption of anions of acid in the
region close to the pore walls can be occurred. Minor part of the
amine groups in free base form of all kinds are protonated due to
the reaction with water molecules. Because of the poor dissociation
of the free base form, a substantial exchange of hydroxyl ions for
anions of strong acid occurs only in acidic media [42]:

R;-NH,~ —OH™ +H* +ClI~ & Ry-NH,~ — Cl- +H,0 (14)

The chloride ions can be sorbed also by pure amine group without
considering its ammonia-like dissociation:

R1-NH; + HT +Cl~ < Ry —NHZJr -ClI- (15)

Based on the hard and soft acids and bases theory (HSAB), the
ion exchangers of the functional groups containing one or more
donor atoms such as nitrogen atoms, oxygen or sulfur atoms inter-
act strongly with soft acids. Ions of soft metal such as palladium(II)
show affinity for soft bases with the donor atoms: O<N<S. The
resins examined here as those with the amine functional groups
with N donor atoms can be protonated to a larger or smaller extent
in the acidic solution. Amine groups may contribute to palladium
chelation, but their ability to react with palladium is reduced by
amino groups protonation. Therefore palladium(II) sorption mech-
anism can be ion exchange and electrostatic attraction of anionic
palladium(Il) complexes by protonated amine groups can take
place. At higher pH the electrostatic repulsion between the surface
sites and palladium(II) ions causes the decrease in the sorption yield
of Pd(II) [25,43,44].
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of irreversible sorption; B and C - represent the medium and strong reversibility in
sorption).

The differences in the selectivity of weakly basic anion exchange
resins under consideration towards Pd(II) ions can be explained by
different basicity of the resins and different extent of reversibil-
ity of sorption (Fig. 7) which increases with the decrease in the
resin basicity and decrease in the acid concentration. Dowex-WGR-
2 as anionic resin with weak basicity possess the higher extent of
reversibility of protonation step according to the reversible sorp-
tion theory based on the electrical double layer than the otherresins
under discussion. Due to this fact this resin shows the highest values
of working anion exchange capacities [15].

3.5. Effect of acids and sodium chloride concentration

Concentration of acids and sodium chloride affects Pd(II) sorp-
tion uptake. Fig. 8 shows the changes of the sorption capacities
determined by means of the batch method. Different concen-
trations of acids and sodium chloride result in different ionic

strengths of solutions and different total concentrations of chloride
ions. The presented results (Fig. 8) show that sorption capacities
decrease with the increase of chloride ion concentration. This fact
can be explained by strong interaction taking places between the
chloride ions and palladium ions to form chloro-complexes. The
sodium chloride addition causes that the chloride ion concentra-
tion increase results in stronger interaction mentioned above. The
same tendency: decrease of the capacities (batch method) with the
increase of chloride ions is observed in the case of total and working
anion exchange capacities and distribution coefficients. The values
of those parameters decrease, too. In the case of chloride-nitrate
solutions, the sorption parameters increase with the increasing
ratio of hydrochloric acid to nitric acid. Decrease of chemical yield
at higher nitric acid concentration can be caused by competi-
tive sorption between NO3~ and H(NOs3),~. Summing up, in the
chloride-nitrate solution competitive sorption mentioned earlier
can take place concurrently [25,39].

3.6. Equilibrium and adsorption studies

The sorption equilibrium data were fitted for the linear Lang-
muir, Freundlich and Tempkin-Pyzhev isotherms (Fig. 9). The
Langmuir isotherms suggest that uptake occurs on a homoge-
neous surface by monolayer sorption without interaction between
the sorbed molecules. The coefficient of determination (R%) was
found to be 0.9926, indicating that the sorption process of Pd(II)
ions on Amberlyst A-23 fitted well with the Langmuir model. In
other words, the sorption of Pd(Il) took place at the functional
groups/binding sites on the surface of the weakly basic anion
exchange resin which is regarded as the monolayer sorption. The
maximum sorption capacity of Pd(Il) in the case of Langmuir
isotherm is found to be 173.4 mg/g, whereas the Langmuir constant
- bparameteris equal to 0.034 dm3/mg. Additionally, the important
parameter, Ry, called the equilibrium parameter was calculated to
identify whether sorption system is favourable or unfavourable:

