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Mechanism of extracting palladium( IT) with cyclic sulfoxide derivatives”
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Abstract: The extraction ability of palladium( II) from acidic media with cyclic sulfoxide derivatives — Dodecytte
trahydrothiophene 1-Oxide ( DTMSO ), aoctyttetrahydrothiophene 1-Oxide ( OTMSO) and o butyktetrahy
drothiophene 1- Oxide (BTM SO) was investigated. The extracting efficiency of cyclic sulfoxide derivatives decreased with
the increasing of acidity in the lower acidity, and the efficiency became stable with the change of acidity in the higher
acidity. The extraction reaction of palladium( II) with DTM SO is exothermic, and extraction reaction of palladium( II) is
endothermic when OTMSO or BTM SO were used as extracting reagents. The coordination number was studied by slope
method. The results indicate that coordination number is 2, and the composition of complex is (PdCL) *2RTMSO. FT-
IR spectra were used to analyze the structure of complex and coordinated atom in complex, Pd is coordinated with both
oxygen and sulfur atom in S= O group in sulfoxide derivatives.
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1 INTRODUCTION

Extraction reagents containing sulfur have been
attracting much attention for their excellent extrac
tion ability to precious metals!". The dialkyl sul
phides have been chosen as extractant of precious
metals because of their good physical properties for
(2] Nevertheless, slow extraction
kinetic is an obvious problem in the extraction of Pd
( II) with dialkyl sulphides. Symmetrical sulfoxides
RSO (where R= alkyl) were proposed for using in

solvent extraction

separation of rare metals by YUAN et al'”. The ex-
traction of palladium( II) from hydrochloric acid solu-
tion with mbutyloctyl sulfoxide was studied by XI-
ANG et al'®. The mechanism of extracting palladium
( II) with dialkyl sulfoxide from hydrochloric acid
was discussed by ZHANG et all”'. The farinfrared
spectrum, visible, and violet spectrum of KSO-Pd
( II) complex show that the extractive exists as the
structure of chloride-bridged binuclear trans ( PdL-
Clz) 2. Both sulfur and oxygen atom in KSO can coor-

dinate with palladium ( II). CHEN et al'® investi-
gated the extraction of Gold( II), palladium( II') and
platinum( IV) with PSO. The separation of palladium
from solutions containing platinum ( IV) was dis-
cussed. The synthesis of cyclic sulfoxide derivative
DTMSO as novel reagent to investigate its extraction

behavior for Gold ( II} and palladium( II) from chlo-

]

ride media was reported®'”!. The reagents are ex-

pected to be much higher selectivity and reactivity for
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precious metal ions classified as soft acid than conven-
tionally used dialkyl sulfoxides because of their asym-
metrical structure.

2 EXPERIMENTAL

2.1 Reagents

Synthesis of cyclic sulfoxide derivatives was de-
scribed in Ref. [ 10]. Determined by element analy-
sis, the purity of sulfoxides is more than 98% . T heir
chemical structure is shown in Fig. 1. An organic so-
lution was prepared by diluting each extractant into
sulfonated kerosene to a desired concentration. An
aqueous solution was prepared by dissolving palladium
chloride to a desired concentration into aqueous hy-
drochloric acid. The other reagents are AR grade.

/O
S/

DTMSO, R=C]2H25
OTMSO, R=C8H|7
BTMSO, R:C4H9

R

Fig. 1 Configuration of sulfoxides( RT M SO)

2.2 Procedure
Equal volume( 3 ml) solution of both phases were

mixed and shaken vigorously for fifteen minutes,

which was sufficient enough to attain equilibrium in a
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preliminary experiment. After phase separation,
aqueous concentration of palladium ( II) in aqueous
phase was determined by WFX —IB atom absorption
spectrophotometer. These results are further used to
estimate the extraction efficiency( E%) of palladium
( II). The amount of extracted metal ions were cal-
culated from the differences of the metal concentra-
tions in the aqueous phase between before and after
the extraction. The loaded organic phases were deter

mined with a Vevtor 33 FT-IR spectrophotometer.
3 RESULTS AND DISCUSSION

3. 1 Influential factors of extracting palladium
with cyclic sulfoxide derivatives
Effects of concentration of RTMSO on ex-
traction efficiency
The effects of the concentration of RTMSO on

