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The extraction and stripping of palladium from flexible printed circuit board
(FPCB) wastewater, and platinum from gold refining (GR) wastewater via hollow
fiber supported liquid membrane were studied. In case of the separation of palladium,
the extraction and stripping reached 96% and 91%, respectively by using 5%(v/v)
L1X84-1 dissolved in kerosene. Other conditions were feed solution at pH 2, stripping
solution consisting of 0.8 M thiourea and 1 M hydrochloric acid, and flow rates of
feed and stripping solutions at 100 ml/min. For the extraction of platinum, 96%
extraction and 88% stripping were obtained by using 10%(v/v) Aliquat 336 dissolved
in kerosene while other operating conditions were similar to the separation of
palladium from FPCB wastewater. The separation factor of platinum in GR
wastewater from palladium, gold, copper and zinc ions were approximately 17, 249,
970 and 1276, respectively. Additionally, natural solvents, i.e., sunflower oil, coconut
oil and soybean oil were used instead of kerosene in the separation of platinum from
GR wastewater. It was found that sunflower oil gave the highest platinum extraction,
however, only 65% was attained compared with kerosene. In addition, the estimated
mass transfer results of the extraction of palladium by the mathematical model based
on diffusion, the reaction at the interface of feed and liquid membrane phases, and the
accumulation of the metal ions in liquid membrane phase were obtained. The

deviation from the experimental results was lower than 5%.
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CAPTER I

INTRODUCTION

1.1 Description of dissertation

Palladium, a rare element, has special physical and chemical properties such
as a high melting point, catalytic activities and corrosion resistance. Pure palladium
has been extensively used in many applications: grids for electronic tubes, telephone
circuits, electrical relays, corrosion resistance apparatus, resistance wires, and
catalytic converters [1, 2]. However, palladium can affect the growth and health of
living beings. For example, PdCl; at 5 ppm (mg/L) in drinking water has an adverse
impact on human health [3]. Due to the continual increase for the industrial demand
of palladium and environmental concerns, palladium has become the focus of
investigation. Thus, reliable and effective methods for its separation and recovery
from wastewater which contains palladium at relatively low concentration need to be
developed. In the direct plating process (DPP) of the flexible printed circuit board
industry, activating solution as well as precious metals (palladium and stannous) are
found in the wastewater. The initial concentrations of stannous and palladium were
400 and 300 ppm, respectively. Conventional methods for separating palladium from
aqueous solutions are precipitation [4], solvent extraction [5], ion exchange [6], bio-
adsorption [7] and adsorption [8]. However, these methods have both advantages and
disadvantages [9-13]. The previous works on separation of palladium ions using

different methods are listed in Table 1.1.



Table 1. 1 Literature reviews on the separation of palladium ions using different

methods.
Authors Metals Ext. Solvents  Method %E  Refs.
Fontas et al. Au(lll),  thiacalix[4] chloroform LLE 100 [14]
Pd(1l)
&Pt(1V)
Rovira et al. Pd(1l) DEHTPA  kerosene LLE 82.7 [15]

Zaghbanietal. Pd(ll) & thiacalix[4] chloroform SLM 76.4 [16]
Au(lll)

Alexander etal. Pd(ll) & DSC chloroform LLE 100 [17]

Pt(IV)
Uheida et al. Pd(I1) NTH hexanol HFSLM N/A  [18]
Antic et al. Pd (I1) PHE kerosene SSLM 90 [19]
Rastegarzadeh  Pd (1) Silica-PEG - Adsorption 99  [20]

et al.

Note: LLE (liquid liquid extraction); SLM (supported liquid membrane); DSC(N,N-
dimethyldithiocarbamoylethoxy substituted calix [4] arene); NTH (nonylthiourea);
HFSLM (hollow fiber supported liquid membrane); DEHTPA (di-(2-ethylhexyl)
thiophosphoric acid); SSLM (solid supported liquid membranes) and PHE (N*-
substituted N*-phenylbenzamidines); IE (ion exchange); %E ( %Extraction of Pt(IV));
Ext.(Extractants)



Platinum is 30 times rather than gold since about only 0.003 ppb occurs in the
Earth’s crust. Platinum receives much attention as a precious metal. This is due to its
wide use in various industries such as alloy material, whitening agent in jewelry and
automobile catalyst [21]. Demands for platinum are increasing; however, its resource
is limited. Therefore, the limited resources must be replenished by means of recycling
platinum ions from secondary resources such as wastewater. Recycling of metal ions
from wastewater is considered to be amajor issue in conserving resources and
reducing environmental pollutions. Wastewater from gold refining process is
composed of platinum, palladium, gold, copper and zinc ions. Among these metal
ions, the concentrations of palladium and platinum ions can be found at
approximately 1 ppm and 5 ppm, respectively. In recent years, various techniques
have been examined for the extraction and stripping of palladium and platinum from
industrial wastes, e.g., wastewater, spent catalysts, electronic devices etc. [22].
However, effective and economic techniques to separate and recover platinum,
especially platinum presenting in trace levels in gold refining process have always
been lacking. Conventional techniques which are used to recover platinum from
various solutions are precipitation [23], solvent extraction [24], adsorption [25] and
ion exchange [26]. However, these systems have certain disadvantages [27, 28]. They
are rather complex and the percentage recovery of metal ions is quite minimal [29,
30]. Previous works on the separation of platinum ions using different methods are

listed in Table 1.2.



Table 1. 2 Literature reviews on the separation of platinum ions using different

methods.
Authors Metals Ext. Solvents  Methods %E Refs.

Guptaetal. Pt(IV),Pd(II) Cyanex  toluene LLE 100 [9]
& Rh(I1) 923

Michael et Pt(IV)&Ru(lll) N/A N/A Adsorption 90.0 [28]

al.

Kumar et Pt(IV) Cyanex kerosene LLE 85.4 [31]

al. 302

Sunetal. Pt(IV) & Alamine  toluene LLE 99.0 [32]
Pd(I1) 336

Sunetal. Pt(IV)& AGMP-1 N/A IE 99.9 [33]
Rh(I11)

Lee et al. Pt(IV)& Alamine  Kkerosene LLE 98.0 [34]
Rh(I11) 308

Sunetal. Pt(IV)& TOPO toluene LLE 99.0 [35]
Rh(l11)

Aleksandar Pt(IV),Pd(lI) XUS N/A Adsorption 99.9 [36]

et al. & Rh(I1I) 43600

Weiet al.  Au(lll), Pt(IV) Aliquat-  benzene LLE 99.8 [37]
& Pd(Il) 336

Thiet al.  Pt(IV)& Pd(ll) Aliquat kerosene LLE 99.9 [38]

336+TBP

Note: LLE (liquid liquid extraction) and IE (ion exchange); %E ( %Extraction of
Pt(1V)); Ext. (Ext.)



In order to overcome the disadvantages of conventional methods, hollow fiber
supported liquid membrane (HFSLM) is recommended. It is worth noting that
HFSLM can simultaneously extract target species of very low concentration and
recover them in one single operation [39, 40]. The advantages of the HFSLM over the
conventional methods were cited by Marko§ et al.[41] such as lower energy
consumption, lower operating costs, higher flux [11, 42] and easy scalability [43].
Thus, HFSLM has been applied to separate many types of metal ions, for example,
toxic and precious metal ions from aqueous solutions. Fontas et al. [11] studied the
separation of rhodium ions from aqueous chloride solutions across HFSLM embedded
by Aliquat 336 as an extractant. Results indicated that the HFSLM system can be
effectively used for the recovery of rhodium ions from relatively low concentration
solutions. In addition, Fontas et al.[44] separated of palladium ions from spent
automotive catalysts across HFSLM which was impregnated by Cyanex 471 as an
extractant. Results indicated that HFSLM was successfully applied for the selective
recovery and concentration of palladium from the aqueous feed solution. Chaturabul
et al. [45] investigated the separation of palladium ions from waste aqua regia
solutions across HFSLM embedded by a mixture of thioridazine and oleic acid as an
extractant. Results indicated that HFSLM is efficient for the separation of palladium
ions by employing a 3-cycle operation in repeated operating cycle mode. Manna et al.
[46] applied the HFSLM embedded by TBP for the separation of medicinal catechins
from tea leaves. Catechin and its derivatives from green tea leaves extract were
successfully extracted. Kim et al.[47] applied the HFSLM system to CO, and N, gas

separation. The experimental data indicated that CO, can be separated from the



mixture. Other applications of the HFSLM in various fields have been reported

elsewhere [48-52].

1.2 Palladium and platinum

1.2.1 Palladium

1.2.1.1 Physical and chemical properties

Palladium is one of precious metal ions referred to as the platinum group
metals (PGM). It is a lustrous silver-white metal and has a face-centered cubic
crystalline structure. At ambient temperature, palladium is strongly resistant to
corrosion in air and to the action of acids. However, palladium is not resistant to
corrosion in hot acids. Palladium can form many compounds and several complex
salts. Properties of palladium are shown in Table 1.3.

Table 1. 3 Properties of palladium [53]

Properties
Atomic number 46
Atomic mass (g/mol) 106.42
Electronegativity according to Pauling 2.2
Density (g/cm® at 20°C) 11.9
Melting point (°C) 1560
Boiling point (°C) 2927
Isotopes 9
Van der Waals radius (nm) 0.065
lonic radius (nm) 0.137

Electronic shell [ Kr] 4d' 5s°




1.2.1.2 Applications of palladium

Palladium is used in various fields, for example, in catalytic processes,
jewelry-making, catalytic converters, electrical appliances, electroplating, etc.
Further, as a consequence of its corrosion resistance, a large application of palladium
is in alloys used in low voltage electrical contacts.

1.2.1.3 Toxicity of palladium

Being poorly adsorbed by the body when ingested, palladium in some forms
(i.e. PdCIy) is toxicity. It may cause skin sensitization and eyes or respiratory tract

irritation.

1.2.2 Platinum

1.2.2.1 Physical and chemical properties

Platinum is one of precious metal ions referred to as the platinum group metals
(PGM). Platinum is a lustrous silvery-white, malleable, ductile metal and a member of
group 10 of the periodic table of the elements. Platinum is unaffected by air and water
but can dissolve in hot aqua regia, hot concentrated phosphoric and sulfuric acids, and
in molten alkali. It is as resistant as gold to corrosion and tarnishing. Indeed, platinum
will not be oxidized in air no matter how strongly it is heated. The properties of

platinum are shown in Table 1.4.


http://www.lenntech.com/water-chemistry-FAQ.htm
http://www.lenntech.com/Periodic-chart-elements/Au-en.htm

Table 1. 4 Properties of platinum [54]

Properties

Atomic number

Atomic mass (g/mol)

Electronegativity according to Pauling
Density (g/cm? at 20°C)

Melting point (°C)

Boiling point (°C)

Isotopes

Van der Waals radius (hm)

lonic radius (nm)

Electronic shell

78
195.09

2.2
21.4
1772
3800
13
0.138
0.096
[ Xe ] 4f* 5d° 65"

1.2.2.2 Applications of platinum

Platinum has many applications. Because of its good characteristics, platinum

is well-suited for making fine jewelry. Platinum and its alloys are employed in the

production of surgical tools, laboratory utensils, electrical resistance wires, and

electrical contact points. Up to 30% of platinum is used as a catalyst in a catalytic

converter. In the field of the jewelry industry, 50% of platinum is utilized. Another

20% is used in the chemical, electrical, glass and aircraft industries.

1.2.2.3 Toxicity of platinum

Platinum salts can cause several health effects, for example, DNA alterations,

cancer, allergic reactions of the skin and mucous membrane. The application of



platinum in metal products is not known to cause many environmental problems but
as can be seen, it can cause serious health conditions in the working place

environment.

1.3 Extractants

The chemical structure of extractants for metal ion extraction is ligand-liked,
composing of a functional group with one donor atom such as nitrogen, phosphorus,
oxygen, or sulfuric. Generally, functional groups are classified as acidic functional
groups, e.g., carboxylic (-CO,H), sulfonic (-SOzH), phosphoric (-PO(OH),), and basic
functional groups, e.g., ether (-O-), alcohol (-OH) and oxime (=N-OH). Anyway, an
increase of functional groups into the extractant molecule has been adopted to
enhance the stability of chemical bonding of the metal extractant complexes. A
chelating agent is a very well-known extractant used for metal ion extraction. It
consists of three functional groups that are acid-acid, base-base and acid-base.
According to the chemical structure of the extractant, transport mechanisms and metal
ion forms, the extractants can be classified into [55-57]:

a) Organic acid extractants - for the extraction of metal cations

b) Chelating extractants - for the extraction of metal cations

c) Neutral or solvating extractants - for the extraction of neutral metal
complexes

d) Ligand substitution extractants-for the extraction of metal anion complexes

e) Basic or ion-pair extractants - for the extraction of metal anion complexes
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1.3.1 Acidic extractants

An acid extractant is composed of a functional group of -CO,H, -SO3zH and
-PO(OH),. In an organic solvent, the acid extractant will deprotonate to a negative
charged as COO ", P(O)O™ and SO3 . Therefore, it can associate with the metal cation
(M™). Examples of organic acid extractants are di(2-ethylhexyl) phosphoric acid
(D2EHPA) [58] and bis(2,2,4-trimethyl-pentyl) phosphinic acid (Cyanex 272) [31].
The general equation for the extraction of metal cation (M™) by acid extractant

(RH ) is as follows:

M™ +nRH = MR, +nH" (1.1)

1.3.2 Chelating extractants

Chelating extractants are often derived from analytical reagents such as
LIX 84-1 or 2'-hydroxy-5'-nonylacetophenone ketoxime (C17H27NOy) [59]. They react
with cation species same as the acidic extractants. Chelating extractants chemically
bond to cation species at two sites in a manner similar to holding an object between
the ends of the thumb and the index finger [60]. When the chelating extractant bond to
cation species, it releases hydrogen ion into the feed solution. Extractability of the
chelating extractants increases with the pH of the feed solution. Decreasing of the pH

promotes back-extraction or stripping. The extraction of metal ions with the chelating

extractant (m_) such as the extraction of Pd(ll) by using LIX 84-1 is simplified as

follows [61, 62]:
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PACI* +2HL <= PdL,+4Cl'+2H" (1.2)

1.3.3 Neutral extractants

Neutral extractants contain a functional group of phosphate ester (PO(OR)3),
phosphine oxide (RsPO) or phosphine sulphide (R3PS). Tributyl phosphate (TBP) [35],

dibutyl butylphosphonate (DBBP) and tri-isobutylphosphine sulfide (Cyanex 471) are

good examples of neutral extractants. Neutral extractants are basic in nature and will
coordinate to certain neutral metal ions in the feed solution by replacing water
molecules around neutral metal ions, thereby altering the target metal to hydrophobic

ions [56]. An example of the chemical reaction between the neutral metal complex

(MX,) and DBBP (C,,H,,PO;) is expressed as follows

MX, +2C,H,,PO, = MX, - (C,H,,PO,), (1.3)

However, the extraction efficiency of neutral extractants is limited by the following
factors:

a) Stability of the chemical bonding of neutral metal complexes- the neutral metal
complexes with low stability of chemical bonding dissociate to metal cations together
with anions (X)) in the feed phase where the metal cations do not react with the
neutral extractant.

b) Solubility of metal - extractant complexes in the liquid membrane phase: the metal-
extractant complexes with high solubility can diffuse rapidly through the liquid

membrane phase.



12

1.3.4 Ligand substitution extractants

Some properties of ligand substitution extractants are similar to neutral
extractants where they donate an electron to a metal ion. However, they differ from
the neutral extractants by forming inner shell complexes with metals and displacing
other ligands. In contrast, neutral extractants cannot displace other ligands. Mono-

oxime (R,CNOH ) is an example of a ligand extractant. The extraction of Pd(II) from

palladium chloride solution using mono-oxime is given by:

PdCIZ +2R,CNOH = (R,CNOH), PdCl, +2CI" (L4)

As shown in Eq. (1.4), two chloride ions of PdCl,> are displaced by two
molecules of mono-oxime to form a new complex species which is soluble in the

organic extractant but not soluble in water [56].

