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CHAPTER 1. GENERAL INTRODUCTION

1.1 Platinum Group Metals (PGMs)

Platinum group metals (PGMs) are six precious metals in the d-block of the periodic table
consist of ruthenium (s2Ru), rhodium (ssRh), palladium (s6Pd), osmium (760s), iridium (771r),
and platinum (7gPt). These metals exhibit excellent physical and chemical properties such as
outstanding catalytic activities [1,2], stable electrical properties [3], resistance to corrosion [4],
and high thermal durability [5]. PGMs are also frequently used as an additive for mixtures of
metals to form high-quality alloys [6]. Owing to these unique natures, PGMs have become an
essential component in the manufacture of various modern products, particularly in the
automotive and electronic device industries. Unfortunately, PGMs are extremely scarce
elements with strictly limited mining sites [7]. Moreover, the role of PGMs in nowadays
applications is rarely substituted, if not irreplaceable, by the other elements or compounds.
These circumstances lead the price of PGMs, especially Pt, Pd, and Rh, steadily increasing

over the years; and thus, becoming a highly treasurable commaodity.

1.1.1 Global supply and demand for PGMs

The annual supply and the demand for PGMs in recent years were always unbalanced.
According to the Johnson Matthey’s report in February 2021 [8], the PGM supply in 2020 was
4,888,000 oz, 6,167,000 oz, and 583,000 oz for Pt, Pd, and Rh, respectively. This supply is
mainly produced from mining sites in Russia and South Africa. On the other hand, the PGM
demand in 2020 was 6,920,000 oz, 9,894,000 oz, and 1,005,000 oz for Pt, Pd, and Rh,
respectively. The demand exceeded the supply by approximately 30%. A significant portion of
this demand was attributed to the production of automotive catalytic converters, and the rest is
distributed to fine chemical productions, electronic devices, jewelry, investments, bio-medical

applications, and others. Figure 1.1 shows the market distribution of PGMs in 2020.
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Figure 1.1. Global market distribution of PGMs in 2020. Compiled from the Johnson Matthey’s report
in February 2021 [8].

Despite the scarcity and high prices, the market of PGMs in the future is predicted to
continuously increasing. Recently, Jasinski et al. reported a forecasting study on the supply and
demand for PGMs and lithium (Li) until 2070 using a surplus cost potential as the indicator [9].
The market of PGMs and Li will be on a treadmill depending on the direction of car
technologies. Continuously using gasoline cars will increase the demand for PGMs, while
democratizing affordable electric vehicles will reduce the growing demand for PGMs and
increase the demand for the Li battery. The latter option would be favorable in the viewpoint
of environmental ethics and considering the threats of climate changes. However, the current
electric car technology, particularly the battery’s performance, still requires much
improvement. Furthermore, the high price hinders the use of electric cars become mainstream,
especially in developing countries. The third option is to move to the green and clean hydrogen
energy. As for automotive industries, the hydrogen energy would be mainly produced using
fuel cells, which requiring PGMs, especially Pt, as the electrode. A combination of gasoline,
electric, and hydrogen energy is expected to happen in the upcoming future, at least for decades
before the zero-emission goals could be achieved. Therefore, the demand for PGMs will be

continuously growing for decades.



1.1.2 PGM secondary resources: automotive catalysts

To fill the gap between the supply and demand as well as to maintain the sustainability of
the PGM stock, metal recycling or recovery from secondary resources is one of the best options.
In fact, the concentration of a PGM, Pd for example, in secondary sources such as automotive
catalysts (2 kg/ton), mobile phones (0.35 kg/ton), and computer motherboards (80 g/ton) is
much higher than that of the primary ore (<10 g/ton) [10]. Thus, the recovery of PGMs from
secondary sources would be profitable and feasible from an economic point of view. Moreover,
the PGM recovery also would be favorable from the perspective of environmental ethics since
it can decrease carbon emission, energy consumption, and landfill excavation in the mining
processes. The production of noble metals requires more energy and a lot of carbon emission
compared to common metals. For instance, the production of 1 kg Rh is equivalent to the
emission of 35,100 kg CO> to the atmosphere, while the production of 1 kg Fe is equivalent to
1.5 kg CO2 emission [11]. Therefore, PGM recycling is crucial since it would preserve the
metal stock, economically profitable, and environmentally favorable at the same time.

As mentioned above, spent automotive catalysts (SACs) are the most abundant PGM
secondary resource. Automotive catalysts were first introduced in the 1970s to regulate exhaust
gases from a car, such as converting toxic CO gas to CO; [12]. Commonly, automotive
catalysts are fabricated in the shape of a honeycomb structure, containing cordierite
(2Mg0.2Al1,03-5Si02), gamma-alumina layers (y-Al203), PGMs as catalytically active metals,
and some additives (alkaline earth metals, rare earth metals, and transition metals) [13].
Recovery of PGMs from SACs in a conventional process requires many stages, high energy,
and hazardous chemicals as it combines pyrometallurgical and hydrometallurgical approaches.
Figure 1.2 shows a schematic representation of PGM recovery processes from SACs. In the

effort to simplify metal recycling processes, currently, some alternative methods are being



developed, such as direct solvent extraction using ionic liquids [14], solvo-metallurgy [15], and

separation using a membrane technology [16].
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Figure 1.2. Schematic representation of PGMs recycling processes. Reproduced from ref. [13] with

permission. Copyright 2020 Elsevier.

1.2 lonic Liquids (ILs)

lonic liquids (ILs) are defined as a class of compounds entirely composed of ions with a
melting point below 100 °C [17]. By this definition, any inorganic and organic salt liquids at a
temperature below 100 °C can be classified as ILs. Nowadays, the term IL is often used to refer
to liquid salts at room temperature composed of organics or a combination of organic and
inorganic ions. Since the first discovery of IL (ethyl ammonium nitrate) in 1914 by Paul
Walden [18], the research on ILs has been tremendously growing, especially in the past few

decades where ILs are produced commercially and applied in various fields. In recent years,



thousands of studies had reported new structures, synthesis techniques, and the application of
ILs [19]. Depending on the structure design and the combination of cations and anions, the
properties of ILs can be easily tuned, thus often considered as a designer solvent. Furthermore,
the majority of ILs shows “green” properties such as non-volatile, non-flammable, and
arguably less hazardous compare to conventional organic solvents.

In the field of metal extraction, the initial attempt in using an IL to extract metals was
reported by Dai et al. in 1999 [20]. They reported a solvent extraction of strontium using an IL
crown ether dissolved in IL 1,3-dialkylimidazolium, which showed distinguish extraction
behaviors compare to that of conventional organic extractants. Since then, many other attempts
have been pursued. Related to PGMs, several ionic liquids structures have been developed in
the laboratory as well as applying the commercially available ones [21]. Frequently used
cations were imidazolium, ammonium, phosphonium, and pyridinium-based ions. As for
anions, bis(trifluoromethane-sulfonyl) imide (Tf2N), bis(2,4,4-trymethylpentyl)-phosphinate
(BTMPP), hexafluorophosphate (PFs), and halides (CI~and Br) were often used in recent years.

Figure 1.3 shows the commonly used IL cations and anions in the metal extraction, particularly

PGMs.
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Figure 1.3. Common structures of ionic liquid’s cations and anions studied for PGM separation.
Reproduced from ref. [21], copyright 2020 J-STAGE.



In our laboratory, a novel IL specifically designed to carry out solvent extraction of PGMs
had been developed, namely trioctyltetradecyl phosphonium chloride (Psss12Cl). As reported
by Firmansyah et al., the IL demonstrated outstanding performance in the extraction of Pt(IV),
Pd(I1), and Rh(lIl) from a chloride solution [22]. Investigation on the extraction mechanism
showed that the metal complexes were extracted from the aqueous phase to the organic phase
via an ion-exchange mechanism as described in equations (1.1) — (1.3). Subsequently,
Firmansyah et al. reported the application of the Pggg12Cl IL for the recovery of PGMs from
automotive catalysts [14,23]. The results were quite promising and opening the possibilities to
be implemented in industries. These insights were inspiring us to further utilize the IL for
developing a greener and less expensive technology for metal separation, i.e., the membrane-

based technology.

[PtCls]*~ + 2(Pggg12"Cl™) = (Pggsrz ™), [PtCl1*™ + 2C1° (1.1)
[PACL, )%™ + 2(Pgggs, " Cl7) = (P88812+)2[Pd6l4]2‘ +2CI~ (1.2)
[RRCls(H,0)]%" + 2(Pggg12” CL™) = (Pgss12" ), [RhCIs(H,0)]1*™ + 2C1~ (1.3

1.3 Polymer Inclusion Membranes (PIMs)

The concept of polymer inclusion membranes (PIMs) is based on supported-liquid
membranes (SLMs), which were introduced in the 1950s [24,25]. SLMs are prepared by
immersing a porous polymer membrane into a liquid extractant so that the liquid would
incorporate into the membrane within the pores. As such, the extractant is the active reagent to
act as a carrier targeting specific analytes, while the polymer framework functions as a solid
support/framework to construct self-standing liquid membranes. The liquid phase is expected
to be maintained inside the polymer pores owing to the capillary force. However, the

membranes are often unstable due to the leakage of the extractant from the membrane.



Apparently, the capillary force is frequently not enough to hold back the other forces pulling
the extractant molecules, such as a chemical affinity.

PIMs were then developed to enhance the stability of SLMs. Instead of immersing polymer
membranes into liquid extractants, the extractants were directly included in the membrane
matrix by mixing them with the dissolved polymers. Typically, this is carried out by solvent
casting methods, i.e., dissolving a polymer and an extractant in a volatile solvent, casting the
mixture onto a flat plate, then allows the solvent to evaporate, thus resulting in a thin solid
membrane. Since the polymer and the extractant are homogeneously mixed, the interaction
between them is expected to be stronger than in SLMs. The extractant molecules are well
entrapped between the entanglement of the polymer chains and chemically interacted via Van
der Waals force. Hence, the leakage of extractant during membrane operations can be
prevented. Furthermore, PIM is also considered as a green technology compare to the use of
extractant in liquid-liquid extraction counterparts owing to markedly fewer required carriers
and the absence of any organic solvents. From the economic viewpoint, membrane-facilitated
processes are arguably less expensive and less time-consuming compare to the other
approaches. This is mainly related to reagents and energy consumptions and the simplicity or
complexity of the engineering processes.

Historically, the concept of PIM had emerged between 1970 to 1980, but the first use of
the term “polymer inclusion membrane” was coined by Schow et al. in 1996 [26]. Later on,
since the early 2000s, Kolev and co-workers have been intensively investigating lots kind of
PIMs and expanding the application into various fields [16]. Nowadays, PIMs are applied or
studied for sensing application, separation, sample pre-concentration, and passive sampling

(see Figure 1.4).
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Figure 1.4. Application of polymer inclusion membranes in various fields. Reproduced from ref. [16]

with permission. Copyright 2017 Elsevier.

Since PIMs work based on carrier-mediated transport mechanisms, the selection of
extractants/carriers is crucial to the membrane performances. In the last decade, the use of PIMs
for metal separation has been undertaken, particularly employing ILs as the metal carrier since
they show promising and distinctive behavior in solvent extractions. The pioneers of this
fascinating research include Regel-Rosocka and co-workers [27-29], Pospiech [30-32], and
our group—Goto and co-workers [33-35]. In the present thesis, the author was studying the IL
previously investigated by Firmansyah et al. for liquid-liquid extraction of PGMs, the Pgsg12Cl,
as a metal carrier within PIMs. The possibilities of developing durable membranes with a high
performance for selective separation of PGMs were systematically studied. Subsequently, the
whole process for the recovery of PGMs from SACs using the PIM technology has been

demonstrated.



1.4 Aim and Outline of The Thesis

This research aims to develop an effective process for selective separation and the recovery
of platinum group metals from an automotive catalyst waste employing the polymer inclusion
membrane technology, using the ionic liquid as the metal carrier. To achieve the goals within
reasonable timeframe, the research was divided into three projects sequel, which would be
elaborated comprehensively in the following chapters of this thesis.

The present thesis consists of 5 chapters, i.e., a general introduction (Chapter 1), the
research achievements (Chapter 2, Chapter 3, and Chapter 4), and general conclusions (Chapter
5). References are provided at the end of each chapter, and Appendixes (Supporting
Information) are presented within each chapter of the research achievements.

In the Chapter 1, a general introduction to platinum group metals, ionic liquids, and
polymer inclusion membranes is presented. The author briefly reviewed the scientific literature
on the topics, including the first discovery, recent progress, and position of the present study
in advancing the field.

Chapter 2 discusses the development of polymer inclusion membranes containing
phosphonium-based ionic liquids. The performance of membranes containing the ionic liquid
developed in our laboratory (Psss12Cl) and a commercially available ionic liquid with an analog
structure (Pess14Cl) for selective separation of Pd(Il) and Rh(Ill) was systematically
investigated.

Chapter 3 discusses the use of the optimized membrane and process developed in Chapter
2 to carry out a more complicated separation system, which was the separation of Pt(1V), Pd(ll),
and Rh(I1). To selectively separate those three metals from each other using one membrane, a
sequential membrane transport strategy was proposed. Plausible transport mechanisms are also

discussed in this chapter.



Chapter 4 discusses the application of the membrane transport system developed in
Chapter 2 & Chapter 3 to perform a selective recovery of Pt, Pd, and Rh from an actual
waste—a spent automotive catalyst. The possibility of modifying membrane morphologies to
enhance the transport performance is also discussed in this chapter.

In the Chapter 5, a summary of the entire research achievements is presented. In addition,
the author also provided a brief outlook on the future potentials of this study from the
perspective of industrial interests as well as the challenge to develop more sophisticated
membrane transport theories.

In addition, the author would like to point out that permissions from publishers have been
granted to reuse published materials from references. In the Chapter 1, copyright statements
are provided in the captions of each corresponding figure. Chapter 2, Chapter 3, and Chapter 4
are original works conducted by the author and co-workers initially published in peer-reviewed
journals (see ref. [33-35]). The publishers have granted permissions to reuse the whole articles

for the present thesis, and the copyrights are declared on the first page of those chapters.
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CHAPTER 2. SEPARATION OF PALLADIUM(I1) AND RHODIUM(I11) USING A
POLYMER INCLUSION MEMBRANE CONTAINING A PHOSPHONIUM-BASED

IONIC LIQUID CARRIER

Abstract:

In this study, we report the separation of Pd(I) and Rh(Ill) in a chloride solution using a
polymer inclusion membrane (PIM). We designed trioctyl(dodecyl) phosphonium chloride
(Psss12Cl) ionic liquid as a metal carrier for the PIM separation system. The effects of PIM
composition and experimental conditions were systematically investigated. The concentration
of hydrochloric acid in the feed solution and thiourea in the receiving solution were found to
play a crucial role in the success of selective separation. Under the optimized conditions, Pd(1l)
could be effectively separated from Rh(l1l) with 98% recovery yield and 99% purity. We also

compared the performance of our designed carrier, Pgss12Cl, to that of a commercially available

ionic  liquid  trihexyl(tetradecyl) Stable Polymer Inclusion Membrane
CiaHog
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Remark:
This chapter was published in Industrial & Engineering Chemistry Research, 2019, 58, 22334

22342. Reproduced with permission. Copyright 2019 American Chemical Society.
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2.1 Introduction

Platinum group metals (PGMs), which include platinum (Pt), palladium (Pd), rhodium
(Rh), ruthenium (Ru), iridium (Ir), and osmium (Os), are essential in the manufacture of many
advanced products used around the world. PGMs show unique properties in their catalytic
activity [1-3], stability [4], conductivity [5], and even in their visual appearance [6]. Currently,
PGMs are commonly used as the main component of automotive catalytic converters and in
electrical circuits and jewelry [7]. The global demand for PGMs is increasing year by year, and
in 2017 the total gross demand for Pd and Rh was 10,079,000 oz and 1,061,000 oz, respectively
[8]. However, PGM supply is quite limited, in fact, it is below the global demand [8,9]. The
concentration of PGMs in their ores is generally less than 0.001 wt%, and the major mines are
located in specific geographical areas, for example, Russia and South Africa [10]. In addition,
Nuss and Eckelman reported that the global warming potential of PGM mining processes was
much higher than that of other metals [11]. For example, the CO. production of the Pd (3,880
kg CO.-eq/kg) and Rh (35,100 kg CO2-eq/kg) mining processes is much higher than that of Fe
mining (1.5 kg CO»-eq/kg). These findings show that the challenges facing PGM supply are
not limited to their low abundance but also environmental considerations.