1
101(a — Rl=+—— 16
] (a) L= 175G (16)
) ? The Ry values between 0 and 1 indicate a favourable sorption pro-
g’ 6. cess. In the case of Pd(II) sorption on Amberlyst A-23 the R value
= e is equal to 0.226 which means that the sorption is favourable.
T 4] The Freundlich model assumed heterogenous sorption due to
34 the diversity of the sorption sites or the diverse nature of the
2 ) ] 3 3 3 ? metal ions sorbed, free of hydrolyzed species. Additionally, the
_x M HCI sorption may be accompanied by interaction between the sorbed
---x MHCI -y M HNO; molecules. 1/n value in the range of 0-1 indicates that the sorp-
e = o tion was favourable in the conditions under investigation. The
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Fig. 8. Influences of (a) acids concentration; (b) sodium chloride concentration on
Pd(II) sorption.

Fig. 9. Adsorption isotherms of Pd(II) ions onto Amberlyst A-23.
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Freundlich parameters (see Table 2) are following: 1/n=0.3912;
Kr=17.68 mg/g. The R? value was found to be 0.939. This result
indicates that the Freundlich model was not able to describe ade-
quately the relationship between the sorbed amount of Pd(Il) and
its equilibrium concentration in the solution. However, the Lang-
muir isotherm model best fitted with the equilibrium data since it
presents higher R? value.

The Tempkin and Pyzhev model was applied, too. They studied
the interaction of the adsorbent and the adsorbate and sug-
gested that the heat of sorption of all molecules in the layer
decreased linearly with the coverage. The calculated parame-
ters from the Tempkin and Pyzhev isotherm are following: the
correlation coefficient is equal to 0.9817, br=99.87]/mol and
A=1.44dm3/g.

Summing up the Langmuir isotherm fitted the best experimen-
tal and calculated data of the sorption system (Fig. 9).

3.7. Comparison of the obtained results and those included in
[11,12,45]

Making comparison between sorption of palladium(IIl) ions on
strongly (Dowex MSA-1, Varion ATM - type 1, Dowex MSA-2, Var-
ion ADM - type 2) and weakly basic (Varion ADAM, Amberlyst A-23,
Amberlyst A-24 and Dowex-WGR-2) anion exchange resins from
chloride and chloride-nitrate(V) solutions the following conclusion
can be made:

¢ The values of working anion exchange capacities are different for
the resins under consideration.

e In the solution of the composition 0.1M HCI-100 mg/dm3
Pd(Il) the selectivity series is following: Varion ADAM
(0.093 g/cm3)>Dowex-WGR-2  (0.077 g/cm3)>Dowex MSA-
1 (0.062g/cm3)>Dowex MSA-2 (0.056¢g/cm3)>Varion ATM
(0.049 g/cm3)~Varion ADM (0.048 g/cm3)=Amberlyst A-24
(0.048 g/cm3)~ Amberlyst A-23 (0.047 g/cm3). The similar
selectivity is observed for the other solutions.

¢ The weakly basic anion exchange resins with the epoxy-amine
and polyacrylic matrix and the macroporous structure (Varion
ADAM and Dowex-WGR-2) possess the best selectivity towards
palladium(II) ions.

¢ Resins with the polyacrylic matrix but a different structure such
as Varion ADAM (macroporous)and Amberlyst A-24 (gel) showed
extremely different selectivity towards Pd(Il) ions. Amberlyst
A-24 cannot be used in Pd(II) removal from solution under dis-
cussion. This can be due to different sizes of their macro- and
micropores and the sieve effect. Adsorption in micropores is usu-
ally strong on condition that the molecules are not too big to be
able to get into pores. In the case of Pd(II) ions which occur in
chloride solutions in the form of big, anionic chloro-complexes,
the micropores are too small for the Pd(II) anion get into and the
adsorption of Pd(Il) ions is strongly affected by the sieve effect
causing a significant decrease in capacities.