1.3.5 Basic extractants (ion-pair extractants )

Basic extractants are tertiary amine and quaternary amine of general formula

R,N and R,N, respectively. In order to extract the metal anions, tertiary amine must
first react with acid (HA) to form an amine salt (R;NH A" ) as shown below:

RIN+H"A=RNH"A" (1.5)

When tertiary amine associates with acid as an amine salt, it can extract metal

anions MY"™ as shown below:
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MY™ +n(R,NH'A") = (R,NH") MY™ +nA” (1.6)

The example of a tertiary amine is trioctylamine (TOA). It is widely used to

extract metal ions from various aqueous solutions. In the case of extraction of PdCI;

by TOA, HCI is added to the aqueous feed solution in order to protonate R,N to the

amine salt as shown in Eq (1.7) [63, 64]:

R;N+H*+Cl- =R,NH*CI- (1.7)

In the form of R,NH"CI", it can react with PdCI;. Then, the reaction of PdCI?" and

R,NH'CI" is [63, 64]:

2R,NH*CI~ +PdCI?” = PdClI, (R,NH), + 2CI~ (1.8)

Due to the quaternary amine, trioctyl methyl ammonium chloride

(Aliquat 336) (CH,R;N™)CI™ can react with anions without adding any acid as shown

[65]:

2(CH,R,N")CI +PtCI> = PtCI,(CH,R,N"), +2CI" (1.9)
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In this work, LIX84-1, Aliquat 336, Cyanex 923, tri-n-butyl phosphate (TBP)
and trioctylphosphine oxide (TOPO) were dissolved in organic solvents and used as
the liquid membrane. Their structures are shown in Fig.1.1. L1X 84-1 was selected to
separate palladium ions because it is a water insoluble 2-hydroxy-5-
nonylacetophenone oxime. It forms water insoluble complexes with various metallic
cations [61, 62]. In case of the separation of platinum ions, Aliquat 336 was selected
because it is a water insoluble quaternary ammonium salt produced by the
methylation of mixed trioctyl/ decyl amine which is capable of forming oil soluble
salts of anionic species at acidic or slightly alkaline pH. It is composed of a large
organic cation associated with a chloride ion. As the ammonium structure has a
permanent positive charge, it can form salts with anions over a wider pH range than

primary, secondary or tertiary amines [66-69].
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1.4 Feed solutions

In flexible printed circuit board (FPCB) industry, five main processes are
computer numerical control process (CNC), direct plating process (DPP), plated
through-hole process (PTH) [70], circuit-forming process (CIR) and the final process
(FIN). Palladium and stannous found from the activating solution in DPP go to
wastewater. The initial concentrations of palladium and stannous in the activating
solution are 300 and 400 ppm, respectively

Due to the increasing industrial demand for platinum and limited resource, the
secondary sources like wastewater, which contains platinum even at a relatively low
concentration, is attractive. Table 1.5 shows that the secondary source of wastewater
from gold refining process contains platinum at a low concentration approximately

5 mg/L and other precious metal ions as well [71].

Table 1. 5 Compositions of gold refining wastewater.

Metals Pt(1V) Pd(11) Au(lll)  Cu(l) Zn(Il)
Concentration (ppm) 5.00 0.88 0.94 0.55 0.12
1.5 Solvents

It is important to use a suitable solvent to dissolve and impregnate the
extractant into pores of hollow fiber to make a three-phase HFSLM that ensure
excellent extraction and stripping of the target ions. A suitable solvent has to satisfy

the requirement of having high capacity in dissolving the extractant and allowing an
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ion-pair formation between target ion and extractant. In addition, the solvent must not
only having low viscosity in order to promote high target-ion fluxes through liquid

membrane but also having low toxicity [72].

1.5.1 Organic solvents

Organic solvents are divided into 2 groups: polar and non-polar. The polarity
of organic solvents is indicated by the dielectric constant (or relative permittivity) that
represents the strength of the electric field surrounding the molecules of organic
solvents[73]. The solvent having dielectric constant lower than 15 is classified as non-
polar solvent [74]. For the extraction and recovery of metal ions, the organic solvent
is a media that helps the diffusion of metal-extractant complexes and extractant. The
metal-extractant complexes and the extractant form solvation molecules in the organic
solvent by hydrogen bonding [75].

The stability of solvation molecules depends on the polarity of the organic
solvents [76]. Thus, the metal - extractant complexes and extractant interact better
with polar solvents than non-polar solvents [77]. However, the polar solvents also
interact well with water, leading to the loss of liquid membrane phase to the feed and
stripping phases [78]. Many literature reviews reported the effect of organic solvents
on the extraction and stripping of target metal ions and stability of the liquid
membrane across HFSLM [44, 79]. Fontas et al.[44] investigated the effect of
solvents (Cumene, 3—chlorotoluene, anethol, dicyclopentadiene, dodecane, kerosene
and decaline) on the separation of Pd(Il), Pt(IV) and Rh(lll) using Cyanex 471 as the
extractant. Of all the studied solvents, 3—chlorotoluene is the most favorable solvent

because it shows the highest permeability. Leepipatpiboon et al. [79] investigated the
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performances of seven solvents (i.e., hexane, decanol, chlorobenzene, benzene,
dichloromethane, ethylene dichloride and chloroform) on the extraction of Co(ll) and
Ni(Il) using Alamine 300 as the extractant. Hexane attained the highest Co(ll)
extraction of 82% for 200 min through its lifetime. Other significant properties of
organic solvents are viscosity and volatility. The organic solvents having low
viscosity help the diffusion of metal-extractant complexes and extractant through
liqguid membrane phase [80]. The organic solvents having high volatility can easily
volatile from liquid membrane phase, and consequently the extraction efficiency
decreases. The typical organic solvents used are aliphatic and aromatic hydrocarbons,
hydrophobic ethers and esters, long chain alcohols and mixtures of technical solvents

like kerosene.

1.5.2 Natural solvents

Vegetable oils, for example, soybean oil, sunflower oil and coconut oil are
greener substitute natural solvents that are considered to replace the organic solvents
as their distinctive characteristics are nontoxicity, inflammability, nonvolatility,
renewability and biodegradability [81]. Furthermore, natural solvents have unlimited
resources. A key issue in the area of supported liquid membrane is high performance
of the HFSLM, safer operation, and more environmentally friendly solvents. Previous
research has highlighted the effect of vegetable oils on liquid membrane system for
successful separation and recovery against mercury [82], methylene blue [83] and
copper [84]. Chakrabarty et al, [82] investigated the separation of mercury ions from
aqueous solution through SLM using environmentally benign solvents. Results

indicated that the SLM using the mixture of “PVDF-TOA—coconut oil” as liquid
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membrane was stable for 98 h. In addition, it was found that coconut oil showed a
better performance in the separation of mercury compared to the organic solvents

such as dichloroethane and heptane.

1.6 Stripping solutions

Types of stripping solutions and their concentrations play a significant role on
the transportation of complex species across the interface of liquid membrane-
stripping. This is due to the reactions of extraction and stripping in the HFSLM
system, which occur simultaneously [85]. The parameters for selecting a suitable
stripping agent in order to recover target metal ions from the liquid membrane phase
are for example types of extracted target ions (cation, neutral complex, and anion),
types of extractants (acidic extractants, chelating extractants, neutral extractants,
ligand substitution extractants and basic extractants), and pH of feed and stripping
solutions.

An acidic stripping solution is suitable for the recovery of target ions from an
acidic extractant or a chelating extractant. In acidic stripping solution, hydrogen ions
replace metal cations in the metal complex species. Thus, the metal cations are free
and then captured by the stripping solution. In the case of the extraction of neutral
metal complexes, a neutral extractant is suitable. Subsequently, neutral metal
complexes are removed from the metal complex species by a neutral stripping
solution. For the extraction of metal anions, a basic extractant or a neutral extractant is
used. Anions from basic stripping solution replace metal anions in the metal complex

species and then the target metal ions are released into the stripping solution.
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In this work, several types of stripping solutions, as shown in Table 1.6

(NH2CSNHj; in HCI, NH,OH, NH,4CI, NaClO4 and Na,S,03) were selected.

Table 1.6 Stripping agents from previous literature for this work

Name Application for recovery of precious metals
Extractants Metal ions Systems % Stripping
NH,CSNH, Resins Pt(IV), Pd(1)& Au(lll)  AER[86] 100%
Pd(1l)

NaClO, Alamine 336  Pt(IV), Pd(ll), Rh(lll)  LLE[32]  75% Pd(lI)

Na,S,0;  Alamine 336 Ir(IV), Ru(lll), Rh(Ill)  LLE[87]  100%lr

NH,CI Dibutyl Pd(I1), Pt(IV) LLE [88] 99.2%
sulfoxide Pd(1l)
NH,OH Quaternary Pd(IT) AER [89] 90% Pd(lI)

phosphonium

salt

Note: AER :anion-exchange resins (column chromatographic systems)

1.7 Operating temperature in feed and stripping solutions

An increase in dielectric constants of organic solvents results in high solubility
of water in liquid membrane phase [90]. This is due to the dielectric constant
presenting the capacity of a solvent to produce a dipole force, and forming interaction
with water [91]. Furthermore, for all investigated organic solvents, the extraction of
target metal ions increased as the operating temperature increased. This can be

explained as follows. First, an increase in temperatures of feed and stripping solutions
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results in higher temperature of 3 phases of the HFSLM system that encourages easier
movement of target metal ions across the liquid membrane.

Secondly, the increase in temperature ensures higher extraction and stripping
of target metal ions. The variation of dielectric constants with temperature can be
supported the above paragraph [92].

The effect of temperature on the extraction equilibrium (Ke) of the target
species is directly related to the Van’t Hoff equation. This equation is related to the

standard Gibbs free energy and the Gibbs—Helmholtz equation [93]. Gibbs free energy

change (AG, ) for Pd(ll) extraction can be calculated by Egs. (1.10) and (1.11):

AG) =—RTInK_, (1.10)
A 0
K, = —% (1.12)

However, since the activity coefficients have not been incorporated, shifted free

energy, AG. , can be calculated. AG,fX is related to the standard enthalpy change

AHEX and the standard entropy change ASeoX in the Gibbs—Helmholtz equation. The

relationship between Gibbs free energy, and the standard enthalpy and entropy

changes is described by Eqg. (1.12):

AG2 =AH?2 —TAS2, (1.12)
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Substituting Eq. (1.12) into Eq. (1.11) results in the Van’t Hoff equation in linear

form, shown in Eq. (1.13) [94]:

0 0
InK,, = Ao, A%
RT R

(1.13)
A plot of In Kex versus 1/T should give a straight line, with the standard enthalpy
change calculated from the slope. The equilibrium constant is proportional to Kex.

Thus, slope of In Ke versus 1/T plots would yield the standard enthalpy change.
Previous work discussed the conditions for the constancy of AHJ and AS, [95].

The negative enthalpy indicating that the extraction reaction is an exothermic
reaction, while the positive enthalpy indicating that the extraction reaction is an
endothermic reaction.

The activation energy (E,) is obtained from the Arrhenius equation, Eq. (1.14).
Activation energy has a strong effect on the temperature of actual rate constant. The
Ea is always below 20 kJ/mol. It is generally accepted as indicative of pure diffusion—
limited transport. If the activation energy is greater than 40 kJ/mol, the chemical
reactions play a role in the transport of metal ions across the HFSLM [96-98].
Between 20 kJ/mol and 42 kJ/mol, a mixed diffusion—chemical reaction mechanism is
present [99]. The activation energy of the transport of the target species in the
HFSLM system is obtained by plotting the flux (J) versus (1/T) [100], using Eg.

(1.15):

J=Ae &R (1.14)
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InJ =In A—ii (1.15)
RT

where R denotes the universal gas constant (8.314 J/mol-K), A is the frequency factor,

and T is the absolute temperature (K).

1.8 pH of feed and stripping solutions

The suitable pH of feed and stripping solutions play roles in the transport
mechanisms of the target species through the HFSLM. The transport mechanisms of
the target species are considered as follows [101]:

a) Coupled facilitated counter-transport of metal cations corresponds to the
transport of hydrogen ions from the stripping phase to the feed phase. In order to
provide the driving force of hydrogen ion transport, the pH of feed and stripping
solutions is considered together with the dissociation equilibrium constant (pKa) of
the extractant. These values decrease in the following order pH feeq > pKa > pH stripping

b) Coupled facilitated co-transport of metal anion complexes corresponds to
the decomposition of acidic molecules in the feed phase, and the reaction of metal
anion complexes with anions in the stripping phase. Thus, the pH of feed solution

must be low but the pH of the stripping solution must be high.

1.9 Concentration of the extractant

The concentration of the extractant has an influence on the extraction and
stripping efficiency of metal ions as well as the diffusion of metal-extractant

complexes through liquid membrane phase [44, 45]. Percentage of extraction
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increased as the concentration of the extractant increased. However, at higher
concentration of the extractant, the percentage of extraction decreased due to an
increase in viscosity of liquid membrane. This resulted in mass transfer obstruction in

liquid membrane phase, as described in the previous article [102].

1.10 Concentration of the stripping solution

The concentration of the stripping solution as well has an influence on the
extraction and stripping efficiency of metal ions. An increase in stripping
concentration results in higher extraction and stripping. However, from the study of
our group [103], we found that high concentration of the stripping solution greater

than 2 M leading to lower extraction and stripping efficiency.

1.11 Flow rates of feed and stripping solutions

Flow rates of feed and stripping solutions in feed and stripping phases
influence the contacting time of metal ions with liquid membrane phase. Moreover,
the flow rates of feed and stripping solutions influence the stability of liquid
membrane phase. An increase in the flow rates increases the extraction and stripping
efficiency. However, the extraction and stripping of target metal ions decreases when
the flow rates increase due to short residence time of the solutions in the hollow fiber
module. High flow rates also lead to loss of liqguid membrane from micro-pores of the
hollow fibers [104]. The flow rates of feed and stripping solutions must be equal to
avoid the difference pressure between the shell and tube sides of the hollow fiber

module, which can disturb liquid membrane stability [105].
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1.12 Transport across hollow fiber supported liquid membrane

The HFSLM module (a Liqui—Cel®Extra-Flow Laboratory) is made from
micro-porous polypropylene woven into fabrics and wrapped around a central-tube
feeder to supply the shell side fluid. It is supplied by CELGARD LLC (Charlotte, NC;
formerly Hoechst Celanese). This HFSLM module is composed of three phases of
feed solution, liquid membrane phase, and stripping solution. The feed and stripping
solutions are immiscible with liquid membrane phase. Physical characteristics of the

hollow fiber module are shown in Table 1.7.

Table 1. 7 Physical characteristics of the hollow fiber module

Characteristics Descriptions
Material polypropylene
Number of fibers 35,000

Fiber inside diameter (cm) 0.024

Fiber outside diameter (cm) 0.03
Effective length (cm) 19.8

Surface area (cm?) 1.4 x 10*
Area per unit volume (cm?%cm?®) 29.3
Membrane porosity 25%
Average pore size (cm) 3x10°®
Membrane tortuosity 2.6

Module diameter (cm) 6.3

Module length (cm) 20.3
Operating temperature (K) 273 - 333

A single hollow fiber module operation for the extraction and stripping of
target metal ions (palladium(ll)) is shown in Fig. 1.2. The separation mechanism
consisted of three steps. The first step is the preparation of the HFSLM module by

feeding organic solution (extractant dissolved in organic solvent) into the tube side of
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the hollow fiber module for 40 min to ensure that the extractant is embedded into the
micro pores of the hollow fibers. The second step was simultaneously pumping the
feed solution into the tube side and stripping solution into the shell side of the
HFSLM module in a counter-current flow pattern. Finally, samples from the feed and
stripping solutions were taken every 10 min for 60 min and the concentrations of

palladium(ll) in the samples were determined by ICPS-7000.

9

Fig.1. 2 Schematic counter-current flow diagram for a single-module operation in the
HFSLM system: 1) feed reservoir 2) gear pumps 3) inlet pressure gauges 4) outlet
pressure gauges 5) hollow fiber module 6) flow meters 7) stripping reservoir 8) stirrer

with temperature control and 9) temperature control box



27

Transportation of palladium(Il) across the HFSLM module is shown in
Fig.1.2. Palladium(ll) in the feed solution diffuses to the interface of the feed - liquid
membrane phases. Then, palladium(ll) reacts with the selected extractant at this
interface to generate complex species. After that, the complex species transport to the
interface of the liquid membrane-stripping phases by the concentration gradient. No
transport of palladium(ll) across liquid membrane is assumed. This complex species
reacts with the stripping solution at the interface of the liquid membrane-stripping
phases. Thus, the complex species is released into the stripping phase. Finally,
palladium(l1) is transferred into the stripping phase, while the extractant returns to the
liguid membrane and transfers to the interface of feed and liquid membrane. The

extractant reacts once again with palladium(ll) at this interface.