percentage extraction of palladium( II) are shown in

3.1. 1

Fig. 2. In the concentration region of cyclic sulfoxide
derivatives below 0. 4 mol/L, as can be seen from
these figures, the extraction efficiency of palladium
( II) by three cyclic sulfoxide derivatives all increases
with increasing extractant concentration at the low
hydrochloric acid concentration (0. 1 mol/L). The
palladium( II) is extracted to the extent of only about
30% in the sulfoxides concentration region lower than
0. 025 mol/ L while it increases up to 99% in the con-
centration region higher than 0.2 mol/ L. by DTM SO
and OTMSO. The extraction efficiency of palladium
( II) with BTMSO is different from other two sulfox-
ides. The extraction efficiency of palladium( II) by
BTMSO is less than 80% over the whole sulfoxide
concentration region, and the extraction efficiency of
palladium with the maximum of 77% is at 0.3 mol/
L. As described above, the extracting efficiency of Pd
( II) by cyclic sulfoxide derivatives is arranged that
the order from large to small is DTMSO, OTMSO
and BTMSO. This means that the extracting effi
ciency of palladium( II) by sulfoxides decreases with
decreasing branch chain length.
3.1.2 Effects of concentration of HCI on extraction
efficiency

The effects of the concentration of hydrochloric
acid on extraction efficiency of palladium ( 1) are
shown in Fig. 3. In the concentration region of HCI
below 4 mol/ L, the extraction of palladium( II) from
hydrochloric acid solutions with cyclic sulfoxide
derivatives in sulfonated kerosene was compared. As
can be seen from Fig. 3, the extraction efficiency or-

der of palladium ( II) is DTMSO, OTMSO and
BTMSO at the same concentration of hydrochloric

100 —

801

60

El%
o

40 3

20t

0 0.15 0.30 0.45
¢(RTMSO)/(mol-L )

Fig.2 Dependence of extraction efficency of

Pd on sulfoxide concentration
1—DTMSO; 2—0TMSO; 3 —BTMSO
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Fig. 3 Extraction of 0. 89 g/ L. Pd from
different concentration of hydrochloric acid

solution by RSO in sulfonated kerosene

1—0.1 mol/L DTMSO; 2—0.1 mol/L OTMSO;
3—0.3 mol/L. BTMSO

acid. The plots of the extraction efficiency of palladi
um( [I) appear the minimum value of extraction effi-
ciency at 1 = 2 mol/L. The extraction efficiency in-
creases in the small extent with increasing hydrochlo-
ric acid concentration in the concentration region
higher than 2 mol/ L. It is predicted that the mecha-
nism of extracting palladium( II) may change in the
whole acid scope when DTMSO and OTM SO would
be used as extractants. Extraction efficiency of palla-
dium( II) does not change in the low concentration
region of acidity (less than 3 mol/L) when BTMSO
was used as extractant, while the extraction efficien-
cy of palladium( II) decreases with increasing aqueous
acidity because of the competing extraction being
brought from hydrochloric acid.

3. 1.3 Effects of temperature on extraction efficien-

cy
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Fig. 4 Effect of temperature on distrbution ratio

1—0.1 mol/L DTMSO; 2—0.1 mol/L OTMSO;
3—0.3 mol/L BTMSO

The effects of the temperature( T') of extraction
on distribution ratio( D) are shown in Fig. 4. The ex-
traction of 890 mg/ L. palladium was carried out at dif-
ferent temperatures with different amounts of extrac
tant at the same acidity( 0. 1 mol/L).

In accordance with thermodynamic equilibrium

equation:
Ko = nH®
T = RTZ (1)

When the concentration of extractants and aqueous
acidity is fixed, K can be replaced by D. The rela
tion of distribution ratio D and T can be shown as
the follow ing equation:
S}

InD= _]?;H‘_-" C (2)

Plots of the distribution ratio vs temperature
have excellent linearity from Fig. 4. For DTMSO,
the distribution ratio decreases with increasing tem-
perature. It can be seen that the extracting reaction is
an exothermal reaction. However, for OTMSO or
BTMSO, the distribution ratio increases with the in-
creasing of temperature. This shows that extraction
reaction of palladium( II)is endothermic when OTM-
SO or BTMSO is used as extracting reagent.