4. Conclusions

e Weakly basic anion exchange resins exhibit different selectiv-
ity towards palladium(Il) complexes. Amberlyst A-23 with the
phenol-formaldehyde matrix as well as Dowex-WGR-2 with the
epoxy-amine matrix can be applied in palladium(II) sorption,
recovery from secondary sources or in Pd(I) preconcentration.

¢ The obtained capacities for Amberlyst A-24 are much lower than
for the others under discussion, therefore this resin is not suitable
for Pd(II) sorption from the acidic, concentrated solutions. The
sieve effect can play a big role here.

e Based on the working anion exchange capacities the selec-
tivity series are following: Dowex-WGR-2~Amberlyst A-
23> Amberlyst A-24.

e The mechanism of palladium(Il) sorption can be ion exchange and
ionic interaction is due to protonation of amine groups present
in the resins.

e The experimental data was well fit by the Langmuir isotherm
model, the monolayer sorption capacity for Amberlyst A-23 is
equal to 173.4mg/g.

¢ FT-IR analysis confirms that the amine groups participate in pal-
ladium binding.

References

[1] E. Anticé, A. Masana, V. Salvadd, M. Hidalgo, M. Valiente, Adsorption of pal-
ladium by glycolmethacrylate chelating resins, Anal. Chim. Acta 296 (1994)
325-332.

[2] V. Neagu, L. Bunia, Acrylic weak base anion exchangers and their chemical
stability in aggressive media, Polym. Degrad. Stab. 83 (2004) 133-138.

[3] F. Helfferich, lon Exchange, McGraw Hill, New York, 1995.

[4] C.E. Harland, Ion exchange: Theory and Practice, 2nd ed., The Royal Society of
Chemistry, Cambridge, 1994.

[5] K. Dorfner (Ed.), lon Exchangers, Walter de Gruyter, Berlin/New York, 1991.

[6] B.A. Adams, E.L. Holmes, Synthetic ion-exchange resins, J. Soc. Chem. Ind. 54
(1935) 1T.

[7] J.S. Fritz, Factors affecting selectivity in ion chromatography, J. Chromatogr. A
1085 (2005) 8-17.

[8] X.Bai, B.Liu,]. Yan, Adsorption behavior of water-wettable hydrophobic porous
resins based on divinylbenzene and methyl acrylate, React. Funct. Polym. 63
(2005) 43-53.

[9] Y. Wang, G. Zhang, H. Yan, Y. Fan, Z. Shi, Y. Lu, Q. Sun, W. Jiang, Y. Zheng,
S. Li, Z. Liu, Polystyrene resins cross-linked with di- or tri(ethylene glycol)
dimethacrylates as supports for solid-phase peptide synthesis, Tetrahedron 62
(2006) 4948-4953.

[10] AAM.S. Oancea, C. Drinkal, W.H. Holl, Evaluation of exchange equilibria on
strongly acidic ion exchangers with gel-type, macroporous and macronet struc-
ture, React. Funct. Polym. 68 (2008) 492-506.

[11] A. Wotowicz, Z. Hubicki, Sorption of palladium(Il) complexes onto styrene-
divinylbenzene anion exchange resins, Chem. Eng. J. 152 (2009) 72-79.

[12] Z. Hubicki, A. Wotowicz, M. Wawrzkiewicz, Application of commercially avail-
able anion exchange resins for preconcentration of palladium(Il) complexes
from chloride-nitrate solutions, Chem. Eng. J. 150 (2009) 96-103.

[13] O.N. Kononova, A.G. Kholmogorov, E.V. Mikhlina, Palladium sorption on
vinylpyridine ion exchangers from chloride solutions obtained from spent cat-
alysts, Hydrometallurgy 48 (1998) 65-72.

[14] R. Gaita, S. Al-Bazi, An ion-exchange method for selective separation of palla-
dium, platinum and rhodium from solutions obtained by leaching automobile
catalytic converters, Talanta 42 (1995) 249-255.