Recycling has been carried out in PGM industries to address the gap between supply and
demand. Approximately 30% of Pt, Pd, and Rh demand is now fulfilled by recycling [8].
Automotive and electronic wastes are the main resources for recycling owing to their PGM-
rich content. The concentration of Pd in automotive catalytic converters (2,000 g/tonne),
mobile phones (350 g/tonne), and computer motherboards (80 g/tonne) is much higher than
those in PGM primary ores (<10 g/tonne) [12]. In light of this, the recycling process should
attract significant attention in order to make PGM industries more economically feasible and
environmentally benign. PGM recycling is commonly carried out using a hydrometallurgical

process, which involves a solvent extraction technique in the separation and the purification
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step [13]. Recently, several novel extractants for use in solvent extraction of PGMs have been
developed, such as thiodiglycolamides [14], thioamide-modified calix[4]arene [15], and
tetrahexylammonium bis(trifluoromethanesulfonyl)imide [16]. These novel extractants have
shown high performances in the extraction and back-extraction of PGMs. However, large-scale
implementation of solvent extraction can result in serious environmental burdens. Moreover,
the solvent extraction process requires a large amount of extractant and organic solvent and
therefore has economic limitations. The use of extractants can be significantly reduced by using
a polymer inclusion membrane (PIM) system.

PIM technology is based on the supported-liqguid membrane (SLM) concept that first
emerged in the 1950s [17-19], although the term “polymer inclusion membrane” was first used
by Schow et al. in 1996 [20]. Subsequently, Kolev and co-workers carried out extensive
research on PIM development and extended the application to various fields [21-27]. PIMs
exhibit several interesting features; they significantly reduce the amount of extractants,
eliminate the use of organic solvents, and are more stable than conventional SLMs [28].
Nevertheless, reports of PGM recovery using PIM transport systems are limited. Only a few
reports showing successful Pd(Il) transport are available, which were conducted by Regel-
Rosocka et al. [29] and Pospiech [30,31]. The main focus of these reports was Pd(I1) transport,
and they do not address the separation of PGMs. In the latest report by Pospiech [31], the
selective transport of Pd(I1) over other transition metal ions such as Fe(l11), Ni(lll), and Mn(l1l)
was briefly described. However, mutual separation among PGMs has not yet been
demonstrated, and furthermore, the important issues of membrane stability and recovery
efficiency remain unaddressed. Hence, a membrane transport system with sufficient durability
to withstand a practical use is required for PGM separation.

Recently, we reported the successful separation and recovery of PGMs from an automotive

catalyst leach liquor using the solvent extraction technique with a synthesized ionic liquid,
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namely trioctyl(dodecyl) phosphonium chloride (Psgs12Cl) [32]. The automotive catalyst leach
liquor contained a relatively high concentration of the PGMs Pd (367.6 mg L) and Rh (32.5
mg L™). By carefully adjusting the experimental conditions, high purity Pd(I1) and Rh(Il1)
were successfully recovered after a series of hydrometallurgical processes. On the basis of this
insight, we aimed to develop an effective membrane transport system for Pd and Rh separation.
Herein, we report successful separation of Pd(Il) from Rh(IIl) in a chloride solution using a
PIM transport system including the ionic liquid as the PGM carrier. The effects of membrane
composition and experimental conditions were systematically investigated to optimize the
performance. We also examined the reusability of the membrane and its stability in a multiple
use recycle test and compared the performance of Pggs12Cl to a commercially available ionic
liquid trihexyl(tetradecyl) phosphonium chloride (Pess14Cl). To the best of our knowledge, this

is the first report of Pd(11) and Rh(Ill) separation employing a membrane transport system.

2.2 Experimental

2.2.1 Materials

We designed the trioctyl(dodecyl) phosphonium chloride (Psss12Cl) ionic liquid, which
was then made by Nippon Chemical Industrial Co., Ltd. The palladium standard solution (1,000
ppm), thiourea (powder, 98%), and tetrahydrofuran (THF, 99.5%) were purchased from Wako
Pure Chemical Ltd. The rhodium standard solution (1,000 ppm) and the phosphorous standard
solution (1,000 ppm) were purchased from Kanto Chemical Co., Inc. Trihexyl(tetradecyl)
phosphonium chloride (Pess14Cl) ionic liquid was obtained from lonic Liquids Technologies
GmbH. The poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-co-HFP) pellets were
purchased from Sigma Aldrich. 2-Nitrophenyloctyl ether (2NPOE, 99.0%) was purchased from
Dojindo Laboratories (Kumamoto, Japan). The hydrochloric acid solution (10 M) was

purchased from Kishida Co., Ltd. All of the aqueous solutions were prepared in Milli-Q
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deionized water (Merck Millipore). The chemical structures of PVDF-co-HFP, Pgssi2Cl,

2NPOE, and Pesgs14Cl can be seen in Figure S2.1 (Appendix A).

2.2.2 Preparation of polymer inclusion membranes

Polymer inclusion membranes (PIMs) consisting of 40-70 wt% base-polymer (PVDF-co-
HFP), 2040 wt% metal ion carrier (Psgsi2Cl), and 0-20 wt% plasticizer (2NPOE) were
prepared as described in the previous reports [33-35]. In a typical preparation, PIM
components with a total mass of 400 mg were dissolved in 10 mL of THF at 40 °C with
vigorous stirring. After a clear and homogenous solution was observed, it was poured into a
glass ring (diameter of 7.5 cm) sitting on a flat glass plate. Subsequently, the top of the glass
ring was covered with a filter paper and a watch glass to allow slow evaporation of the THF
overnight. After the THF had completely evaporated, the remaining slightly cloudy membrane,
which had a smooth surface was carefully peeled from the glass plate (Figure S2.2, Appendix

A).

2.2.3 Membrane transport experiments

Membrane transport experiments were carried out in a transport apparatus consisting of
two water-jacketed glass compartments. A circular sample of PIM was sandwiched between
the rim of the two transport cells to separate the feed and receiving solutions. The feed and
receiving cells were filled with 50 mL of the corresponding solutions. The effective surface
area of the membrane that was exposed to each solution was 4.9 x 104 m? (diameter of 25.0
mm). During the transport experiments, the solution in each cell was stirred using a double
cross-head type magnetic stirrer bar. The temperature in both the feed and receiving solutions
was kept constant at 25 + 0.5 °C by continuously circulating water to the jacket of each
compartment from a thermoregulated water bath, NCB-1200 (EYELA). 0.5 mL samples were

taken regularly from both of the solutions at designated time intervals, and the metal
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concentrations were analyzed using an inductively coupled plasma optical emission
spectrometer (ICP-OES) Optima 8300 (Perkin Elmer Co., MA USA). The solution removed
for analysis was then replaced with the same volume of fresh corresponding solution.
Assuming the membrane transport Kinetics is a first-order reaction, the rate constant (k,
h™1), permeability coefficient (P, m h™), and initial flux (Jo, mmol m=2 h™) for the Pd(ll)

transport were calculated using equations (2.1) — (2.3), respectively.

CF
In (%) — —kt @2.1)
Cpa,i
%4
P=(%k (2.2)
Jo =PCpy; (2.3)

where Cf, . (mol m~) is the concentration of Pd(l1) in the feed solution at time t, C5,;; (mol
m~3) is the initial concentration of Pd(ll) in the feed solution, V (m3) is the volume of the feed
solution, and A (m?) is the membrane surface area that was exposed to both the feed and
receiving solutions. The k values were calculated with a correlation coefficient (R) value of
>0.98.

In addition, other parameters i.e. the recovery factor (RF, %), separation factor (SF, -),
and purity (PR, %) of Pd(ll) transport were calculated using equations (2.4) — (2.6),

respectively.

R
RF = 24t % 100% (2.4)
Pd,i
ck. .- ck ck
SF — Pd,i Pd,t Rht 25
I A (25)
PR = — P4 1009 (2.6)
CpattCrit

where Cf; . (mol m™) is the concentration of Pd(Il) in the receiving solution at time t, C, ;
(mol m3) is the initial concentration of Rh(lIl) in the feed solution, C£, . (mol m™=) is the

concentration of Rh(I11) in the feed solution at time t, and C,?h_t (mol m~3) is the concentration
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of Rh(I1) in the receiving solution at time t. The RF, SF, and PR values were calculated after

48 h of transport, unless stated otherwise.

2.2.4 Analysis of receiving solution after transport

After membrane transport experiments were carried out, the receiving solution was
collected for analysis. Ultraviolet-visible (UV-Vis) spectra were measured using a V-670 UV-
Vis spectrophotometer (JASCO) with 1 nm spectral resolution. Fourier transform infrared
(FTIR) spectra were measured using an FTIR spectrometer (Perkin Elmer) with 32 scans and
spectral resolution of 1 cm. Since the concentration in the receiving solution was quite low,
the solution was concentrated by evaporation at 100 °C prior to the FTIR measurement. The
concentrated solution was then homogeneously mixed with KBr powder. Subsequently, the
mixture was heated at 100 °C for 3 h to remove water, resulting in a yellow solid KBr powder.

The powder was then analyzed using the FTIR spectrometer.

2.2.5 Reusability test

In order to confirm the stability of the PIM with Pggs12Cl ionic liquid as a carrier (PIM-P8),
a membrane reusability test was performed. After finishing the first transport experiment, the
solutions were removed from each cell, then 50 mL water was poured into the cells, stirred for
30 min, and quickly removed through the sampling windows to wash the inside of the device
without removing the membrane. Subsequently, the fresh feed and receiving solutions were
poured into the corresponding cells, and the second experiment was carried out in the same
manner as the first. The operation was repeated seven times. Each transport experiment in the
reusability test was carried out within 24 h. As a comparison, the reusability test was also
performed for a PIM with Pegs14Cl i0nic liquid as the carrier (PIM-P6).

To further examine the stability of the membranes in terms of carrier leakage, both PIM-

P8 and PIM-P6 were subjected to an acid treatment. Small pieces of the PIMs (100 mg) were
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soaked in 20 mL of 10 M HCI in glass bottles. The bottles were then continuously shaken at
120 rpm for 7 days on a thermostated shaker (NTS-4000BH, EYELA) at 25 + 0.5 °C. The
leakage of the carriers into the HCI solution was monitored by analyzing the P concentration
using ICP-OES. The mass of the PIMs before and after the acid treatment was monitored using

an analytical balance (Sartorius CPA225D).

2.2.6 Membrane characterization

To evaluate the PIM stability, infrared spectra of Pggs12Cl, PVDF-co-HFP, and PIMs
before use, after 7 uses, and after being soaked in 10 M HCI for 1 week were analyzed using
an FTIR spectrometer. The spectra were measured using an attenuated total reflectance (ATR)
accessory with 8 scans and a spectral resolution of 2 cm. To observe the membrane thickness
and P element mapping across the membrane, scanning electron microscopy with energy
dispersive X-ray (SEM-EDX) measurement were performed on an SEM instrument (Hitachi
TM4000). The SEM mapping images were recorded at 1000 times magnification with an

accelerating voltage of 15 kV.

2.3 Results and Discussion

2.3.1 Effect of PIM compositions

The composition of the membrane is an important factor that determines the membrane
separation performance. Therefore, the effect of the PIM composition on the transport behavior
of Pd(Il) and Rh(IIl) in a chloride solution was investigated. Several PIMs with different
amounts of Pggs12Cl (20—40 wt%) and 2NPOE (0—20 wt%) were prepared as listed in Table 2.1.
The PIMs with Pggg12Cl more than 40 wt% and 2NPOE more than 20 wt% were physically
weak and too sticky, and thus were not investigated further. Pd(I1) and Rh(Ill) transport
behavior for the different PIM compositions under the same operating conditions is shown in

Figure 2.1.

21



Table 2.1. Effect of PIM composition on Pd(Il) transport.

PIM composition (wt%)
PVDF-co-HFP Psss12Cl 2NPOE Jr?](gnr:nlc;l RE (%)
(a) 70 20 10 0.46 61.1
(b) 60 30 10 1.27 63.5
(© 50 40 10 2.26 64.8
(d) 60 40 0 0.83 63.3
(e) 40 40 20 2.00 50.3

Feed solution: 50 ppm Pd(Il) and 50 ppm Rh(lIl) in 1 M HCI, receiving solution: 1 mM thiourea in 1
M HCI, transport operation: 48 h.

As shown in Figure 2.1 (a, b, and c), after 48 h of operation, the amounts of Pd(I1) left in
the feed solutions were 16%, 5%, and 0.5% for PIMs with Pggg12Cl composition of 20 wt%, 30
wit%, and 40 wt%, respectively. The initial flux (Jo) of the PIM with 40 wt% Pggg12Cl was twice
that of the PIM with 30 wt% Pggs:12Cl, and five times that of the PIM with 20 wt% Pggg12Cl
(Table 2.1 (a,b,c)). Therefore, as the amount of Pggsi2Cl increased, the amount of Pd(ll)
extracted into the membrane and its initial flux were enhanced. However, no significant
difference was observed in the recovery factor (RF) of Pd(I1), which was ~60%. The degree of
Rh(111) left in the feed solution was 99% for the PIM with 20 wt% Pggs12Cl, showing that
complete separation of Pd(I1) and Rh(Ill) occurred, although the recovery efficiency requires
improvement. Nevertheless, with the PIM containing 40 wt% Pgss12Cl, the degree of Rh(lll)
left in the feed solution decreased to 85%. This result suggests that increasing the concentration

of Pgss12Cl contributes to the extraction of metal ions into the membrane.
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Figure 2.1. Pd(I1) and Rh(Ill) transport behavior in different PIM compositions, (a) Psssi12Cl 20 wt%,
(b) Pags12Cl 30 wt%, (C) Pags12Cl 40 wt%, (d) 2NPOE 0 wt% (e) 2NPOE 20 wit%. Feed solution: 50 ppm
Pd(11) and 50 ppm Rh(11) in 1 M HCI, receiving solution: 1 mM thiourea in 1 M HCI. Cu;and Cw; are

the metal ion concentration at time t and initial time, respectively.

In our previous PGM solvent extraction study using Pgss12Cl as an extractant [32], the

stoichiometric equations for Pd(I1) and Rh(l1l) extraction were considered as follows:

[PACL,]?" (aq) + 2[Pgggrz " CL7] = [Pegs12*],[PACL* 7] + 2C1™ (aq) (2.7)

[RhCls(H,0)1?" (aq) + 2[Pggg1z  Cl7] = [P88812+]2[RhCl5(H20)2_] + 2Cl" (aq) (2.8)
where the horizontal bars indicate the organic phase. Since we used the same carrier, it was

assumed that equations (2.7) and (2.8) could be used to describe the extraction mechanism of
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Pd(I1) and Rh(lll) into the PIMs although the extraction rate was slower than that in solvent
extraction. As shown in Figure S2.3 and Table S2.1 (Appendix A), the rate constants of Pd(1I)
and Rh(Il1) for solvent extraction, keq and krn, were 8.52 x 10* s* and 1.49 x 10* s,
respectively, whereas the constants for extraction into membrane tips were 5.97 x 10° s and
5.83 x 107" s7%, respectively. This can be attributed to the slow diffusion of the extractants and
complexes within the membrane. Fortunately, this feature improved the separation factor from
1.3 in solvent extraction to 38.3 in extraction into membrane tips at 5 h. Based on the results,
the PIM with 40 wt% Pggg12Cl was further investigated.

The effect of 2NPOE was studied at a constant Pggg12Cl concentration since the carrier also
contributes to the membrane transport as a plasticizer. The initial flux of Pd(ll) using the PIM
with 10 wt% 2NPOE improved significantly compared with that using the PIM without 2NPOE
as shown in Table 2.1 (c, d). The plasticizer was found to be essential for efficient transport in
the membrane system. For the PIM with 20 wt% 2NPOE, the Pd(Il) concentration in the
receiving solution decreased slowly after reaching a maximum value at 12 h, followed by an
increase in the Pd(I1) concentration in the feed solution (Figure 2.1 (e)). Pd(l1) in the receiving
solution appears to be back-transported to the feed solution after 12 h. Too much plasticizer
was thought to make the membrane unstable. Moreover, the amount of Rh(l1l) transported into
the receiving solution increased as the concentration of plasticizer increased (Figure 2.1 (d, c,
e)). Increase of the plasticizer concentration might expand the network spaces in the polymer
and increased the fluidity of the membrane to facilitate the movement of the bulky Rh(llI)
complex, which has a slow transfer rate. Based on the results, the PIM with composition PVDF-

co-HFP 50 wt%, Pggg12Cl 40 wt%, and 2NPOE 10 wt% was used for further studies.