Based on the reaction isotherm, the reaction heat
can be calculated as follows:

AH fimso= — 20.7 KJ/ mol

AH Gruso= 12. 2 KJ/ mol

AH §iwso= 3. 6 KJ/ mol

3.2 Discussion of mechanism of extracting palladi-
um( 1)
3.2.1 Determination of coordination number
Because sulfoxide type materials are neutral ex-
tractants as TBP, the extraction mechanism of them
is similar to TBP. Considering the chemical behavior
of palladium in aqueous phase, there are two follow-

ing ways to extract palladium( II) from hydrochloric

acid solutions with cyclic sulfoxide derivatives:
1) Neutral solvent extraction:
PdCl,+ ¢gRTMSO — PdCL) *¢RTMSO (3)
2) Acid association extraction:
H* + ¢gRTMSO+ PdCL —
(H—¢RTMSO)* PdCl; + CI” (4)
[(PdCL) g RTMSO]
2+ -12 q (5)
[Pd™ ][CI" [TRTMSO]
The corresponding equilibrium constant K of
Eqn. (3) is defined by Eqn. (5).
Ion equilibrium of Pd( II) in aqueous phase is
shown by Eqn. (6):
Pd* + nClm =—=d Cl;” "

K=

(n=1,2,3,4)
(6)
The cumulative stability constants as follows:
_ _[PdCci" "
n=— [Pd2+ ][Cl-]ne
lg Bi=4.40; g B=7.74; lg Bs= 10. 12;
lg By= 11.50
The concentration of palladium in aqueous phase
can be shown as Eqn. (7):
¢(Pd)= [Pd** 1+ [PACI* ]+ [PdCL]+
[PACL; |+ [PdCE ]
= [Pd* ](1+ ZB[CI]") (7)
The distribution ratio of palladium is defined as:
Do c(Pdig) [(PdChL)*gRTMSO] (8)
~ c¢(Pd) c (Pd)
In accordance with Eqns. (5), (7) and (8),
Eqgn. (9) can be obtained.
lgeD= 1gK «+ qlg RTMSO] +
[CI]°
e ZB.rar " (9
The metaldistribution data for concentration of
extractant is plotted in the form of lgD vs
lgf RTMSO], then a straight line should be obtained
with a slope equal to the number of molecules of in-
corporated into the extracted complex(see Eqn. 10).
leD= 1gK «+ qlgl RTMSO]+ C (10)
For the same reason to Eqn. (4), the relation
between D and [ RTMSO] can be shown as
Egn. (11).
leD= 1gK «+ qlg[ RTMSO]+ Ig[H" ]+ C

(11)
Representative plots are shown in Fig. 5 for the
extraction of palladium( II) is 0. 1 mol/ L. hydrochlo-
ric acid solutions by DTMSO, OTMSO and BTMSO.
The slopes of these plots are obtained as follows:
gotmMso= 2. 2, gormso= 2.2 and ¢prmso= 1.87.
The results show that the coordination number is 2
when DTM SO, OTMSO or BTMSO is used as ex-
tractant.
3.2.2 Confirmation of coordination atom in com-
plex
The structure of extracted complexes was dis
cussed by FT-IR spectra. It was reported that the
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Fig. 5 Dependence of distribution ratio on
sulfoxide concentration for extraction

from 0. 1 mol*L.” 'HCI
1—DTMSO; 2—0TMSO; 3—BTMSO

electron structure of sulfoxide could be shown in the
form of vibration mode as follows( see Fig. 6) .

R R
————— (_):S:
. \
R R

o —s.”
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Fig. 6 Electron structure of sulfoxide

It is generally accepted that there is a higher fre-
quency S= O stretch of RSO bonded to metal through
the sulfur atom because of the increase of the S= O
bond order. Conversely, co-ordination through the
oxygen atom is considered to lower the S= O bond or-
der and hence lower the frequency of the SO stretch.
FT-IR of organic phase before and after extracting
could be compared to confirm the chemical bond be-
tween palladium and sulfoxide in the extracted com-
plexes(see Figs. 7, 8 and 9).

1600 1400 1200 1000 800 600 400
Wavenumber/cm™!

Fig. 7 FT-IR spectra of organic phases
1 —Unloaded DTMSO;
2 —Loaded DTM SO of Pd( II) ( 0.1 mol/ L. HCI);
3 —Loaded DTM SO of Pd( II) (2 mol/ L. HCI)

Fig. 8 FT-IR spectra of loaded OTM SO
1 —Loaded organic phase of HCI;

2 —Loaded organic phase of palladium(0. 1 mol/ L. HCI);
3 —Loaded organic phase of palladium(2 mol/ L HCI);

3
2
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Fig. 9 FT-IR spectra of loaded BT M SO
1 —Loaded organic phase of palladium(0. 1 mol/L);

2 —Loaded organic phase of HCI;
3 —Loaded organic phase of palladium(2 mol/ L HCI) ;

