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Abstract: This article reports on the extraction of palladium(II) from hydrochloric acid (HCl) solutions
using polymer inclusion membranes (PIMs) containing tetrabutylammonium bromide (TBAB) as
the ion carrier. The membranes were based on cellulose triacetate (CTA) as the polymer support.
The main aim of this study is to determine the possibility of TBAB’s application as the effective ion
carrier/extractant of Pd(II) from hydrochloric acid solutions. At first, the effect of the hydrochloric
acid concentration in the aqueous phase on palladium(II) extraction was investigated. Next, cellulose
triacetate membranes with TBAB as the carrier were prepared and applied for the recovery of Pd(II)
from HCl solutions. As a result of the investigations, the optimal composition of the receiving phase
was determined to be 0.5 M thiourea in 0.1 M hydrochloric acid. The effect of the acid concentration in
the source phase was investigated. The results show a linear decrease in the permeability coefficient
and initial flux of palladium(II) with an increase in the hydrochloric acid concentration in the source
phase. The separation of Pd(II) from Pt(IV) from the hydrochloric acid solution was also studied. The
transport rate of Pd(II) was higher than Pt(IV). The separation coefficient SPd/Pt was 1.3. The results
show that transport through PIMs with TBAB can be used as an effective method to recover Pd(II)
from hydrochloric acid, especially at a low concentration of this acid.

Keywords: polymer inclusion membranes (PIMs); palladium(II); tetrabutylammonium bromide
(TBAB); separation processes

1. Introduction

Polymer inclusion membranes (PIMs) containing a polymer (e.g., cellulose triacetate
(CTA), poly(vinyl chloride) PVC)), plasticizer (e.g., nitrophenyl ethers), and an ion carrier
(e.g., a commercial extractant) have been designed for the transport and selective separation
of many metal ions from aqueous solutions [1–7]. Membrane processes are very often
applied for the separation of different substances such as metal ions [1–4,8–10], as well as
small molecules (e.g., antibiotics) [5], inorganic anions and organic substances [8].

The composition of the PIM plays an important role in the efficiency of the transport of
various chemical particles and ions through the PIM [1–5,7–16]. The base polymer provides
the PIM with mechanical strength [1,2], while plasticizers make the polymers softer and
more flexible, as well as more stable under different experimental conditions [8]. Moreover,
a plasticizer is used as a solvent of the ion carrier in order to make the transported species
more soluble in the membrane liquid phase [17]. Polymer inclusion membranes constitute
a type of liquid membranes. The mechanism of transport for metal ions has been described
by many researchers [18,19].

PIMs have already been shown to be applicable in the separation of platinum group
metals (PGMs) [20–23]. Secondary raw materials in the form of spent catalysts are an
important source of precious metals [20–25]. Hanada et al. [22] studied the transport of
rhodium(III) and iron(III) across PIMs with (dodecyl)phosphonium chloride (P88812Cl)
as the metal ion carrier. The metal ions were transported from 0.1 HCl mol·dm−3 into

Molecules 2024, 29, 3009. https://doi.org/10.3390/molecules29133009 https://www.mdpi.com/journal/molecules

https://doi.org/10.3390/molecules29133009
https://doi.org/10.3390/molecules29133009
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0001-6261-2326
https://doi.org/10.3390/molecules29133009
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules29133009?type=check_update&version=2


Molecules 2024, 29, 3009 2 of 10

0.1 mol·dm−3 HCl containing 4.9 mol·dm−3 NH4Cl. They reported that more than 70%
Rh(III) was recovered and the transport of Fe(III) was not observed. Fajar et al. [23]
investigated the recovery of platinum (IV), palladium(II) and rhodium(III) from a spent
automotive catalyst using polymer inclusion membranes containing the ionic liquid trioctyl
(dodecyl) phosphonium chloride (P88812-Cl). They studied the selective transport of PGMs
from a SAC (spent automotive catalyst) leachate solution using PIMs. They reported that
more than 90% of Pt(IV) and Pd(II) from the SAC extraction solutions could be recovered.
Moreover, they observed that polymer membranes demonstrated excellent durability over
a 10-day exposure to various concentrated inorganic acids.