2.3.2 Effect of HCI concentration in the feed solution
Figure 2.2 shows the Pd(Il) and Rh(lIl) separation as a function of HCI concentration in

the feed solution in terms of the separation factor (SF) and the purity (PR). As the HCI
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concentration increased from 0.5 M to 3 M, the SF value was significantly enhanced. Further
increase in the HCI concentration to 5 M increased the SF values to a small extent. Similarly,
the Pd(I1) purity in the receiving solution improved significantly as the HCI concentration in
the feed solution increased and reached 99% purity at 3 M HCI. The results show that Rh(IlI)
transport could be effectively suppressed by increasing the HCI concentration in the feed
solution. This finding was similar to that observed in the previous solvent extraction studies
[32,36,37]. A spectroscopic study showed that Rh(111) predominantly exists as an [RhClg]*-
species at high HCI concentration (=3 M) [38]. A higher energy is required to break the water
solvation to the trivalent Rh(I11) chlorocomplex than that of the divalent one. This means that
extraction of [RhClg]*~ species from the aqueous solution is more difficult than that of [RhCls]*
owing to the charge density and the hydration energy [39]. Very small extraction of the trivalent
Rh(111) anion can be attributed to this behavior. On the PIM, the features are amplified by the
slow diffusion of the extractants and complexes within the membrane, thus allowing more

effective Pd(I1) and Rh(1l1) separation.
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Figure 2.2. Effect of HCI concentration in the feed solution on the separation factor (SF) of Pd(I1) from
Rh(111) and the Pd(I1) purity (PR) in the receiving solution. Membrane composition: 50 wt% PVDF-co-
HFP, 40 wt% Pggs12Cl, 10 wt% 2NPOE. Feed solution: 50 ppm Pd and 50 ppm Rh in 0.5-5 M HCI,

receiving solution: 1 mM thiourea in 1 M HCI.



Table 2.2. Effect of HCI concentration on Pd(I1) initial flux (Jo) and recovery factor (RF).

HCl conc. (M) Jo (mmol m2h) RF (%)

0.5 2.52 65.4
1 2.26 64.8
2 1.93 65.3
3 1.93 64.2
4 1.33 63.8
5 0.99 65.3

Membrane composition: 50 wt% PVDF-co-HFP, 40 wt% Pggs12Cl, 10 wt% 2NPOE. Feed solution: 50
ppm Pd(I1) and 50 ppm Rh(l11) in 0.5-5 M HCI, receiving solution: 1 mM thiourea in 1 M HCI, transport
operation: 48 h.

The Pd(11) initial flux was slightly reduced as the HCI concentration increased, although
the RF values were relatively constant at ~60% (Table 2.2). In solvent extraction, an increase
in the HCI concentration did not affect the Pd(Il) extraction behavior [32]. A spectroscopic
study showed that Pd(I1) predominantly exists as [PdCl4]> species in HCI concentrations of >1
M [40], therefore equation (2.7) could also describe the Pd(ll) extraction behavior in a high
HCI concentration. The decrease in the Pd(I1) initial flux might correspond to the concentration
of the carriers. In solvent extraction, the Pgss1oCl was presented in excess, therefore the addition
of HCI did not change the reaction equilibrium. The amount of Pgssi2Cl in the PIMs was
relatively low, therefore, according to equation (2.7), adding a significant amount of HCI could
shift the equilibrium to the left hand side. Based on the results, 3 M HCI in the feed solution

was chosen for further investigation.

2.3.3 The effect of thiourea concentration

Thiourea was found to be an effective stripping agent for extracted Pd(ll) in a liquid
surfactant membrane, as demonstrated by Kakoi et al. [41], therefore we applied thiourea in
the present study. Figure 2.3 shows the effect of thiourea concentration in the receiving solution

on Pd(ll) and Rh(ll) transport behavior. At thiourea concentrations of 0.5 mM, 1 mM, and 2
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mM, Pd(I1) transported into the receiving solution after 48 h was 28.6%, 64.3%, and 98.2%,
respectively. It was clearly demonstrated that the Pd(I1) transport is governed by the thiourea
concentration in the receiving solution. The effect of the thiourea concentration on the
permeability of Pd(Il) was also observed visually (Figure S2.4, Appendix A). The orange-
yellow appearance of the used membranes, which is the color of extracted Pd(Il), gradually
diminished as the thiourea concentration increased and was no longer observed at 2 mM.
Insufficient thiourea in the receiving solution leads to a low Pd(Il) transport, therefore the
thiourea concentration should be adjusted to an appropriate ratio to the Pd(Il) concentration,
which was found to be 2 mM to 50 ppm of Pd(ll). Under the optimum conditions, the feed
solution that was yellowish-red before running turned pale red due to the remaining Rh(lll)
over time, while the colorless receiving solution gradually became deep yellow after the

transport operation, which visually indicated successful separation (Figure S2.5, Appendix A).
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Figure 2.3. Effect of thiourea (Tu) concentration in the receiving solution on Pd(Il) and Rh(lII)
transport behavior, (a) 0.5 mM, (b) 1 mM, (c) 2 mM, (d) 10 mM, and (e) 100 mM in 1 M HCI.
Membrane composition: 50 wt% PVDF-co-HFP, 40 wt% Pgss12Cl, 10 wt% 2NPOE. Feed solution: 50
ppm Pd(I1) and 50 ppm Rh(lI1) in 3 M HCI. Cu; and Cwm, are the metal ion concentration at time t and

initial time, respectively.
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However, further increase in the thiourea concentration reduced the Pd(Il) transport
efficiency to 90.6% at 10 mM thiourea and 9.4% at 100 mM thiourea. The Pd(II) transport
behavior at 100 mM thiourea was quite unexpected, the Pd(ll) concentration in the feed
solution decreased rapidly to 45.7% in the first 6 h, then gradually increased. In the receiving
solution, the Pd(Il) concentration rose to around 9%. It was thought that the permeation of
thiourea from the receiving to the feed solution resulted in the reverse transport of Pd(Il)
through the membrane. The concentration of thiourea in the feed solution after 24 h was then
evaluated using ICP-OES by measuring the sulfur (S) concentration. As shown in Figure 2.4,
thiourea was leaked into the feed solution to give a concentration of 7.3 mM when 100 mM
thiourea was used as the receiving solution, while thiourea was hardly detected in all the cases
where its initial concentration in the receiving solution was less than 10 mM. When thiourea
was present in the feed solution, its strong interaction with Pd(Il) interfered with the Pd(II)
transport to the membrane. The role of HCI added to the receiving solution is to prevent the
permeation of thiourea into the feed solution by its protonation as described in the previous
reports [42,43], however it was found that the permeation of thiourea could not be prevented

under the high concentration gradient between the solutions.

. I

Tu in feed (mM)
N

0 . —
2mM 10 mM 100 mM
Tu in receiving

Figure 2.4. Concentration of thiourea (Tu) transferred into the feed solution after 24 h of operation.
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2.3.4 Pd(I)—thiourea complex in the receiving solution

At a Pd(Il) concentration of 50 ppm (0.5 mM), the RF values were around 25% for 0.5
mM thiourea (molar ratio = 1 : 1), around 60% for 1 mM thiourea (molar ratio =1 : 2), and
around 100% for 2 mM thiourea (molar ratio = 1 : 4) in the receiving solution (Figure 2.3 (a,
b, and c)). These results indicate that one Pd(l1) ion reacts with 4 molecules of thiourea, i.e. the
formation of [Pd(Tu)4]?* species, for the stripping of Pd(ll) from the membrane. A previous
crystallographic study on Pd(Il)-thiourea complexes also showed that the formation of the
cationic complex [Pd(Tu)4]?" was more favorable than formation of the neutral complex
[Pd(Tu)2Cl2] [44]. To obtain more insight into the Pd(I1) and thiourea interaction, the receiving

solution after the transport operation was characterized using UV-Vis and FTIR spectroscopies.

(a) (b)
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Figure 2.5. (a) UV-Vis and (b) FTIR spectra of the receiving solution. Membrane composition: 50 wt%
PVDF-co-HFP, 40 wt% Psgs12Cl, 10 wt% 2NPOE. Feed solution: 50 ppm Pd(I1) and 50 ppm Rh(lll) in
3 M HCI, receiving solution: 2 mM thiourea in 1 M HCI.

As shown in Figure 2.5 (a), a broad energy absorption at 250-500 nm was clearly observed.
This absorption profile is a typical UV-Vis spectrum for the Pd(ll)-thiourea complex as
demonstrated in a previous report [45]. The maximum absorption (Amax) that appeared at 325

nm can be attributed to the metal to ligand charge transfer (MLCT) since the Pd(Il) is an

electron-rich metal (d®) and the thiourea ligand provided an empty n* orbital. In the FTIR
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spectrum (Figure 2.5 (b)) for the initial receiving solution, the asymmetric stretching vibration
for the S=C< bond of free thiourea appeared at 1412 cm™. For the receiving solution after
operation, a red-shift of this peak to 1398 cm™ was observed, showing a reduction of S=C<
bond strength. This shift can be attributed to the formation of coordination bonds between the

S atom on thiourea and Pd(I1), which reduced the electron density of the S=C< bond.

2.3.5 The effect of metal concentration in the feed solution

The effect of metal concentration in the feed solution on the transport behavior was
investigated. As the optimum molar ratio of Pd(Il) to thiourea was known, the investigation
was carried out by increasing and reducing the Pd(I) and Rh(Ill) concentrations while
maintaining the molar ratio of Pd(Il) to thiourea at 1 : 4 (Table 2.3). As can be seen, when the
metal concentration was reduced to 25 ppm or increased to 100 ppm, the Pd(Il) recovery (RF)
was maintained at ~98% with 99% purity (PR) in the receiving solution. This result suggests
that PIM transport is applicable for various feed metal concentrations. The initial flux increased
as the Pd(I1) concentration increased, giving 0.849, 1.551, and 1.804 mmol m= h~ for Pd(ll)
concentrations of 25, 50, and 100 ppm, respectively. Higher metal concentration in the feed

solution, which provides a higher concentration gradient, leads to faster metal ion permeation.

Table 2.3. Effect of metal ion concentration in the feed solution on the transport behavior.

Pd(I1) (ppm)  Rh(I1) (ppm) Tu (MM)  Jo(mmolm2h?) RF(%) PR (%)

25 25 1 0.85 98.3 99.5
50 50 2 1.55 98.2 99.2
100 100 4 1.80 97.5 99.3

Membrane composition: 50 wt% PVDF-co-HFP, 40 wt% Pggs12Cl, 10 wit% 2NPOE. Feed solution:
25-100 ppm Pd(11) and 25-100 ppm Rh(l1I) in 3 M HCI, receiving solution: 1-4 mM thiourea (Tu) in
1 M HCI, transport operation: 48 h.
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According to the results described above, the selective recovery of Pd(l1) through the PIM
is thought to have occurred as follows: [PdCls]*>" species were effectively extracted as
[Psss12*]2[PdCl4]>~ with Psgs12Cl via the ion exchange mechanism represented by equation (2.7)
at the membrane surface on the feed side and reacted with thiourea at the opposite surface of
the membrane as described in equation (2.9). As a result, Pd(Il) can be recovered to the

receiving solution as [Pd(Tu)4]**, and the ionic liquids are regenerated.

[P88812+]2[PdCl42_] +4SC(NHp)z(aq) = 2[Pgggz” CL7] + [PA(SC(NHy)2)4]** (aq) + 2C1™ (aq)

(2.9)

2.3.6 Reusability of the membrane

Another important factor in the membrane transport system is the reusability of the
membrane. In the reusability test, the performance of Pggsi2Cl as a carrier in a PIM was
compared with that of a commercially available ionic liquid, Pess14Cl. As shown in Figure 2.6,
the performance of the PIM with Pggs12Cl as the carrier (PIM-P8) was quite stable throughout
7 operation cycles. The Pd(Il) recovery remained ~96% at the 7" cycle. In contrast, the
performance of PIM with Pegs14Cl as the carrier (PIM-P6) gradually decreased. The Pd(ll)
recovery had reduced by ~30% at the 7%" cycle. On each cycle of the reusability test, the leakage
of the carrier from the PIM into the feed and receiving solutions was monitored. Carrier leakage
from PIM-P8 to the feed and receiving solutions was not detected, while ~0.2-0.4 ppm of P
from PIM-P6 was detected in both solutions at each cycle (Table S2.2, Appendix A). These
results suggest that the membrane stability relates to the performance of the PIMs. PIM-P8
showed a more stable performance as the carrier did not leak, while PIM-P6 was less stable

owing to the carrier leakage.
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Figure 2.6. Recovery factor (RF) of Pd(Il) transport throughout 7 operation cycles using PIM-P8 and
PIM-P6; each cycle was performed within 24 h. Membrane composition: 50 wt% PVDF-co-HFP, 40
Wt% Psgs12Cl (PIM-P8) or 40 wt% Pess14Cl (PIM-P6), 10 wt% 2NPOE. Feed solution: 50 ppm Pd(Il)
and 50 ppm Rh(H1) in 3 M HCI, receiving solution: 2 mM thiourea in 1 M HCI.

To obtain deeper insight into the carrier leakage behavior, the PIMs were subjected to a
harsh acid environment i.e. soaked in 10 M HCI for 7 days with shaking. After the treatment,
the mass of the PIM-P8 had decreased slightly (+ 5%) while that of the PIM-P6 had
significantly decreased (+ 20%) (Figure S2.6, Appendix A). The P concentrations in the acid
solutions for PIM-P8 and PIM-P6 after the treatment were 0.013 and 5.714 ppm, respectively
(Table S2.3, Appendix A). These results demonstrate that leakage of the carrier (PIM-P8) was
indeed inhibited compared with that of PIM-P6. The results are also in good agreement with
our previous stability study, which compared Pgss12Cl and Pesss14Cl ionic liquids as extractants
in the solvent extraction of PGMs [36]. It was shown that the water content in the ionic liquid
and the concentration of P—i.e. the concentration of the ionic liquid—released into the water,
at the equilibrium state of each ionic liquid, were as follows: 4.30 wt% and 0.301 mg L for

Psgg12Cl, and 6.26 wt% and 6.887 mg L for Pees14Cl. The hydrophobicity of Pgssi2Cl, which
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is higher than that of Peee14Cl as indicated by the above water content and P release, are thought

to contribute to the higher stability of the membranes.
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Figure 2.7. FTIR spectra of (a) Psss12Cl, (b) PVDF-co-HFP, (c) PIM unused, (d) PIM after 7 uses, ()
PIM after being soaked in 10 M HCI for 7 days.

2.3.7 Membrane characterization

The membrane stability was further confirmed by examining its structural change using
FTIR spectroscopy. The spectra of the PIMs before use, after 7 uses, and after being soaked in
10 M HCI for 7 days are shown in Figure 2.7, along with that of Pggg12Cl and PVDF-co-HFP.
In the Pggs12Cl spectra, vibrations of P—C stretching, C—C stretching, P-CH>—R bending, and
C—H stretching were exhibited at 722 cm™, 1045 cm™, 1468 cm™, and around 2900 cm™,
respectively. PVDF-co-HFP exhibited a strong fingerprint in the 500-1500 cm™ region and
therefore predominates the infrared spectra of the PIM. Nevertheless, it was clearly observed
that the spectra of the PIM after 7 uses and the PIM soaked in 10 M HCI for 7 days were similar
to that of the PIM before use, showing that no significant structural changes occurred. Indeed,

the block copolymer PVDF-co-HFP exhibits good physical and chemical endurance even under
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various harsh conditions [46—48], therefore it can maintain the stability of the PIMs. In addition,
the strong C—H stretching band of the Psgs12Cl was clearly observed around 2900 cm™ with
preserved intensity, showing that the carrier was maintained inside the PIM after membrane
operations or contact with HCI. Moreover, by enlarging the spectra around 1500 cm™2, it can
be seen that the P-CH>—R bending band from Pggs12Cl was also preserved for PIMs after 7 uses
as well as after being soaked in 10 HCI for 7 days, showing that the carrier had not deteriorated.

The results demonstrated that the chemical structure of both the polymer base and carrier in

the PIMs was stable over the multiple transport cycles and even in a harsh acid environment.

(@) (b)

Figure 2.8. SEM and P element EDX mapping images of the PIMs (a and b) before use and (c and d)
after 7 uses. Membrane composition: 50 wt% PVDF-co-HFP, 40 wt% Pggs12Cl, 10 wt% 2NPOE with
total mass of 400 mg.

The PIMs were also characterized using SEM and EDX elemental mapping. An SEM
image of the cross-section of the membrane is shown in Figure S2.7 (Appendix A). It can be
seen that the PIM has a thickness of 56.7 um and a dense structure. The SEM-EDX elemental
mapping images along cross-section regions of the PIMs are shown in Figure 2.8. The P was
finely distributed across the membrane for the PIM before use (Figure 2.8 (b)), showing a
homogenous dispersion between the Pggs12Cl ionic liquid and the polymer base. After 7 uses

(Figure 2.8 (d)), the P species remained finely distributed inside the PIM, showing the stability
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of the PIM over multiple uses. This result is also in good agreement with those demonstrated

in the reusability test, the monitoring of carrier leakage, and the infrared spectroscopy.

