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The sorp tion of Pd(II) on the nat u ral and acid-mod i fied clinoptilolite un der static con di -
tions has been in ves ti gated. Op ti mal pH val ues for Pd(II) sorp tion are 4.5 from ni trate so -
lu tions and 10.0 from am mo nia so lu tions for both sorbents re spec tively. The op ti mum
grain size of both sorbents has been de ter mined. It was found that the sorbent in the
protonated form dried at 150–160°C and the nat u ral sorbent dried at 100–110°C have high est
sorp tion abil ity. The in flu ence of in or ganic salts of am mo nium, al kali, heavy and plat i num 
metal cat ions as well as some in or ganic and or ganic an ions on Pd(II) sorptive abil ity by
the nat u ral and H-clinoptilolite has been in ves ti gated. Pd(II) desorption from sorbents has
been stud ied. The sorp tion ca pac ity of nat u ral and H-clinoptilolite to wards Pd(II) from ni -
trate so lu tions (pH = 4.2) is 977  and 3440 mg/g re spec tively and for nat u ral clinoptilolite from 
am mo nia so lu tions (pH = 10.0) is 2404 mg/g.
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In spite of small amounts of plat i num met als pres ent in wastes of jewel lery, elec -
tri cal en gi neer ing pro duc tions etc., they are char ac ter ized by the al ler gen ac tion on
liv ing or gan isms, some of their ox ides can cause health prob lems (e.g. heart prob lems 
or mal func tion of ner vous sys tem). Re cent pub li ca tions prove sig nif i cant in ter est in
plat i num met als re cov ery by sorp tion and elab o ra tion of dif fer ent se lec tive and sen si -
tive meth ods of their de ter mi na tion fol lowed by con cen tra tion and sep a ra tion [1,2].
On the ba sis of literature data deal ing with con cen tra tion and sep a ra tion of palladium(II)
it is es tab lished that most meth ods are in tended for the com bined sep a ra tion of plat i -
num group ions, mainly from chlo ride me dia, us ing ex pen sive, not readily avail able
sorbents, which in many cases are un sta ble in al ka line and strong-acid me dia [1,3].
There fore, in ves ti ga tion of con di tions of pal la dium(II) con cen tra tion and sep a ra tion
from ni trate and ammonia me dia us ing in ex pen sive, readily-avail able, chem i cal- and
heat-re sis tant nat u ral zeolites for elab o ra tion of se lec tive meth ods of sorption is prac -
ti cally sig nif i cant.
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Nat u ral zeolites, es pe cially clinoptilolite are widely used for elim i na tion of ra -
dio ac tive el e ments, for con cen tra tion and sep a ra tion of heavy, al kali, al ka line earth
metal ions, am mo nium ions, and for gas ad sorp tion. Ow ing to a num ber of spe ci al -
ities nat u ral clinoptilolite is used for en vi ron men tal pro tec tion, in med i cine, ag ri cul -
ture and sev eral in dus trial sec tors [4,5]. There fore, its ap pli ca tion for separation of
Pd(II) from wastes is prospective.

EX PER I MEN TAL

In our in ves ti ga tion we used the Transcarpathian clinoptilolite – crys tal line alumosilicate of high sil -
i con con tent, which was em ployed from the de posit near the vil lage Sokyrnytsa (Transcarpathian re gion,
Ukraine). The min er al ogy com po si tion of this de posit is fol low ing: 85±6 wt.% of clinoptilolite, ad mix -
tures of quartz, mica, and feld spar. Ac cord ing to re cent data [6], the for mula of Transcarpathian

clinoptilolite is: (K2.3Na0.5Ca2.1Mg0.6Fe(III)0.9Fe(II)0.2Ti0.2)×(Si31.4Al6.5O44)×21.8H2O.
To mea sure the Pd(II) sorptive con cen tra tion, the nat u ral clinoptilolite was ground in a ball mill and

frac tion ated by siev ing to ob tain the fol low ing par ti cle frac tions: 0.200–0.315; 0.315–0.355;
0.355–0.500; 0.500–0.710; 0.710–0.800 mm. The sorbent frac tions were washed with dis tilled wa ter,
dried out in air and kept in an des ic ca tor. Nat u ral clinoptilolite has het er o ge neous com po si tion and con -
tains dif fer ent ion-ex change able cat ions: Ca, K, Mg, Na (K > Ca >> Mg > Na). For the elim i na tion of the
de pend ence of sorp tion re sults on sorbents batch, it is nec es sary to mod ify clinoptilolite, namely to trans -
form it into the H-form. Such high sil i cate ze o lite as clinoptilolite can be trans formed into the protonic
form by min eral ac ids treat ment [7–9]. Acid-mod i fied clinoptilolite was ob tained in the fol low ing way ac -

cord ing to [10]. The grained sam ple of ze o lite was pretreated with 12.0 mol/L so lu tion of HCl for 24 h at

20±1°C. For treat ment of 1 g of sorbent, 20 mL of acid were used. Af ter mod i fi ca tion the acid so lu tion was 
poured out and the sorbent was prop erly washed with dis tilled wa ter up to pH about 5.5–6.0; af ter that the
sorbents were dried in air and kept in an des ic ca tor.