Fig. 1.3 schematically explains the transport of each case. The descriptive

drawing depicts (A) = the target metal ions (B) = co-ions (C) = the organic extractant,

and (AC ,BCor ABC) = the organic complex species. In our study, the target metal
ions (A) can be palladium(ll) or platinum(IV). The straightforward mechanism is

observed with the simple facilitated transport (Fig. 1.3 (a)) since the organic complex

species (E) is produced from the reaction between (A) and (C). Then, AC s
decomposed at the interface between the liquid membrane and the stripping phase,
and (A) is recovered to the stripping solution. The coupled facilitated transport can be
classified into co-transport (Fig. 1.3 (b)) and counter-transport (Fig. 1.3 (c)). For the

coupled facilitated co-transport, the extractant reacts with the target metal ions (A)

and co-ion (B) to form the organic complex species (ABC). Then, ABC diffuses

across the liquid membrane to the stripping interface where both the target metal ions
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and co-ions are simultaneously recovered. This mechanism has co-ion transporting

along with the target component from feed phase to stripping phase.

(a) Simple Facilitated transport (b) Coupled Facilitated Co-transport

® ® @ @ /' @ ®
@ © «—© ® ®® @ © « ()
® ®
Feed @ fixid Meﬁane Stripping® d® fq)uid Me?brdne ipping

(c) Coupled Facilitated Counter-transport

® Nt
¢ @ ©e®
® ® T @
Y

Feed Liquid Membrane Stripping

A*+BC = AC+B* B*'+ AC &= BC+A"

Fig.1. 3 The descriptive drawing of liquid membrane system [106]

This coupled facilitated co-transport is common for both neutral and basic
organic extraction as schematized in Eq. (1.16) for the reaction with neutral organic
extractant and Eq. (1.17) for the reaction with the basic organic extractant. The
aqueous pH phase or hydrogen ion in the system is depicted by (H).

Coupled co-transport with neutral organic extractant in the system:

Aty + Biagy +Corg) = ABC org (1.16)



29

Coupled co-transport with basic organic extractant in the system:

A{” +mB;

aq) (aq

,+(m-n)H ., +(m- N)C org) =" AB™""((m-n)CH Vo 117

(aq

The coupled facilitated counter-transport has reverse mechanism from the co-
transport. The co-ion (B) transports from the stripping phase to feed phase, against the

transport direction of the target metal ions (A). The mechanism starts with the

reaction between (A) and the organic extractant (%) to form organic complex (E)

and releases co-ion (B) to the feed phase. Subsequently, the organic complex

(AC) diffuses across the liquid membrane to the stripping interface where the target
metal ions are released to the stripping phase and co-ion is recovered to the organic
extractant. The common case of counter-transport is the reaction using acidic

extractant as schematized by Eq. (1.18).

Coupled counter-transport, acidic organic extractant:

Aty + HC o) —>AC o) + H; (1.18)

aq) (aq)

1.13 Objectives of the dissertation

1. To investigate the effect of operating conditions on the extraction and
stripping of palladium(ll) from the flexible printed circuit board (FPCB)

wastewater and platinum(IV) from gold refining (GR) wastewater via HFSLM
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2. To study the potential of using natural solvents for organic solvents on the
extraction and stripping of platinum(IV) from gold refining wastewater via
HFSLM system

3. To apply the mathematical model based on diffusion, the reaction at the
interface of feed and liquid membrane phases, and the accumulation of the
metal ions in liqguid membrane phase to estimate the extraction of
palladium(Il) from the flexible printed circuit board wastewater across

HFSLM

1.14 Scope of the dissertation

1. To investigate the influences of operating conditions on the extraction and
stripping of palladium(l1) from flexible printed circuit board wastewater

2. To investigate the influences of operating conditions on the extraction and
stripping of platinum(IV) from gold refining wastewater

3. To apply the natural solvents, i.e., sunflower oil, coconut oil and soybean oil
in the separation of platinum from gold refining wastewater

4. To compare the theoretical mass transfer from the extraction of palladium(Il)
from flexible printed circuit board wastewater estimated by the mathematical

model with the experimental data

Operating conditions in this work are listed in Tables 1.8 and 1.9.
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Table 1. 8 Investigated operating conditions for the extraction and stripping of

palladium(Il) from flexible printed circuit board wastewater

Parameters
1. pH of feed solution
2. Concentration of palladium
3. Types of extractants
4. Concentration of extractants

5. Types of organic solvents

6. Types of stripping solution

7. Concentration of stripping solution
8. Operating time
9. Operating temperature

10. Stability of the liquid membrane

1-6

5-500 ppm

LIX 841, TBP and Cyanex 471

2-15 %(viv)

hexane, xylene, cyclohexane,
benzene, chlorobenzene, 1,2—
dichloromethane, dodecane,
chloroform and kerosene

H,SO4, HCI, NH,CSNH,, NH,CI, and

the mixture of NH2.CSNH:2 and HCI

0.1-1.2 M
10-120 min
303-323 K

60-400 min
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Table 1. 9 Investigated operating conditions for the extraction and stripping of

platinum (IV) from gold refining wastewater

Parameters

1. pH of feed solution 1-6

2. Types of extractants Aliquat 336, LIX84, Cyanex 923,
TBP and TOPO

3. Concentration of extractants 2-15 %(viv)

4. Types of organic solvents hexane, xylene, cyclohexane, benzene,
chlorobenzene, 1,2—dichloromethane,
dodecane, chloroform and kerosene

5. Types of natural solvents coconut oil, soybean oil and
sunflower oil

6. Types of stripping solution HCI, NH,CSNH,, NH,ClI, and the

mixture of NH2CSNH: and HCI

7. Concentration of stripping solution 0.1-1.2 M
8. Operating time 10-120 min

9. Operating temperature 303-323 K

1.15 Expected results

1. High extraction and stripping of palladium (11) and platinum (I1V) from
industrial wastewaters
2. Known natural solvent yielding the highest extraction of platinum (IV)

from gold refining wastewater
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3. Validation of the mathematical model based on diffusion, the reaction at the
interface of feed and liquid membrane phases, and the accumulation of the
metal ions in liquid membrane phase to the estimation of the extraction of the

target metal ions across the HFSLM module

1.16 Description of the dissertation

This dissertation is divided into 6 Chapters. Chapter | encompasses a brief
introduction and rationale of work. Chapters 11-V involve with the articles concerning
the research on the separation of palladium(ll) from the flexible printed circuit board
wastewater and platinum(IV) from gold refining wastewater. Chapter VI summarizes

the conclusion of this dissertation. Chapters 11-V are outlined as follows:

Chapter 11

This chapter focused on the separation of Pd(Il) from the FPCB wastewater.
Results indicated that in the HFSLM, the suitable type of organic solvent facilitate
extractant for the separation of palladium. The polarity of the organic solvent plays
important role in the extraction and stripping of palladium, and membrane stability.
High Pd(Il) extraction and stripping of 96% and 91%, respectively were observed at
feed solution pH 2, 5% (v/v) LIX84—I dissolved in kerosene as the extractant, a
mixture of 0.8 M NH,CSNH; with 1 M HCI as the stripping solution, and equal flow
rates of feed and stripping solutions of 100 mL/min. Highest membrane stability was
attained at 350 min using hexane as a solvent. The calculated activation energy (E,)

was 30 kJ/mol implying that the separation of Pd(Il) was controlled by the diffusion
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and chemical reaction. Details are available in the published article of Journal of

Industrial and Engineering Chemistry (pp: 212-220). Vol. 21. 2015 [107].

Chapter 111

This chapter highlighted the purification of Sn(IV) and recovery of Pd(Il)
from flexible printed circuit board wastewater via HFSLM. This work examined the
influences of extractant concentration in the liquid membrane, HCI concentration, and
flow rates of feed and stripping solutions. The thermodynamic properties were also
investigated. The extraction of Pd(Il) and purification of Sn(IV) were 100% and 84%,
respectively. Purification of Sn(IV) remained in the feed solution. Pd(Il) and Sn(IV)
Kinetic reaction orders approached 1.0, and the reaction rate constants were 0.08509
and 0.00301 min™, respectively. The experimental results agreed well with the
calculated results from the mathematical model with the deviation less than 5%.
Details are available in the published article of Journal of Industrial and Engineering

Chemistry (pp: 217-228). Vol. 22. 2015 [108].

Chapter 1V

This chapter studied mass transfer resistance and response surface methodology for
the separation of platinum(lVV) from gold refining wastewater across HFSLM.
Successful results of 96% Pd(1V) extraction and 88% stripping were attained by using

10%(v/v) trioctylmethyl-ammonium chloride (Aliquat 336) as the extractant. The

mass transfer resistances were (1/k,) 3.297 x 10* s/cm, (1/k,,) 0.164 x 10" s/cm,
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(1/k,) 3.404 x 10* s/em, and (1/K) 6.865 x 10* s/lcm. The system was governed by

the mass transfer resistance from the liquid membrane. Response surface
methodology was used to qualify and estimate the influences of operating conditions.
The predicted model was in good agreement with the experimental data at a standard
deviation of 1%. Details are available in the published article of Journal of Industrial

and Engineering Chemistry (pp: 23-35). Vol: 42. 2016 [109].

Chapter V

This chapter explored the effects of natural solvents (non-toxic diluents) and
organic solvents (conventional diluents) on the separation of platinum(IV) from gold
refining wastewater across HFSLM. Consequently, 91% extraction and 81% stripping
of Pd(IV) were observed by using sunflower oils at 328.15 K. The overall mass

transfer resistance (R ) was 146.612x 10* s/cm. The separation process was

endothermic (AH =98.804 kl/mol) and spontaneous (AGY =-37.822 kJ/mol). The

E, of 1.673 kJ/mol indicated that the diffusion of complex species across the liquid

membrane controlled the mass transfer step. Moreover, a modified Apelblat model
gave an excellent match for predicting the extraction behavior of Pt(IV) at 1.28%
RMSD. Details are available in the published article of Journal of Industrial and

Engineering Chemistry. (pp: 278-289). Vol. 54. 2017 [110].
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2.1 Abstract

In a liquid membrane, the type of diluents for the selected extractant plays an
important role in membrane stability and separation efficiency. High Pd(Il) extraction
and stripping of 96% and 91%, respectively, were observed by HFSLM under a feed
pH 2, 5% (v/v) LIX84-I dissolved in kerosene and a mixture of 0.8 M NH,CSNH,
with 1 M HCI as a stripping solution. The highest stability was attained at 350 min by
using hexane as a diluent. Finally, the calculated activation energy (Es) of 30 kJ/mol
implied that the separation of Pd(ll) was controlled by the diffusion and chemical

reaction.

Keywords: Palladium; Diluent; Polarity; HFSLM; Membrane stability; LIX 84—I
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2.2 Introduction

Palladium, a rare noble element, has special physical and chemical properties,

such as high melting point, catalytic activities and corrosion resistance. Palladium is

low in abundance and fetches a high price. Pure palladium and its alloys have been

extensively used in many applications: contacts, grids for electronic tubes, telephone

circuits, electrical relays and switching systems in telecommunication equipment, heat
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and corrosion resistance apparatus, resistance wires, and catalytic converters [1, 2]. In
the flexible printed circuit board (FPCB) industry, palladium is used in the direct
plating process (DPP). After finishing the process, trace amounts of palladium ions,
Pd(I1) approximately 100-400 mg/L are found in the wastewater. Palladium can affect
the growth and health of living beings. For example, PdCl; at 5 ppm in drinking water
has an adverse impact on human health [3]. Therefore, it is important to separate
palladium from wastewater.

Conventional methods for separating Pd(Il) from aqueous solutions are
precipitation [4], solvent extraction [5], ion exchange [6], bio-adsorption [7] and
adsorption [8]. However, these methods possess both advantages and disadvantages
[9-13]. To overcome a major shortcoming of these conventional methods i.e.
inefficient separation of the target species at a very low concentration (ppm or ppb
level), a hollow fiber supported liquid membrane (HFSLM) can be applied. HFSLM
has a high membrane interfacial surface area per unit volume, and can simultaneously
extract and strip the target species in one single-step operation [14, 15]. Literature
reviews of HFSLM applications for the separation of metal ions are described
elsewhere [16-18].

Although the HFSLM system has been widely studied for the separation of
metal ions, it has its limitation regarding insufficient liqguid membrane stability. This
limitation can be due to the loss of the extractant and/or diluent from the micropores
of the hollow fibers. Parameters affecting the stability of the liquid membrane, as
previously reported [19], are type of extractants as well as type of diluents. The
separation of platinum-group metals, in particular Pd(ll) and Pt(IV), has been

extensively investigated by many researchers. These experiments mostly concerned
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synthetic wastewater at low metal concentrations and employed extractants such as 2-
hydroxy-5-nonylacetophenone oxime (LI1X84—1) which has high efficiency and
excellent selectivity [20]. Rane and Venugopal [21] extracted Pd(I1) and Pt(1V) using
LIX84—I dissolved in dodecane via solvent extraction. The stripping percentages of
Pd(I1) and Pt(IV) were 97% and 86%, respectively. Reddy et al. [22] also extracted
Pd(I1) and Pt(IV) using LIX84-I and Alamine336 dissolved in kerosene, employing
solvent extraction; the stripping of Pd(1l) and Pt(IV) was higher than 99%. Alkyl
phosphines, in particular triisobutylphosphine sulfide (TIBPS), are becoming popular
as extractants for metal ions due to their poor aqueous solubility, good hydrolytic
stability and selectivity [23]. TIBPS was applied to extract Pd(Il), as in a previously
published report [24]. Tri-n-butyl phosphate (TBP) is a neutral extractant classified as
a soft base, which can react with anions and cations in the solution. TBP shows high
performance of Pd(11) extraction, as reported elsewhere [25].

In order to prolong the stability of the liquid membrane, different types of
diluents are considered for sufficient miscibility in the chosen extractant in the
diluents. Appropriate diluents should meet certain requirements e.g. high solubility in
water, high interfacial tension between the solvent and water phases, low volatility,
low viscosity, little tendency to react with metal ions, low toxicity, and low cost [19,
26]. The polarity of diluents is also a parameter which can affect the stability of the
liquid membrane. Leepipatpiboon et al. [27] reported the influence of diluent polarity
on the stability of liqguid membrane in the HFSLM system for Co(ll) and Ni(ll)
separation by using Alamine300 as the extractant and different diluents. Their results
demonstrated that high polarity (polarity indexes > 3.5) of diluents bring about high

extraction performance but low stability. Further, Sunsandee et al. [28] reported on
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the extraction of (S)-amlodipine by using DBTA as the extractant and various diluents
in the HFSLM system. The results revealed that benzene, which has a polarity index
of 2.7, provided the best compromise between extraction performance and liquid
membrane stability. The increasing polarity of diluents causes an increase in the
solubility of the liquid membrane in the aqueous solutions. This leads to instability of
the liquid membrane. Thus, the stability of the liquid membrane depends significantly
on the diluent chosen. However, to the best of our knowledge, no literature has
reported on the influence of diluent polarity on the stability of liquid membrane for
Pd(I1) separation in the HFSLM system.

This paper reports on the extraction and stripping of Pd(ll) from the FPCB
wastewater as the feed solution via HFSLM. Several parameters influencing the
extraction and stripping efficiency of Pd(Il) were investigated: types of diluents,
extractants, and stripping agents, concentrations of extractants and stripping agents,
pH of the feed solution, initial concentration of Pd(ll), operating temperature, flow
rates of feed and stripping solutions, operating time, and stability of the liquid
membrane. The accuracy of the experimental data in terms of reproducibility of the
liquid membrane was reported. Furthermore, the activation energy (E;) was studied in

order to determine a rate limiting the Pd(I1) separation.
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2.3 Theory

2.3.1 Transport mechanisms of Pd(I1) across the liquid membrane phase

The HFSLM system is divided into three main phases: feed, liquid membrane

and stripping phases. As shown in Fig. 2.1, the mass transport mechanisms involve

several steps. Pd(I1) in molecule of PdCI% dissolving in the feed solution reacts with

the organic extractant (LIX 841, m_) at the feed—liquid membrane interface to form
complex species (PdL, ). Subsequently, PdL, diffuses across the liquid membrane

phase to the liquid membrane-stripping interface and then reacts with the stripping

agent thiourea (NH,CSNH,) in the stripping solution. As a result, Pd(ll) is released

into the stripping phase while HL diffuse back into the feed—liquid membrane
interface to react again with Pd(ll) in the feed solution. The mass transport of Pd(l1) is

driven by the concentration gradient between the feed and stripping solutions.
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Fig.2. 1 Mass transport mechanism of Pd(I1) across the liquid membrane phase using
LIX 841 as the extractant and the combination of NH,CSNH, and HCI as the

stripping solution.

The extraction reaction of Pd(Il) with the extractant (m_) is expressed in Eq.