[15] V.M. Bhandari, T. Yonemoto, V.A. Juvekar, Investigating the differences in acid
separation behaviour on weak base ion exchange resins, Chem. Eng. Sci. 55
(2000) 6197-6208.

[16] E.A.Sofany, Removal of lanthanum and gadolinium from nitrate medium using
Aliquat-336 impregnated onto Amberlite XAD-4, . Hazard. Mater. 153 (2008)
948-954.

[17] S.Veli, B. Alyiiz, Adsorption of copper and zinc from aqueous solutions by using
natural clay, J. Hazard. Mater. 149 (2007) 226-233.

[18] A. Wotowicz, Z. Hubicki, Palladium(II) complexes adsorption from the chloride
solutions with macrocomponent addition using strongly basic anion exchange
resins, type 1, Hydrometallurgy 98 (2009) 206-212.

[19] M. Ozacar, L.A. Sengil, Adsorption of reactive dyes on calcined alunite from
aqueous solutions, J. Hazard. Mater. B98 (2003) 211-224.

[20] M. Ozacar, L.A. Sengil, A kinetic study of metal complex dye sorption onto pine
sawdust, Process. Biochem. 40 (2005) 565-572.

[21] M. Wawrzkiewicz, Z. Hubicki, Kinetics of adsorption of sulphonated azo
dyes on strong basic anion exchangers, Environ. Technol. 30 (2009) 1059-
1071.

[22] Z. Hubicki, M. Leszczyiska, Studied of sorption of Pd(Il) microquantities
on strongly basic polyacrylate anion exchangers, Desalination 175 (2005)
289-295.

[23] J.M. Wasikiewicz, H. Mitomo, N. Seko, M. Tamada, F. Yoshil, Platinum and
palladium ions adsorption at the trace amounts by radiation crosslinked car-
boxymethylchitin and carboxymethylchitosan hydrogels, J. Appl. Polym. Sci.
104 (2007) 4015-4023.

[24] N. Dizge, B. Keskinler, H. Barlas, Sorption of Ni(Il) ions from aqueous solu-
tion by Lewatit cation-exchange resin, J. Hazard. Mater. 167 (2009) 915-
926.

[25] A.Ramesh, H. Hasegawa, W. Sugimoto, T. Maki, K. Ueda, Adsorption of gold(IlI),
platinum(IV) and palladium(Il) onto glycine modified crosslinked chitosan
resin, Bioresour. Technol. 99 (2008) 3801-3809.

[26] A. Sari, D. Mendil, M. Tuzen, M. Soylak, Biosorption of palladium(II) from aque-
ous solution by moss (Racomitrium lanuginosum) biomass: equilibrium, kinetic
and thermodynamic studies, J. Hazard. Mater. 162 (2009) 874-879.



670 A. Wotowicz, Z. Hubicki / Chemical Engineering Journal 160 (2010) 660-670

[27] M.C. Bruzzoniti, C. Mucchino, E. Tarasco, C. Sarzanini, On-line preconcentra-
tion, ion chromatographic separation and spectrophotometric determination
of palladium at trace level, ]. Chromatogr., A 1007 (2003) 93-100.

[28] Z. Marczenko, A.P. Ramsza, Differential spectrophotometric determination of
palladium in catalyst using the dimethylglyoxime and iodide methods, Chem.
Anal. 23 (1978) 23-27.

[29] B.L. Leéniewska, B. Godlewska-Zytkiewicz, A. Ruszyfiska, E. Bulska, A. Hulan-
icki, Elimination of interferences in determination of platinum and palladium
in environmental samples by inductively coupled plasma mass spectrometry,
Anal. Chim. Acta 564 (2006) 236-242.

[30] M.A. Barakat, M.H.H. Mahmoud, Y.S. Mahrous, Recovery and separation of pal-
ladium from spent catalyst, Appl. Chem. 301 (2006) 182-186.

[31] J.Purans, B. Fourest, C. Cannes, V. Sladkov, F. David, L. Renault, M. Lecome, Struc-
tural investigation of Pd(II) in concentrated nitric and perchloric acid solutions
by XAFS, ]. Phys. Chem. B 109 (2005) 11074-11082.