2.4 Conclusions

The separation of Pd(1l) from Rh(IIl) using a PIM transport system with the ionic liquid
Pgss12Cl as the metal carrier was demonstrated. The optimum PIM composition investigated in
this study was 50 wt% PVDF-co-HFP (base-polymer), 40 wt% Pgsg12Cl (carrier), and 10 wt%
2NPOE (plasticizer). Selective transport of Pd(l1l) could be achieved by adjusting the HCI
concentration in the feed solution to >3 M to suppress the transport of Rh(I11) species. To obtain
quantitative recovery of Pd(Il), a1 : 4 molar ratio of Pd(l1) to thiourea in the receiving solution
should be maintained. Insufficient thiourea leads to a low Pd(I1) recovery yield, while an excess
leads to permeation of thiourea from the receiving solution to the feed solution. The
stoichiometry of the Pd(I1) transport and spectroscopic data suggested that [Pd(Tu)4]** species
were formed in the receiving solution. PIMs with Pggg12Cl ionic liquid as a carrier showed a
stable performance over 7 reusability test cycles, with the recovery of Pd(I1) still reaching 96%
for the 7" cycle. In contrast, PIMs with commercial Pees14Cl as a carrier showed a less stable
performance with ~30% depletion of the Pd(Il) recovery at the 7" cycle. Membrane
characterization using infrared spectroscopy, and SEM-EDX mapping demonstrated that the
chemical structure and composition of PIMs with Pggs12Cl were well preserved over multiple
uses. This study demonstrated that the application of our designed ionic liquid Pgss12Cl as a
carrier in PIMs results in remarkably good performances for the separation of Pd(I1) and Rh(111)
with high stability. This study suggests that PIMs can be applied to more complex separation

systems for platinum group metals.
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Appendix A. Supporting Information
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Figure S2.1. Chemical structure of (a) PVDF-co-HFP, (b) Psss12Cl, (¢) 2NPOE, and (d) Pegs14Cl.

Figure S2.2. PIM with the composition of 50 wt% PVDF-co-HFP, 40 wt% Pgss1.Cl, 10 wt% 2NPOE
with total mass of 400 mg.
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Figure S2.3. The extraction behavior of Pd(Il) and Rh(Ill) in (a) solvent extraction using undiluted

Psss12Cl and (b) extraction into membrane tips. Membrane composition: 50 wt% PVDF-co-HFP, 40
Wt% Pggs12Cl, 10 wt% 2NPOE.

Table S2.1. The rate constant (k) and separation factor (SF) of Pd(Il) and Rh(Ill) extraction in solvent

extraction and extraction into membrane tips.

k (s1)
Extraction SF ()
Pd(I1) Rh(I11)
Solvent 852x10* 149x10*% 1.3

Membrane 597 x10° 583x107 38.3

Agueous solution: 50 ppm Pd(I1) and 50 ppm Rh(l1l) in 1 M HCI. Solvent extraction was conducted in
volume ratio of agueous/organic phase = 4 with total volume of 5 mL. Extraction into membrane tips
was conducted using 50 mL of the aqueous solution and 100 mg of the membrane. Both of solvent and

membrane extraction were performed in a mechanical shaker (120 rpm) for 5 h at 25 °C.
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(a) (b)

Figure S2.4. Membrane colors after use in transport operations with different concentrations of thiourea
(Tu) in the receiving solution, (a) 0.5 mM, (b) 1 mM, and (c) 2mM in 1 M HCI. Membrane composition:
50 wt% PVDF-co-HFP, 40 wt% Psgs12Cl, 10 wt% 2NPOE. Feed solution: 50 ppm Pd(ll) and 50 ppm

Rh(111) in 3 M HCI.

Initial time

Figure S2.5. Visual observation of the membrane transport operation at initial time (top) and after
operation (bottom). The left hand side is the feed solution and the right hand side is the receiving
solution. Feed solution: 50 ppm Pd(Il) and 50 ppm Rh(lIl) in 3 M HCI, receiving solution: 2 mM
thiourea in 1 M HCI. Membrane composition: 50 wt% PVDF-co-HFP, 40 wt% Pgss12Cl, 10 wt% 2NPOE.
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Table S2.2. P concentration in feed and receiving solutions during 7 cycles of transport operation using
PIM-P6. Membrane composition: 50 wt% PVDF-co-HFP, 40 wt% Pess14Cl, 10 wt% 2NPOE. Feed
solution: 50 ppm Pd(l1) and 50 ppm Rh(l11) in 3 M HCI, receiving solution: 2 mM thiourea in 1 M HCI

P concentration (ppm)

Cycle
Feed solution Receiving solution
1 0.422 0.432
2 0.299 0.302
3 0.281 0.295
4 0.260 0.297
5 0.263 0.313
6 0.255 0.302
7 0.259 0.297

For transport operation using PIM-P8, the P concentration in feed or receiving solutions was not
detected on ICP-OES.
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Figure S2.6. The mass change of PIM-P8 and PIM-P6 after soaked in 10 M HCI for 7 days under
shaking.
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Table S2.3. P concentration in aqueous phase after the PIMs were soaked in 10 M HCI for 7 days under

shaking.
Membrane P concentration (ppm)
PIM-P8 0.013
PIM-P6 5.714

Figure S2.7. SEM image of the cross-section of the PIM. The PIM composition is 50 wt% PVDF-co-
HFP, 40 wt% Pgss12Cl, 10 wt% 2NPOE with total mass of 400 mg.

~ End of Chapter 2 ~
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CHAPTER 3. SELECTIVE SEPARATION OF PLATINUM GROUP METALS VIA
SEQUENTIAL TRANSPORT THROUGH POLYMER INCLUSION MEMBRANES

CONTAINING AN IONIC LIQUID CARRIER

Abstract:

Mutual separation of platinum group metals (PGMs) is a particularly challenging issue in metal
recovery technology. In this study, we report the successful separation of Pt(IV), Pd(lIl), and
Rh(I11) by sequential transport through polymer inclusion membranes (PIMs) containing the
ionic liquid trioctyl(dodecyl) phosphonium chloride (Psgs12Cl) as a metal carrier. This study
describes the screening of suitable receiving solutions, optimization of the operating conditions,
establishing a possible transport mechanism, and evaluation of the membrane stability. In the
first transport sequence, Pt(IV) was selectively transported into the receiving solution with a
recovery of >95%, while Pd(Il) and Rh(Ill) remained in the feed solution. In the second
transport sequence, high purity Pd(ll) was transported into the receiving solution with a

recovery of >95%, while Rh(lll)

o )
remained completely in the feed lst“anSPO“ .

>95%
solution.  Furthermore, the PIM

exhibited a stable performance with

multiple uses over a 4 week period :

during which 4 Pt(IV) and Pd(ll)

Ng t
ranspo,_t

sequential transport cycles were continuously carried out.

Remark:

This chapter was published in ACS Sustainable Chemistry & Engineering, 2020, 8, 11283—

11291. Reproduced with permission. Copyright 2020 American Chemical Society.

45



3.1 Introduction

The demand for platinum group metals (PGMs)—e.g. platinum (Pt), palladium (Pd), and
rhodium (Rh)—for the manufacture of various products has been steadily rising over the years
[1]. The total world demand for Pt, Pd, and Rh in 2019 was 8,484,000 oz, 11,502,000 oz, and
1,144,000 oz, respectively [2]. PGMs are essential constituents of automobile catalytic
converters, computers, smartphones, fuel cells, and catalysts for the oil-refining and fine
chemical industries [3,4]. PGMs exhibit stable electrical properties [5], are resistant to high-
temperature corrosion and oxidation [6,7], and improve the properties of other transition metals
by forming alloys [8]. Owing to the unique characteristics of PGMs, they are rarely substituted
with different elements or compounds in applications. However, PGM resources in the earth’s
crust are limited. In the past decade, PGM demand has consistently exceeded the supply by
approximately 30% [2,9].

The use of secondary resources, for example recycling waste materials, could address the
issue of PGM scarcity. Several technologies have been developed to optimize metal recycling
processes, including bio-recycling [10], precipitation [11,12], ion-exchange resins [13,14],
liquid-liquid extraction [15-17], and membrane technology [18]. From an economic point of
view, membrane technology would be advantageous for industrial purposes as it would provide
a simple one-step metal recovery process, which would reduce the operation cost. Polymer
inclusion membranes (PIMs)—a type of carrier-mediated membrane—have demonstrated
promising results for various metal separation and recovery processes [19-22]. PIMs exhibit
several advantages including durability, high selectivity, and facile tunability [23].
Furthermore, PIMs are considered more eco-friendly than their liquid-liquid extraction
counterparts owing to markedly less extractant being required.

There have been some reports of the application of PIM technology for PGM recovery

[24-28]. However, the core problem, which is the mutual separation of PGMs, is rarely
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addressed in detail. PGMs are extremely difficult to separate from each other because of the
similarity of their physical and chemical properties. PGMs are transition metals in the d-block
of the periodic table that have valence shells of 6s'5d°, 4d'°, and 5s%4d® for Pt, Pd, and Rh,
respectively. Consequently, they exhibit similar paramagnetic properties and a strong tendency
to form similar kinds of complexes [29]. According to the hard-soft acid-base (HSAB) theory,
these metals show soft-acid characteristics; thus, they prefer to coordinate with soft-base
ligands e.g. cyanide, amine, ammonia, and sulfur ligands, as well as halides. Moreover, the
atomic sizes of Pt (1.75 A), Pd (1.63 A), and Rh (2.00 A) show only very small differences,
obviating the possibility of size exclusion-based separation.

To address the challenges of PGM recycling, our group designed a novel extractant;
trioctyl(dodecyl) phosphonium chloride (Psgs12Cl) ionic liquid. This ionic liquid has performed
remarkably well for PGM recovery from an automotive catalytic converter leach liquor in a
liquid-liquid extraction [30,31]. Psss12Cl was able to rapidly extract Pt(1V), Pd(11), and Rh(lll)
from an aqueous chloride solution through the ion-exchange mechanism [32]. Subsequently,
we expanded the application of the ionic liquid to PIM technology with the aim of creating a
simpler, cheaper, and more environmentally friendly process. As recently reported, a stable
PIM for selective separation of Pd(I1) and Rh(I11) was successfully fabricated by incorporating
the Pggs12Cl ionic liquid carrier into a poly(vinylidene fluoride-co-hexafluoropropyle) (PVDF-
co-HFP) polymer base with a small amount of 2-nitrophenyloctyl ether (2NPOE) as a
plasticizer [33]. In the current study, we aimed to demonstrate a complete process for PGM
mutual separation using the PIM transport system.

Herein, we report the successful separation of Pt(IV), Pd(Il), and Rh(Ill) with high
recovery and purity from a mixture solution via sequential transport through a PIM containing
a Pgsg12Cl carrier. The sequential transport was carried out in a one-pot system using suitable

receiving solutions for each transport sequence without replacing the membrane. In addition,
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the PIM stability was examined for multiple transport cycles over a continuous 4-week period.
To the best of our knowledge, this is the first report of the complete mutual separation of Pt,

Pd, and Rh in a membrane transport system.

3.2 Experimental

3.2.1 Materials

The ionic liquid trioctyl(dodecyl) phosphonium chloride (Psss12Cl, assay 98%) was
supplied by Nippon Chemical Industrial Co., Ltd. (Tokyo, Japan). The poly(vinylidene
fluoride-co-hexafluoropropyle) (PVDF-co-HFP) pellets were purchased from Sigma-Aldrich.
The 2-nitrophenyloctyl ether (2NPOE, 99%) was purchased from Dojindo Laboratories. The
tetrahydrofuran (THF, 99.5%), standard solution of platinum (H2PtCls in 1 M HCI, 1000 ppm),
standard solution of palladium (PdCl2 in 1 M HCI, 1000 ppm), thiourea powder (SC(NH2).,
98%), and ammonia solution (NHs, 28%) were purchased from Wako Pure Chemical Ltd. The
standard solution of phosphorous (KH2PO4 in H2O, 1000 ppm) and the standard solution of
rhodium (Rh(1I1) in 1 M HCI, 1000 ppm) were purchased from Kanto Chemical Co., Inc. The
hydrochloric acid solution (HCI, 10 M), nitric acid solution (HNOs, 5 M), sodium perchlorate
powder (NaClOs, 98%), ammonium chloride powder (NHiCl, 99%), and potassium
thiocyanate powder (KSCN, 99.5%) were purchased from Kishida Co., Ltd. Deionized water

(Milli-Q, Merck Millipore) was used to prepare all of the aqueous solutions.

3.2.2 Preparation of the polymer inclusion membranes

The polymer inclusion membranes (PIMs) were fabricated based on the findings of our
previous report [33]. The PIM components—Pgss12Cl (carrier, 40 wt%), PVDF-co-HFP
(polymer base, 50 wt%), and 2NPOE (plasticizer, 10 wt%) with a total mass of 400 mg—were
dissolved in 10 mL of THF. The mixture was stirred vigorously at 40 °C until a homogenous

solution was obtained. The solution was then poured into a 7.5 cm diameter glass ring on top
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of a glass plate. A filter paper and a watch glass were positioned on the top of the glass ring to
enable the THF to slowly evaporate for one day. The PIMs were then carefully separated from
the cast when they were completely dry. The PIM thickness was 55 um (see Figure S3.1(a),

Appendix B).

3.2.3 Membrane batch extraction and stripping experiments

The membrane batch extraction experiment was carried out by immersing a segment of
the PIM with a mass of 100 mg in 50 mL of the feed solution in a glass jar. The jar was shaken
at 90 rpm in a water bath shaker (EYELA NTS-4000BH) at 25 + 0.5 °C for 24 h. At the end of
the extraction experiment, the metal loaded PIM segment was taken from the feed solution and
gently dried. The PIM segment was then subjected to a stripping experiment by immersing it
in 50 mL of the stripping solution in a glass jar. The jar was treated in the same manner as for
the extraction experiment for 24 h. The metal concentration in the feed and stripping solutions
after each treatment was measured using an inductively coupled plasma optical emission
spectrometer (ICP-OES) Optima 8300 (PerkinElmer). The extraction (E, %) and stripping

(S, %) efficiencies were calculated using equations (3.1) and (3.2), respectively.

cE ~cE
E = M X 100% (3.1)
Cwm,i
S= Mo 1000 (3.2)
(cii=ciny)

where Cy; ; is the initial metal M concentration in the feed solution (mol m™%), Cj; - is the final
metal M concentration in the feed solution (mol m®), and Cy , is the final metal M

concentration in the stripping solution (mol m=3).

3.2.4 Membrane transport experiments
The transport operations were performed in a membrane transport system comprising

paired glass chambers surrounded by a circulating water-jacket. A circular PIM sample with a
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mass of 121 + 1 mg was clamped between the flange of the feed and receiving chambers. The
feed and receiving solutions (volume of 50 mL, respectively) were added to the corresponding
chambers. The diameter of the membrane in contact with each solution was 25.0 mm (effective
surface area of 4.9 x 10~* m?). The solution in each chamber was stirred using a magnetic stirrer
bar during the transport operations. A water bath (EYELA NCB-1200) was used to maintain
the temperature of the feed and receiving solutions at 25 + 0.5 °C by constantly flowing water
into the jacket of each chamber. At designated time intervals, 0.5 mL solutions were sampled
systematically from both chambers. The metal concentrations were monitored using an 1CP-
OES. When solution samples were taken for analysis, corresponding volumes of fresh solution
were added to the chambers.

The kinetics of the membrane transport were assumed to follow a first-order reaction, thus
the rate constant (k, h™t), permeability coefficient (P, m h™), initial flux (Jo, mmol m2 h™?),
recovery factor (RF, %), and product purity (PR, %) of the transported metals were determined

using equations (3.3) — (3.7), respectively.

CF
m( “;'f) — —kt (3.3)
Chm,i
|4
P=(3)k (3.4)
Jo = PC,ﬁ‘i (3.5)
R
RF = 2t % 100% (3.6)
Cmii
R
PR = -1t 100% (3.7)

Mtot,t

where C¥ . is the metal M concentration in the feed solution at time t (mol m=), Cy; ; is the

initial metal M concentration in the feed solution (mol m=), t is the time of the transport
operation (h), V is the feed solution volume (m®), and A is the area of the membrane surface in

contact with both the feed and receiving solutions (m?), Cpi ¢ is the metal M concentration
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transported into the receiving solution at time t (mol m), and Cg,. . is the total metal
concentration in the receiving solution (mol m=).

The sequential transport of Pt(1V) and Pd(I1) was carried out without replacing the PIM.
After finishing the Pt(IV) transport (1% sequence), the receiving solution was removed from
the chamber. The inner side of the receiving chamber was then washed three times using
deionized water. Fresh receiving solution was then added to the receiving chamber for the
Pd(l1) transport (2" sequence). The metal concentration in feed solution was measured prior

to each sequence and designated the initial concentration.

3.2.5 Membrane stability test

The stability of the PIM was evaluated for a continuous transport operation over a 4-week
period performing 4 cycles of sequential Pt(1\VV) and Pd(ll) transport. After completing the first
cycle of sequential Pt(1V) and Pd(Il) transport, both the feed and receiving solutions were
removed from the chambers. The inner side of the chambers was washed three times using
deionized water while the membrane was kept in position. The fresh feed and receiving
solutions were then added to the corresponding chambers, and the second cycle was conducted,
and so on. Each sequential transport cycle required 7 days for completion; 4 days for Pt(IV)
transport and 3 days for Pd(I1) transport. To monitor the leakage of carrier from the membrane,
the phosphorous concentration in the feed and receiving solutions was analyzed periodically
using ICP-OES. The weight of the PIM before and after the stability test was recorded using a
digital balance (Sartorius CPA225D). The PIM was also examined using several

characterization techniques.