(2.1) [21, 29]:

PdCI* +2HL <= PdL,+4Cl +2H" 2.1)

The stripping reaction of Pd(Il) with the stripping agent (NH,CSNH,) is as

follows:

PdL,+NH,CSNH, = NH,CSN(Pd)+2HL (2.2)
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2.3.2 Thermodynamics

The influence of temperature on the extraction equilibrium (Kex) of Pd(I1)
extracted with LIX 84-1 is directly related to the Van’t Hoff equation. This equation

has a connection with the standard Gibbs free energy and the Gibbs—Helmholtz
equation [30]. Gibbs free energy change (AGSX) for Pd(Il) extraction can be

calculated by Egs. (2.3) and (2.4):

AGY =—RTInK_, (2.3)
0
Ko =22 @4

However, since activity coefficients have not been incorporated, shifted free energy,

AG?

ex !

can be calculated. AG is related to the standard enthalpy and extraction

entropy changes (AHJandAS2) through the Gibbs—Helmholtz equation. The

relationship between Gibbs free energy and the enthalpy and entropy is described by

Eqg. (2.5):

AG’ =AH? —TAS, (2.5)

Substituting Eq. (2.5) into Eq. (2.3) results in the Van’t Hoff equation in linear form,

shown as Eq. (6) [31]:
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0 0
InK,, = Ao, A%
RT R

(2.6)
A plot of In Kex versus 1/T should give a straight line, with the standard enthalpy
change calculated from the slope. The equilibrium constant is proportional to Kex.

Thus, slopes of In Ke versus 1/T plots would yield the standard enthalpy change.

Previous works discussed the conditions for the constancy of AH2 and AS? , and

X ex !
these apply here as well [32].

The activation energy values were obtained from the Arrhenius equation, as
shown in Eq. (2.7). Activation energy (E,) values have a strong effect on the
temperature of actual rate constants. E, values are always below 20 kJ/mol. These
values are generally accepted as indicative of pure diffusion—limited transport. When
the activation energies are higher than 40 kJ/mol, chemical reactions play a role in the
transport [33-35]. Between 20 kJ/mol and 42 kJ/mol, a mixed diffusion—chemical
reaction mechanism is present [36]. The activation energy of the transport of Pd(Il) in
the HFSLM system was obtained by plotting the flux (J) values versus (1/T) [37],

using Eqg. (2.8):

J=Ae""T 2.7)

InJ =In A—Ei (2.8)
RT
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where R denotes the universal gas constant (8.314 J/mol-K), A is the frequency factor

and T is the absolute temperature (K).

2.3.3 Diluents and liquid membrane stability

The selection of proper extractants and diluents for impregnating the
micropores of the hollow fibers is indispensable in order to achieve good
extractability and long—term liquid membrane stability. The characteristics of
individual diluents are mostly responsible not only for the lifetime of the liquid
membrane but also for the solubility of the complex species existing in the liquid
membrane phase. Many types of diluents in the HFSLM system have been studied in
the literature regarding the different lifetime of the liquid membrane. Fontas et al.[19]
for instance studied the influence of diluents on the separation of Pd(ll), Pt(IV) and
Rh(111). Various diluents e.g. Cumene, 3—chlorotoluene, anethol, dicyclopentadiene,
dodecane, kerosene and decaline were used and mixed with Cyanex 471 as the
extractant to be the liquid membrane. The results indicated that 3—chlorotoluene led to
the highest permeability values compared with other diluents investigated at a lifetime
of the liquid membrane of 2 hrs. Leepipatpiboon et al. [27] investigated the efficiency
of seven diluents such as hexane, decanol, chlorobenzene, benzene, dichloromethane,
ethylene dichloride and chloroform on the extraction of Co(ll) and Ni(ll) and on the
stability of liquid membrane using Alamine300 as the extractant. The results showed
the highest percentage of extraction of Co(ll) at 82% under the lifetime of hexane at
200 min. In addition, Sunsandee et al. [28] reported the effect of diluents on the
extraction of enantioseparation of (S)—amlodipine using DBTA as the extractant. The

diluents i.e. hexane, 1-decanol, chlorobenzene, benzene, 1,2—dichloromethane,
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ethylene dichloride, and chloroform were investigated. The percentage of extraction
of (S)-amlodipine reaching 77.50% was reported under the longest lifetime of
1-decanol at 150 min. Nonetheless, the literature concerning the influence of hexane,
xylene, cyclohexane, benzene, chlorobenzene, 1,2—dichloromethane, dodecane,
chloroform and kerosene on the extraction efficiency of Pd(Il) together with the

stability of the liquid membrane via HFSLM has not been addressed.
2.3.4 Percentages of extraction and stripping

The percentage of Pd(I1) extraction was defined as:

- [M ]complexspecies
%Extraction = — x100 (2.9)

f,in

where [M] is the concentration of complex species in the liquid membrane

complex species

phase, and [M]; ;, is the initial Pd(ll) concentration in the feed solution.

The percentage of Pd(I1) stripping was calculated by:

O/S H - _[M]s,out
oStripping _M—xloo (2.10)

f,in

where [M]. . is the outlet concentration of Pd(Il) in the stripping solution (mg/L).

s,out
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2.4 Experiment

2.4.1 Chemicals and reagents

The wastewater from the FPCB industry containing 100-400 mg/L Pd(Il)
(supplied by PCTT Ltd., Thailand) was diluted by a hydrochloric acid solution used
as the feed solution throughout the experiment. To remove dirt and other unwanted
materials, the wastewater was filtered through filter paper (Whatman No. 42). LIX
84-1, used as an extractant, was supplied by Henkel (Thailand) Ltd. Tri-n-butyl
phosphate (TBP) and triisobutylphosphine sulfide (TIBPS) were supplied by Merck
(Germany). The structures of LIX 84-1, TBP and TIBPS are illustrated in Fig. 2.2.
The stripping agents that were used in this experiment, for example, thiourea
(NH,CSNH,) was purchased from RFLC New Zealand, and sulfuric acid (H2SOy),
ammonium chloride (NH4Cl) and hydrochloric acid (HCI) were purchased from
Sigma-Aldrich. Experiments were carried out using several different diluents without
further purification. All diluents—benzene, chloroform, chlorobenzene, cyclohexane,
1,2—-dichloromethane, dodecane, hexane, kerosene and Xxylene-were of analytical
grade and purchased from Merck. Double-deionized water (Milli-Q; Millipore, USA),

18.2 MQ-cm ™ conductivity, was used for all dilutions.
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Fig.2. 2 The chemical structures of LIX 841, TBP and TIBPS.

2.4.2 Apparatus and analytical instruments

The HFSLM module (Liqui-Cel®Extra—Flow Laboratory) was supplied by
CELGARD LLC (Charlotte, NC; formerly Hoechst Celanese). The module uses
Celgard microporous polypropylene fibers that are woven into fabric and wrapped
around a central tube that supplies the shell side fluid. The properties of the hollow
fiber module are specified in Table 2.1. A magnetic stirrer (model CMT-V1,

Protronics Intertrade Co., Ltd., Thailand) was used to stir the feed and stripping



57

solutions. The pH values of the feed solution were adjusted by adding periodically a
small amount of hydrochloric solution as measured by the professional pH Meter PP—
50 (TransInstruments, Singapore). The pump used in all experiments was a peristaltic
pump (Cole—Parmer, USA) which can generate pressures up to 8.6 bar (125 psi). The
concentration of Pd(ll) in the feed and stripping samples was analyzed by the
inductively coupled plasma optical emission spectrometer (ICP—OES) (model JY

2000-2; HORIBA Jobin Yvon, France).

Table 2. 1 Physical characteristics of the hollow fiber module.

Characteristics Descriptions
Material polypropylene
Number of fibers 35,000

Fiber inside diameter (cm) x10° 2.4

Fiber outside diameter (cm) x10? 3.0

Effective length (cm) 19.8

Surface area (cm?) x10™ 1.4

Area per unit volume (cm? cm™) 29.3
Membrane porosity (%) 25

Average pore size (cm) x10” 0.3
Membrane tortuosity 2.6

Module diameter (cm) 6.3

Module length (cm) 20.3

Operating temperature (°C) 0-60
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2.4.3 Procedures

The single hollow fiber module in recirculation mode of feed and stripping
solutions was set in the same manner as reported by Wongsawa et al. [38]. At first,
the liquid membrane was circulated into the tube and shell sides of the HFSLM for at
least 40 min [38] to impregnate in the micropores of the hollow fibers. The excess
liquid membrane was completely washed out with distilled water for 10 min. Then,
the feed and stripping solution were counter—currently pumped into the tube and shell
sides, respectively. Each feed and stripping sample of 30 mL for all investigated

influences were kept and analyzed in order to determine the concentration of Pd(I1).

2.5 Results and discussion

2.5.1 Influences of types of diluents

Nine diluents i.e. hexane, xylene, cyclohexane, benzene, chlorobenzene,
1,2—dichloromethane, dodecane, chloroform and kerosene were investigated using
LIX84-1 as the extractant and a mixture of NH,CSNH, with HCI as the stripping
solution. The percentages of Pd(Il) extraction and stripping are listed in Table 2.2.
The polarity index values of diluents as reported elsewhere [27, 28, 39] were also

considered in order to select the appropriate diluents.
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Table 2. 2 Performance of the diluents on the percentages of Pd(I1) extraction and

stripping.

Diluents Polarity index (-) % Extraction % Stripping
Hexane 0.1[27] 66.25+1.60 59.80+1.41
Cyclohexane 0.2[28] 67.13+1.43 63.96+1.45
Chlorobenzene 2.5[27] 68.68 £6.90 64.35+4.43
Benzene 2.7[27] 71.89+3.65 63.01+2.95
1,2-dichloromethane 3.1[28] 7320+ 144 5536 +2.97
Chloroform 4.1[39] 64.13+142 61.33+1.10
Dodecane n/a 58.31+£0.80 58.30+1.34
Kerosene n/a 70.98+1.41 67.75+4.34
Xylene n/a 67.68+0.74 63.76 +1.47

Note: The percentages of Pd(Il) extraction and stripping were studied under pH 2 of
the feed solution,the Pd(ll) concentration in the feed solution of 100 mg/L, the
L1X84-1 concentration of 2% (v/v), the stripping concentration of 0.1 M NH,CSNH,
mixed with 1 M HCI and 100 mL/min of feed and stripping flow rates.

The results in Table 2 indicated that 1,2—dichloromethane provided the higher
percentage of extraction of Pd(Il) at 73.20%, with a relative error of approximately
1.5% when compared with other diluents with difference polarity indexes (hexane,
cyclohexane, chlorobenzene, benzene and chloroform). On the other hand, the
percentage of Pd(ll) stripping in the case of 1,2—dichloromethane was observed to be
a moderate 55.36%, with a relative error of approximately 3%. This tendency might
be related to the polarity and interaction of different organic diluents with the

extractant [27]. In the case of the three diluents without polarity indexes (dodecane,

kerosene and xylene), the results indicated that kerosene showed the best performance
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and achieved more than 70% extraction of Pd(ll), and about 67% for stripping, with
relative errors of approximately 1.4% and 4.3%, respectively. In this study, however,
kerosene was selected for further experiments. This is because kerosene has balanced
percentages of Pd(Il) extraction and stripping, including a high flash point for
hydrocarbon diluents [22]. In addition, kerosene is most readily available and the least
expensive of the diluents. Similar results were presented in a previous report by
Reddy et al. [22] which highlighted that kerosene is a suitable diluent for Pd(Il)
extraction employing 14%(v/v) LIX 841 as the extractant. The percentages of Pd(ll)
extraction reaching almost 100% were obtained. Panigrahi et al. [40] was also
successful in using L1X 841 dissolved in kerosene for the extraction and stripping of

cu(ln).

2.5.2 Influences of types of extractants and stripping agents

From a review of literature, LIX 84—1 [21], TIBPS [19] and TBP [25] showed
high performance in the extraction of Pd(Il). Consequently, these extractants were
selected to investigate the extraction of Pd(ll) in chloride media. The results as shown
in Fig. 2.3(a) indicated that TBP performed poorly in extracting Pd(ll) from aqueous
feed solution. This is because TBP can react with both anions and cations in the
aqueous feed solution. TIBPS is a neutral extractant, classified as a soft base, which
can react with anions and cations in the solution (similar to TBP). Thus, percentage of
Pd(I1) extraction was low. LIX 84-1 was found to be the most suitable extractant for
the extraction of Pd(Il). This corresponded to the fact that LIX 84—I is an acidic

extractant which reacts well with cationic form of Pd(I1). Similar results demonstrated
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the influence of LIX 84-I on the extraction and stripping of Pd(Il) and Pt(1V) from

hydrochloric solutions using the solvent extraction method, as reported by Rane and
Venugopal [21]. The latter reported that Pd(Il) was selectively extracted from PdCIZ

in the aqueous feed solution by LIX84-I. Extraction of Pd(Il) reached more than 97%
while chloride ions were released in the aqueous feed solution as shown in Eg. (1).

Foulon et al. [29, 41] studied the effect of LIX63 which is an acidic extractant on the
extraction of Pd(Il) from PdCIi'. The results demonstrated that LIX63 can selectively

extract Pd(Il) and then releases chloride ions into the aqueous feed solution. The
studies of Rane and Venugopal [21] and Foulon et al. [29, 41] can confirm that the
LIX group is more effective for the extraction of Pd(Il). Furthermore, LI1X84—1 was
successfully used in the extraction of the other metal ions i.e. Cu(ll) as reported by
Pancharoen et al. [42]. In this work, LIX 84-1 was therefore recommended for use

throughout the experiments for extraction of Pd(l11) from the aqueous feed solution.
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Fig.2. 3 Percentages of extraction and stripping of Pd(Il) against (a) types of
extractants and (b) types of stripping agents under conditions: feed solution at pH 2,
2% (v/v) LIX 841, the combination of 1 M NH,CSNH; and 1 M HCI, 100 mg/L
Pd(I1) in the feed solution and equal flow rates of feed and stripping solutions of 100

mL/min.

For the stripping of Pd(Il) from complex species, a number of stripping agents
were used. Certainly, the fundamental principle depends on the characteristics of the
selected extractants [43]. In this work, the investigation of stripping agents which
have an influence on the stripping of Pd(ll) from the liquid membrane phase was
carried out by testing stripping agents which were able to form complex species with
Pd(I1) strong enough to strip Pd(Il) from the complex species. The stripping agents—
H2SO4, HCI, NH,CSNH,, NH4CI, and a combination of NH,CSNH; and HCl-were
chosen because of their good Pd(11) stripping efficiency, as noted in previous reports
[21, 44]. The percentage of stripping by different stripping agents at identical

concentrations of 0.1 M is illustrated in Fig. 2.3(b). The results indicated that the
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stripping efficiency of Pd(ll) decreased in the order of NH,CSNH,+HCI > NH,CI >
NH,CSNH; > HCI > H,SO,. The combination of NH,CSNH; and HCI achieved a
stripping percentage of approximately 70%. This can be attributed to the fact that
NH2CSNH, mixed with HCI has stronger decomplexation ability for Pd(Il) compared
with other reagents. These results are consistent with extraction of Pd(Il) employing
Alamine 336 as the extractant, and using a mixture of NH,CSNH, and HCI as the
stripping agent as reported by Sun and Lee [45]. In addition, Reddy et al. [22] also
used a mixture of NH,CSNH, and HCI for stripping the complex species in the
organic solvent; the results were higher than 99.7% for both metal ions. Thus, the
mixture of NH,CSNH, and HCI was selected as the stripping solution for further

study of other relevant variables.

2.5.3 Influences of concentrations of extractant and stripping agent

Extraction efficiency of metal ions though HFSLM relies on the concentration
of extractant molecules in the liquid membrane phase [19, 46]. In this work, the
influence of L1X84-I concentration in the liquid membrane phase on the efficiency of
Pd(I1) extraction was investigated by varying the concentration of LIX84-I in a range
of 2-15% (v/v) and the concentration of NH,CSNH, of 0.2-1.2 M mixed with the
fixed concentration of 1 M HCI as the stripping solution. The results in Fig. 2.4
indicated that the extraction of Pd(Il) reaching almost 96% was achieved at 5% (v/v)
LIX84-1. The percentage of extraction increased as the concentration of L1X84-I
increased. However, extraction percentage of Pd(Il) decreased at concentrations > 9%

(v/v) due to an increase in liquid membrane viscosity. This resulted in mass transfer
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obstruction in the liquid membrane phase, as described in a previous report [47]. This
viscosity phenomenon can be explained by the molecular kinetic equation of Nernst;

the diffusion coefficient £can be expressed as cited in many previous publications

[48, 49]:
k.T
o e

where kg is Boltzmann’s constant, ; is the viscosity of the liquid membrane, and r

and T are the radius and temperature, respectively. Consequently, a concentration of

5% (v/v) LIX84—1 was employed for all further experiments.
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Fig.2. 4 Percentages of extraction of Pd(Il) against concentrations of L1X 84— and
concentrations of NH,CSNH, mixed with 1 M HCI under conditions: feed solution at

pH 2, 100 mg/L Pd(Il) in the feed solution, and equal flow rates of feed and stripping

solutions at 100 mL/min.