The ni trate Pd(II) so lu tion was ob tained by dis solv ing the pure metal (99.99 wt.%) in ni tric acid
(1:1). Work ing so lu tions have been pre pared by di lu tion of aliquot of the ini tial Pd(II) so lu tion with dis -
tilled wa ter. The am mo nium Pd(II) so lu tions were pre pared by the ad di tion of 25 wt.% am mo nia so lu tion
to the aliquot of the ini tial Pd(II) so lu tion to ob tain nec es sary pH value with di lu tion to 250 mL with dis -
tilled wa ter. pH value of the so lu tions was con trolled by a pH-573 pH-me ter with sat u rated sil ver chlo ride

reference elec trode and ad justed by the ad di tion of some amount of HNO3, NaOH and NH3×H2O so lu tions
de pend ing on the ex per i mental con di tions.

In ves ti ga tions of Pd(II) sorp tion were car ried out un der static con di tions. A def i nite amount of
sorbent was placed in the Pd(II) so lu tion and shaken us ing me chan i cal stir ring. All in ves ti ga tions were re -

peated 3 times (a = 0.95).
The con tents of sorbed pal la dium were de ter mined by pulse voltammetry us ing a lin early vary ing po -

ten tial (PO – 5122 model 03 oscillopolarograph) and de fined as the dif fer ence be tween the ini tial con cen -
tra tions of Pd(II) and the con cen tra tions in fil trates. For that pur pose 20.00 mL of Pd(II) so lu tion were

pipetted and 4.00 mL of con cen trated NH3×H2O (pH = 11.5) were added as the back ground elec tro lyte
with next di lu tion to full vol ume (25 mL) us ing dis tilled wa ter. Pal la dium(II) was re duced us ing 1 mol/L
NH4OH + 1 mol/L NH4Cl as the back ground elec tro lyte at a po ten tial of –0.720 V vs. sat u rated cal o mel

elec trode (SCE). A two-elec trode ther mo stated cell (22±0.5°C) with an in di ca tor mer cury drop ping elec -
trode and a SCE were em ployed for such mea sure ments; the cap il lary char ac ter is tics were as fol lows:

m = 0.706 mg×s–1; t  = 7.5 s. Peak po ten tials were mea sured di rectly at the max i mum point of the
polarogram us ing a V7-21 volt me ter with pre ci sion ±1 mV. The in ves ti gated so lu tion was pu ri fied from
ox y gen by blow ing ar gon. Polarographic de ter mi na tion was car ried out in the fol low ing re gime of

oscillopolarograph work: Einit  = –0.300 V, rate of po lar ized po ten tial V = 0.6 V×s–1, tret = 6 s. Pd(II) de ter -
mi na tion was made by the method of com par a tive mea sure ments and the method of stan dard ad di tions.
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The amount of sorbed Pd(II) msorb was de ter mined by the fol low ing equa tion: msorb = minit  - mfilt,
where minit  – Pd(II) mass in the ini tial so lu tion, mfilt  – Pd(II) mass in the fil trate. minit = CinitMVsol, where
Cinit – Pd(II) con cen tra tion in the ini tial so lu tion in mol/L, M-mo lec u lar mass of Pd(II) in g/mol, Vsol – so -
lu tion vol ume in L; mfilt = CfiltMVsol, where Cfilt – Pd(II) con cen tra tion in the fil trate. The ex tent of Pd(II)
sep a ra tion R (%) was cal cu lated by the fol low ing equa tion:

R  =  
m

m

sorb

init

 × 100%.

The Pd(II) sorp tion value a (g/g of sorbent) was cal cu lated by means of the equa tion:

a  =  
(C C MV

m

filt sol- )
 .

RE SULTS AND DIS CUS SION

Clinoptilolite is a cat ion-ex change able ad sor bent since it has a neg a tively
charged sur face and pos sesses a sieve sorp tion mech a nism. Acid treat ment of
clinoptilolite is usu ally con nected with a par tial elim i na tion of alu minium from its
struc ture. This leads to con trac tion of ze o lite lat tice and in crease of OH– groups num -
ber on the sur face as well as in side the clinoptilolite struc ture. There fore the op ti mum 
pH value of Pd(II) so lu tions dur ing sorp tion by nat u ral clinoptilolite can dif fer from
the op ti mum pH value for the sorbent H-form. The ex tent of Pd(II) sep a ra tion by nat -
u ral and H-clinoptilolite as a func tion of pH value of the ni trate and am mo nia so lu -
tions is shown in Fig. 1.