The characteristic absorption peak of sulfoxide deriva-
tives is in the region from 1 010 cm™ ' to 1 045 cm™ '
before extracting palladium ( II) from Fig. 7. The
characteristic absorption peak of DTMSO is at

1 041 cm™ '. The loaded DTMSO got from low acidi-

ty media has two new absorption peaks at 927 cm™ '

and 1 118 em™ .

strength, they could be unambiguously assigned as

From both their situation and

SO stretch of oxygemrbonded complexes and sulfur
bonded complexes. The complex with oxygen-palladi-
um bond contributed the former, and the complex
with sulfurpalladium bond contributed the latter.
After prereaction with 2 mol/L HCI hydrochloric
acid, the situation and strength change of characteris-
tic absorption peak was not clear. The absorption peak
becomes blunt at 1 095 ecm™ '. In higher acidity region,
DTMSO extracts palladium(Il) in the form of acid associ-
ation extraction!®, which the extraction of palladium( I
is therefore ionrpair formation between solvated hy-
dronium cations and the chlorometallate anion. The
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reaction mode is consistent with Eqn. (2). Palladium
competes with hydrion in the extracted complex,
then inter-coordination transfer occurs because of the
stronger binding energy of palladium-sulfur, thus the
peak at 1 118 cm™ ' appears. It was reported that the
cis, trans configuration of complex can be estimated
on the basis of the symmetry of characteristic absorp-
tion peak of sulfoxides. There is excellent symmetry
peak at 927 cm™ ', then it seems to show that the
trans sulfoxide exists in complex coordinated with
oxygen in SO group.

The FT-IR spectra of loaded OTM SO are shown
in Fig. 8. From Fig. 8, the characteristic absorption
peak of OTMSO is at 1016 cm™ '. The character of
the loaded OTMSO got from low acidity media is
similar to that of DTMSO. The peak brought from
the complex with oxygenpalladium bond is at 934
em™ ', and the peak brought from the complex with
sulfur-palladium bond is at 1 117 cm™ '. After prere-
action with 2 mol/L hydrochloric acid, the peak
shifts from 1 016 em™ ' to 1 033 cm™ ' due to the ex-
traction of hydrochloric acid. The inter-ligand trans-
fer occurs in complexes which were obtained from
high acidity media. There is difference between
DTMSO complex and OTMSO complex. In complex
with inter-ligand exchange, the peak contributed by
the complex coordinated with oxygen atom of OTM-
SO is at 860 cm™ ', and the peak contributed by the
complex coordinated with sulfur atom of OTMSO is
at 1224 cm™ .

It can be seen that the characteristic absorption
peak of BTMSO is at 1 012 em™ ' from Fig. 9. The
character of the loaded BTMSO got from low acidity
media is similar to that of DTMSO and OTMSO.
The peak from the complex with oxygen-palladium
bond is at 922 cm™ ', and the peak contributed by the
complex with sulfurpalladium bond is at 1 116
em™'. The peak shifts from 1 012 em™ ' to 1 029
em™ ' after prereaction with 2 mol/L hydrochloric
acid solutions. The peak of 1 029 cm™ ' disappears,
and two new blunt peaks appear at 954 cm™ ' and 1
180 ecm™ ' after extraction of palladium ( II). The
complex with sulfur-palladium bond contributes to the
former, and the complex with oxygenpalladium bond
contributes to the latter. Comparing the two peaks,
the absorbance of complex with oxygen palladium
bond seems more than another with sulfur -palladium
bond.
3.2. 3 Discussion of extracting palladium mecha
nism

The results from FT-IR spectra and slope
method indicate that the reactions are neutral solvent
complexing extraction in lower acidity when DT M SO
or OTMSO is used as extractant, in which the com-
position of extracted complexes is PdCl,( RTMSO),,

and palladium is coordinated with sulfur atom and
oxygen atom in S—O bond. The reaction mode is
consistent with Eqn. (1) . In higher acidity region,
DTMSO or OTMSO extracts palladium( II) in the
form of acid association extraction. Palladium com-
petes with hydrion in the extracted complex, then in-
ter coordination transfer occurs, and the composition
of complex is [ PdCl,(RTMSO),] *[H*(RTMSO *
nH,0) Cl]. The reaction mode is consistent with
Egn. (2). BTMSO extracts palladium ( II) in the
mode of neutral solvent complexing extraction in the
studied region. The reaction mode is consistent with
Eqn.(1).
palladium bond appear in extracted complex when
BTMSO is used as extractant.