Moreover, in order to investigate the significance of the role of stripping
concentration in the stripping of Pd(ll) from the membrane phase, various
concentrations of NH,CSNH, (0.2-1.2 M) were used with a fixed concentration of
1 M HCI. The results showed that stripping percentage of Pd(ll) of more than 90%
was achieved at 0.8 M NH,CSNH; as presented in Fig. 2.5. When the concentration
of NH,CSNH, was higher than 0.8 M, stripping percentage of Pd(Il) decreased

because of the precipitation of NH,CSNH,. This led to difficulty in stripping the
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complex species at the liquid membrane—stripping interface. Indeed, this precipitation
blocked the pores between the liquid membrane and the stripping interface. The
results were in accordance with a previous publication as reported by Pirom et al.[50].
The latter highlighted the influence of the concentration of stripping agents on the
extraction and stripping of Co(ll) and Mn(ll). The results also showed that a lower

NH2CSNH, concentration in the stripping phase is favorable and sufficient for Pd(Il)

stripping. Therefore, a concentration of 0.8 M NH;CSNH; and 1 M HCI was

recommended for further experiments.
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Fig.2. 5 Percentages of stripping of Pd(Il) against concentrations of LIX 841 and
concentrations of NH,CSNH, mixed with 1 M HCI under conditions: feed solution at

pH 2, 100 mg/L Pd(ll) in the feed solution, and equal flow rates of feed and stripping

solutions at 100 mL/min.


file:///C:/Users/User/Desktop/เเก้ไขครั้งที่%201/เล่มเเยกตามบท/CHAPTER%20V.docx%23_ENREF_50

67

2.5.4 Influences of pH and Pd(I1) concentration in feed solution

In the literature, it has been reported that the efficiency of LI1X84—I for metal
ion extraction from acidic aqueous solutions depended on the pH of feed solution
[38]. In this study, the pH of feed solution was investigated in a range of 1-6 M. The
relationship between extraction efficiency and initial aqueous pH is illustrated in Fig.
2.6(a). The results indicate that percentage of extraction increased when the pH of
feed solution increased. Maximum extraction percentage was achieved at pH 2.
However, it subsequently decreased. A similar phenomenon was noted in a previous
report [21] which highlighted that extraction efficiency of Pd(Il) in chloride solutions
with LIX84—1 increased when the initial aqueous pH increased, reaching a maximum
at pH 3 and then decreased. In this work, the optimum value of pH for the feed
solution proved to be pH 2 where a high extraction percentage of Pd(lIl) is achievable.
Thus, the pH value of the feed solution at 2 was selected for further studies.

The effect of the initial Pd(ll) concentration in the feed solution on the
extraction efficiency of Pd(ll) was investigated in a range of 100-400 mg/L. The
experimental results showed that the concentration of Pd(Il) in the membrane
increased when the initial Pd(Il) concentration was 100 mg/L, as demonstrated in
Fig. 2.6(b). The percentages of Pd(1l) extraction decreased at concentrations of Pd(I1)
higher than 100 mg/L. The decrease in extraction efficiency at higher concentrations
of Pd(I1) may be because of the increasing overall mass transfer resistance with higher
Pd(I1) concentration, as reported previously [51]. It is also noteworthy that a decrease

in distribution ratio was observed as initial Pd(Il) concentration increased. From the
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experiments, it can be concluded that the HFSLM system is suitable for the extraction
of Pd(Il) at very low concentration, in particular lower than 100 mg/L. In the case of
Pd(I1) extraction at high concentration (> 100 mg/L), solvent extraction proved to be a
suitable system corresponding to the work of Rane and Venugopal [21] and Reddy et

al. [22]. Therefore, the concentration of 100 mg/L Pd(ll) was used in further

experiments.
100 100
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Fig.2. 6 Percentages of extraction and stripping of Pd(Il) against (a) pH of feed
solution and (b) initial concentration of Pd(ll) in feed solution under conditions: 5%
(v/v) LIX 84-I, the combination of 0.8 M NH,CSNH, and 1 M HCI and equal flow

rates of feed and stripping solutions of 100 mL/min.
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2.5.5 Influences of hydrodynamics and operating time

The flow rate of feed and stripping solution may control the mechanism of
Pd(ll) transport across HFSLM incorporating several mass transfer resistances and
may govern extractability. Consequently, the influence of feed and stripping flow rate
was evaluated and results are illustrated in Fig. 2.7(a). Equal flow rates of feed and
stripping solutions were varied from 75 to 200 mL/min. This demonstrated that
percentages of extraction and stripping increased when both flow rates increased from
75 to 100 mL/min. At 75 mL/min, extraction efficiency was lower than at 100
mL/min because of the difficulty in supplementing Pd(Il) in the hollow fiber module,
thus possibly depleting the liquid membrane and resulting in a reduction in the
extractability of Pd(Il). When the flow rate was increased up to 100 mL/min, the
boundary layers between the feed-liquid membrane and liquid membrane-stripping
interfaces were thin, causing a decrease in the mass transfer resistance and thus
improving the extraction and stripping reactions. However, at higher flow rates,
extraction efficiency tended to drop which may result in the loss of extractants and
diluents from the liquid membrane phase. Similar results demonstrated the influence
of high flow rates of feed and stripping solutions on the extraction and stripping of
uranium as reported by Lothongkum et al.[52]. In addition, Wongsawa et al. [38]
reported that the operation of the HFSLM system at high flow rates in both feed and
stripping was not recommended. Therefore, an equal operating flow rate for both feed
and stripping solutions of 100 mL/min was recommended for further experiments.

The extraction and stripping of Pd(I1) from chloride solution were determined

for different operating times. The percentages of Pd(ll) extraction and stripping
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increased when the operating times increased up to 60 min, as shown in Fig. 2.7(b).
Further increases in operating time showed stable behavior, with percentages of
approximately 95% for extraction and 90% for stripping. This indicated that the

equilibrium time for this system was 60 min.
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Fig.2. 7 Percentages of extraction and stripping of Pd(Il) against (a) flow rates of feed
and stripping solutions and (b) operating time under conditions: feed solution at pH
2, 100 mg/L Pd(ll) in the feed solution, 5% (v/v) LIX 84-I, the combination of 0.8 M
NH,CSNH; and 1 M HCI and equal flow rates of feed and stripping solutions at 100

mL/min.
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2.5.6 Influences of operating temperature

Temperature has an important influence on the extraction process because it
affects both the extraction time and extraction efficiency. Increasing the temperature
in the feed solution increases the diffusion coefficients of the target ions and also
decreases the viscosity of the liquid membrane phase. Therefore, the influence of
temperature on the efficiency of Pd(ll) extraction was investigated in the range of 30—
50 °C. The results indicated that an increase in temperature resulted in a straight
increase in extraction percentage as confirmed by the R? value of 0.965. Thus, it was
noted that the percentages of extraction increased from 96% at 30 °C to approximately
98% at 50 °C. However, HFSLM has a restricted operating temperature, which cannot
exceed 60 °C, as shown in Table 2.1. This small increase in extraction efficiency was
achieved since the increase in temperature caused a positive complexation reaction of
Pd(Il) in the liquid membrane phase, a reaction which involves proton transfer or
hydrogen bond formation. The calculated results of enthalpy changes by correlation
with the Van't Hoff equation showed negative values, indicating that the extraction
reaction of Pd(ll) at the feed-liquid membrane interface is an exothermic reaction.
Thus, complex species increased in accordance with increasing temperature.
Furthermore, at higher temperatures, a decrease in the viscosity of extractants and
diluents in the membrane phase improves the permeability between the feed and
membrane interface, facilitating the diffusion of complex species through the liquid
membrane phase. This is another reason for the increased efficiency of Pd(ll)

extraction. Additionally, the activation energy (E;) values can be determined using the
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Arrhenius equation. These values have a strong effect on the reaction rate constants. It
was found that extraction rate increased when temperature was increased, and the
apparent activation energy, E; = 30 kJ/mol, was calculated from Eq. (8) for the
extraction. The data obtained in the present system indicates that the extraction rate

for Pd(I1) may be controlled by a mixed regime (both kinetic and diffusion) [33-35].

2.5.7 Influences of separation cycles through the hollow fiber module

HFSLM methods have been shown to be extremely successful for the
simultaneous extraction and stripping of target ions from wastewater [46]. One of the
concerns about the continuous use of HFSLM for extraction and stripping of Pd(l1l) is
the stability of the fiber material. In addition, the long-term stability of the HFSLM
system is important for scaling—up decisions in actual industrial applications. Thus,
the stability of the liquid membrane was investigated by using the separation cycle at
optimum conditions: feed solution at pH 2, 5% (v/v) L1X84-I concentration dissolved
in kerosene, a combination of 0.8 M NH,CSNH; and 1 M HCI, equal flow rates of
feed and stripping solutions of 100 mL/min, and an operating time of 60 min.
Fig. 2.8(a) and Fig. 2.8(b) illustrate the percentages of extraction and stripping of
Pd(I1) versus the operation of each cycle and lifetime of the liquid membrane. As can
be seen, there is a slight decrease in the percentage of extraction during the course of
six consecutive cycles. This decrease in extraction and stripping efficiency is due to

the loss of extractants and diluents from the liquid membrane phase [53].
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Fig.2. 8 Percentages of extraction and stripping of Pd(ll) against (a) number of
separation cycles through a single-HFSLM module and (b) lifetime time of liquid
membrane for any separation cycles through a single-HFSLM module under
conditions: feed solution at pH 2, 100 mg/L Pd(Il) in the feed solution, 5% (v/v) LIX
841, the combination of 0.8 M NH,CSNH, and 1 M HCI and equal flow rates of feed

and stripping solutions at 100 mL/min.

For the investigation of extraction and stripping of Pd(ll), the accuracy of the
data is a function of reproducibility under identical optimum operating conditions in
order to verify the feasibility and consistency of the experimental results. In this
context, six different extraction operations were conducted independently; the
reproducibility of the results was subsequently checked. As illustrated in Fig. 2.8(a),
the extraction efficiency has a marginal variation, indicating excellent reproducibility
of the experimental data. The highest percentage of Pd(ll) extraction reaching 97%

with a standard deviation of 1.3% was observed.
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2.5.8 Influences of diluents on membrane stability

Several parameters must be considered in selecting the organic diluents to be
immobilized in the micropores as a liquid membrane. The selection of proper diluents
is significant because of instability of the liquid membrane. Parameters such as
viscosity, water solubility, high boiling point etc. were used to achieve the most
suitable selection of diluents for sufficient long—term stability of the liquid membrane
in the extraction and stripping of Pd(ll) under optimum conditions. In this study, one
of the significant highlights is the influence of the polarity indexes of individual
diluents on the stability of the liquid membrane, together with their effect on
extraction and stripping efficiency. First of all, loss or leakages of the liquid
membrane by adding Sn(IV) to the feed solution using the optimum conditions need
to be checked. The results demonstrated that Sn(IVV) can be used as a tracer to
investigate membrane stability because Sn(IVV) was not extracted under optimum
conditions existing in the aqueous feed solution. Therefore, if Sn(IV) was detected in
the stripping solution, this would indicate that the liquid membrane had been damaged

and had leaked into the feed and stripping solution.
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Fig.2. 9 Lifetime of the liquid membrane studied by the HFSLM system against types
of diluents with their polarity indexes under conditions: feed solution at pH 2, 100
mg/L Pd(ll) in the feed solution, 5% (v/v) LIX 84—, the combination of 0.8 M

NH2CSNH, and 1 M HCI and equal flow rates of feed and stripping solutions at 100

mL/min.

The influence of diluents with different polarity indexes together with non-
polarity indexes on the stability of the liquid membrane was investigated. The results
demonstrated the stability of the liquid membrane for individual diluents in the order
of hexane (0.1) > cyclohexane (0.2) > chlorobenzene (2.5) > benzene (2.7) > 1,2-
dichloromethane (3.1) > chloroform (4.1), as shown in Fig. 2.9. As the polarity of
individual diluents decreases, the stability of the liquid membrane increases. This is
similar to the work of Leepipatpiboon et al [27].When diluents with high polarity
indexes are close to the polarity index of water (9.0), the stability of the liquid

membrane decreases because of greater solubility of diluents in the aqueous feed and
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stripping phases. This is because the polar molecules of diluents interact more
strongly with the polar molecules of water. In other words, if the investigated diluents
have close polarity indexes with water, the liquid membrane leaks out from the pores
of the hollow fibers. Moreover, the higher the increase of polarity index of diluents
results in the interface layers (0) growing too thick. Accordingly, the liquid membrane
leaks out from the micropores of the hollow fibers to the feed and the stripping
solutions. For this reason, diluents with higher polarity indexes lead to higher
extraction performance of the target ions but lower stability. In Fig. 2.10, the results
indicated that the lifetime of liquid membrane for about 250 min was achieved using
kerosene, dodecane and xylene as the diluents. Although kerosene is without a
polarity index, the lifetime of the liquid membrane is somewhat low, compared with
diluents with polarity indexes. This is because the solubility of kerosene in LIX84—I is
lower than diluents with polarity indexes. Therefore, the selection of diluents with
polarity indexes dissolved in LIX84—I impregnated in the liquid membrane results in
the longest stability of 350 min (hexane), demonstrating that the polarity index is a
single—parameter correlation. Hence, with decreasing polarity of the diluents, the
stability of the liquid membrane is increased. However, in this study, kerosene was
employed throughout which attributed to the balance of percentages of Pd(ll)

extraction and stripping.
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Fig.2. 10 Percentages of extraction of Pd(l1) studied by the HFSLM system against
lifetime of individual diluents under conditions: feed solution at pH 2, 100 mg/L
Pd(11) in the feed solution, 5% (v/v) LIX 84—I, the combination of 0.8 M NH,CSNH;

and 1 M HCI and equal flow rates of feed and stripping solutions at 100 mL/min.

2.6 Conclusion

This work investigated the simultaneous extraction and stripping of Pd(Il)
from FPCB wastewater via HFSLM. The highest percentages of Pd(Il) extraction and
stripping (96% and 91%, respectively) were obtained with feed solution at pH 2, 5%
(v/v) LIX84-1 dissolved in kerosene as liquid membrane, 0.8 M NH,CSNH; mixed
with 1 M HCI as the stripping agent, and equal flow rates of feed and stripping
solutions of 100 mL/min. Diluents with lower polarity indexes could prolong
membrane stability; however the percentages of extraction and stripping decreased.