As shown in Fig. 1 (curve 1), from pH 1.0 up to 3.2, Pd(II) is weakly sorbed by
nat u ral clinoptilolite, that may be due to the Pd(II) forms, namely dom i na tion of the
com plex [Pd(OH)(H2O)3]+ in this pH range in ni trate so lu tions [11]. From pH = 3.0,
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Fig ure 1. De pend ence of the ex tent of Pd(II) sep a ra tion by dif fer ent clinoptilolite forms on the pH me -

dium un der the static con di tions at tshak ing = 1 h, ms = 0.5 g, Vsol = 250 mL: 1) – by the nat u ral

form from the ni trate so lu tions; CPd(II) = 7.68×10–5 mol/L; ds = 0.355–0.500 mm; 2) – by the nat -

u ral form from the am mo nia so lu tions; CPd(II) = 3.84×10–5 mol/L; ds = 0.355–0.500 mm; 3) – by

H-form from the ni trate so lu tions CPd(II) = 3.84×10–5 mol/L; ds = 0.200–0.315 mm, 4) – by

H-form from the am mo nia so lu tions; ds = 0.200–0.315 mm; CPd(II) = 3.84×10–5 mol/L.



the Pd(II) sorp tion con sid er ably in creases, that can be ex plained by the for ma tion of
the mixed aquahydroxocomplexes of the type [Pd(OH)2(H2O)2]0 [11], which pos sess 
better af fin ity for clinoptilolite. The max i mum ex tent of Pd(II) sep a ra tion is achieved 
at pH = 4.5, where this com plex is dom i nant. At pH higher than 4.5, the Pd(II) sorp -
tion grad u ally de creases, that may re sult from polymerization of Pd(II) com plexes
and for ma tion of colloid parts. This leads to pre cip i ta tion of Pd(OH)2 and there fore
in ves ti ga tion of Pd(II) sorp tion in such con di tions is hin dered.

In the case of H-clinoptilolite (curve 3) the ex tent of Pd(II) sep a ra tion slowly in -
creases from pH = 1.0 up 4.5 and the max i mum sorp tion value is achieved as in the
case of nat u ral clinoptilolite. How ever, H-clinoptilolite better sorbed the com plexes
of [Pd(H2O)4]2+, which are dom i nant up to pH = 2.0 in the ni trate me dium. Such dif -
fer ence of sorp tion char ac ter be tween the nat u ral and the H-clinoptilolite can be ex -
plained by the chang ing of the win dow size of the sorbent chan nels dur ing acid
treat ment.

Curves 2 and 4 in Fig. 1 il lus trate the ex tent of Pd(II) sep a ra tion from ammonia
so lu tions by the nat u ral and the H-clinoptilolite. The shape of these curves is ex -

plained by dom i na tion of com plex [Pd(NH3)4]2+ and the in crease in the dis so ci a tion
of the sur face OH-groups. As a re sult of OH-dis so ci a tion, the sur face -O– groups are
formed, which can co or di nate tetraammonia com plexes of Pd(II). How ever, at pH >
10.5 the ionic strength of so lu tions con sid er ably in creases, which leads to slight de -
crease of the Pd(II) com plexes sep a ra tion. How ever, the ex tent of Pd(II) am mo nium
com plexes sep a ra tion on H-clinoptilolite (curve 4) is con sid er ably higher than that
on the nat u ral an a logue. It is due to the dif fer ence in pores size of nat u ral and
acid-mod i fied ze o lite [12] as well as to smaller grain size of H-clinoptilolite. In this
case the “sieve ef fect” has greater con tri bu tion to the sorp tion pro cess.

One of the fac tors, that in flu ence the sorbents sorp tion abil ity, is the size of their
grains. Ion-ex change in clinoptilolite takes place on its sur face as well as in side its
chan nels. The crys tal struc ture of clinoptilolite has 2-D view chan nels: chan nels A

(10-mem ber rings, free di am e ters 0.44´0.72 nm) and B (8-mem ber rings, free di am e -

ters 0.41´0.47 nm) which are par al lel to each other, while C chan nels (8-mem ber

rings, free di am e ters 0.40´0.55 nm) in ter sect both A and B chan nels [13]. In the nat u -
ral clinoptilolite the ion-ex change able po si tions are en gaged by big cat ions Ca2+, K+, 
Na+, which block en trance to small ze o lite chan nels, there fore ion-ex change takes
place mostly in large chan nels. In H-clinoptilolite the ion-ex change able po si tions are 
en gaged by small cat ions H+ that al low Pd(II) to en ter the small chan nels. The
clinoptilolite grains of dif fer ent sizes have a dif fer ent num ber of smaller and larger
chan nels. There fore, the ex tent of Pd(II) sep a ra tion by the nat u ral clinoptilolite
grains of dif fer ent sizes and those mod i fied with 12.0 mol/L HCl to com pare their
sorp tion abil ity was stud ied (see Fig. 2).