As can be seen, ionic liquids (ILs) are very often used as the carriers of metal ions
for membrane synthesis [8–13,21–24] and as the extractants of PGMs [10,26–32] in the
conventional solvent extraction process. However, there have been no reports to date on
palladium(II) transport using PIMs with TBAB. The preliminary studies of the solvent
extraction of Pd(II) from hydrochloric acid solutions showed that this compound is a very
good extractant of this metal ion. It is worth mentioning that in the transport of the metal
ion through PIMs, extraction and re-extraction occur at the same time. Thus, the efficiency
of the re-extraction is equally important as that of the extraction.

The main aim of this study is to investigate the kinetic transport of Pd(II) from aqueous
solutions through PIMs with TBAB as the ion carrier. The second important aim is to
determine the appropriate conditions for high-efficiency palladium extraction from a
hydrochloric acid solution. To achieve this goal, the effect of the source and receiving
phases on the efficiency of metal recovery across PIMs was investigated. The results should
be of valuable interest for the development of a new method for the recovery of Pd(II)
through PIMs with TBAB.

2. Results and Discussion
2.1. Solvent Extraction of Pd(II) by TBAB

Hydrochloric acid is very often used as the leaching agent of palladium from secondary
sources of precious metals (e.g., spent catalysts). Therefore, the research focused on HCl
solutions. The chemistry of palladium chlorocomplexes is very important, as it is crucial
in explaining the mechanism of extraction and membrane transport [28]. In aqueous
chloride solutions, palladium forms chlorocomplexes depending on the HCl concentration.
According to the data in the literature, the main complex form of Pd(II) in a chloride
medium containing 0.1 mol·dm−3 and higher chloride ion concentration is PdCl42− [31,32].
In order to better understand the transport behavior of Pd(II) through the PIM with TBAB
as an ion carrier, it was necessary to perform solvent extraction studies with this compound
as the extractant. The solvent extraction of Pd(II) from the HCl solutions was carried out.
The concentration of acid in the source phase varied from 0.1 to 3 mol·dm−3. Figure 1
shows the effect of the HCl concentration on the extraction efficiency (%E) of Pd(II) with
0.1 M TBAB in toluene. As can be seen, the %E of Pd(II) decreased with the concentration
of HCl. The extraction efficiency was very high and reached a maximum of 98.9% at
0.1 mol·dm−3 HCl. At a higher HCl concentration, the extraction efficiency was much lower,
e.g., 17.9% at 3 mol·dm−3 HCl. This decrease can be explained in terms of competition
between PdCl42− and HCl to react with the ion carrier—TBAB. This phenomenon can
be explained by the co-extraction of hydrochloric acid at a high concentration of this
acid in the source phase. A similar dependence was observed for the transport of Pd(II)
through the PIM with [A336][TS] [21]. The predominant form of Pd(II) both in 0.1 M and
3 mol·dm−3 HCl is PdCl42− [32]. The results suggest that the extraction of Pd(II) with
TBAB proceeds according to the anion-exchange mechanism, similar to the extraction
with Cyphos IL 104 [31,32], where the anionic group of the ionic liquid is replaced by the
chlorocomplex anion [28]. Cieszynska and Wieczorek [29] reported that palladium(II) is
extracted from 0.1 mol·dm−3 HCl to the organic phase of the molar ratio of 1:2. Thus,
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it can be concluded that palladium(II) is extracted to the organic phase according to the
following equation:

2
[
(Bu)4N]+(org) + PdCl4

2−
(aq.) ↔

[
((Bu)4N)2PdCl4

]
(org) (1)
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Figure 1. Effect of HCl concentration on extraction efficiency of Pd(II) with 0.1 M TBAB in toluene.

The anionic metal chlorocomplexes of palladium are extracted from the aqueous to
the organic phase by an anion-exchange mechanism. This mechanism is similar to the
extraction of Pd(II) with other ionic liquids such as quaternary ammonium or phosphonium
salts [28,29].

2.2. Transport Kinetics of Pd(II) from Hydrochloric Acid Solutions across PIM with TBAB

The study of the transport kinetics of Pd(II) through PIMs with TBAB can provide
important knowledge concerning the efficiency of this process. Considering the strong
complexing properties of TBAB when used as the extractant, high values for the initial flux
(Ji) and the permeability coefficient (P) should be expected.

In this experiment, the composition of the membrane was as follows: 47.1% w/w CTA,
32.7% w/w NPOE and 20.2% w/w TBAB. The concentration of TBAB was 1.5 mol·dm−3

(based on the volume of plasticizer). The PIM was prepared according to the procedure
described in previous papers [9,11,15]. Pd(II) was transported from the 0.1 mol·dm−3 HCl
solution into 0.5 mol·dm−3 thiourea in 0.1 mol·dm−3 HCl as the receiving phase. This
receiving phase was chosen based on previous results of palladium(II) transport through
PIMs with similar ion carriers [21]. There, the thiourea solution in hydrochloric acid proved
to be an excellent receiving phase for Pd(II).