By using hexane, with a polarity index of 0.1, the longest stability of the liquid
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membrane (350 min) was achieved. The operating temperature in a range of
investigation (30-50 °C) had a slight effect on the separation of Pd(l1). The extraction
reaction of LIX84—I with Pd(I1) were controlled by a mixed regime (both kinetic and
diffusion) due to activation energy, E, = 30 kJ/mol. Reproducibility of the liquid
membrane was found to be excellent in the recycling mode. The HFSLM system was

able to successfully extract and strip Pd(Il) from the FPCB wastewater.
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3.1 Abstract

Purification of Sn(IV) and recovery of Pd(ll) from flexible printed circuit
board (FPCB) industry wastewater via HFSLM has been presented. This work
examined the influence of extractant concentration in the liquid membrane, HCI
concentration, and flow rates of feed and stripping solutions. The thermodynamic
properties were also investigated. The results showed that percentage of recovery of
Pd(Il) was 100% and purify 84% of Sn(IV) remaining in the feed solution. The
Sn(lV) and Pd(ll) Kinetic reaction orders approached 1.0 and the reaction rate
constants were read at 0.00301 and 0.08509 min™, respectively. The experimental
results were agreed with the mathematical model.
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3.2 Introduction

Flexible printed circuit board (FPCB) technology is an enabling technology
for several important applications in various industries, e.g. automobiles, computers,
digital cameras, telecommunications, etc. The advantage of this electronic technology
is in its effect on performance in the design of flexible circuits, allowing a reduction
in their size, weight, assembly time and cost, while continuously enhancing their
functionality. The demand for flexible circuits has grown rapidly, at an average
annual growth rate (AAGR) of 13.5%, to reach US$11.2 billion in 2010 and a
projected US$16 billion in 2015 [1]. Nowadays, in most fields the economic situation
is highly competitive, particularly in regard to matters such as time of delivery,
quality and, perhaps most importantly, product price. As indicated above, this is
interrelated with a reduction of production costs go together. However, the specific
process flow for producing FPCB must be considered [2]. The five main processes
are: computer numerical control process (CNC), direct plating process (DPP), plated
through-hole process (PTH) [3], circuit-forming process (CIR), and the final process
(FIN). For all five of the processes, since the cause of waste is the DPP process, the
activating solution and precious metals (palladium and stannous) are included in the
waste. Both of these precious metals have many versatile uses, such as in the jewelry
industry [4], in printed circuit boards in the electronics industry [5], in catalytic
converters in the automobile industry [6], as dental alloys [7], for plating and coating
processes in the steel industry [8], and as catalysts in the petrochemical industry [9],

etc.
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In practice, multidisciplinary research and technology was used for separation
of palladium ions from aqueous solution such as precipitation [10], and solvent
extraction [11] .On the other hand, these conventional methods are ineffective at a
very dilute concentration of metal ions [12]. Recently, liquid-liquid extraction has
been reported as a suitable method for extraction and stripping of palladium and
platinum ions from various aqueous solutions by using many extractants [13, 14]. The
results proved that this system can be recovered palladium ions successfully.
However, this system suffers from many disadvantages, i.e., the large inventory, loss
of high purity solvents and extractant, as well as the disposal of solvents [15]. In
recent years, the separation of metal ions at a very low concentration has been focused
on the liqguid membrane system. In particular, a hollow fiber supported liquid
membrane (HFSLM) is an excellent system for the separation of metal ions at very
low concentration (in ppm and ppt) from several solutions. This technique has
demonstrated feasibility of application on an industrial scale for separating and
increasing the concentration of several metal ions [16, 17]. The advantages of a
hollow fiber membrane over traditional separation techniques are its high efficiency,
high contact area, high selectivity, low operating costs and energy consumption [18,
19]. A summary of previous works on the separation of stannous and palladium by

several methods is shown in Table 3.1.
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Table 3. 1 Literature reviews on the separation extraction of palladium and stannous

Author Method Feed solution Extractant Diluent

Bandekar etal. [13] SE Sn(IV), Sb(lll), etc. PC-88A Toluene

Rane et al. [14] SE  Pt(1V), Pd(II) LIX 84-1 Dodecane
Zaghbani et al. [15] FSSLMAu(III), Pd(I1) Thiacalix4  NPOE
Zou et al. [20] SE  Rh(l1I), Sn(ll), TBP No use

Rovira et al. [21] FSSLMPt(IV), Rh(l11), Pd(Il) DEHTPA Kerosene
Patthaweekongka et HFSLMPt(IV), Pd(lIl), etc. ~ TRHCI-OA  Chloroform
Uheidaetal. [23] HFSLMPd(II) NTH Hexane

This work HFSLMPdA(II), Sn(IV) LIX 84-I Kerosene

Note: SE, solvent extraction; FSSLM, flat-sheet supported liquid membrane; and
HFSLM, hollow fiber supported liquid membrane

The extraction and stripping reactions of metal ions across HFSLM take place
on two interfaces of the feed — membrane and membrane —stripping. Both reactions
are in the power of the controlled temperature in the system [24, 25]. A little previous
work reported the influence of temperature on the efficiency of extraction and
stripping of the target of metal ions across HFSLM. Bautista-Flores et al. [26]
reported that an increase in operating temperature raning 15 °C to 35 °C results in the
increasing extraction efficiency for lead (Il) separation across HFSLM. Sunsandee et
al. [27] reported the efficiency of temperature ranging investigated the effects of
temperature ranging from 25 °C — 35 °C on extractability of enantioseparation of
(R,S)-amlodipine. Usapein et al.[24] reported the influence of operating temperature
on extraction and stripping of Cr(VI). Results noted that the extraction of Cr(VI)
increased when the temperature was increased from 20 °C to 50 °C. However, when

operating temperature was higher than 40 °C, the lifetime of liquid membrane are
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short. Liu and Shi [25] reported that the influence of operating temperature ranging
from 15-35 °C on ethylbenzene and nitrobenzene extraction across HFSLM. Results
revealed that separation percentage increased when the temperature was increased. It
was found that the separation efficiency increased when the operating temperature
was raised. Nonetheless, no literature information with respect to influence of
temperature on efficiency of palladium ions via a single module HFSLM operation

was addressed.

The main objectives of this paper are to present the effect of operating
parameters, in particular operating temperature, on efficiency of extraction and
stripping of palladium ions from FPCB industrial wastewater across HFSLM. FPCB
industrial wastewater containing stannous as an impurity was used as the feed
solution. HFSLM was impregnated with LIX84-1 which was selected as the extractant
as results of its efficiency in separation of palladium ions from various agqueous

solution[14].

3.3 Theory

3.3.1 Extraction equilibrium (Ky)

In HFSLM, the carrier LIX 84-1 was dissolved in kerosene to generate an
organic solution which was embedded in the hydrophobic micropores of the hollow
fiber module. The feed phase was FPCB industrial wastewater that contained Pd(ll)
and Sn(lV) ions. The properties of the flexible printed circuit board industry

wastewater are shown in Table 3.2.
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Table 3. 2 Characteristics of the flexible printed circuit board industry wastewater.

Parameter Value
Color Brownish
Temperature (°C) 30
pH 5.2
Sn(lV) (ppm) 400
Pd(11) (ppm) 300
Pt(I1) (ppm) 45
Cu(ll) (ppm) 5
TSS (mg/L) 750
BOD (mg/L) 1720
COD (mg/L) 3080
Conductivity (us/cm) 2850

In the HFSLM system, the feed solution was pumped into the inner side while
the stripping solution was simultaneously pumped into the outer side of each hollow
fiber in the system. The transport mechanism of precious metal ions in the
microporous hollow fiber is presented in Fig. 3.1. Stannous and palladium ions in the

feed solution were in the form SnCl, [20] and (PdCl,)* [28], respectively. They

reacted with LIX 84-1, represented byﬁ, and occur in complex species form as in

Egs. (3.1) and (3.2) [13, 14]:
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(PdCI,)* +n(HR) = PdR, +4Cl~ +nH"
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(3.1)

(3.2)

The complex species of stannous (SnCI,R,.n(HR))and palladium (PdRy)in

the liquid membrane phase permeated from the feed solution—liquid membrane

interface through the liquid membrane-stripping solution interface. At the liquid

membrane-stripping interface, PdR» complex species reacted with proton ions, as in

Eq. (2), while stannous complex species did not react with proton in the stripping

solution.

Phase I Phase IT
Feed Solution Liguid Membrane
2CT _
LH- n(HR),
SnCl,
SnCLR, n(HR)
4C1 _
nH~ n(HE) ACI
nH'r
(PACL)* ET
BdR, PdCL

Fig.3. 1 Counter-transport scheme of SnCl, and (PdCl,)* extraction and stripping by

LIX 84-I.
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The efficiencies of the system were defined in terms of % extraction, %

stripping as reported elsewhere [29] and % purity could be determined by Eq. (3.3)

% Purity = Actual amount of desired metal < 100 (3.3)
Total amount of metals

From Egs. (1) and (2), the extraction equilibrium constants of stannous (Kex sn)

and palladium (Kex pg) Were calculated by Eqgs. 3.4(a) and 3.4(b), respectively:

[SNCLR_ . n(HR)][CI"J[H " T"

exsn — 34(3)
' [SnCLJ[(HR),I"

« . [PARICIIHT
"% [(PACL ) ITHRT

3.4(b)

3.3.2 Distribution ratio (D)

The distribution ratio (D) is the ratio between desired metal ions in the
organic phase and the desired metal ions in the feed solution phase at
equilibrium[30]. For stannous and palladium, the distribution ratio can be

rearranged and expressed as:

D — [SnCIZRn . n(HR)] — Kex,sn[(m)z]n

“ [SnCl,] [CIFRTT 350
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[ﬁn] _ Kex,Pd [m]n

Pd ~ -1 -14 +1n 3-5(b)
[(PdCL)™] [CI'T[H7]

3.3.3 Stoichiometric coefficient (n)

After taking the logarithm to both sides, Egs. 3.5(a) and 3.5(b) can be
rewritten as shown below, where the slope of the linear equation gives the

stoichiometric coefficient value (n):

Iog(Dsn [CI’]Z): nlogﬂl:i)zrh log K¢, s 3.6(a)

Iog(DPd [CI’]4)= nIog’fE—?%L log K¢, pq 3.6(b)

3.3.4 Determining the permeability coefficient (P)

Considering the mechanism in Fig. 3.1, at the interface between the feed and
liquid membrane phases, the interfacial reactions were faster and the distribution
ratios of metal ions was higher than at the interface between the liquid membrane and
stripping phase [18, 21]. The permeability coefficient can be expressed as suggested

by Danesi et al. [31]:
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C
Vo, I - Ap Lt 3.7)
Cfeed,O CZ+1
_ Qfeed
where o0 = ——
PLezNr,

with the following variables: Vieq is the volume of the feed solution; Creeq, , and Creeq

are the precious metal concentrations at time 0 and t, respectively; A is the effective
area of the hollow fiber module; P is the permeability coefficient; t is the time; Qfeeq iS
the volumetric flow rate of the feed solution; L is the length; ¢ is the porosity of the
hollow fiber; N is the number of hollow fibers in the module; and r; is the internal
radius of the hollow fiber. From Eq. (3.7), by plotting [Vseed IN (Creed/Creed, 0)] @S @
function of time (t), the slope in terms of [AP {a / (o-+1)}] was obtained. Finally, the

term of the permeability coefficient can be calculated.

3.3.5 Mass transfer modeling

The relationship between the mass transfer coefficient and the permeability
coefficient (P) is used to determine the mass transfer coefficients of stannous and
palladium ion diffusion through the HFSLM. The permeability coefficient depends on
three mass transfer resistances, as shown in Eq. (3.8). The first resistance occurs in the
aqueous flow through the hollow fiber lumen. The second resistance is from the metal
complexes permeating through the liquid membrane and becoming immobilized on
the porous wall of the fiber. The third resistance is due to the stripping solution and

organic interface outside of the fiber.
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1l nl (3.8)

where: k; is the aqueous mass transfer coefficient in the tube side; ks is the stripping

mass transfer coefficient in the shell side; r, is the log-mean radius of the hollow
fiber, r. =(r, -r)/In(r, /1) ro is the external radius of the hollow fiber; and Py, is

the membrane permeability coefficient.
The relation between the membrane permeability coefficient (Pn,) and the

distribution ratio (D) in shown in Eq. (3.9) [32]:
P, =Dk, (3.9)

By substituting Ds, and Dpg from Egs. 3.5(a) and 3.5(b), respectively, into Eq.

(3.9), 3.10(a) and 3.10(b) were obtained:

KexSn km Sn [(m)Z ]n
I:)m,Snz ' Y2 n 310(6.)
ler fln-]

Kex Pd km Pd [(HR)]n
Pore= —1r T 3.10(b)
e f -]

By substituting Py, sp and Py, pg from Egs. 3.10(a) and 3.10(b) into Eq. (3.8),

assuming the stripping reaction is instantaneous and the contribution of the stripping
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phase is neglected [33], Pm sn and Pn, pg Can be expressed as in Egs. 3.11(a) and

3.11(b), respectively.

The permeability coefficient of stannous (Psy):

1_1.5 L 3.11(a)
PSn ki,Sn Irlm Kex,Snkm,Sn[(HR)Z]
[CITH'T
The permeability coefficient of palladium (Ppg):
1 _ 1.5 1/ /) 3.11(b)
I:)Pd ki,Pd I’Im Kex,Pdkm,Pd [HR]
[CITHT

3.3.6 Effect of temperature on extraction equilibrium

The effect of temperature on the extraction equilibrium constants (Ke) of
Sn(IV) and Pd(II) was directly related to the van’t Hoff equation. This equation is
related to standard Gibbs free energy and the Gibbs—Helmholtz equation, as in [34,
35].

Since  AG°=-RTInK,,,

AG°
RT

then In K= — 3.12(a)
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The relation of Gibbs free energy with the enthalpy and entropy follows as in Eq. 3.12

(b) [35]:

AG® = AH°-TAS® 3.12(b)

By substituting Eq. 3.12(b) into Eq. 3.12(a), the van’t Hoff equation in linear form

was obtained, as shown in Eq. 3.12(c):

In Ke :—AH + AS
‘ RT R

3.12(c)

3.3.7 Hollow fiber model for extraction of stannous (1) and palladium (11)

The extraction Egs. (3.1) and (3.2) can be simplified as follows:

aA+bB—X 5cC+dD+eE (3.13)

Where A is stannous or palladium ions, B isan extractant, C is the complex species of
stannous or palladium ions in the organic phase, D is proton, and E is chloride ions in

the feed solution. The suffixes a, b, ¢, d and e are stoichiometric coefficients. The

reaction rate of A, —I,, can be described as follows:

-1, = kCi(x 1) (3.14)
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where ki is the reaction rate constant (L/mol) ™/time, Ca(x, t) is the concentration of
stannous or palladium ions (mol/L) at time t, m is the reaction order and t is time
(min).

The mathematical model of the hollow fiber supported liquid membrane
system that was developed by Pancharoen et al. [36] was applied to this work. The
conservation of mass for Sn(IV) and Pd(Il) ion transport in the hollow fiber can be
expressed by Eq. 3.15(a):

0 A 0
—%& CA(x, t)—xpg-rA(x, ) = < Calx, D) 3.15(a)
Previous work [22] showed that the reaction order of palladium extraction was

equalto 1 (m=1):

at initial time (t = 0):

kK, A X
C,(x,0) = C,(0,0) exp (- E), 0<x<L 3.15(b)
at any time (t):
_ A, —
C, (L,t)=exp(-k, K&‘-TO)CA(OJ—TO)'U (t—1,) 3.15(c)

where u(t-7,) is a unit function;
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ut-,)=0,t < 1,
ut-z,)=1t > 7,

let

C,(L t) = Cu(L, t)=C,(L, 0)

L
Ty = —AC
Q
when Ac is the cross-sectional area of a hollow fiber (cm?) and Q is the volumetric

flow rate (mL/min).

3.4 Experimental

3.4.1 Feed solution and reagents

The activating waste solution from PCTT Ltd., Thailand, included Sn(IV) and
Pd(I1) ions dissolved in hydrochloric acid solution. In order to eliminate dirt, the
wastewater solution was filtered with filter paper (Whatman No. 42) via a vacuum
pump. A sequential inductively coupled plasma spectrometer (ICPS-7000; Shimadzu
Corp., Kyoto, Japan) was used for metals determination. The results showed that the
initial concentrations of stannous and palladium were 400 and 300 ppm, respectively.
LIX 84-1, used as an extractant, was supplied by Henkel Thailand Ltd. (Bangkok).
The chemical structure of LIX 84-1 is shown in Fig.3.2. The liquid membrane diluent

was commercial grade kerosene from Thai Oil Public Co., Ltd. (Bangkok). Analytical
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grade hydrochloric acid, supplied by Merck Co., Ltd. (Thailand) was used as the

stripping solution.

OH NOH

CH,

C9H19

Fig.3. 2 The chemical structure of L1X 84-I.

3.4.2 HFSLM apparatus

The HFSLM apparatus consisted of a Liqui-Cel® Extra-Flow 2.5 x 8 laboratory
liquid/liquid extraction module (Celgard, Charlotte NC, USA), two chemical gear
pumps, two variable speed controllers, two rotameters and four pressure gauges. The
liquid/liquid extraction module was composed of 35,000 polypropylene fibers. The

properties of the hollow fiber module are shown in Table 3.3.
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Table 3. 3 Characteristics of the hollow fiber module.

Attributes Details
Material Polypropylene
Diameter of module 0.063 m
Number of hollow fibers 35,000

Inside diameter of a hollow fiber 2.4x10% m
Outside diameter of a hollow fiber 3.0x10% m
Effective length of a hollow fiber 0.203m
Contact area 1.4 m?

Area per unit volume 2.93x10° m?/m?
Pore size 3x10®%m
Porosity 30%
Tortuosity 26

Operating temperature 10 —60°C

3.4.3 Procedures

A single hollow fiber module operation for the purification of stannous and
the recovery of palladium ions is shown in Fig. 3.3. The separation mechanism
consisted of three steps. The first step was preparation of the HFSLM module by
feeding organic solution (extractant dissolved in kerosene) into the tube side of the
hollow fiber module for 40 min to ensure that the extractant was embedded into the
micropores of the hollow fibers. The second step was simultaneously pumping the
feed solution into the tube side and stripping solution into the shell side of the
HFSLM module in a counter-current flow pattern. The temperature of the system was
maintained by using a stirrer with temperature control. Finally, the samples from the

feed and stripping solutions were taken every 10 min for 60 min; the concentrations
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of stannous and palladium ions in the samples were determined by ICPS-7000. The

accuracy of the measurements was calculated in term uncertainty not more than 1%.