3.2.6 Characterization
The infrared spectra of the PIMs were acquired using a Fourier transform infrared (FTIR)

spectrometer equipped with an attenuated total reflectance (ATR) accessory (PerkinElmer).
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The spectra were scanned 8 times with a resolution of 2 cm™. The membrane morphology and
elemental mapping were observed using a scanning electron microscope with energy dispersive
X-ray (SEM-EDX) instrument (Hitachi TM4000) with a voltage acceleration of 15 kV and
magnification of 1000x. The characteristics of the PIM surface were analyzed using a scanning
probe microscope (SPM) instrument (Hitachi Nanocute) in dynamic force mode with a
microcantilever SI-DF3P2. To establish a plausible transport mechanism, the complex
compound species that were formed during transport were analyzed using an ultraviolet-visible
(UV-Vis) spectrometer (JASCO V-670) at 25 °C with a 1 nm spectral resolution. To measure
the UV-Vis spectra of the metal complex formed inside the PIM, the metal loaded PIM obtained
following the transport operation was dissolved into 20 mL of THF and vigorously stirred at

40 °C until a homogenous solution was observed.
3.3 Results and Discussion

3.3.1 Screening of suitable receiving solutions

In the liquid-liquid extraction experiment the Pggs12Cl ionic liquid rapidly extracted Pt(1V),
Pd(I1), and Rh(lll) from the appropriate aqueous solution as described in equations (3.8) —
(3.10) [32]. Thus, a selective stripping solution is required to achieve mutual PGM separation.
Since the separation of Pd(I1) and Rh(I1l) was demonstrated in our previous study [33], the first
target in the current study was the selective separation of Pt(IV) from Pd(I1) and Rh(lIl). Prior
to the membrane transport operations, membrane batch extraction and stripping experiments
were carried out to find a selective stripping solution for Pt(IV). Six stripping agents were
proposed; NaClOs, NH3, NH4Cl, SC(NH>)2, HNO3, and KSCN.

[PtCl6]?" 4y + 2(Pags12 " C17) org) = (P88812+)2[Pt6l6]2‘(org) +2C17 (qq) (3.8)
[PACLLI*" (g + 2(Pagsr2"CL7) . = (P88812+)2[PdCl4]2‘(0Tg) +2C1" (aq) (3.9)

[RhCl5(H,0)1%" ) + 2(Pggg12"CL7) org) = (P88812+)2[RhClS(HZO)]Z‘(Org) + 2C17 (4q) (3.10)
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Figure 3.1. (a) Extraction efficiency (E) of PGMs into PIM segments and (b) stripping efficiency (S)
from metal loaded PIM segments into stripping solutions. Feed solution: Pt(1V), Pd(I1), Rh(1IT) 20 ppm
in HCI 3 M. Stripping solutions: (i) NaClOa, (ii) NHs, (iii) NH4CI, (iv) SC(NH2)2, (v) HNOs, or (vi)
KSCN 0.1 M.

Figure 3.1(a) shows the extraction of Pt(1V), Pd(11), and Rh(I1l) from the feed solution into
the PIM segments. Under a high concentration of HCI (3 M), the Pt(1V) and Pd(ll) were easily
extracted into the membrane, while the Rh(l1l) stayed in the feed solution. This result is in line
with previous literature, which showed that Rh(IlIl) was hardly extracted under a high
concentration of Cl~ ions [34-36], although the extracted species were different [37]. The result
also implied that the separation of Pt(IV) and Pd(Il) would be a significant challenge. The
stripping efficiency of Pt(1V) and Pd(Il) from the PIM segments into several stripping agents
is shown in Figure 3.1(b). Encouraging results for Pt(IV) stripping were exhibited for NaClO4
and KSCN solutions. The Pt(I1V) stripping into NaClO4 solution was high (¥90%), although a
small amount (=30%) of Pd(Il) was also stripped. The KSCN solution was able to selectively
strip Pt(1V), although the efficiency was relatively low (<25%). Of the other solutions NHs,
SC(NH>)2, and HNOs3 exhibited higher selectivity for Pd(ll), while the NH4ClI solution was
unable to strip either Pt(IV) or Pd(l1). Based on the findings, the NaClO4 solution was selected

as the receiving solution for the membrane transport experiments.
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Figure 3.2. Effect of receiving solution concentration on the transport behavior of Pt(IV), Pd(ll), and
Rh(111): (a) 0.01 M, (b) 0.1 M, (c) 1 M NaClOa. Feed solution: Pt(1V), Pd(Il), Rh(lll) 20 ppm in HCI 3

M.

3.3.2 Optimization of the membrane transport operations

First, the effect of the NaClO4 receiving solution concentration on metal ion transport was
investigated. As can be seen in Figure 3.2, the amount of Pt(IV) transported into receiving
solutions of 0.01 M, 0.1 M, and 1 M NaClOg after 3 days was 57%, 98%, and 94%, respectively.
The 0.1 M NaClOg receiving solution was therefore selected for subsequent experiments since
it demonstrated the highest Pt(1V) recovery. However, although the recovery was satisfactory,
the transport selectivity required improvement. Along with Pt(IV), 48% of the Pd(Il) was also

transported into the receiving solution, reducing the product purity.
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Combine

Figure 3.3. Membrane cross-section SEM-EDX images of the PIM after the transport operation with a
0.1 M NaClOq receiving solution. EDX elemental mapping: carbon (C), fluorine (F), oxygen (O), and

nitrogen (N). The upper side is the side of the membrane that contacted the receiving solution.

An unexpected observation was made for the PIM after the transport operation. A white
precipitation-like layer was observed on the membrane surface that contacted the receiving
solution (Figure S3.1(b), Appendix B). To investigate what happened on the membrane surface,
an SEM-EDX measurement was conducted. Figure 3.3 shows the membrane cross-section
SEM image with EDX elemental mapping for carbon (C), fluorine (F), oxygen (O), and
nitrogen (N). On the upper side of the mapping images, which was the receiving solution side,
a small line gap was clearly observed for C and F and was visible but blurry for O and N. This
result indicates that the precipitation-like layer was a damaged part of the membrane, in
particular the polymer base. PVDF-co-HFP is a stable polymer that can endure severe
environments [38—40], however, it appeared that prolonged contact with the NaClO4 solution
resulted in surface damage. A nucleophilic attack by oxygen species from the ClO4~ ion on the
fluoride moieties in the PVVDF polymer block might be the reason for the damage, as suggested

in several studies [41-43].
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Figure 3.4. Effect of feed solution concentration on the transport behavior of Pt(1V), Pd(lI1), and Rh(ll1):

(@) Pt(1V), Pd(l1), Rh(11I) 20 ppm, (b) Pt(1V), Pd(Il), Rh(Ill) 50 ppm, (c) Pt(1V), Pd(Il), Rh(Ill) 100

ppm, (d) Pt(I\V) and Pd(Il) 80 ppm, Rh(I1I) 30 ppm, (e) Pt(1\V) 80 ppm, Pd(l1) 160 ppm, Rh(Ill) 30 ppm

in HCI 3 M. Receiving solution: NaClO; 0.1 M in HCI 1 M.
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To prevent damage of the PIM surface, hydrochloric acid was added to the receiving
solution. The presence of hydronium ions (HsO™), a strong electrophile, prevented the oxygen
species from attacking the polymer. Adding HCI 1 M to the NaClO4 0.1 M receiving solution
had little effect on the transport behavior (Figure 3.4(a)), however it prevented membrane
damage during the transport operation (Figure S3.1(c), Appendix B). Thus, the mixture of
NaClO4 and HCI was used for subsequent experiments.

The effect of the concentration of the metals in the feed solution was also studied. Five
different concentrations and ratios were used as listed in Table 3.1. Increasing the concentration
of each ion in the feed solution from 20 ppm to 50 ppm, did not affect the Pt(IV) transport
behavior, however the Pd(I1) transport was significantly reduced from ~40% to ~15% (Figure

4(a,b)) after 3 days of operation. Further increasing the feed concentration to 100 ppm reduced
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the Pd(I1) transport to less than 5%, however the Pt(IV) transport was only slightly reduced
(Figure 3.4(c)). Thus, increasing the feed concentration gradually reduced the Pt(IV) recovery
factor (RF) but increased the product purity (PR) (Table 3.1, a—). The results suggest that the
PIM exhibited some kind of maximum transport capacity: at the lower feed concentration, the
capacity could accommodate both Pt(1V) and Pd(Il), while at the higher feed concentration, it
could only accommaodate Pt(1V), resulting in a higher transport selectivity. This insight was
also supported by the initial flux (Jo) data that showed a gradual decrease as the feed
concentration was increased (Table 3.1, a—c), which indicated the presence of a capacity barrier.
Often, as implied by Fick’s law of diffusion, increasing the feed concentration increases the
initial flux since the gradient concentration between the feed and receiving solutions is

increased.

Table 3.1. Effect of the feed solution concentration on the membrane transport behavior.

No Metal concentration (ppm) Joptav) (Mmol  RFpiav)  PRetqy)

P(IV) Pd(I1) Rh(11) mZh?) (%) (%)
@) 20 20 20 2.29 94 74.3
(b) 50 50 50 2.07 95 87.0
© 100 100 100 1.92 81 95.1
(d) 80 80 30 2.14 9% 96.7
©)* 80 160 30 1.76 96 89.6

*Transport operation: 4 days.

An optimum Pt(1V) transport performance was exhibited for a feed concentration of 80
ppm (Figure 3.4(d)) with RF and PR values of 96% and 97%, respectively (Table 3.1, d). It
should be noted that the concentration of Rh(Ill) was kept low (30 ppm) since the Rh(ll)
always remained on the feed side regardless of its concentration. Unfortunately, the optimum
feed concentration was not similar to the PGM concentration in real waste leach liquor. The

transport behavior when the feed concentration models the PGM concentration in an
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automotive catalytic leach liquor is shown in Figure 3.4(e). When the Pd(11) concentration (160
ppm) was twice as high as that of Pt(IV) (80 ppm), the Pt(IV) transport kinetics were slowed
and required 4 days to reach an RF of 96%. The Pt(IV) purity in the receiving solution
decreased slightly to 89.6% as a result of ~5% Pd(ll) transport (Table 3.1, ). Pt(1V) and Pd(lI)
were competing to be extracted by the Pggs12Cl inside the PIM, thus increasing the Pd(Il)
concentration reduced Pt(IV) transport kinetics. Nevertheless, the recovery and purity obtained
for Pt(IV) transport in this study was satisfactory and could potentially be applied on an

industrial scale.

3.3.3 Sequential transport of Pt(1V) and Pd(l1)

This study was aimed at providing a complete solution for PGM separation. Thus, after
the selective Pt(IV) transport (1% transport sequence) was achieved, the raffinate of the feed
solution was subjected to a subsequent treatment for Pd(11) and Rh(I11) separation (2" transport
sequence). On the first attempt to transport Pd(I1) from the raffinate feed solution, thiourea 5
mM in HCI 1 M was used as the receiving solution, based on findings from a previous report
[33]. However, very little Pd(I1) was transported into the receiving solution even after 3 days
of operation, as shown in Figure 3.5(a). This result was unexpected since the high affinity of
thiourea for Pd(I1) has been well documented in the literature [28,30-32,44—46]. Therefore, a
series experiments to investigate what happened to the raffinate feed solution and to obtain a
high transport recovery was carried out.

The transport of ClO4~ ions from the receiving to the feed solution during the 1 transport
sequence was suspected to have hindered Pd(Il) transport. Therefore, Pd(ll) transport into
thiourea receiving solution was carried out with a small amount of NaClO4 added to the feed
solution. As shown in Figure S3.2(a) (Appendix B), very little Pd(Il) was transported under
these conditions, indicating that CIO4 ions acted as an inhibitor for Pd(lI) transport into the

thiourea receiving solution. When another receiving solution, KSCN 0.1 M, was used, unusual
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transport behavior was observed (see Figure S3.2(b), Appendix B). Almost 100% of the Pd(1I)
was extracted into the PIM but not transported into the receiving solution, resulting in an
accumulation of Pd inside the PIM as shown by its intense orange appearance (Figure S2(d),
Appendix B). Analysis of the PIM surface using EDX showed the presence of Pd and S in
relatively high quantities (Figure S3.3, Appendix B), suggesting the formation of Pd(I1)-SCN
complexes inside the membrane. Complexation of Pd(11) and SCN™ ligands resulted in complex
species that could be easily absorbed into a polymer material as demonstrated by Al-Bazi and

Chow [47].

100&,—,—T—$| 100 f@-——o——2
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0O 15 30 45 60 75 0 15 30 45 60 75
Time (h) Time (h)
Figure 3.5. Transport of Pd(I1) and Rh(lll) from the raffinate feed solution into (a) thiourea 5 mM in
HCI 1 M and (b) a mix of thiourea 10 mM and KSCN 0.1 M in HCI 1 M. Feed solution: raffinate

solution from the 1* transport sequence.

Interestingly, when a mixture of thiourea 10 mM and KSCN 0.1 M in HCI 1 M was used
as the receiving solution, effective Pd(ll) transport and a colorless membrane were observed
after the transport operation (Figure S3.2(c,e), Appendix B). The mixture was then applied as
the receiving solution for Pd(l1) transport from the raffinate feed solution. As can be seen in
Figure 3.5(b), #95% of the Pd(Il) was effectively recovered into the receiving solution after 3
days of operation, while the Rh(I1l) remained completely in the feed solution. The addition of
KSCN into the thiourea receiving solution overcame the inhibition of Pd(ll) transport by the

ClO4™ ions.
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Figure 3.6. UV-Vis spectra of (a) the receiving solution after Pt(I\V) transport, (b) the PIM with Pd(1l)
accumulation inside the membrane, and (c) the receiving solution after Pd(I1) transport. The spectrum

(c) was deconvolved using a Gaussian function.

3.3.4 Plausible transport mechanism

The complex species of Pt(IV) and Pd(ll) formed during the transport operation were
studied using UV-Vis spectroscopy. Figure 3.6 shows the UV-Vis spectra for the Pt(IV) and
Pd(I1) species obtained during the transport operations. The UV-Vis spectrum of Pt(IV)
transported into the NaClO4 receiving solution was similar to that of Pt(IV) in HCI 1 M (Figure
3.6(a)). A small difference in intensity at around 475 nm was observed, while the peak of the
predominant species i.e. the [PtCls]>~ complex, which was observed as a band at 250350 nm,
remained unchanged [48,49]. The results indicated that the Pt(IV) did not undergo a complex
species alteration during the transport process. For Pd(I1), the complex species formed inside
the PIM and transported into the receiving solution were analyzed. The PIM loaded with Pd
when KSCN was used as the receiving solution (Figure S3.2(d), Appendix B), was dissolved
in THF for UV-Vis measurement. Figure 3.6(b) shows the UV-Vis spectrum of Pd(ll) loaded
PIM compared with that of an as-prepared (blank) PIM. The maximum absorption (Amax) of the
[PA(SCN)4]* complex should be observed at around 315 nm [50], however it was hardly
observed owing to overlap with the broad absorption of the PIM components. Nevertheless,

the [Pd(SCN)4]> complex absorption shoulder at around 450-500 nm was clearly observed
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owing to its intense orange color [51,52]. In the receiving solution following Pd(ll) transport,
a broad UV-Vis spectrum from 200 nm to 500 nm was observed (Figure 3.6(c)). For easier
interpretation, the spectrum was deconvolved using a Gaussian function, resulting in four fit
peaks. Fit peaks (i) and (ii) were attributed to the absorbance of excess thiourea and KSCN in
the receiving solution as shown in Figure S3.4 (Appendix B). Fit peaks (iii) and (iv) were

attributed to the Pd-thiourea complex i.e. Pd(SC(NH2)2)4[33,46].

(a)
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e X ——
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Figure 3.7. Plausible mechanisms for (a) Pt(1\VV) and (b) Pd(ll) transport in this study.

SCN-

SC(NH,),

Pd(Il)

Pd(SC(NH,),),

Plausible mechanisms for Pt(IV) and Pd(Il) transport were proposed based on the
spectroscopic analysis and the transport behavior. Figure 3.7(a) depicts the Pt(IV) transport

mechanism. The [PtCls]> species in the feed solution were extracted into the membrane by ion
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exchange with the CI~ ion of the Pggs12Cl ionic liquid, yielding a (Psssi2*)2PtCle?~ complex
inside the PIM. Subsequently, the [PtCls]>~ exchanged with ClO4~ in the receiving solution.
Therefore, coupled transport occurred between the [PtCls]>~ complex in the feed solution and
the ClO4™ ion in the receiving solution, resulting in selective Pt(IV) transport, while Pd(I1) and
Rh(I11) remained in the feed solution. This interpretation is in agreement with that of Pt(I1V)
extraction [31,32] and the previously reported transport mechanism [24]. Figure 3.7(b) depicts
the Pd(l1) transport mechanism. The [PdCl4]*>~ species in the feed solution were extracted into
the membrane via ion exchange with CI~ ions of the Pggg12Cl ionic liquid and subsequently
underwent a ligand substitution with SCN~ ions, yielding the [Pd(SCN)4]*>~ complex inside the
PIM, as indicated by the intense orange appearance and the UV-Vis spectra. Subsequently, the
Pd(I) was withdrawn into the receiving solution through the ligand substitution of thiourea
driven by the concentration gradient and high affinity of Pd(Il) for thiourea, yielding the
Pd(SC(NH2)2)4 complex as indicated by UV-Vis analysis. The Rh(l11) species remained in the
feed solution in both the 1%t and 2" transport sequences. Hence, effective separation of Pt(IV),

Pd(I1), and Rh(I1l) was achieved using the sequential transport strategy.