It was es tab lished that the max i mum ex tent of Pd(II) sep a ra tion by nat u ral
clinoptilolite is achieved by the grain frac tion with ds = 0.355–0.500 mm. Con sid er -
able sorbent crush ing leads to the in crease of dead rocks num bers be cause they have
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smaller hard ness than clinoptilolite and are rap idly crushed. This is a rea son for the
de creased Pd(II) sep a ra tion by small clinoptilolite grain frac tions. As fol lows from
Fig. 2, the H-sorbent has the high est Pd(II) sep a ra tion ex tent on the grains with
ds = 0.200–0.315 mm in con trast to the nat u ral clinoptilolite, since acid treat ment
leads to wash ing out of dead rocks.

Dur ing ther mal treat ment of the min eral clinoptilolite con tain ing dif fer ent types
of wa ter, a num ber of changes takes place. At first it loses wa ter and then un der goes
amorphization. All these changes dur ing ther mal treat ment have strong in flu ence on
sorbent sorp tion prop er ties. There fore, we in ves ti gated the in flu ence of ther mal
treat ment of the nat u ral clinoptilolite on its sorptive abil ity to wards Pd(II) (see Fig. 3,
curve 1).

The ob tained de pend ence of the ex tent of Pd(II) sep a ra tion by nat u ral
clinoptilolite on the sorbent ther mal treat ment shows that the max i mum sep a ra tion of

Pd(II) is achieved in the tem per a ture range 70–80°C, where the phys i cally ad sorbed

wa ter is lost. The next sorp tion max i mum ap pears on the curve at 170°C, which can
be con nected with elim i na tion of lig ands wa ter or with dis so ci a tion of wa ter mol e -
cules by po lar cat ions during dehydratation. As a re sult, hy drox ide bonds with cat -
ions can be formed and the ad di tional OH groups dur ing in ter ac tion of H+ with the
frame work of O2– ions also can ap pear [14]. Ad di tion ally, OH-groups can take part in 

ion-ex change with Pd(II) ions. At > 350°C the Pd(II) sep a ra tion ex tent con sid er ably
de creased, that could be a re sult of sorbent struc ture ref or ma tion [6]. Sim i lar ef fects

are re ported in [15,16], in which it is shown that at 300 and 400°C the suc ces sive
changes of clinoptilolite oc cur lead ing to the in crease in the num ber of OH-groups in
the ze o lite struc ture.
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Fig ure 2. De pend ence of the ex tent of Pd(II) sep a ra tion by nat u ral (pH = 10.0) and H-clinoptilolite

(pH = 4.5) on the grain size of sorbent un der the fol low ing con di tions: CPd(II) = 4.26×10–5

mol/L; Vsol = 250 mL; ms = 0.5 g; tshak ing = 1 h.



Clinoptilolite cal cined at >600°C has better sorp tion abil ity to wards Pd(II),
which can be ex plained by heating out of the struc ture with a for ma tion of siloxane
bonds in the places of tet ra he dral va can cies [15,16].

Dur ing acid mod i fi ca tion of nat u ral clinoptilolite, the num ber of hy drox ide
groups which the sorbent can lose dur ing ther mal treat ment is in creased [17]. This
can cause the change in the size of the en trance chan nels and sorbent pores. There -
fore, it was im por tant to in ves ti gate the in flu ence of ther mal treat ment of H-clino -
ptilolite on its sorp tion abil ity to wards Pd(II) from ni trate and ammonia media.

As can be seen in Fig. 3 (curve 2), the two max ima of Pd(II) sorp tion from the ni -

trate me dium have been ob served for H-clinoptilolite dried at 100°C and 160°C. The
max i mum value of Pd(II) sorp tion from ammonia me dia (curve 3, Fig. 3) is achieved

on the ze o lite dried in the tem per a ture range 150–160°C. At these tem per a tures hy -
gro scopic and lig ands wa ter was elim i nated from H-clinoptilolite. Such type of curve 
2 is log i cal if we take into con sid er ation, that the aquahydroxo com plex of pal la -
dium(II), which ex ists in a ni trate me dium, has a smaller size than that of am mo nium,
thus it can en ter the in com pletely blocked clinoptilolite chan nels (af ter the elim i na -

tion of hy gro scopic wa ter). From 250°C the ex tent of Pd(II) sep a ra tion from the ni -
trate me dium in sig nif i cantly in creases, which is re lated to the con trac tion of ze o lite
lat tice and which may per haps hin der the ac cess of pal la dium(II) com plexes at pH =
4.1 in side the pores.

The ex tent of Pd(II) sep a ra tion in the ammonia me dium on the dried sorbent at

>250°C grad u ally de creases. It is con nected with the struc tural sorbent re con struc -
tion, which draws nar row ing of chan nels thus play ing an im por tant part in the “siev -

ing ef fect” of sorp tion. At >600°C the ex tent of Pd(II) sep a ra tion from both me dia
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mm; CPd(II) = 5.48×10–5 mol/L. In all cases Vsol = 250 mL; ms = 0.5 g; tshak ing = 1 h.



con sid er ably de creases, which can be ex plained by the sam ple amorphization as
dem on strated in pre vi ous re search [19].