Fig.3. 3Schematic counter-current flow diagram for a single-module operation in the
HFSLM: 1) feed reservoir, 2) gear pumps, 3) inlet pressure gauges, 4) outlet pressure
gauges, 5) hollow fiber module, 6) flow meters, 7) stripping reservoir, 8) stirrer with

temperature control, and 9) temperature control box.
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3.5 Results and discussion

3.5.1 Effect of L1X 84-1 concentration on the extractability of Sn(IV) and Pd(I1)

In order to investigate the effect of extractant concentration in the liquid
membrane, LIX 84-1 concentrations were varied from 0.01 M to 0.06 M, as indicated
in Fig. 3.4. Sn(1V) and Pd(Il) extraction percentages increased with increasing LIX
84-1 concentration, which was in agreement with Le Chatelier’s principle. An LIX 84-
| concentration of 0.06 M gave the highest extraction efficiency for stannous and

palladium of 15% and 97.5%, respectively.

100 -

=D

S 1)

Percentage of Extraction (%)
(a9
=

o lg._'__.,/I—"'___.
D T T T T T

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
LIX 84-1 concentration (M)

Fig.3. 4 Percentage of extraction against LIX 84-1 concentration: pH of feed solution
= 3; strip solution using 6 M of hydrochloric acid; Qreed = Qstrip = 100 ml/min;

temperature 20 °C.
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3.5.2 Effect of stripping solution concentration

The effect of HCI concentration in the stripping solution on the efficiency of
Sn(IV) and Pd(Il) recovery were also investigated; the results are shown in Fig. 3.5. It
can be inferred that the stannous ions cannot be recovered using any HCI
concentration because the stannous ions did not react with proton in the stripping
solution [37]. However, when the HCI concentration in the stripping solution was
increased from 2.0 M to 7.0 M, the stripping percentage of palladium increased,
which is in accordance with Eq. (2). The recovery of palladium ions reached a
maximum value with 6.0 M concentration of HCI solution. Above this concentration,
the recovery of palladium ions increased only slightly. Therefore, 6.0 M concentration

of HCI was accepted as the best stripping solution concentration.

100

60 - e

40 4 == 5n

Percentage of Stripping (%)
L4
=

0 L i i i i il .
1 2 3 4 3

HCl concentration (M)

23
|
=]

Fig.3. 5The percentage of stripping against HCI concentrations: LIX 84-1 0.01 M, pH

of feed = 3, Qreed = Qstrip = 100 mI/min, temperature 20 °C.
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3.5.3 Effects of flow rate of feed and stripping solutions

The flow rate during extraction is an important factor. Effects of flow rate on
the extraction of stannous and palladium ions are shown in Fig. 3.6. As seen from
Fig. 3.6, stannous and palladium extraction decreased by increasing the flow rate.
This decreasing can be explained by decreased residence time in the range of 10 to 30
min of the solution in the hollow fiber module [13]. For stannous recovery, the flow
rate did not influence stannous ion recovery because stannous ions do not react with

proton in the stripping solution [37]. Hence, a flow rate of 100 mL/min was chosen as

the optimum flow rate.
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Fig.3. 6 Extraction and stripping percentages of stannous and palladium ions against

flow rate of feed and stripping solutions: (a) LIX 84-10.01 M; (b) LIX 84-10.06 M

(pH of feed = 3; strip solution = 6 M of hydrochloric acid; system temperature = 20

°C).

3.5.4 Stoichiometric coefficient of Sn(1V) and Pd(l1) extraction with LI1X 84-1

The stoichiometric coefficients of stannous and palladium extraction with

varying amounts of LIX 84-1 were calculated by Eqgs. 3.6(a) and 3.6(b). From these

equations, we can plot Iog(DSn-[CI‘]Z) Versus Iog([(m?)z]/[W]) for stannous

extraction, as shown as Fig. 3.7.
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y =2.0062x +0.7352

log(Dg,[CI']*)
[\
N

R2=0.9975
2 -
15
-1 -
0.5 -

0 . . . .

-15 138 2.1 24 27

log[(HR]/H")

Fig.3. 7 Plot of Iog(DSn.[CI ‘]2)versus Iog@.
[H']

In the same way, for palladium extraction we can plot Iog(DPd -[CI‘]A) Versus

Iog([(ﬁ)]/[H *]). The result is shown in Fig. 3.8.
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y =1.9892x +1.5939
R?=10.9998

log(Dpy[CI' )
[\
N

log[(HR]/H*)

Fig.3. 8 Plot of Iog(DPd.[CI *]4)versus log [[:__:JRF]]

Figs. 3.7 and 3.8 show that both slopes of the linear equation line give a
stoichiometric coefficient n value equal to 2. This implies that L1X 84-1 reacted with
Sn(IV) in a ratio of 2:1 and reacted with Pd(Il) in a ratio of 2:1. These ratios are in

agreement with the findings of Bandekar et al. [13] and Rane et al. [14], respectively.

3.5.5 Extraction equilibrium constant

From the previous results of determining the stoichiometric coefficient value

of stannous and palladium extraction with LIX 84-1, we can substitute n = 2 into Egs.
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(3.1), (3.2), 3.4(a) and 3.4(b) as shown in the following equations. For the extraction

reaction of stannous, the equilibrium constant is shown as:

SnCl, +2(HR), = SnCLR, (HR) +2Cl~ +2H"* (3.16)

_ [SnCLR,. 2(HR)I[CI F[H T
ex,Sn [SnC|4][(m)2 ]2

K (3.17)

From the stannous equilibrium in Eq. (17), the result is shown in Fig. 3.9, the

plot of [SnCL,R, - 2(HR)|c1 F[H T versus[SnCL][(HR),J*. The equilibrium constant

stannous extraction value (Kex sp) can be determined from the slope of the linear

equation of 5.433 (mol/L)%

2.5E-04
2.0E-04
1L:E-04 -

1L.OE-04 -

[SnCLR,.2(HR)][CTP[H+H?

5.0E-05

0.0E~00 , , ,
0.0E+00 1.0E-05 2.0E-05 3.0E-05 4.0E-05 5.0E-05

[SnC1][(HR),]?

Fig.3. 9 Fitting of the equilibrium constant of stannous extraction with LIX 84-1.

The extraction reaction of palladium and the equilibrium constant were rewritten as:
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(PdCI,)? +2(HR) == PdR, +4CI~ +2H"* (3.18)

ex,Pd [WRZ] : [CI7]4.E+]2 (319)
' [(PACI,)*]. [HRY

By the same way, the palladium equilibrium in Eq. (3.19), the relation

between [PdR,][CI ][HT?and [(PdC, ) 1[(HR)]*was plotted; the results are shown
in Fig. 3.10. The equilibrium constant palladium extraction value (Kex pg) is 39.24

(mol/L)>.

1.2E-05 -~
1.0E-05 -

8.0E-06

y=139.24x
R*=0.9804

6.0E-06 -

[PAR,|[CF]*[H*)?

4.0E-06 &

2.0E-06 -

0.0E+00 - T -

5.0E-08 1.0E-07 1.5E-07 2.0E-07 2.5E-07 3.0E-07

[(PAC1)*] [HR]?

Fig.3. 10 Fitting of the equilibrium constant of palladium extraction with L1X 84-1.
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3.5.6 The distribution ratios

The distribution ratios were calculated by substituting the stoichiometric
coefficient of 2 (n = 2) into Egs. 3.5(a) and 3.5(b), while the LIX 84-I concentrations

were varied from 0.01 M to 0.06 M, as shown in Table 3.4.

Table 3. 4 Distribution ratios for different concentrations of LIX 84-1I.

LIX 84-1 (M) 0.010 0.015 0.020 0.030 0.040 0.050 0.060

0.006x 0.014+ 0.024+ 0.054+ 0.097x 0.151+ 0.217+
DSn
0.001 0.001 0.001 0.001 0.001 0.001 0.001

1.090+ 2.453+ 4.360x 9.810+ 17.440+ 27.250+ 39.240+
Dpq
0.001 0.001 0.001 0.001 0.001 0.001 0.001

It was observed that the increasing the LIX 84-1 concentration in the liquid
membrane from 0.01 M to 0.06 M increased both the stannous and palladium
distribution ratios. According to the extraction equations in Egs. (3.1) and (3.2),
increasing the carrier concentration increases the forward reaction. This phenomenon

is consistent with Le Chatelier’s theory, and agrees with Pancharoen et al. [38].

3.5.7 Calculation of permeability

According to the experimental results and EQ. (7), Vied IN (C feed/C teeq, 0)

versus time, was plotted and considered the function of LIX 84-1 concentration
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increasing from 0.01 M to 0.06 M. Results of stannous and palladium extraction are

shown in Figs. 3.11 and 3.12, respectively.

1.2E+03 ~

1.0E+03 - v=24440x R?=0.9989

8 0E<02 | v=20862x R3=09991

v=15792x R?=09995
6.0E+02 -

4.0E+02 -

“Vin(Creo/C I'rﬂl.,ll] em?

v=9.294x R?=0.9998
v=15.349x R?=0.9999
v=13.798x R?=0.9998
v=1507x R*=1.0000

20E+02

0.0E+00

0 10 20 30 40
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0 60
Time (min)

40010M ADO0I5M X0020M X0030M @0040M =0050M MO060M

Fig.3. 11 Plot of —Veeq IN (Creed/ Creed, 0) OF Stannous ions in the feed solution against

time, with different L1X 84-1 concentrations.

From Figs. 3.11 and 3.12, the term [— AP[%+1D was obtained by the slope

of the linear equation line. The permeability coefficients (P) of stannous and
palladium extraction were calculated as a function of LIX 84-1 concentration

increasing from 0.01 M to 0.06 M as shown in Table 3.5.
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v= 3544 800x R*=09977

y=515.170x RI=0.9971
/y v=439300x R?=0.9930
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% v=260430x R?=09932
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Fig.3. 12 Plot of —Vfeeq In (Creed/Creed, 0) OF palladium ions in the feed solution against

time, with different L1X 84-1 concentrations.

Table 3. 5 The permeability of stannous and palladium ions with different

concentrations of LI1X 84-I.

LIX 84-1 (M) 0.010 0.015 0.02 0.03 0.04 0.05 0.06
0.018 0.046  0.064 0.112 0.193  0.257 0.303
Ps, (cm/s x 104
+0.002 #0.002 +£0.002 +0.002 +0.002 +0.002 +0.002
2.096 3.623  5.409 10.070 18.670 39.374 60.500
Ppg (cm/s x 10)
+0.002 +0.002 +0.002 +0.002 +0.002 +0.002 +0.002
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As seen in Table 3.5, with increasing LIX 84-1 concentration from 0.01 M to
0.06 M, the permeability coefficients of both stannous and palladium increased
because increasing the carrier concentration resulted in an increase of the forward
reaction, in agreement with Le Chatelier’s principle. Therefore, 0.06 M of LIX 84-1 in

the liquid membrane was selected as the best carrier concentration.

3.5.8 Mass transfer coefficients

The mathematical model of the HFSLM depends on three mass transfer
resistances, which were applied to this work as Eq. 3.11(a) for stannous extraction and
Eq. 3.11(b) for palladium extraction. For stannous extraction, we can plot the term of
(1/Psy) as a function of ([CI']Z[H+]2/[(ﬁ)Z]2) against increasing LIX 84-I
concentration, as shown in Fig. 3.13.

6.0E-05
5.0E-03

4.0E+-05

3.0E-05
v=1586x — 17639

1/P Sn(s'cm)

2.0E-05 R:=10.9933

1.0E-05

0.0E+00 : : : :

o 200 400 600 300 1000

[C1)*[H]Y/[(HR),]* (mol1)’

Fig.3. 13 Plot of 1/P, as a function of [CI']2[H +]2 /[(ﬁ)z]2 .
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The mass transfer coefficient can be determined from slope and intercept of
linear equation, respectively. ki s, and kp s, are equal to 5.7 x 10® and 2.18 x 10

cm/s, respectively.

6.0E+03
5.0E+03
4.0E+03

3.0E+03

/P py (s/cm)

2.0E+03

1.0E+03

0.0E+00 L4

("1 12 /[HR]? (mol /1)

Fig.3. 14 Plot of 1/Ppq as a function of [CI_]4[H+]2 /[ﬁ]z.

By the same way, referring to Eq. 3.11(b), for palladium extraction we can
plot the term (1/Ppg) as a function of ([CI”T*[H+12 /[HR]?) against increasing LIX

84-1 concentration as shown in Fig. 3.14.

The mass transfer coefficient can be obtained by the slope of the linear
equation line, and the intercept gives the term 1/k; pqy. ki pg and km, pg are equal to 3.11
x 103 and 1.75 x 10™ cm/s, respectively. The mass transfer coefficient has a profound
influence on the extraction behavior that follows from the HFSLM mechanism.
Therefore, the mass transfer coefficient is directly proportional to transport efficiency.

In the case of stannous behavior, the membrane mass transfer coefficient (kmsn) was
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higher than the aqueous mass transfer coefficient (kis,). This indicated that the
aqueous mass transfer coefficient of stannous (kisn) is the mass transfer-controlling
step. In the same way, in the case of palladium behavior, the aqueous mass transfer
coefficient (ki pq) was higher than the membrane mass transfer coefficient (Ky pq). This

shows that the membrane mass transfer coefficient (km pq) IS the rate-controlling step.

3.5.9 Effect of temperature on extraction equilibrium

According to Egs. 3.12(a) and 3.12(b), the plot in term In(Key) versus 1/T,
considered as a function of temperature increasing from 20 °C to 40 °C. The HFSLM
system used the conditions of LIX 84-1 concentration of 0.01 M, and feed and
stripping flow rates equal to 100 mL/min. The result for stannous and palladium
extraction is displayed in Fig. 3.15. The values of AH and AS for stannous extraction
were 48.4 kJ/mol and 180 J/(mol-K), and for palladium extraction were 49.4 kJ/mol
and 199.0 J/(mol'’K). The positive values of AH indicate that the extraction of
stannous and palladium are endothermic reactions. The positive AS and the negative
AG value indicate that the reaction proceeds as a forward reaction. These values from

analytical calculation are shown in Table 3.6.
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Fig.3. 15 Plots of In(Kex sn) and In(Kex pg) Versus 1/T.

Table 3. 6 Thermodynamic data for Sn(1V) and Pd(I1) in LIX 84-10.01 M.

Temperature Kex — Kex, AG’, AG® py
Dsn Dpyg

(°C) sn pd (KJ/mol) (KJ/mol)
0.00 1.09

20 54  39.2 -8.4 -8.9
6 0
0.01 1.70

25 10.0 61.3 -9.8 -10.2
1 3
0.01 2.03

30 12.8 73.1 -10.5 -10.8
4 0
102. 001 284

35 15.6 -11.2 -11.9
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153. 0.02 4.26
40 21.2 -11.9 -13.1

Note: Qfeed = Qstrip = 100 ml/min

Consequently, the effect of temperature on the extent of extraction was

considered as a function of temperature increasing from 20 °C to 40 °C, and was

<
<
<

100 e_._.-———\")

* % Pd LIX84-10.01M

" % Sn LIX84-10.01 M
40 - = 9% Pd LIX84-1 0.06 M

0 - = % Sn LI1X84-1 0.06 M

_g—r*

0— B—a—a—-_a— .
30 3 40 4

Percentage of extraction (%)
L
()

oy
M
m

[—y
(]
[
Lo}
[
Ln
LA
Ln

System temperature (°C)

Fig.3. 16 Plot of percentage of extraction versus system temperature. (Qfeed = Qstrip =

100 mL/min.)

From Fig. 3.16, when the temperature of the HFSLM was increased from 20
°C to40 °C, the extraction percentage of stannous and palladium increased, in

agreement with Eq. (3.23). The optimal conditions for purification of stannous and
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recovery of palladium is 0.06 M of L1X 84-1, 6 M of HCI in stripping solution, and a
system temperature of 25 °C. It is possible to purify 84% of stannous that remains in

the feed solution, and to recover 100% of palladium in the stripping solution.