To calculate the k value (rate constant), a plot of ln(c/ci) vs. time was prepared.
Figure 2 shows a graph of the dependence of ln(c/ci) vs. time for Pd(II) transport. As can be
seen from this figure, the relationship of ln(c/ci) vs. time is linear. Thus, it can be concluded
that the transport of palladium(II) was described by a first-order reaction:

ln
(

c
ci

)
= −kt (2)

where
c—palladium(II) concentration (mol/dm3) in the source phase at a given time,
ci—palladium(II) ion concentration in the source phase (mol/dm3),
t—time (s),
k—rate constant (s−1).
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Figure 2. Relationship of ln(c/ci) vs. time for Pd(II) transport through PIMs; source phase:
0.001 mol·dm−3 Pd(II) in 0.1 mol·dm−3 HCl, receiving phase: 0.5 M thiourea in 0.1 mol·dm−3 HCl.

Kinetic parameters such as the permeability coefficient (P) and initial flux (Ji) were
calculated according to the equations presented in previous works [9,11,15]. The results are
presented in Table 1. The rate constant of this transport process was 0.158 h−1. The recovery
factor (RF) of Pd(II) was 92.4%. As can be seen, the transport of Pd(II) across PIMs with
TBAB is very effective and the results can be recognized as promising. For comparison,
the use of a magnetic sorbent containing an organophosphate extractant resulted in the
sorption efficiency of palladium(II) reaching 71% in one cycle. Yudaev et al. [33] reported
that only when the sorbent was treated with 5 M hydrochloric acid was the palladium
completely extracted from the sorbent.

Table 1. Kinetic parameters for transport of Pd(II). Condition as in Figure 3.

Kinetic Parameters Values

Rate constant (k), h−1 0.158
Permeability coefficient (P), µmol·s−1 3.50
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The permeability coefficient (P) was calculated according to the equations presented
in previous works [9,11,15]. The permeability coefficient (P) can be calculated as follows:

P =
V
A

k, (3)
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where V—volume of the aqueous source phase, and A—an area of the effective membrane.
Figure 3 shows the recovery factor of Pd(II), which was calculated as

RF =
ci − c

ci
· 100% (4)

2.3. Effect of Thiourea Concentration in Stripping Phase

The type of receiving phase is a very important factor in determining the efficiency
of the extraction of metals both during solvent extraction and during transport through
polymer inclusion membranes. A review of the literature and previous research has shown
that a solution of urea in HCl can be successfully used as a receiving phase for palladium.
The aim of the next series of experiments was to investigate the effect of the thiourea
concentration in the receiving phase on the transport rate of Pd(II). The concentration of
thiourea in 0.1 mol·dm−3 HCl varied from 0.1 to 0.6 mol·dm−3. The permeability coefficient
of Pd(II) increased with an increase in the thiourea concentration in the receiving phase
and, as can be observed from Figure 4, the highest value was obtained for 0.5 mol·dm−3

thiourea in 0.1 mol·dm−3 HCl. The very good properties of the solution of thiourea as the
stripping phase are also confirmed by numerous studies by other researchers [32,34].
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2.4. Selectivity Study

The selectivity of the extraction of palladium(II) towards platinum(IV) from 0.1 mol·dm−3

HCl was also studied. Figure 5 presents a graph of the dependence of ln(c/ci) vs. time for
Pd(II) and Pt(IV) across PIMs with TBAB. For the receiving phase, 0.5 mol·dm−3 thiourea
in 0.1 mol·dm−3 HCl was used. The values of the transport rate, permeability coefficient,
selectivity order and selectivity ratio for the competitive transport of the metal ions under
investigation are summarized in Table 2. In the presence of Pt(IV), the transport rate of Pd(II)
differed from that in the single metal system. The results show the permeability coefficients
of Pd(II) and Pt(IV) across PIMs with a TBAB decrease in the sequence Pd(II) > Pt(IV). The
recovery factors (%) of Pd(II) and Pt(IV) are shown in Figure 6. The highest recovery factor
was obtained for Pd(II) and was over 75%. According to the data in the literature, Pt(IV),
like Pd(II), occurs as the anionic complex PtCl62−. As can be seen, despite everything,
palladium(II) was transported more efficiently into the receiving phase. Yudaev et al. [35]
reported that ILs increase the efficiency and selectivity of metal extraction by several orders
of magnitude, and they can be isolated by re-extraction and reused for other separation
processes such as solvent extraction, adsorption, and membrane separation.
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Table 2. Kinetic parameters for transport of Pd(II) and Pt(IV). Condition as in Figure 5.