3.3.5 Membrane stability

Membrane stability is a crucial factor in the implementation of PIM technology on an
industrial scale. In this study, the PIM stability was examined for a continuous transport
operation over the course of 4 weeks, during which 4 cycles of sequential Pt(IV) and Pd(lI)
transport were conducted. As shown in Figure 3.8, the transport performance was quite stable
as demonstrated by the steady recovery factor (RF) values over 4 operation cycles. The RF
value of Pt(1V) transport only decreased slightly from 96% initially to 89% at the 4" cycle,
while that of Pd(Il) transport remained constant at ~95%. The initial flux (Jo) of both Pt(I1V)
and Pd(I1) transport gradually decreased over time (Table 3.2) showing a decline in transport

kinetics. The purity of Pt(IV) in the receiving solution (PR) decreased from 89.6% initially to
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83.2% at the 4™ cycle, while that of Pd(11) decreased slightly from 99.9% to 98.6%. The results
demonstrated that the PIM was relatively stable as it was able to maintain fairly stable RF and
PR values over 4 sequential cycles. Notwithstanding, the reduction in the Jo values indicated a

nanostructure alteration.

Table 3.2. Membrane transport initial flux (Jo) and product purity (PR) during the stability test.

Pt(1V): 1% sequence Pd(ll): 2" sequence

Cyele Jo’Prt](;Y% E]”};“O' PReiqv) (%) JOP;#'% gnlr)nol PRpaq) (%)
| 1.76 89.6 13.31 99.9
1 1.65 87.1 12.33 99.8
"I 1.61 85.7 10.81 99.4
v 1.56 83.2 9.33 98.6

Il Pt(1V): 1 sequence

AAAAAAA

100

L " - &

80

60+

40-
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20-
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Figure 3.8. Recovery factor (RF) for Pt(IV) and Pd(I1) sequential transport over 4 cycles of continuous

operation.
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(a) (b)

(c) (d)

Figure 3.9. SPM images of the PIM on the (a) feed and (b) receiving side before the transport operation
and (c) feed and (d) receiving side after 4 cycles of Pt(IV) and Pd(Il) sequential transport.

To evaluate the structural changes of the PIM, the membrane was characterized using SPM
and FTIR. Figure 3.9 shows SPM images of the PIM surfaces measured in dynamic force mode.
The as-prepared PIM showed a relatively smooth surface on both the feed and receiving sides
with only small differences in the morphology (Figure 3.9(a,b)). Note that the feed side and
receiving side were the PIM sides that contacted the glass plate and were exposed to air during
preparation, respectively; thus, they exhibited slightly different morphology. After being used
in 4 sequential transport cycles, the surface roughness was moderately and significantly
increased on the feed and receiving sides, respectively (Figure 3.9(c,d)). Etching of the PIM
surface or removal of thin viscous liquid membrane film occurred during the multiple transport
operations, particularly on the receiving side. The prolonged alternate use of NaClO4 and the

mixture of thiourea and KSCN as receiving solutions may have caused the etching of the PIM
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surface. Nevertheless, the membrane was sufficiently strong to prevent serious damage as
observed in Figure S3.5 (Appendix B). Moreover, the PIM only exhibited a small mass loss
(6.2 + 0.5 mg from 121 + 1 mg) and no phosphorous leakage into the aqueous feed and
receiving solutions was detected by ICP-OES measurements.

Figure 3.10 shows the FTIR analysis of the PIM before and after use in the stability test.
The complex peaks in the range 500-1500 cm are attributed to the strong fingerprint of the
PVDF-co-HFP. Characteristic peaks of Pgss12Cl can be observed at 1468 cm! and 2900 cm 2,
which correspond to P-CH>—R bending and C—H stretching vibrations, respectively. As can
be seen, neither the PVDF-co-HFP nor Pggs12Cl signals underwent significant deformation,
indicating that the PIM was stable at the chemical structure level. In addition, a new peak at
2109 cm™ emerged for the PIM after use. This peak is attributed to the S—C=N stretching
vibration of the thiocyanate anion that was ion-exchanged into the PIM, replacing the CI~ ion
of the Pggs12Cl during the Pd(ll) transport operation. The increase of roughness on the PIM
surface and the ion-exchange between SCN™ and CI ions inside the PIM, may correspond to

the reduction of the initial flux (Jo) value.

1(a)
1(b)

= S—C=N"
J Stretching

Transmittance (%)

4000 3000 2000 1000
Wavenumber (cm™)

Figure 3.10. FTIR spectra of the PIM (a) before and (b) after use in 4 cycles of Pt(IV) and Pd(Il)
sequential transport.
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3.4 Conclusions

This work demonstrated the successful separation of PGMs—Pt(IV), Pd(I1), and Rh(I11)—
using a sequential transport operation through a PIM containing Psgs12Cl ionic liquid carrier.
For the Pt(IV) transport (1% sequence), NaClO4 0.1 in HCI 1 M was found to be a suitable
receiving solution. Under the optimized conditions, selective Pt(I\V) transport with a recovery
of 96% and purity of 89.9% was achieved, while Pd(I) and Rh(Ill) remained in the feed
solution. For the Pd(I1) transport (2" sequence), a mixture of thiourea 10 mM and KSCN 0.1
M in HCI 1 M was found to be a suitable receiving solution. The presence of KSCN was able
to overcome Pd(ll) transport inhibition by CIO4™ ions that permeated into the feed solution
during the 1% transport sequence. Pd(ll) was transported into the receiving solution with a
recovery of 96% and purity of 99.9%, while the Rh(Ill) remained completely in the feed
solution. A membrane stability test demonstrated that the PIM exhibited a stable performance
over 4 cycles of Pt(IV) and Pd(ll) sequential transport throughout a total operation time of 4
weeks. The results obtained in this study show that using a PIM containing an ionic liquid
carrier could successfully address the issue of PGM mutual separation. The PIM transport
system could be further developed to effectively recover PGMs from real waste materials such

as a spent automobile catalytic converter.
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Appendix B. Supporting Information

(a)

Figure S3.1. (a) SEM image of the membrane cross-section (PIM thickness: 55 um); photograph of the
PIMs after transport operations with different receiving solutions: (a) NaClO4 0.1 M and (b) NaClO4
0.1 MinHCI1M.
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Figure S3.2. Transport behavior of Pd(I1) with different receiving solutions: (a) thiourea 10 mM in HCI

1M, (b) KSCN 0.1 M, (c) a mixture of thiourea 10 mM and KSCN 0.1 M in HCI 1 M; Photograph (d)

and (e) were the membrane color after transport operation of the experiment (b) and (c), respectively.

Prior to the transport operation, 0.5 mL of NaClO4 0.1 M was added to the Pd(Il) 50 ppm feed solution.
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Figure S3.3. EDX elements analysis of the PIM after transport operation with receiving solution of
KSCN 0.1 M (the photograph was shown in Figure S3.2(d)).
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Figure S3.4. UV-Vis spectra of a mixture of thiourea 10 mM and KSCN 0.1 M in HCI 1 M.

Figure S3.5. Photograph of the PIM after a continuous transport operation over a 4-week period. The
PIM showed a mass loss of 6.2 £ 0.5 mg from a total mass of 121 + 1 mg. Phosphorous leakage into

aqueous phase was not detected in ICP-OES measurements.

~ End of Chapter 3 ~
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CHAPTER 4. RECOVERY OF PLATINUM GROUP METALS FROM A SPENT
AUTOMOTIVE CATALYST USING POLYMER INCLUSION MEMBRANES

CONTAINING AN IONIC LIQUID CARRIER

Abstract:

Spent automotive catalysts (SACs) are the most abundant secondary source of platinum group
metals (PGMs), but the recycling of these materials is quite challenging. In the present study,
we assessed the recovery of Pt, Pd, and Rh from a SAC leachate solution using polymer
inclusion membranes (PIMs) containing the ionic liquid trioctyl(dodecyl) phosphonium
chloride (Psss12Cl). After pretreatment of the SAC using a reducing agent, metals could be
extracted using relatively dilute acid solutions. The selective transport of PGMs from such
solutions was demonstrated with two types of membranes having the same chemical
composition: an isotropic dense membrane (ID-PIM) and an anisotropic porous membrane
(AP-PIM). Using the ID-PIM, more than 90% of Pt and Pd in the SAC extraction solutions

could be recovered with remarkably high purity. In contrast, the AP-PIM could recover Pt, Pd,

and Rh in reasonable yields and — 5
purities with dramatically faster o Pd Highly pure products
transport Kinetics. Both membrane ----------------------ooo oo
types demonstrated  excellent Pt
Pd Fast transport kinetics

durability with no loss of carrier

molecules over a 10-day exposure to various harsh chemicals.

Remark:

This chapter was published in Journal of Membrane Science, 2021, 629, 119296. Reproduced

with permission. Copyright 2021 Elsevier.
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4.1 Introduction

The quantity of platinum group metals (PGMSs) used by the automotive and electronic
industries is predicted to continuously increase in the future [1]. However, the amounts of
PGMs such as platinum (Pt), palladium (Pd), and rhodium (Rh) that are available in the Earth’s
crust are, of course, limited. The high demand for these metals is primarily the result of their
use in automotive exhaust treatment catalysts. As an example, approximately 35% of the Pt
and 80% of the Pd and Rh out of the annual gross demand for PGMs are allocated to the
manufacture of automotive catalysts [2]. These catalysts have been continuously employed to
reduce vehicle emissions since they were first introduced in the 1970s [3]. As such, spent
automotive catalysts (SACs) are currently a plentiful secondary source of PGMs. In fact, the
concentration of PGMs in SACs (approximately 0.5 wt%) [4] is much higher than that in the
primary ores (approximately 0.001 wt%) [5]. Therefore, the recycling of PGMs from
automotive catalyst waste could potentially address the scarcity of these metals and may also
be economically feasible. Furthermore, the recovery of PGMs from SACs is beneficial from
an environmental viewpoint, because it prevents the disposal of harmful materials in landfills
and also decreases the necessity for exploring new mining sites.

The characteristics of a given waste material will affect the efficiency of the metal
recycling process. Automotive catalysts are typically manufactured with a honeycomb
structure that contains cordierite (2MgO-2Al,035Si02) coated with gamma-alumina (y-Al203),
active metals (Pt, Pd or Rh), and certain additives (Ce, Zr, La, Ni, Fe, and various alkaline earth
metals) [6]. In the as-prepared catalysts, the PGMs are presented in the metallic state, typically
as a result of the hydrogen reduction of their chloro-complex precursors [7]. However, as the
catalyst is exposed to exhaust gases, the surfaces of the metallic particles are gradually
converted into oxides such as PtO,, PdO, and Rh.Oz due to the high temperature of the gases

[8]. Unfortunately, the extraction of PGMs (which are essentially inert elements) in their oxide
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forms is quite challenging. Highly concentrated acids combined with oxidant additives are
usually employed to leach PGMs along with the other metals from SACs, to obtain aqueous
solutions [9]. Subsequently, the PGMs must be separated from the other metals and then into
individual pure PGMs. The latter is also a challenging task because PGMs possess similar
physical and chemical properties.

Previously, our group has attempted to address the challenges associated with PGM
recycling by developing trioctyl(dodecyl) phosphonium chloride (Psss12Cl), a novel ionic liquid,
as an effective extractant for Pt(1V), Pd(ll), and Rh(Ill) from SAC leachates [4]. To develop
greener, less-expensive systems for using this material, we have recently incorporated Pggs12Cl
into polymer inclusion membranes (P1Ms) by mixing the ionic liquid with a polymer base and
plasticizer. The effects of the PIM composition and various experimental conditions on the
separation of Pd(Il) and Rh(Ill) chloride solutions were examined [10]. Subsequently, we
applied an optimized membrane to the separation of PGMs into pure Pt(IV), Pd(Il), and Rh(l1l)
through sequential transport operations [11]. The excellent transport performance of this PIM
is attributed to the ability of the Pggs12Cl ionic liquid to function as a metal carrier. In the present
study, we employed this same PIM technology to recover PGMs from actual automotive
catalyst waste. Studies concerning PIMs have often focused on the development of carriers,
the selection of appropriate polymer bases, and the optimization of membrane compositions
[12,13]. Admittedly, the carrier is an essential factor determining the performance of the PIM,
because these membranes are based on a facilitated transport mechanism. Nevertheless, when
a suitable carrier has been established, the effects of physical factors such as the membrane
morphology must be investigated, as these can also play important roles in determining the
surface properties, the possible location of the carrier, and stability.

Herein, we report the selective recovery of Pt(1V), Pd(ll), and Rh(l1l) from a SAC leachate

solution using PIMs containing Pgsg12Cl. This process was based on selecting the optimal PGM
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leaching technique so as to provide solutions that promoted membrane transport. The
separation of PGMs from other leached metals was carried out sequentially in a one-pot
transport system to generate individual solutions for each target metal, without replacing the
membrane. In addition, we also compared the transport behaviors of two different PIMs with
the same composition but different morphologies: isotropic dense and anisotropic porous. To
the best of our knowledge, this is the first report concerning the use of PIM technology to

recover PGMs from a SAC as well as the first direct comparison of PIM morphologies.

4.2 Experimental

4.2.1 Materials

The SAC was supplied by the Seishin Enterprise Co., Ltd. from its Hibiki factory in
Kitakyushu, Japan, in the form of a fine powder (Figure S4.1, Appendix C). The Pgss12Cl (98%)
used as the extractant was provided by the Nippon Chemical Industrial Co., Ltd. (Tokyo, Japan).
Nitric acid (HNOs, 60%), thiourea (SC(NH2)2, 98%), and tetrahydrofuran (THF, 99.5%) were
purchased from Wako Pure Chemical, Ltd., and 2-nitrophenyloctyl ether (2NPOE, 99%) was
purchased from Dojindo Laboratories. Poly(vinylidene fluoride-co-hexafluoropropylene)
(PVDF-co-HFP) was purchased from Sigma-Aldrich, and formic acid (HCOOH, 98%),
hydrochloric acid (HCI, 32%), sodium perchlorate (NaClOa4, 98%), potassium thiocyanate
(KSCN, 99.5%), ammonium chloride (NH4Cl, 99%), sodium sulfite (Na2SOs, 97%), and N,N-
dimethylacetamide (DMAc, 99%) were purchased from the Kishida Co., Ltd. All the aqueous

solutions used in this work were prepared in deionized water (Milli-Q, Merck Millipore).

4.2.2 Leaching of spent automotive catalyst
The SAC powder was pre-treated before the leaching using a modified version of a
procedure previously reported by Trinh et al. [8]. In this process, a quantity of the SAC (5 g)

was dispersed in a 20 vol% HCOOH solution (100 mL) in a round-bottom flask followed by
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vigorous stirring under reflux at 60 °C for 24 h. The liquid and solid were subsequently
separated by centrifugation followed by decantation. The solid pre-treated SAC was then
subjected to a leaching process.

Leaching was performed by dispersing the pre-treated SAC in a 2 M HCI solution (100
mL) in a round-bottom flask. This mixture was stirred under reflux at 70 °C for 48 h, after
which the leachate solution and the solid SAC residue were separated by filtration. The metal
concentration in the leachate was determined using inductively coupled plasma optical
emission spectrometry (ICP-OES; Optima 8300, PerkinElmer). For comparison purposes,
leaching trials following the same procedure but without the pre-treatment step were carried
out, using 2 and 5 M HCI. The leaching efficiency was calculated by determining the initial

PGM concentrations in the SAC sample following digestion in aqua regia (see Appendix C).

4.2.3 Preparation of polymer inclusion membranes

Two types of PIM were prepared in this study: isotropic dense (ID-PIM) and anisotropic
porous (AP-PIM). The ID-PIMs were prepared using a procedure previously reported by our
group [10,11]. In this process, the polymer base (PVDF-co-HFP, 40 wt%), plasticizer (2NPOE,
10 wt%), and carrier (Psss12Cl, 40 wt%) were combined to give a total mass of 400 mg and then
dissolved in 10 mL of THF and stirred at 40 °C until a homogenous solution was obtained.
This solution was poured into a glass ring with a diameter of 7.5 cm, positioned on top of a flat
glass plate. The glass ring was covered with filter paper and a watch glass to enable the THF
to slowly evaporate over the course of 1 day. After the THF had evaporated completely, the
membrane was carefully separated from the glass plate.