Con se quently, in agree ment with the ex per i men tal data else where [19], H-clino -

ptilolite dried in the tem per a ture range of 150–160°C has better sorp tion abil ity than

nat u ral clinoptilolite dried in the tem per a ture range of 70–80°C (pH = 10.0).
As the real ob jects con tain ing Pd(II) are wastes of in dus trial en ter prises or geo -

log i cal sam ples, there fore they can con tain plenty of ex tra ne ous com pounds which
are suit able for com pet i tive sorp tion on a ze o lite or can take part in the re ac tion of
complexation with Pd(II) ions. There fore, we in ves ti gated the in flu ence of the salt ef -
fect cre ated by in or ganic salts on pal la dium(II) sorp tion by nat u ral and H-clino -
ptilolite (Fig. 4).

As shown in Fig. 4, in the cases when salt con tent is less than 0.125 mol/L, a large
ex tent of Pd(II) sep a ra tion is ob served. With a fur ther in crease in the salt back ground
the ex tent of pal la dium sep a ra tion sharply de creased. The ammonia salts ex hibit the
most neg a tive in flu ence on Pd(II) sorp tion. This ef fect is con nected with the la boured 
mi gra tion of pal la dium(II) ions to the sorbent sur face and, si mul ta neously, with the
block ing of free ac cess for Pd(II) ions to the en trance of chan nels win dows of
clinoptilolite. That is why be fore car ry ing out sorp tion the real con cen trated so lu -
tions of pro duc tions and nat u ral ob jects must be di luted. In the case of such an ions as
chlo ride and sul phate it is also pos si ble that com pet i tive complexation of pal la -
dium(II) takes place. These com plexes of Pd(II) have neg a tive charge and are not
sorb on clinoptilolite.
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We in ves ti gated also the de pend ence of Pd(II) sorp tion by nat u ral and H-clino -
ptilolite from wa ter so lu tions on the pres ence of some ions which can be most of ten
found in com pos ite in dus trial and nat u ral ob jects, and also re agents which are used
for the sep a ra tion and mask ing in anal y sis. The ex per i men tal re sults are pre sented in
Ta ble 1.

Ta ble 1. The in flu ence of ex tra ne ous com pounds on Pd(II) sorp tion (Vsol = 250 mL; ms = 0.5  g; tshak ing = 3 h)
by nat u ral clinoptilolite: pH = 10.0; CPd(II) = 4.25×10–5 mol/L; ds = 0.315–0.355 mm; and by
H-clinoptilolite: pH = 4.2; CPd(II) = 4.27×10–5 mol/L; ds = 0.200–0.315 mm.

Nat u ral clinoptilolite H-clinoptilolite

Ion                         [Pd] : [Ion] R, % [Pd] : [Ion] R, %

    – – 43.3 – 55.9

Pt(IV) 1:0.5 26.5 1:1 0

Rh(III) 1:1 32.7 1:1 8.9

Os(IV) 1:5 34.2 1:10 36.8

Ir(IV) 1:10 32.6 1:0.5 31.7

Ru(IV) 1:5 31.2 1:1 41.6

Au(III) 1:1 33.6 1:1 0

Ag(I) 1:10 26.6 1:1 31.7

Cu(II) 1:10 69.1 1:500 45.9

Zn(II) 1:1 30.8 1:1 21.7

Ni(II) 1:10 33.6 1:10 42.2

Pb(II) 1:10 29.4 1:1 0

Fe(III)* not in vest. not in vest. 1:5 41.3

Mn(II)* not in vest. not in vest. 1:1 23.9

Cl– 1:100 38.4 1:1 39.9

NO3
- 1:>1000 57.0 1:500 40.9

SO4
- 1:10 42.2 1:500 41.8

CO
3
2-

1:10 34.9 1:1000 55.5

PO
4
3-

1:5 41.6 1:1 19.6

C2O4
2-

1:500 37.3 1:1 7.1

Tart2– 1:1000 41.1 1:1 10.6

Cit3– 1:1000 46.7 1:1 7.1

EDTA 1:500 39.5 1:1 6.2

*At the ex per i ment con di tions these el e ments form sed i ment, there fore in their pres ence the sorp tion was
  car ried out at pH = 1.5.