Kinetic Parameters Pd(II) Pt(IV)
Selectivity Order

and
Selectivity Coefficient

Rate constant (k), h− 0.079 0.06 Pd(II) > Pt(IV)
Permeability coefficient (P), µmol·s−1 1.75 1.32 SPd/Pt = 1.3

2.5. Stability of PIMs with TBAB

The stability of the PIMs containing 47.1% w/w CTA, 32.7% w/w NPOE and 20.2% w/w
TBAB was evaluated on the basis of the initial flux values obtained from three sequential
experiments in which the membrane was used under the following experimental conditions:
0.001 M Pd(II) in 0.1 M HCl as the source phase and 0.5 M thiourea in 0.1 M HCl as the
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receiving phase. The PIM was removed from the cell and washed in deionized water.
Three experiments were repeated using the same membrane. The initial flux of Pd(II)
varied after five cycles of 16 h each. In Table 3, the variation in the initial flux of Pd(II)
for all the experiments is shown. As can be seen, the initial flux decreased from 3.5 to
2.8 µmol·s−1·m−2. The changes indicate that this membrane with TBAB is relatively stable.
It can be concluded that PIMs containing this ion carrier can be used for the recovery of
Pd(II) from acidic solutions, i.e., from the leach liquor of spent automotive catalysts.

Table 3. Effect of number of cycles for Pd(II) transport across PIMs on permeability coefficient.
Conditions as in Figure 3.

Cycle Number Initial Flux, µmol·s−1·m−2

1 3.5
2 3.1
3 2.8

The initial flux (Ji) was determined as [9,11,15]

Ji = P · ci (5)

3. Materials and Methods

Reactions were conducted using two kinds of reagents. The first group was inorganic
compounds, as follows: PdCl2 in purity of 99% (purchased in Sigma Aldrich, St. Louis, MO,
USA), 30% H2PtCl6 and HCl (delivered by POCh, Gliwica, Poland). These compounds
were applied in form of aqueous solution prepared with deionized water. In the second
group, the organic reagents cellulose triacetate (CTA) (Sigma-Aldrich, St. Louis, MO, USA),
2-Nitrophenyl octyl ether (NPOE) (Sigma-Aldrich, St. Louis, MO, USA), tetrabutylammo-
nium bromide (TBAB) (ACROS, Bridgewater, NJ, USA) (purity ≥ 99.0%), dichloromethane
(P.P.H. STANLAB Sp. J., Lublin, Poland) and thiourea (POCh, Gliwice, Poland) with
analytical purity were applied without further purification.

The polymer inclusion membranes (PIMs) were synthesized using a technique similar
to that described in the following papers [9,11,15]. During the current study, the PIMs
using CTA as the base polymer were produced using the method presented in [9,11,15].
The TBAB and NPOE were used as the ion carrier of Pd(II) and the plasticizer, respectively.
The polymer membranes were prepared with the following components and stoichiometry:
47.1% w/w CTA, 32.7% w/w NPOE and 20.2% w/w TBAB (Figure 1). The ion carrier was
made for a concentration of TBAB of 1.5 mol·dm−3.

The transport experiments were carried out according to the procedure described
in earlier papers [9,11,15]. The membrane segments were used for the removal of Pd(II)
during transport from hydrochloric acid, which was applied as the source across the PIM
into the destination stage using a peristaltic pump (PP1B-05A, Zalimp, Warszawa, Poland).

The membranes separated the source and receiving phases. The initial volume of the
source and destination phases equaled 100 cm3. The concentration of the Pd(II) ion in the
source phase was 0.001 mol·dm−3 soluted in hydrochloric acid. The receiving phase was
0.5 mol·dm−3 thiourea soluted in 0.1 mol·dm−3 hydrochloric acid. The area of the PIM
equaled 12.56 cm2. The magnetic stirrers were used to stir the source (containing Pd(II))
and the receiving phases. A plasma emission spectrometer MP-AES 4200 (Agilent, Santa
Clara, CA, USA) was applied to reveal a concentration of palladium(II).