The AP-PIMs were prepared using a combination of dual solvent casting and nonsolvent
induced phase separation (NIPS). The PIM components were combined in the same ratio as
used to produce the ID-PIMs to give a total mass of 200 mg, then dissolved in 2 mL of THF

and stirred at 50 °C for 1 h. A 0.5 mL quantity of DMAc was then added to the solution with
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further stirring at room temperature for 15 min. The solution was subsequently poured into the
same type of glass ring as used to produce the ID-PIMs. A filter paper was positioned on top
of the glass ring to allow moderately rapid evaporation of the solvents over a time span of 3 h.
Following this, the newly formed membrane (still in the glass plate) was carefully immersed
in a room temperature water bath adjusted to a pH of 4 using HCI and allowed to soak for 24
h. The membrane was separated from the glass plate and subsequently dried at room

temperature for another 24 h.

4.2.4 Membrane transport trials

The transport assessments of each membrane were carried out in an apparatus comprising
two water-jacketed glass chambers. Each PIM sample was cut into a circular shape and then
clamped in a flange between the two glass chambers that separated the feed and receiving
solutions, after which each chamber was filled with 50 mL of the corresponding solutions. The
effective surface area of the membrane in contact with each solution was 4.9 x 10 m?
(equivalent to a diameter of 2.5 cm). During each transport experiment, the solution in each
chamber was stirred using a magnetic stir bar. The temperatures of the chambers were kept
constant by continuously circulating water through the jackets using a water bath with a
temperature controller (EYELA NCB- 1200). All trials were performed at 25 °C unless stated
otherwise. At specific intervals, 0.5 mL aliquots were taken from both chambers for analysis
of the metal concentrations by ICP-OES. Each time, the chambers were replenished with an
equal amount of fresh solution.

Assuming that the transport kinetics corresponded to a first-order process, the rate constant
(k, h™), permeability coefficient (P, m h™?), and initial flux (Jo, mmol m~2 h™*) were calculated

using equations (4.1) — (4.3).

In (Cﬂf) - —kt 4.1)

F
Chm,i

79



14

P=(%)k (4.2)
Jo = PCiy; (4.3)
Where Cj; . is the concentration of metal M (mol m®) in the feed solution at time t, Cy; ; is the
initial concentration of metal M (mol m~3) in the feed solution at the start of the trial, t is the
time interval at which the sample is taken (h), V is the volume of the feed solution (m?), and A
is the effective surface area of the membrane (m2). In addition, the recovery factor (RF, %) and

purity (%) of the transported metals were calculated using equations (4.4) — (4.5).

R
RF = (%) x 100% (4.4)

M,i

R
Purity = (Cﬁ’”'f ) x100%  (4.5)

Mtot,t

where Cf . is the concentration of metal M (mol m™®) transported into the receiving solution at
time t and Cyy.o¢ ¢ is the total concentration of metals transported into the receiving solution
(mol m™3),

Recovery of PGMs from the leachate was carried out sequentially with one target metal
per transport sequence. The feed solution was the SAC leachate solution in 2 M HCI. The target
for the first transport sequence was Pt(1V) and the receiving solution was 0.1 M NaClO4 in 1
M HCI. The target for the second transport sequence was Pd(11) and the receiving solution was
10 mM thiourea and 0.1 M KSCN in 1 M HCI. The target for the third transport sequence was
Rh(111) and the receiving solution was 4.9 M NH4Cl in 0.1 M HCI. These receiving solutions
were determined in our previous reports using pure solutions [11,14]. After each sequence was
complete, the receiving solution was drained, and the chamber was washed three times with
deionized water. The receiving chamber was then filled with the corresponding fresh solution.
Prior to each sequence, the feed solution was analyzed using ICP-OES to determine the initial

metal concentrations.
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4.2.5 Characterizations and membrane stability test

Scanning electron microscopy (SEM) in conjunction with energy dispersive X-ray
spectroscopy (EDX) (Hitachi SU3500) was used to observe the SAC particles as well as the
PIM morphologies. The membrane compositions and thermal stabilities were examined by
thermogravimetric analysis (TGA) (Hitachi TG/DTA7300). These TGA assessments were
carried out with a ramp temperature of 10 °C/min over the range of 30-550 °C under nitrogen.
The contact angles of water droplets (10 puL) on the membranes were determined using an
optical tensiometer (KRUSS DSA25S), employing the sessile drop method and repeating each
measurement ten times.

The stability tests examined the resistance of each membrane to various chemicals i.e. 5
M HCI, 1 M NaClO4, 1 M thiourea + 1 M KSCN, and 5 M NH4Cl. In each experiment, a small
portion of the PIM having a mass of 100 mg was immersed in 50 mL of each solution in a glass
container that was subsequently agitated at 60 rpm in a water bath shaker (EYELA NTS-
4000BH) at 25 °C for 10 days. The mass of the membrane before and after this treatment was
determined using an analytical balance (Sartorius CPA225D), while any leaching out of the
Pggg12Cl from the membrane was monitored by determining the phosphorous (P) concentration
in the solution using ICP-OES. Attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR; PerkinEImer) was employed to acquire spectra from the membranes.

Each spectrum was obtained by summing eight scans at a resolution of 2 cm™.

4.3 Results and Discussion

4.3.1 Preparation of leachate solution
Figure 4.1 presents an SEM image of the SAC particles together with representative
elemental maps obtained via EDX. The particle size of this material was sufficiently small (<

20 um) to allow for effective extraction of metals. The elemental mapping images indicate that
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aluminum (Al) and oxygen (O) were present over the entire surfaces of the particles, which
was expected because the main components of automotive catalysts are cordierite and gamma-
alumina. The abundance of oxygen (O) also suggests that the metals in the SAC sample were
mainly in their oxide forms. However, Pt could be observed only in certain particles, showing

that the distribution of PGMs throughout the sample was not homogenous.

Figure 4.1. An SEM image and representative EDX elemental maps of SAC particles.

As noted, prior to the leaching process, the SAC specimens were pretreated with HCOOH

to remove oxide layers on the PGMs, as described in equations (4.6) — (4.8) [8,15].

PtO, + 2HCOOH — Pt + 2H,0 + 2C0,, (4.6)
PdO + HCOOH — Pd + H,0 + CO, 4.7)
Rh,05 + 3HCOOH — 2Rh + 3H,0 + 3C0, (4.8)

This pretreatment enabled effective extraction of the PGMs using relatively dilute HCI (2 M),
which was preferable with regard to the subsequent membrane separation process. A
comparison of PGM extractions from the SAC performed with and without this pretreatment
as well as data providing the original PGM concentrations in the SAC are shown in Table S4.1

(Appendix C). The leaching efficiency of Pt, Pd, and Rh was 91, 96, and 93%, respectively.
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The concentrations of all metals found in the leachate solution acquired using 2 M HCI with
HCOOH pretreatment are summarized in Table 4.1. In addition to the PGMs, nine other metals
were detected by ICP-OES with a wide range of concentrations, including rare earth metals
(Ce and La), transition metals (Fe, Zn, Cu, Ni, and Zr), and main group metals (Mg and Al).

This leachate solution was used as the feed solution in the membrane transport trials.

Table 4.1. Metal concentrations in the SAC leachate solution.

Metal Pt Pd Rh Fe Zn Cu Ce La Ni Zr Mg Al

C(ppm) 585 148 295 419 170 86 151 752 0.2 12 1668 6193

4.3.2 Preparation and characterizations of the PIMs

Both ID-PIMs and AP-PIMs were successfully prepared using a simple solvent casting
method and a combination of dual solvent casting with the NIPS technique, respectively.
Photographs of the as-prepared PIMs are presented in Figure S4.2 (Appendix C), and
demonstrate that the visual appearances of the membranes were quite different. Specifically,
the ID-PIMs were transparent whereas the AP-PIMs were white and opaque. Figure 4.2 shows
cross-sectional SEM images of the membranes, from which it is evident that the two types had
comparable thicknesses but very different morphologies. The ID-PIMs exhibited a dense,
isotropic morphology with a thickness close to 63 um, whereas the AP-PIMs showed an
anisotropic, porous morphology with a thickness of approximately 72 um. The polymer base
used to make these membranes, PVDF-co-HFP, is a semi-crystalline polymer that can be
precipitated via liquid-liquid demixing or solid-liquid demixing mechanisms during membrane
preparation [16,17]. In the case of the ID-PIMs, the dense, isotropic structure indicated that the
polymer precipitated evenly over the entire area of the membrane as a result of the solid-liquid
demixing phenomenon associated with slow evaporation of the solvent. In this type of PIM,

the carrier molecules were located in the amorphous regions or were phase-separated from the
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polymer to form tortuous channels that facilitated metal extractions, as demonstrated by
previous X-ray scattering analyses reported by Kolev and co-workers [18]. In contrast, the
anisotropic and porous structure of the AP-PIMs suggested that the polymer had precipitated
at different rates at the upper (the side in contact with air) and lower (the glass side) surfaces
via liquid-liquid demixing. The exchange of the solvent and nonsolvent occurred more quickly
at the top surface and more slowly at the lower surface [19], resulting in the formation of large
pores and a surface skin with small pores, respectively (Figure S4.3, Appendix C). This type
of porous membrane having an anisotropic morphology was studied by Chen and co-workers
with regard to the rapid transport of Lu(l1l) [20,21]. In the present trials, the upper surface of
the AP-PIM was positioned so as to be in contact with the receiving solution during each

transport trial.

Figure 4.2. Cross-sectional SEM images of an (a) ID-PIM and (b) AP-PIM. The top and bottom
surfaces in these images represent the air side and glass side during membrane preparation, respectively.
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One of the main concerns in the preparation of PIMs using the NIPS method is the
possibility of carrier loss during coagulation in the water bath. Thus, the compositions of the
as-prepared membranes were investigated using TGA. Figure 4.3 provides the resulting
thermal decomposition data obtained from the raw ingredients and from ID-PIM and AP-PIM
specimens over the temperature range of 30-550 °C. The PVDF-co-HFP, Pggg12Cl, and 2NPOE
were found to begin to decompose at approximately 400, 320, and 175 °C, respectively. The
TGA plots for the ID-PIM and AP-PIM specimens also reflect the thermal decomposition
behavior of their components, as expected based on their PVDF-co-HFP:Pggg12Cl:NPOE mass
ratios of approximately 50:40:10. These results confirm that the ionic liquid carrier remained

inside the AP-PIM during the coagulation step and that both types of membranes possessed the

same chemical compositions.
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Figure 4.3. Thermal decomposition behaviors of the membrane components and of ID-PIM and AP-
PIM specimens.

The effects of the different membrane morphologies on the surface properties of the
membranes were studied by measuring water contact angles. As shown in Figure 4.4, the angles
on the AP-PIM were higher than those on the ID-PIM. The wetting properties of PIM surfaces
are directly related to the hydrophobicity of the membrane components [22]. However, in this

case, the two types of membranes showed very different wetting properties despite having the

same chemical compositions. Thus, the different wetting properties were attributed to the
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varying morphologies, meaning that the rougher surface of the AP-PIM specimen was

responsible for its higher water contact angles.
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Figure 4.4. Water contact angles on the surfaces of the (i) ID-PIM top side, (ii) ID-PIM bottom side,
(iii) AP-PIM top side, and (iv) AP-PIM bottom side.

4.3.3 Sequential membrane transport trials
In a previous solvent extraction study, it was found that Psss12Cl was able to extract Pt(I1V),

Pd(I1), and Rh(lll) via an ion exchange mechanism, as described in equations (4.9) — (4.11)

[23].
[PtCls]*~ + 2(Pggg12"CL™) = (Pgssiz™), [PLCLe1*™ +2C1, (4.9)
[PACLL*~ + 2(Pggg12 " CL™) = (Pgsrn ™), [PACL]* + 2C1° (4.10)
[RRCls(H,0)]%" + 2(Pggg12” CL™) = (Pggs1z" ), [RhCIs(H,0)1*™ + 2C1~ (4.11)

When SAC leachate solutions were used as the feeds, PGMs and certain transition metals were
extracted, while rare earth and main group metals were not [4,24]. The presence of transition
metals, particularly Fe, in the leachate was expected to compete for uptake during recovery of
the PGMs because this metal had an affinity for the receiving solutions. Therefore, Fe was

removed before the transport trial through selective adsorption into the ID-PIM. The absorption
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behavior and the metal concentrations after Fe removal are shown in Figure S4.4 and Table
S4.2 (Appendix C). It should be noted that metals with concentrations of less than 1.5 ppm (in
the present case: Fe, Ni, and Zr) were neglected when calculating the transport results for the
sake of simplicity. The sequential migrations of Pt, Pd, and Rh were then carried out using the
SAC leachate as the feed solution and appropriate receiving solutions for each target metal,

based on the findings of our previous studies [10,11,14].
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Figure 4.5. Data related to selective Pt(IV) transport from the SAC leachate solution through (a) ID-
PIM and (b) AP-PIM specimens, and (c) kinetics plots for both processes. Receiving solution: 0.1 M
NaClO4in 1 M HCI.

Selective Pt(IV) transport was carried out using 0.1 M NaClO4 in 1 M HCI as the receiving

solution for both the ID-PIMs and AP-PIMs. As shown in Figures 4.5(a) and (b), Pt(IV) was

quantitatively transferred to the receiving solution after 3 days of operation using both types of
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membrane. The associated kinetics plots (Figure 4.5 (c)) demonstrate that the AP-PIM data had

a lower slope with a higher rate constant and initial flux compared with the ID-PIM (Table 4.2).

However, the latter membrane generated a more pure product (93.2 %) relative to that obtained

from the AP-PIM, with minimal levels of impurities in the receiving solution. Despite the

similar RF values after 3 days, the Pt(IV) transport characteristics through the ID-PIM and AP-

PIM were therefore somewhat different.

Table 4.2. Kinetics and other transport parameters for PGM recovery from the SAC leachate solution

using ID-PIM and AP-PIM specimens.

Jo (mmol

Metal Membrane k (h™?) m2h ) RF (%) Purity (%) Impurity (ppm)!

ID-PIM 0.046 1.34 93 93.2 n.a.

" APPIM 0070 2.06 92 802  Pd(2), Mg (3), Al (7)
ID-PIM 0.079 10.52 93 99.7 n.a.

P AP-PIM 0208  27.21 94 652  La(6), Mg (13), Al (47)
ID-PIM n.a. n.a. n.a. n.a. n.a.

Rh  AP-PIM  0.039 1.09 52 na.  Ce(2), Mg (3), Al (10)

AP-PIM?  0.040 1.10 67 na.  Ce(2), Mg (3), Al (11)

n.a.: not available
Ympurities with concentrations of less than 1.5 ppm are not shown.

2This trial was performed at 35 °C.
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Figure 4.6. Data related to selective Pd(I1) transport from the SAC leachate solution through (a) ID-
PIM and (b) AP-PIM specimens, and (c) kinetics plots for both processes. Receiving solution: 10 mM
thiourea and 0.1 M KSCN in 1 M HCI.

In the case of the Pd(ll) transport data, the difference between the ID-PIM and AP-PIM
could be observed more clearly. Using a receiving solution consisting of 10 mM thiourea and
0.1 M KSCN in 1 M HCI, quantitative transport of the Pd(Il) in the original solution could be
achieved after 2 days using the ID-PIM, whereas only 1 day was required with the AP-PIM
(Figures 4.6(a) and (b)). The slope of the Pd(ll) kinetics plot for the AP-PIM data was
significantly lower than that of the ID-PIM data (Figure 4.6(c)), and the k and Jo values for the
former type of membrane were almost three times those for the latter (Table 4.2). However,

the product purity obtained using the AP-PIM was lower and the receiving solution contained

relatively high levels of La, Mg, and Al. These results showed that the performance of the AP-
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PIM was better than that of the ID-PIM in terms of transport kinetics, which can possibly be
attributed to the anisotropic, porous structure of the former. This porous morphology would
increase the effective surface area in contact with the feed and receiving solutions and thus
increase the probability that the metal species would reach carrier molecules on the membrane
surface. This factor interplayed with the other driving forces such as concentration gradient
and affinity to the carrier or the receiving solution would govern the rate constants. However,
the ID-PIM demonstrated better performance in terms of product purity. Its dense structure
likely tolerated a high concentration gradient between the feed and receiving solutions,

resulting in higher transport selectivity.
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Figure 4.7. Selective Rh(lIlI) transport from the SAC leachate solution through the (a) ID-PIM, (b) AP-
PIM, and (c) AP-PIM at 35 °C. Receiving solution: 4.9 M NH4Cl in 0.1 M HCI.
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In trials with Rh(Ill), very little was transported through the ID-PIM into a receiving
solution consisting of 4.9 M NH4Cl in 0.1 M HCI, even after 3 days of operation (Figure 4.7(a)).
In previous work, Rh(II1) could be transported through a dense PIM by decreasing the HCI
concentration in the feed solution to 0.1 M and reducing the membrane thickness to less than
20 um [14]. Unfortunately, leaching of the SAC was not possible using 0.1 M HCI, and this
low thickness reduced the mechanical strength of the PIM. Using the AP-PIM, Rh(lll) could
be transported with an efficiency of approximately 50% after 3 days of operation (Figure
4.7(b)). The AP-PIM may have provided a greater concentration gradient (which provided the
driving force for Rh(111) transport) together with a higher effective surface area compared with
the ID-PIM, thus allowed the transport to occur. Even so, the AP-PIM also increased the
concentrations of impurities in the receiving solution. Interestingly, Rh(l1l) transport through
the AP-PIM could be improved to 67% (Figure 4.7(c) and Table 4.2) by increasing the
operating temperature. Although not as effective as decreasing the HCI concentration,
increasing the temperature increased the rate of hydration of [RhClg]*~ ions, as described in
equation (4.12) [25].