In accordance with soft-hard acid-base rule, sul

Both sulfur —palladium bond and oxygen-

fur atom in SO bond seems easier to coordinate with
palladium( II), while oxygen atom seems difficult to
coordinate with palladium( II). However, the situa
tion of oxygen was very protruded. The stronger
steric effect was favorable for coordination of oxygen
and palladium when the cyclic sulfoxide derivative had
longer branch chain. In extracted complex produced
by cyclic derivatives with longer branch chain, such
as DTMSO and OTM SO, palladium coordinated with
oxygen in both extraction modes. As to BTMSO with
four carbon in its branch chain, the ability of coordir
nation through sulfur increased with the decreasing
space hindrance. On the other hand, the coordination
ability of oxygen increased with increase in density
charge when branch chain length decreased. This
means that the coordinating ability of oxygen and sul-
fur both increased, thus oxygen and sulfur could both
coordinate with palladium when BTMSO was used as
extractant.

The order of extraction of palladium ( II) from
weak to strong is BTMSO, OTMSO and DTMSO,
that is to say, the extracting ability decreases with
the decreasing branch chain length. The order can be
explained as follows: although the larger charge den-
sity of oxygen and smaller space hindrance of sulfur
mean stronger complexing ability that it is favorable
for producing complex, the solubility of extracted
complex increases with decreasing branch chain
length. The final result is that percentage extraction
decreases when the number of branch chain carbon
decreases.

4 CONCLUSIONS

On the basis of experimental results and the
analysis of FT-IR spectra, the following results can
be obtained.

1) The extraction of Pd( I[) is in the same
mechanism, i. e. neutral solvent extraction in lower
acidity media and acid association extraction in higher

acidity media, when DTM SO and OTMAO act as ex-
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tractants.

2) The mechanism of extracting Pd( II) is neu-

tral solvent extraction when BTMSO is used as ex-

tractant.

3) In complex, the interligand transfer occurs.

The rule of transfer follows the soft-hard acid-base
theory, space hindrance theory and induction effect

theory.

REFERENCES

Lokhanda T N, Anuse M A, Chavan M B. Liquid liquid
extraction of palladium ( II) with N-rroctylaniline from
hydrochloric acid media[ J]. Talanta, 1998, 46: 163 ~
169.

Oleschuk R D, Chow A. The separation of platinum and
palladium by selective extraction of HyPt (SCN)e and
H,Pd( SCN) 4 using a polyTHF-impregnated filter[ J].
Talanta, 1998, 45: 1235~ 1245.

LOU Fangbiao, ZHUANG Shang rui. Separation and
enrichment of Au and Pd with binary synergic levextrel
resin containing PSO + TBP[J] . lon Exchange and
Absorption, 1989, 5(4): 275~ 282. (in Chinese)

John S, Anna C P. Solvent extraction of platinum-group

metals from hydrochloric acid solutions by dialkyl sulfox-

[10]

ides[ J]. Solvent Extraction and Ion Exchange, 2002, 20
(3): 359~ 374.

YUAN Cheng ye, LONG Haryan, MA Emrxin, et al. A
study on synthesis of sulfoxide and their extracting rare
earth metals[ J]. Science in China Series B, 1984, 3:
193 = 201. (in Chinese)

XIANG Xirwen, LIU Songyu. Study on extraction of
palladium( II) [J]. Engineering Chemistry & Metallur
gy, 1993, 14(3): 231~ 237. (in Chinese)

ZHANG Ke cheng, CHEN Jing. Study on the composi
tion and structure of sulfoxide Pd( II) [J]. Complex Pre-
cious Metals, 1994, 15(3): 8 ~ 16. (in Chinese)

CHEN Fei, LONG Trwu.
properties of gold, palladinm and platinum by PSO- ITIA

Differences of Extraction
(3) sulfoxides and its explanation[ J]. Precious M etals,
1989, 10(3): 13~ 18. (in Chinese).

WU Song ping, GU Guobang. Study on Mechanism of
Extracting Pd with DTMSO [ J]
2002,23(2): 16 ~ 20. (in Chinese)
WU Song ping, GU Guo bang, CAO Zherrnian, et al.
Synthesis of & dodecy}tetrahydrothiophene O-oxide and

Precious M etals,

studies on the mechanism of its extracting of gold[ J].
Rare Metal Materials and Engineering, 2003, 32(2):
144 = 147. (in Chinese)

(Edited by LI Yanr hong)