The same volumes of aqueous and organic phases (phase volume ratio O/A = 1)
were shaken for 15 min at 22 ± 2 ◦C. The aqueous phase was the HCl solution containing
0.001 mol·dm−3 Pd(II), while the organic phase contained 0.1 mol·dm−3 TBAB in toluene.
During the next step, the aqueous phase was separated from the organic phase.
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3.1. Reagents
3.1.1. Inorganic Reagents

The inorganic reagents were palladium(II) chloride, PdCl2 (purity = 99%), supplied
by Sigma Aldrich (St. Louis, MO, USA); chloroplatinic acid, (30% H2PtCl6, pure); and
hydrochloric acid (HCl) (POCh, Gliwice, Poland). The aqueous solutions were prepared
with deionized water.

3.1.2. Organic Reagents

The organic reagents were cellulose triacetate (CTA) (Sigma-Aldrich, St. Louis, MO,
USA), 2-Nitrophenyl octyl ether (NPOE) (Sigma-Aldrich, St. Louis, MO, USA), tetra-
butylammonium bromide (TBAB) (ACROS, Bridgewater, NJ, USA) (purity ≥ 99.0%),
dichloromethane (P.P.H. STANLAB Sp. J., Lublin, Poland) and thiourea (POCh, Gliwice,
Poland) and were of analytical grade and used without further purification.

3.2. Synthesis of Polymer Inclusion Membranes (PIMs)

The PIMs were prepared similarly to the method reported in earlier papers [9,11,15]. In
this study, PIMs using CTA as the base polymer were prepared as previously described [9,11,15].
TBAB was used as the ion carrier of Pd(II) and NPOE was the plasticizer. The components
of the polymer membrane were the following: 47.1% w/w CTA, 32.7% w/w NPOE and
20.2% w/w TBAB. The concentration of TBAB used as the ion carrier was 1.5 mol·dm−3

(based on the volume of plasticizer). In this study, PIMs using CTA as the base polymer,
TBAB as the ion carrier and NPOE used as the plasticizer were prepared as previously
described [9,11,15].

3.3. Transport of Metal Ions Experiments

The transport experiments were conducted as reported in earlier papers [9,11,15]. The
membrane module was used for the transport of Pd(II) from hydrochloric acid, which was
used as the source phase across the PIM into the receiving phase. The PIM separated the
source and receiving phases. Both of the phases were pumped with a peristaltic pump
(PP1B-05A, Zalimp, Poland). The volume of the source and receiving phases was 100 cm3.
The source phase contained 0.001 mol·dm−3 Pd(II) in a hydrochloric acid solution, while
0.5 mol·dm−3 thiourea in 0.1 mol·dm−3 hydrochloric acid was used as the receiving phase.
The PIM area was 12.56 cm2. The source phase containing Pd(II) and the receiving phase
were stirred with magnetic stirrers. The concentration of palladium(II) was analyzed using
a plasma emission spectrometer MP-AES 4200 (Agilent). The essential advantage of MP-
AES over flame AAS is it safety. Plasma can be considered to be a partially ionized gas
containing electrons, ions, neutral species, excited particles, and photons. The application
of AES is very useful and practical.

3.4. Solvent Extraction of Pd(II)

Equal volumes of aqueous and organic phases (phase volume ratio O/A = 1) were
shaken for 15 min at 22 ± 2 ◦C 0.1 mol·dm−3. The aqueous phase was the HCl solution
containing 0.001 mol·dm−3 Pd(II), while the organic phase contained 0.1 mol·dm−3 TBAB
in toluene. Next, the aqueous phase was separated from the organic phase. The Pd(II)
concentration in the aqueous phase was analyzed using a plasma emission spectrometer
MP-AES 4200 (Agilent).

4. Conclusions

The present paper described the use of a CTA-based PIM containing TBAB as the
ion carrier for the efficient extraction of Pd(II) from hydrochloric acid solutions. The low
concentration of HCl enables the effective transport of Pd(III) from the source phase into
0.5 mol·dm−3 thiourea and 0.1 mol·dm−3 HCl as the receiving phase. This method can
be used to recover Pd(II) from hydrochloric acid solutions. The membrane extraction of
Pd(II) is faster and more efficient than Pt(IV). In the future, it will be necessary to study
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the separation of precious metals (Pd(II), Pt(IV), Au(III)) from real solutions after leaching
spent catalysts.
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