[RhCI4]3~ 4 H,0 =2 [RhCls(H,0)]?~ + Cl™ (4.12)

The extraction of [RhCls(H20)]>~ by Psss12Cl proceeds more readily than that of [RhCls]*~ [23],
and so the improved RF value at higher temperatures can presumably be ascribed to the greater
availability of this extractable species in the feed solution. In addition, the dynamics of Rh(lll)
movement inside the PIM might also be improved with increases in temperature, assuming the

fixed site jJumping transport mechanism inside the membrane suggested by Li et al. [26].

4.3.4 Evaluation of membrane stability
The mechanical strengths of both the ID-PIM and AP-PIM were sufficient to enable easy
handling and installation in the test apparatus. Because these membranes were not intended to

operate under high pressure or gravitational force, the primary issue related to their use is their
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resistance to various chemicals. To evaluate this resistance, small portions of each type of PIM
were immersed in aqueous 5 M HCI, 1 M NaClOgs, 1 M thiourea + 1 M KSCN, and 5 M
NHCIO4 solutions with continuous agitation for 10 days. These chemicals are representative
of the feed and receiving solutions that might be encountered in practical applications, but were
prepared at excessively high concentrations to exaggerate any deleterious effects. The
membrane mass changes and the extent of leakage of the carrier from the membranes after
these treatments are summarized in Figure S4.5 and Table S4.3 (Appendix C). The mass loss
was relatively small for both the ID-PIM and AP-PIM, while the P concentrations in the
solutions were less than 1 ppm for all the chemical treatments, indicating negligible loss of the
ionic liquid.

Figure 4.8 shows the FTIR spectra obtained from the as-prepared membranes and from the
specimens subjected to the stability tests. The as-prepared ID-PIM and AP-PIM generated
similar spectra (Figure 4.8(a)), confirming that these membranes had the same compositions
and chemical structures. Characteristic PVDF-co-HFP peaks are evident in the range of 500
1500 cm™ in these spectra, whereas the C—H stretching, P-CH>—R bending, C—C stretching,
and P—C stretching peaks related to the Pggs12Cl can be seen at 2900, 1468, 1045 and 722 cm~
1 respectively. After the membranes were immersed in 5 M HCI (Figure 4.8(b)), the spectra of
both types were relatively unchanged, demonstrating that these materials were resistant to a
highly acidic environment. However, immersion in 1 M NaClO4 (Figure 4.8(c)) altered the
spectrum of the ID-PIM by removing the band in the range of 1170-1230 cm™, typically
assigned to the C—F stretching vibration [27]. The fluoride moieties in the polymer base were
evidently vulnerable to attack by ClO4™ anions, in agreement with several prior studies [28—
30]. Nevertheless, the partial damage to the polymer base did not lead to significant carrier
leakage, because the characteristic ionic liquid peaks remained. The same result was obtained

in previous research, which also determined that polymer damage could be suppressed by

92



adding HCI to the receiving solution [11]. Interestingly, the AP-PIM did not show a loss of the

C—F band, which was possibly related to the reduced wetting properties of this membrane.

——ID-PIM —— AP-PIM
(a)

W

(b)

A

Transmittance (%)

4000 3000 2000 1000

Wavenumber (cm™)

Figure 4.8. FTIR spectra obtained from the (a) as-prepared ID-PIM and AP-PIM, and from the
membranes after being immersed in (b) 5 M HCI, (¢) 1 M NaClQy, (d) 1 M thiourea + 1 M KSCN, and
(e) 5 M NH4CI for 10 days with constant shaking.

After being immersed in 1 M thiourea + 1 M KSCN, both membranes showed a new peak
at 2109 cm* (Figure 4.8(d)) that was assigned to the S—C=N stretching vibration. SCN~ ions
from the KSCN were evidently trapped inside the membrane, either through ion exchange or
simply adsorption. Nonetheless, despite the presence of these ions, the carrier was retained
inside the PIM, because the characteristic peaks related to the ionic liquid remained unchanged.
Following treatment with 5 M NH4ClI, the ID-PIM generated a spectrum that was unchanged
except for some small additional peaks in the range of 3100-3300 cm™ that were assigned to
N-H stretching vibrations (Figure 4.8(e)). Thus, a small quantity of NH4" ions was absorbed
into the ID-PIM. In the case of the AP-PIM, the spectrum was completely unchanged. These

results established that both the ID-PIM and AP-PIM possessed remarkably good durability in
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the presence of various harsh chemicals because the carrier molecules were not lost, although
the AP-PIM showed slightly better chemical resistance. It should be noted that, in this study,
the transport trials were carried out sequentially on the laboratory scale as a proof of concept
to demonstrate the excellent performance of PIMs containing this ionic liquid with regard to
the recovery of PGMs from a SAC. Nevertheless, for large scale applications, we would
suggest using one dedicated membrane for each target metal to reduce unnecessary chemical

€Xposures.

4.4 Conclusions

The recovery of PGMs from a SAC using two types of PIM containing the ionic liquid
Pggs12Cl was demonstrated. The powdered SAC was pre-treated with HCOOH to allow
extraction with a less concentrated acid (2 M HCI). A simple solvent casting method resulted
in an isotropic, dense membrane (the ID-PIM), whereas a dual solvent process combined with
the NIPS method gave an anisotropic, porous membrane (AP-PIM). The selective transport of
Pt(1V) from the SAC leachate could be performed through both membranes with recoveries in
excess of 90%. The ID-PIM transported Pd(ll) to give a very high product purity of close to
100%, whereas the AP-PIM showed rapid transport kinetics (Jo of 27.21 mmol m2h). Rh(llI)
could not be transported using the ID-PIM but was found to migrate through the AP-PIM,
which exhibited higher RF values at elevated temperatures. Both membranes were durable and
withstood exposure to several harsh chemical treatments, although the AP-PIM showed slightly
better endurance. PIMs containing an ionic liquid have significant potential as a greener and
less expensive technology for PGM recycling. In the future development of more effective
metal separation technologies, it would be beneficial to examine membrane transport modules

with multiple receiving windows that can be operated simultaneously.
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Appendix C. Supporting Information

Figure S4.1. Photograph of the SAC sample in the form of a fine powder.
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Table S4.1. PGM content in the SAC sample and a comparison of leaching efficiency acquired with
and without HCOOH pretreatment.

Leaching efficiency (%)?
PGM content

Metal 2M HCI with
(9/kg SAC)! 2M HCI 5M HCI
pretreatment
Pt 1.29 91 57 95
Pd 3.06 96 68 96
Rh 0.63 93 36 94

The PGM content was determined by digestion method in aqua regia.
Digestion procedure

The aqua regia was prepared by mixing HCI (32%) and HNO3 (60%) with a molar ratio of 3 : 1.
In a typical experiment, 100 mg of the SAC powder was dispersed into 10 mL of aqua regia in a round-
bottom flask. Subsequently, the mixture was stirred vigorously at 70 °C under reflux condition for 48
h. The product solution was then diluted using deionized water for safe handling and filtered to observe
any residue. The metal concentration was measured using ICP-OES. Any solid residue was hardly
observed during filtration; thus, it could be assumed the metals in the SAC, especially the PGMs, were

almost completely dissolved.

2Calculated using the following equation.

L= % x 100% (S1)

Where L is the leaching efficiency (%), C. is the metal concentration in the leaching solution per 1 g of
SAC powder in 100 mL solution (ppm), and C; is the metal concentration in the digestion product per
1 g of SAC powder in 100 mL solution (ppm). It should be noted that the leaching efficiency of 2 M
HCI with HCOOH pretreatment was significantly higher than that of 2 M HCI without pretreatment,

and it was also comparable to that of 5 M HCI.
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Figure S4.2. Photograph of the as-prepared (a) ID-PIM and (b) AP-PIM.

Figure S4.3. SEM images of the surfaces of AP-PIM on the (a) upper (in contact with air) and (b) lower

(in contact with glass) side.
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Figure S4.4. Adsorption behavior of Fe species from the SAC leachate solution.

Fe removal was conducted in a transport experiment apparatus with the following conditions:

Feed solution 1 SAC leachate
Receiving solution : 0.1 M NazSO0;
Membrane 1 ID-PIM

Fe ions were selectively adsorbed into the membrane due to the use of sodium sulfite (Na;SOs3)
solution—a commonly used solution for Fe scrubbing in solvent extraction processes—as the receiving
solution. The optimum time for Fe removal was 24 h. Prolonging the operation time led to the transport
of Pt and Pd into the receiving solution. The membrane containing Fe was not used for further

operations.

Table S4.2. Metal concentrations in the SAC leachate solution after Fe removal.

Metal Pt Pd Rh Fe Zn Cu Ce La N Zr Mg Al

C(pm) 56.1 143 291 10 169 86 150 750 0.2 1.2 1657 6174

Metals with concentrations of less than 1.5 ppm (in the present case: Fe, Ni, and Zr) were neglected

when calculating the transport results for the sake of simplicity.
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Figure S4.5. Remaining mass of the membranes after being immersed in (i) 5 M HCI, (ii) 1 M NaClOQa,
(iii) 1 M thiourea + 1 M KSCN, and (iv) 5 M NH.CI for 10 days with constant shaking.
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Table S4.3. Phosphorous (P) concentrations in the solutions after the membranes were immersed.

P concentration (ppm)

Solution

ID-PIM AP-PIM
5M HCI 0.061 0.003
1 M NaClOg4 0.118 0.077
1 M thiourea + 1 M KSCN 0.089 0.066
5 M NHCI 0.041 0.008

~ End of Chapter 4 ~
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CHAPTER 5. GENERAL CONCLUSIONS

5.1 Summary

The demand for PGMs was steadily rising in the past several years and is predicted it will
be continuously growing in the future. Since the amount of primary ores is limited and the role
of PGMs in the manufacture of various products is arguably irreplaceable, the need to recover
PGMs from end-of-life products as a secondary source is inevitable. Furthermore, using wastes
as resources is also favorable from the perspective of environmental ethics since it would
decrease the necessity to excavate more mining sites and prevent harmful material disposal into
landfill. As such, automotive catalyst wastes meet the criteria of secondary resources as they
possess PGM-rich content and are widely available, i.e., proportional to the number of cars in
the world. However, an adequate and green technology for the separation and recovery of
PGMs is quite challenging issues. The present thesis addresses those issues by developing the
PIM technology specifically designed to recover PGMs, using Psss12Cl ionic liquid as the metal
carrier.

In the Chapter 2, PIMs containing the Psss12Cl ionic liquid was developed, and the
transport performance in the separation of Pd(I1) and Rh(lll) was systematically investigated.
The optimum PIM composition was 50 wt% PVDF-co-HFP (base-polymer), 40 wt% Pggg12Cl
(carrier), and 10 wt% 2NPOE (plasticizer). In the experiments to selectively transport Pd(I1)
from the feed to receiving solutions, several factors affected the transport kinetics and
selectivity, including the concentration of HCI in the feed solution, the concentration of
thiourea in the receiving solution, and the initial metal concentration. At the optimized
condition, selective transport of Pd(Il) with a recovery yield of 98% and purity of 99% could
be achieved, while Rh(Ill) remained in the feed solution. As a comparison, PIMs containing a
commercially available Pees14Cl ionic liquid were also prepared. The PIM containing Pggg12Cl

demonstrated a stable performance over a 7-cycle of reusability test, while the PIM containing
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Pess14Cl exhibited approximately 30% depletion in the ability to transport Pd(lIl) selectively.
The remarkable performance of Pggs12Cl ionic liquid to function as a carrier could be attributed
to its higher hydrophobicity but lower viscosity compares to those of its commercially available
counterpart. These promising results became a useful insight to carry out further investigation.

In the Chapter 3, a strategy to perform separation of three PGMs, i.e., Pt(IV), Pd(ll), and
Rh(I11), using the PIM developed in the Chapter 2 was established. Sequential transports using
a one-pot system with one membrane were carried out. In the first transport sequence, Pt(I1V)
could be selectively transported with the recovery of 96% and purity of 89.9%, while Pd(I1)
and Rh(Ill) stayed in the feed solution. The selective Pt(IV) transport was driven by an
appropriate receiving solution, which was 0.1 M NaClO4 in 1 M HCI. In the second transport
sequence, Pd(I1) could be transported into the receiving solution with a recovery of 96% and
purity of 99.9%, while Rh(Ill) completely remained in the feed solution. This time, the
receiving solution was a mixture of 10 mM thiourea, 0.1 M KSCN, and 1 M HCI. After the
desired separation performances were achieved, transport mechanisms were studied by
considering the transport behaviors and spectroscopy analyses. Pt(I\V) was transported through
the PIM via a coupled ion-exchange mechanism, and Pd(Il) was transported via simultaneous
ion exchange and ligand substitution. In addition, a membrane stability test demonstrated
excellent durability of the PIM as it could maintain the stable performance over the course of
4 weeks, during which sequential transports of Pt(1\V) and Pd(I1) were continuously carried out.

In the Chapter 4, the PIMs and the transport strategy developed in the Chapter 2 and the
Chapter 3 were applied to recover PGMs from an actual waste, i.e., a spent automotive catalyst.
At first, metals were leached from the automotive catalyst matrix using 2 M HCI, preceded by
pretreatment using HCOOH. The leachate solution, which contains 12 metals, was subjected
to membrane transport operations to recover the PGMs selectively. To study the possibility to

enhance transport performances further, two types of PIMs were prepared, which are
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membranes with isotropic and dense morphology (ID-PIMs) and membranes with anisotropic
and porous morphology (AP-PIMs). Selective transport of Pt(IV) from the leachate solution
could be performed through both types of PIMs with recoveries of more than 90%. In the
selective Pd(Il) transport, ID-PIM showed a remarkable product purity (almost 100%), while
AP-PIM showed rapid transport kinetics. As for Rh(l1l), the transport hardly occurred through
ID-PIM, while it was observed to happen through AP-PIM. It was also found that the Rh(lll)
transport could be improved at elevated temperatures. ID-PIMs and AP-PIMs, although having
the same chemical compositions, demonstrated distinctive features which are governed by the
morphologies. This could be a helpful insight into the future development of PIMs. More
importantly, the recovery of PGMs from the spent automotive catalyst using PIMs containing
the ionic liquid was successfully performed, along with unraveling the chemistry phenomena

that drive the transport of the metals through the membranes.

5.2 Outlook

The research findings in the present thesis may contribute to inspire developments of
practical technologies in metal industries as well as membrane industries. From the industrial
perspective, one of the concerns is probably related to the implementation of the current PIM
technology on a large scale. The present study demonstrates all the transport achievements on
the laboratory scale—the membranes at centimeter-scale and the feed and receiving solutions
at milliliter scale. This is also the case for the majority of other reported studies. Thus, an
attempt to perform transport experiments on a larger scale might be considered in future studies.
Designing a membrane module to carry out this experiment would be one of the challenges,
together with membrane preparation, handling, and the setup. In addition, some transport
behaviors might change at a larger scale owing to the interplay between many forces, which

needs to be considered at the fabrication of the module.
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Some transport phenomena in the present study also arise intriguing questions from the
theoretical viewpoints, particularly related to the role of carriers. Commonly, transport
phenomena through membranes are classified into two models, i.e., pore flow and solution-
diffusion models. The pore flow model is observed in porous membranes, and the transports
are governed by Darcy’s law. The solution-diffusion model is marked in a dense membrane,
and the transports are governed by Fick’s law. It is pretty standard that the calculation of
transport kinetics in PIM experiments would be assumed to follow Fick’s law since the
membranes are typically dense. Nevertheless, it should be pointed out that the role of the carrier
is not fully accounted for in this particular law. Thus, the accuracy of this approach might be
further increased if the function of the carrier could be quantified into a tangible constant in the
equation. Although it is evident that different carriers would lead to different transport
behaviors, describing the feature into a mathematical formula is not an easy task. Modeling of
PIM transport phenomena with thoroughly deliberating the role of the carrier would be exciting
challenges in the future and perhaps would lead to a theoretical breakthrough in the field of the

membrane science.
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