[32] M. Jayakumar, K.A. Venkatesan, T.G. Srinivasan, P.R. Vasudeva Rao, Studies on
the feasibility of electrochemical recovery of palladium from high-level liquid
waste, Electrochim. Acta 54 (2009) 1083-1088.

[33] M. Mohan Raj, A. Dharmaraja, K. Panchanatheswarn, K.A. Venkatesan, T.G.
Srinivasan, P.R. Vasudeva Rao, Extraction of fission palladium(Il) from nitric
acid by benzoylmethylenetriphenylphosphorane (BMTPP), Hydrometallurgy
84 (2006) 118-124.

[34] H. Xu, X. Hu, Preparation of anion exchangers by reductive amination of acety-
lated crosslinked polystyrene, React. Funct. Polym. 42 (1999) 235-242.

[35] I. Polanek, M. Krajnc, Characterization of phenol-formaldehyde prepoly-
mer resins by in line FT-IR spectroscopy, Acta Chim. Slov. 52 (2005)
238-244.

[36] G. Socrates, Infrared and Raman Characteristic Group Frequencies: Tables and
Charts, John Wiley & Sons, Ltd., Chichester, 2001.

[37] S.D.Khattri, M.K. Singh, Removal of malachite green from dye wastewater using
neem sawdust by adsorption, J. Hazard. Mater. 167 (2009) 1089-1094.

[38] V.M. Bhandari, V.A. Juvekar, S.R. Patwardhan, Sorption studies on ion exchange
resins. Sorption of strong acids on weak base resins. 2, Ind. Eng. Chem. Res. 31
(1992) 1073-1080.

[39] V.M. Bhandari, V.A. Juvekar, S.R. Patwardhan, Sorption studies on ion exchange
resins. Sorption of strong acids on weak base resins. 1, Ind. Eng. Chem. Res. 31
(1992) 1060-1073.

[40] W.Zhang, Q. Du, B. Pan, Ch. Hong, Z. Jiang, D. Kong, Adsorption equilibrium and
heat of phenol onto aminated polymeric resins from aqueous solution, Colloids
Surf. A: Physicochem. Eng. Aspects 346 (2009) 34-38.

[41] M.L. Arrascue, H.M. Garcia, E. Guibal, Gold sorption on chitosan derivatives,
Hydrometallurgy 71 (2003) 191-201.

[42] M.S. Dzul Erosa, W.H. Holl, J. Horst, Sorption of selenium species onto weakly
basic anion exchangers: 1. Equilibrium studies, React. Funct. Polym. 69 (2009)
576-585.

[43] P. Chassary, T. Vincent, J.S. Marcano, L.E. Macaskie, E. Guibal, Palladium and
platinum recovery from bicomponent mixtures using chitosan derivatives,
Hydrometallurgy 76 (2005) 131-147.

[44] K.A. Venkatesan, B.R. Selvan, M.P. Antony, T.G. Srinivasan, P.R. Vasudeva Rao,
Extraction of palladium(Il) from nitric acid medium by imidazolium nitrate
immobilized resin, Hydrometallurgy 86 (2007) 221-229.

[45] Z.Hubicki, A. Wotowicz, M. Leszczyniska, Studies removal of palladium(IIl) ions
from chloride solutions on weakly and strongly basic anion exchangers, ]. Haz-
ard. Mater. 159 (2009) 280-286.



	Effect of matrix and structure types of ion exchangers on palladium(II) sorption from acidic medium
	Introduction
	Experimental
	Reagents and solutions
	Instrumentation
	Weakly basic anion exchange resins characteristics
	Anion exchange experiments
	Batch adsorption studies

	Column loading
	Adsorption isotherms
	Analytical procedure – the iodide method

	Results and discussion
	Species of palladium(II) complexes
	ATR–FT-IR analysis
	Effect of phases contact time
	Breakthrough curves of Pd(II)
	Effect of acids and sodium chloride concentration
	Equilibrium and adsorption studies
	Comparison of the obtained results and those included in [11,12,45]

	Conclusions
	References