The data of Ta ble 1 show, that the pres ence of 10-fold ex cess of Ag(I), Ir(IV),
Ni(II), Pb(II), 5-fold ex cess of Os(IV) and Ru(IV), com men su ra ble amounts of
Rh(III), Au(III) and Zn(II), and half less amount of Pt(IV) con sid er ably de creased the 
Pd(II) sorp tion in the am mo nia me dium. It was ob served that Pd(II) sorp tion in the
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pres ence of Cu(II) in creases, more over such ef fect of sorp tion in crease is pro por -
tional to the in crease of Cu(II) con cen tra tion in the am mo nia so lu tion as well as ni -
trate me dia. The pres ence of Pt(IV), Rh(III), Au(III), Pb(II) hin ders the se lec tive
sep a ra tion of Pd(II) from the ni trate so lu tions. How ever, the se lec tive Pd(II) sep a ra -
tion is pos si ble in the pres ence of 10-mul ti ple ex cesses of Os(IV), Ni(II), 5-mul ti ple
ex cesses of Fe(III), com men su ra ble amounts of Ru(IV). Among an ions, phos phate,
sul phate and car bon ate ions ex hibit the most per cep ti ble in flu ence on the de crease of
Pd(II) sorp tion in the ammonia me dium. Chlo rides, which form the an ionic com -
plexes of pal la dium(II), ob vi ously do not hin der sig nif i cantly sorp tion in the am mo -
nia me dia. The pres ence of ni trate ions leads to the in crease of Pd(II) sorp tion, that
can be ex plained by the sorp tion ef fec tive ness at the mod er ate ionic force strength
(<0.05 mol/L). Ef fec tive Pd(II) sorp tion by H-clinoptilolite can be car ried out only in
the car bon ate, sul phate and ni trate me dia.

Con se quently, the ob tained data showed that Pd(II) sorp tion from the ammonia
me dia by nat u ral clinoptilolite is more se lec tive than its sorp tion from the ni trate so -
lu tions by a H-form, be cause in the ammonia me dium pal la dium(II) sep a ra tion can be 
car ried out in the pres ence of larger ex cess of most ex tra ne ous el e ments.

The sorp tion ca pac ity is the ba sic sorbents char ac ter is tics. The sorption ca pac i -
ties of nat u ral and H-clinoptilolite un der the op ti mum con di tions of Pd(II) sorp tion
from the ammonia and ni trate so lu tions were es tab lished. The ex per i men tal data are
pre sented in Ta ble 2.

Ta ble 2. Sorp tion ca pac ity of nat u ral and H-clinoptilolite, mod i fied by 12.0 mol/L HCl. CPd(II) = 1.36×10–4

mol/L; Vsol = 250 mL; ms = 0.5 g; tshak ing = 2.5 h.

dsorb, mm                   pH Form of clinoptilolite Sorp tion ca pac ity, mg/g

0.355–0.500   4.2 Nat u ral   977

0.350–0.500 10.0 Nat u ral 2404

0.200–0.315   4.2 H-form 3440

On com par ing the sorp tion prop er ties of nat u ral and H-clinoptilolite, it is clear,
that sorp tion ca pac ity of H-clinoptilolite to wards Pd(II) in the ni trate so lu tions is
nearly 4 times larger than that of the nat u ral an a logue. The sorp tion ca pac ity of nat u -
ral clinoptilolite to wards Pd(II) in the am mo nia me dium is 2.5 times larger than that
in the ni trate me dium. Ac cord ing to [10], the sorp tion ca pac ity of H-clinoptilolite in

the am mo nia me dia (11420 mg/g) un der other sorp tion con di tions (CPd(II) = 4.35×10–4

mol/L; pH = 11.5; Vsol  =  150 ml) is 18 times greater. It is nec es sary to take into ac -
count the fact that the ini tial con cen tra tion of Pd(II) ni trate so lu tion was smaller, than
that of the pal la dium ammonia so lu tion in [7] be cause of for ma tion of sed i ment un der
the ex per i ment con di tions at pH = 4.2.

Con se quently, sorp tion of pal la dium(II) on H-clinoptilolite is more ef fec tive
than the ammonia so lu tion.
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Af ter the sep a ra tion of metal ions from multicomponent so lu tions by sorbent an
im por tant task for next de ter mi na tion is their desorption. There fore, the ion-re ex -
change conditions of Pd(II) from nat u ral and H-clinoptilolite were in ves ti gated.
Aque ous so lu tions of min eral ac ids and salts of dif fer ent con cen tra tions were used.
The ex per i men tal data are pre sented in Ta bles 3 and 4.

From Ta ble 3 it can be seen that the best desorbents of Pd(II) are 1.5 mol/L HCl
and 2.0 mol/L NaCl. 100% desorption is achieved in these cases. This ef fect can be
ex plained by complexation of Pd2+ with Cl–  ions as well as by greater af fin ity for the
Na+ ions in the pro cess of ionic ex change. With pal la dium(II) desorption by min eral
ac ids it is nec es sary to note that the higher desorption extent is achieved us ing more
di luted ac ids in the case of HCl and H2SO4. This is con nected with ac ids strength
(Hammet acid ity func tion), which di min ishes in the se ries HClO4 > H2SO4 > HCl > 
HNO3 [18], as well as with their abil ity to de stroy a ze o lite struc ture, that de creases
desorption by the use of highly con cen trated acidic so lu tions. Salts of bi va lent cat -
ions are prac ti cally use less for desorption of Pd(II) from nat u ral clinoptilolite.

Ta ble 3. De pend ence of ex tent of Pd(II) desorption from nat u ral clinoptilolite on the desorbent con cen tra -
tion. Desorption con di tions: Vdes = 10 mL; tdes = 15 min. Sorp tion con di tions: ds = 0.355–0.500 mm;
ms = 0.5 g; pH = 10.0; CPd(II) = 4.27×10–5  mol/L; Vsol = 250 mL; tshak ing = 2 hours.

C(HCl), mol/L 0.1 1.0 1.5 3.0 6.0

       Rdes., % 56 80 100 53 53

C(H2SO4), mol/L 0.1 1.0 2.0 4.5 9.0

       Rdes., % 17 40 60 62 48

C(HNO3), mol/L 0.1 1.0 2.0 3.2 6.4

      Rdes., % 10 38 39 46 55

C(HClO4), mol/L 0.1 1.0 1.5 2.9 5.9

      Rdes., % 6 34 44 52 55

C(NaNO3), mol/L 0.1 1.0 1.5 2.0 3.0

      Rdes., % 4 12 28 31 41

C(NaCl), mol/L 0.1 1.0 1.5 2.0 3.0

      Rdes., % 15 58 80 100 100

C(NH4NO3), mol/L 0.1 1.0 1.5 2.0 3.0

      Rdes., % 0 31 44 56 69

C(NH4Cl), mol/L 0.1 1.0 1.5 2.0 3.0

      Rdes., % 1 16 16 30 36

C(Ba(NO3)2), mol/L 0.05 0.1 0.2 0.3 0.45

      Rdes., % 3 4 5 5 5

C(BaCl2), mol/L 0.1 0.5 0.75 1.0 1.5

      Rdes., % 4 6 6 10 13

C(Ca(NO3)2), mol/L 0.1 1.0 1.5 2.0 3.0

      Rdes., % 1 3 3 5 11

C(CaCl2), mol/L 0.1 1.0 1.5 2.0 3.0

      Rdes., % 1 3 7 14 18
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As fol lows from Ta ble 4 only in the case of 1.0 mol/L HCl and 4.5 mol/L H2SO4

com plete desorption of Pd(II) from H-clinoptilolite is achieved. Among other salts
only chlo rides give an ac cept able re sult. Such re sults are sim i lar to desorption from
nat u ral clinoptilolite, al though in this case Pd(II) was sorbed from am mo nia so lu -
tions. Con se quently, as fol lows from Ta ble 4, the most ef fec tive desorbent is acid by
means of which H-clinoptilolite is ob tained.

Ta ble 4. De pend ence of ex tent of Pd(II) desorption from H-clinoptilolite on the desorbent con cen tra tion.
Desorption con di tions: Vdes = 10 mL; tdes = 15 min. Sorp tion con di tions: ds = 0.200–0.315 mm; ms =
0.5 g; pH = 4.2; CPd(II) = 4.27×10–5 mol/L; Vsol  = 250 mL; tshak ing = 2 hours.

C(HCl), mol/L 0.1 1.0 1.5 3.0 6.0

       Rdes., % 44 100 100 100 100

C(H2SO4), mol/L 0.1 1.0 2.0 4.5 9.0

       Rdes., % 14 40 44 100 79

C(HNO3), mol/L 0.1 1.0 2.0 3.2 6.4

      Rdes., % 8 13 17 50 28

C(HClO4), mol/L 0.1 1.0 1.5 2.9 5.9

      Rdes., % 4 15 34 50 63

C(NaNO3), mol/L 0.1 1.0 1.5 2.0 3.0

      Rdes., % 7 8 9 9 9

C(NaCl), mol/L 0.1 1.0 1.5 2.0 3.0

      Rdes., % 9 40 50 56 67

C(NH4NO3), mol/L 0.1 1.0 1.5 2.0 3.0

      Rdes., % 6 15 16 18 22

C(NH4Cl), mol/L 0.1 1.0 1.5 2.0 3.0

      Rdes., % 39 47 43 30 53

C(Ba(NO3)2), mol/L 0.05 0.1 0.2 0.3 0.45

      Rdes., % 10 10 11 11 12

C(BaCl2), mol/L 0.1 0.5 0.75 1.0 1.5

      Rdes., % 22 54 55 51 44

C(Ca(NO3)2), mol/L 0.1 1.0 1.5 2.0 3.0

      Rdes., % 2 2 4 4 4

C(CaCl2), mol/L 0.1 1.0 1.5 2.0 3.0

      Rdes., % 9 15 14 16 20

CON CLU SIONS

Pal la dium(II) sorp tion on nat u ral and acid-mod i fied with 12.0 mol/L HCl clino -
ptilolite has been in ves ti gated. Op ti mum pal la dium(II) sorp tion un der the static con -
di tions on grains of the size: 1) 0.355–0.500 mm – nat u ral clinoptilolite and 2)
0.200–0.315 mm – H-clinoptilolite at pH = 4.5 from the ni trate so lu tions and pH = 10.0
from the am mo nia so lu tions is achieved. Sorptive prop er ties of sorbent H-form dried
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at 150–160°C are sim i lar to those of the nat u ral form dried at 70–80°C. It was es tab -
lished that se lec tiv ity of the Pd(II) sep a ra tion by dif fer ent forms of clinoptilolite in
the pres ence of in or ganic salts with C > 1.0 mol/L de creases con sid er ably. It was
found that the pres ence of the 5-fold ex cesses of Ag(I), Ir(IV), Ni(II), Pb(II) and com -
men su ra ble amounts of Os(IV) and Ru(IV) do not in hibit pal la dium(II) sorp tion on
nat u ral clinoptilolite in the am mo nia me dium, and also the pres ence of the 10-fold ex -
cesses of Os(IV), Ni(II), 5-fold ex cesses of Fe(III) and com men su ra ble amounts of
Ru(IV) do not in hibit sorp tion in the ni trate me dium on H-clinoptilolite. The ca pac ity
of nat u ral and H-clinoptilolite (treat ment with 12.0 mol/L HCl) in re la tion to Pd(II) from

the ni trate so lu tions (pH = 4.2): a = 977 mg/g and a = 3440 mg/g, re spec tively as well as

ca pac ity of nat u ral clinoptilolite from the am mo nia so lu tions (pH = 10.0): a = 2404 mg/g
was de ter mined. HCl and NaCl are the most ef fec tive desorbents for both sorbent forms.

Ac knowl edg ments

O. Korkuna grate fully ac knowl edges the fi nan cial sup port from DAAD (Ger man Ac a demic
Ex change Ser vice) in the frame of the pro ject A/04/15790. The au thors would also like to thank
Dr. Amit Bhave, Cam bridge, for the help ful co op er a tion.

REF ER ENCES

1. Tarkovskaya I.A., Tihonova L.P. and Kulyk N.V., Khim. Tekhnol. Vody, 49(3), 227 (1997).
2. Pyrzyñska K., Talanta, 47(4), 841 (1998).
3. Shcherbinina N.I., Myasoyedova G.V. and Kolobov S.S., Zhurn. Analit. Khimii, 50(7), 795 (1995).
4. Armbruster T., Stud. Surf. Sci. Catal., 135, 13 (2001).
5. Petrus R. and Warcho³ J., Ecol. Chem. Eng., 7(4), 327 (2000) (in Pol ish).
6. Tarasevich Yu.I., Kardasheva M.V. and Polyakov V.E., Kolloid. Zhurn., 59(5), 813 (1997).
7. Vasylechko V.O., Gryshouk G.V., Kuzma Yu.B., Zakordonskiy V.P., Vasylechko L.O., Lebedynets L.O.

and Kalytovska M.B., Micropor. Mesopor. Mat., 60(1–3), 183 (2003).
8. Vasylechko V.O., Gryshchouk G.V., Kuzma Yu.B., Zakordonskiy V.P., Vasylechko L.O. and Lebedynets 

L.O., Pro ceed ings of the 3rd West Ukrai nian Sym po sium on Ad sorp tion and Chro ma tog ra phy, Spolom,
Lviv, Ukraine 2003, p. 62 (in Ukrai nian).

9. Kurama H., Zimmer A. and Reschetilowski W., Chem. Eng. Technol., 25, 301 (2002).
10. Vrublevska T. and Korkuna O., Chem. Anal. (War saw), 47(6), 945 (2002).
11. Nabivanec B.I. and Kalabina L.V., Zhurn. Neorgan. Khim., 15, 1595 (1970).
12. Korkuna O., Skubiszewska-Ziêba J., Leboda R. and Vrublevska T., Pro ceed ings of VII Pol ish-Ukrai nian 

Sym po sium The o ret i cal and Ex per i men tal Study of In ter fa cial Phe nom ena and Their Tech no log i cal
Ap pli ca tion, Lublin, Po land 2003, p. 121.

13. Hernández M.A., Rojas F. and Lara V.H., J. Po rous Ma te ri als, 7(4), 443 (2000).
14. Tsitsishvili G.V., Andronikashvili T.G., Kirov G.N. and Filizova L.D., Nat u ral Zeolites, Khimiya,

Mos cow 1985 (in Rus sian).
15. Tomazovic B., Æeraniæ T. and Sijariæ G., Zeolites, 16(4), 301 (1996).
16. Tomazovic B., Æeraniæ T. and Sijariæ G., Zeolites, 16(4), 309 (1996).
17. Breck D., Ze o lite Mo lec u lar Sieves, Wiley, New York 1974.
18. Olah G.A., Friedel-Crafts Chem is try, Wiley, New York 1973.
19. Korkuna O., Leboda R., Skubiszewska-Ziêba J., Vrublevska T., Gunko V.M. and Ryczkowski J.,

Micropor. Mesopor. Mat., 87(3), 243 (2006).

442 O. Korkuna, T. Vrublevska and W. Reschetilowski