3.5.10 Verification of the model with the experimental results for Sn(1V) and

Pd(11)

3.5.10.1 Reaction order

In this work, the reaction orders (m) from Eq. 3.15(a) of Sn(IV) and Pd(ll)
extractions were verified by differential method [39]. The various LIX 84-I
concentrations were 0.01 M, 0.02 M, 0.04 M and 0.06 M, using a system temperature
of 20 °C. Combining the mole balance with the rate law equation given by Eq. (3.14)

results in Eq. 3.20(a):

dc,
dt

—k,CP 3.20(a)

After taking the logarithm of both sides of the equation:

dC

th) =mlogC, +logk; 3.20(b)

log(—

From Eg. 3.20(b), when we plot the term (log[-dCa/dt]) versus

[10gCa average(X,1)], the slope of the linear equation will give the reaction order m value,
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and the intercept islogk;. The reaction order and reaction rate constant were

calculated for a variety of concentrations of L1X 84-1, as shown in Table 3.7.

Table 3. 7 Reaction order and reaction rate constants.

LIX 84-| Sn(1V) Pd(Il)
Result

M) “Siope=m Kk (min) R Slope=m k(min) R

0.01 0.7318 0.00035 0.7247  1.2039 0.00700 0.7232 Reject

0.02 0.8036 0.00079 0.8074  1.1312 0.02326 0.7562 Reject

0.04 0.9723 0.00272 0.8844  1.0289 0.06126 0.8967 Reject

0.06 1.0262 0.00301 0.9885  0.9874 0.08509 0.9942 Accept

From the calculated results in Table 3.7, it was found that when LIX 84-I
concentration increased, the reaction rate constant was likewise increased due to Eq.
3.20(a). The suitable LIX 84-1 concentration was represented by an R? value which
approached 1. Under optimal conditions, the reaction order for stannous and

palladium are approximately 1.

3.5.10.2 Comparison of experimental data and mathematical model calculation
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All of the experimental results were compared with the mathematical model in
Egs. 3.15(b) and 3.15(c), as shown in Fig. 3.17. Egs. 3.15(b) and 3.15(c), were used to
predict the concentration of Pd(ll) at different times for different extractant
concentrations. The computational results (solid line) were in good agreement with
the experimental data (dashed line). Based on this result, it can be concluded that the
reaction flux model is satisfactory for the separation of Pd(ll) through a hollow fiber
supported liquid membrane. It is a simple mathematical model which can be easily
used to predict the concentration of metal separation in the feed tank for the

recirculating mode of an HFSLM system.

35000 0 e 50 ppm-calculation

— 100 ppm-calculation
300.00 .
= = 150 ppm-calculation

250.00 e 7)) ppin-calculation

200.00 = 250 ppm-calculation
= === 300 ppm-calculation
200

150.00 + 50 ppm-—experimental

100.00 100 ppm--experimental

50.00
200 ppm--exp erilnental

Pd(II) concentration (ppm)

[ ]
B 150 ppm--experimental
X
+

250 ppm--exp erilnental

»

300 ppm-—-exp erimental

Time (min)

Fig.3. 17 Different concentrations of Pd(l1) in the feed phase, plotted as a function of
time.

3.6 Conclusion

Purification of stannous ions and recovery of palladium was achieved by

HFSLM using L1X 84-1. Under optimal experimental conditions, 100% of palladium
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can be recovered from FPCB industrial wastewater solution and 84% of stannous
remaining in the feed solution can be purified. The stoichiometric coefficient (n) of
LIX 84-1 for the combination of Sn(IV) and Pd(Il) is equal to 2.0. The optimal
conditions consist of a LIX 84-1 concentration equal to 0.06 M, 6 M HCI stripping
solution, a volumetric flow rate of feed and stripping solutions equal to 100 mL/min,
and a system temperature of 25 °C. The mass transfer coefficients of the aqueous feed,
ki sn and ki pg, were 5.70 x 10® and 3.11 x 10 “cm/s, respectively. The organic phase
mass transfer coefficients, km sn and Kn, pg, were 2.18 x 10 and 1.75 x 10™ cml/s,
respectively. Therefore, the rate-controlling step for Sn(IV) is the diffusion of
stannous through the film layer between the feed and the liquid membrane. On the
other hand, the rate-controlling step for Pd(ll) is the diffusion of palladium complex
through the liquid membrane. The kinetic reaction order of both Sn(IV) and Pd(11) (m)
is equal to 1.0, and the reaction rate constants are 0.00301 and 0.08509 min™,

respectively.

3.7 Nomenclature

A effective area of the membrane (cm?)

Ac cross-sectional area of a hollow fiber (cm?)
Ap area of micropores of a hollow fiber (cm?)
C concentration (mg/L) or (gmol/L)

D distribution ratio [-]

G Gibbs free energy (kJ/mol)

H enthalpy (kJ/mol)



\Y
X

Greek Letters

70
e

Subscripts
ex

feed

mass transfer coefficient [cm/s] or reaction rate constant (min™)

equilibrium constant [-]

length of a fiber (cm)

reaction order [-]

stoichiometric coefficient

number of hollow fibers in the module [-]
permeability (cm/s)

volumetric flow rate (cm*/min)

rate of the reaction (mol/L-min), or radius (cm)
gas constant (8.314 J/mol-K)

entropy (J/mol-K)

time (min)

temperature (°C)

volume (cm®)

direction of fiber axis

constant in Eq. (27)

porosity of hollow fiber [-]

extraction
feed phase
internal or aqueous phase
membrane

external
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In log-mean

Pd palladium ions
Sn stannous ions
strip stripping phase
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4.1 Abstract

The separation of platinum (IV) from wastewater across hollow fiber
supported liquid membrane was successful in reaching 96% extraction and 88%

stripping using 10%(v/v) trioctylmethyl-ammonium chloride (Aliquat 336) as the

extractant. The mass transfer resistances were (1/k,) 3.297 x 10* s/cm, (1/ k., 0.164

x 10* s/em, (1/k,) 3.404 x 10* s/cm and (1/K) 6.865 x 10" s/cm. The system was

governed by the mass transfer resistance from the liquid-membrane. Response surface
methodology was used to qualify and estimate the influence of operating conditions.
Predicted model with experimental data were in good agreement at a standard
deviation of 1%.
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4.2 Introduction

Platinum occurs as only 0.003 ppb in the Earth’s crust and is 30 times rarer
than gold [1]. Platinum is currently receiving much attention as a precious metal due
to its wide use in various industries [1]. It is employed as an alloy material, as a
whitening agent in jewelry, and as an automobile catalyst. Its demand is increasing
constantly. However, resources of platinum are limited. Hence, its value has
increased. Therefore, it is necessary to develop an effective system to recover
platinum from both its natural and secondary resources [2, 3]. The conventional
systems used to extract and strip of platinum in various systems are shown in Table

4.1.
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Table 4. 1 Summary of previous works on separation of platinum (IV) using

different methods.
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Authors Metals Extractants Diluents Strippin  Methods  %Ext Ref
g Pt(IV)

Sunetal.  Pi(IV) & Alamine 53¢ toluene  thiourea LLE 99 [4]
Pd(Il) in HCI

Sunetal.  Pt(IV)& AGMP-1 N/A NaCl IE 99.9 [5]
Rh(IlI)

Lee etal. Pt(IV)& Alamine kerosen thiourea LLE 98 [6]
Rh(IlI) 308 e in HCI

Gupta et Pt(IV),Pd(ll) Cyanex+: toluene HCIO, LLE 100 7

al. & Rh(II)

Sunetal. Pt(IV)& TOPO toluene  thiourea LLE 99 [8]
Rh(IlI) in HCI

Aleksanda  Pt(1V),Pd(ll) XUS N/A thiourea  Adsorptio  99.9 [9]

ret al & Rh(III) 43600 n

Michael et Pt(IV) N/A N/A N/A Adsorptio 90 [10]

al. &Ru(ll) n

Thiet al. Pt(IV)& Aliquat kerosen  thiourea LLE 99.9 [11]
Pd(Il) 336+TBP e in HCI

Thiswork  Pt(IV) from  Aliquat 336 kerosen thiourea HFSLM >08
Pd(1l), and LIX84- e in HCI
Au(lln),Cu(ll 1,

) and Zn(Il) Cyanex923

TBP &
TOPO

Note: LLE= liquid liquid extraction; IE= ion exchange and HFSLM=hollow fiber

supported liquid membrane

Many publications, as reported in the literature [12-15], have demonstrated

that the HFSLM system is a highly effective method for the separation of metal ions
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from various aqueous solutions. HFSLM can, in one single-step operation,
simultaneously extract and strip a relatively low concentration of metal ions, making
this process considerably attractive [16]. This process can overcome conventional
methods since it is low in energy consumption, has low operating costs, and uses less
chemicals [17]. HFSLM has a high surface area and is easily scalable for commercial
application [18]. Moreover, HFSLM can be connected in series in order to improve
both extraction and stripping processes. It has also been successfully employed in a
wide variety of applications e.g. food [19], water treatment [20], gas separation [21],
and pharmaceutical wastewater [22]. Further reviews of the HFSLM system for the
separation of metal ions are reported elsewhere [15, 23, 24]. Although the HFSLM
system has many advantages, loss of the liquid membrane from the micro-pore of
hollow fibers, influencing on both the permeation flux and selectivity, has always
been an obstacle to its adoption for large-scale applications.

As stated, the extremely important disadvantage of HFSLM is the fouling of
the hollow fibers causing a reduction in the active area of the membrane and therefore
a reduction in flux and process productivity over time. Fouling can be minimized by
regular cleaning intervals. The concepts of membrane fouling and cleaning were
explained Li & Chen [25] such as membrane surface modification, new module
designs and etc.

In order to study the relationship of several parameters, response surface
methodology (RSM) was undertaken by employing a set of mathematics and
statistics. RSMs are most valuable for the design of experiments, assessing the
influence of parameters and determining the optimized parameters for a particular

response. A central composite design (CCD) assists by fitting the gathered
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experimental data into an empirical, second-order polynomial equation. Furthermore,
CCD along with a second-order polynomial equation provides a satisfactory
representation of most continuous response surfaces over a relatively broad factor
domain [26]. Gupta et al. applied RSM in order to optimize operating conditions for
extraction of mercury across the system of pseudo-emulsion hollow fiber with strip
dispersion. It was noted that regression analysis revealed that the percentages of
extraction of mercury up to 98% can be obtained under optimized conditions [27].

In the HFSLM system, mass transfer is the sum of the mass of metal ions
investigated, transporting from feed phase to stripping phase [28]. Various works
have been reported on the mass transfer coefficient for transport of metal ions across
HFSLM [14, 29]. Li et al. [30] studied the mass transfer coefficient for transportation
of fumaric acid across HFSLM using trialkylamine as extractants. It was observed
that the mass transfer resistance in the feed of boundary layer, the diffusion resistance
across the liquid membrane and the mass transfer resistance from the stripping
boundary layer were the rate controlling steps.

In this study, the efficiency of the HFSLM system on the separation of
platinum (IV) from wastewater was evaluated by selecting different commercial
extractants such as 2-hydroxy-5-nonylacetophenone oxime (LI1X84), a mixture of four
trialkyl-phosphine oxides (Cyanex 923), trioctylmethyl-ammonium chloride (Aliquat
336), tri-n-butylphosphate (TBP) and trioctylphosphine oxide (TOPO). The influences
of types and concentrations of different extractants on percentages of extraction and
stripping of platinum (IV) were further explored as well as the distribution ratio,
permeability coefficients and overall mass transfer coefficients. In order to determine

optimum values of operating parameters, RSM was applied by utilizing face-centered
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central composite design (CCF). Three variables undertaken for CCF were
Xi(concentration of platinum (1V) in feed phase), Xz(concentration of Aligauat 336 in
the liquid membrane phase) and Xs(concentration of NH,CSNH, in HCI in the
stripping phase). Finally, the optimized conditions were employed to separate
platinum (1V) from gold refining wastewater, kindly supplied by Gold Field Refinery

Co. Ltd, Thailand.

4.3 Theory

4.3.1 Transport of platinum (1V) across the liquid membrane phase

The separation of platinum (IV) using Aliquat 336 as the extractant involved
facilitated coupled counter-transport through HFSLM. Transportation of platinum
(V) across the HFSLM system is shown in Fig.4.1. Platinum (IV) in the feed solution
diffuses to the interface of the feed - liquid membrane phases. Then, platinum (1V)
reacts with Aliquat 336 at this interface to generate complex species as demonstrated
in Eg. (1). After that, the complex species transport to the interface of the liquid
membrane-stripping phases, using the concentration gradient. No transport of
platinum (1V) across the liquid membrane is assumed. This complex species react
with the stripping agents at the interface of the liquid membrane-stripping phases.
Thus, the complex species are released into the stripping phase as revealed in Eq. (2).
Platinum (IV) is transferred into the stripping phase while Aliquat 336 returns to the
liquid membrane and transfers to the interface of feed and liquid-membrane. Aliquat

336 reacts again with platinum (V) at this interface.
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The extraction reaction of platinum (1V) using Aliquat 336 as the extractant
has been published previously [31]. The extraction reaction of platinum (IV) in

chloride media with Aliquat 336 is as follows:

PtCI2

6(aq

y +2(CH;R;N™)Cl g,y = (CH;R;N™), PtClg,,y +2Cl, (4.1)

where PtCI.Z , is platinum (IV) in the feed solution, (CH;R,N™)Cl )

6(aq)
(Aliguat 336) is the selected extractant in the liquid-membrane phase,

(CH,R;N™), PtCly,,, is the complex species in the liquid — membrane phase and

CI~ . is chloride ions.

(aq)

The stripping of platinum (IV) with thiourea solution has been reported
elsewhere [1]. The stripping reaction between the complex species and the stripping

solution is as follows:

(CH,R,N"), PCl o) +2(NH,),CS ) = 2(CH,R,N*)Cly, +PtCl, (NH,),CS), ey
4.2)

where (NH,),CS . is the employed stripping agent in the stripping solution,
PtCl, ((NH,),CS),,, Iis platinum (IV) which was stripped from the liquid

membrane.


file:///C:/Users/User/Desktop/เเก้ไขครั้งที่%201/เล่มเเยกตามบท/CHAPTER%20V.docx%23_ENREF_31
file:///C:/Users/User/Desktop/เเก้ไขครั้งที่%201/เล่มเเยกตามบท/CHAPTER%20V.docx%23_ENREF_1

136

Stripping solution

+—

PtCI, (NH,),CS)yaq) (NH,),CS,y &——

<_

‘\ / —
(CH,RN")Cly, (CH;R,N™), PtCly

Liquid membrane

(CH3R3N+)C|(_Org) (CH;R;N™), PtC|G(0rg)
—
—
— i i
—_ PtC|6(Zaq) C|(aq)

Feed solution

Fig.4. 1 Transportation of platinum (1V) across hollow fiber supported liquid

membrane.

4.3.2 Distribution ratio

The distribution ratio of platinum (IV) between the feed phase as well as the

liquid- membrane phase can be determined by:

[(CH,R,N"), PtClyoy ]

D= - 43
[PICIZ, ] (4.3)
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where [(CH;R;N"), PtCl, ., 1 is calculated by using Eq. (4.4), describing

the partition equilibrium of platinum (1V) of the HFSLM system.

)tin = (PtCley) ¢ o] (4.9)

6(aq)

. V, o
[CHRN"), PICly ) 1= I(PIC

where V, is volume of the feed solution (cm®) and V, is volume of the liquid

membrane solution (cm®).

4.3.3 Calculation of overall mass transfer resistance

Eq. (4.5) was employed to assess the overall mass transfer coefficient. The
mass transfer coefficient for platinum (V) through the HFSLM system is the sum of

six individual mass transfer resistances. These are the mass transfer resistance in the

feed phase R (1/k,), the liquid membrane resistance R, (1/k,), shell-side resistance
R, (1/K,), stripping reaction resistance R, (1/K. ) and stripping side resistance R,(

1/K,). The correlation of six individual mass transfer resistances and individual mass

transfer coefficient is shown in Eq(4.5-4.6) [32]:

R=R,+R,+R,+R +R,+ R, (4.5)
Otherwise;

1 1 1 1 1 1 1

—_—=—4—+4 + + + (4.6)
K ka I(e Df I(m Df ko Dsks (Ds /ks)kas
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The mass transfer resistance of platinum (IV) across the stripping phase in Eq.

(4.6) can be ignored because the stripping reaction is instantaneous [32, 33]:

11,1, 1 1 '
K k k Dk Dk (4.7)

a [

m 0

The Lévéque equation was calculated by using the relationship of the
Sherwood (Sh) and Schmidt correlations (Sc) [34]. The mass transfer coefficient of

platinum (IV) in the aqueous feed phase can be determined:
d 0.33
Sh=1.62 [t ReScj (4.8)

where Re , Sh and S¢ can be defined as follows:
4Qf

B wrdi
K

Re

Sh

Df
Sc=—
Df
The value of Re was calculated as 30.17 which was lower than 2,700, demonstrating

that the laminar flow occurred inside the hollow fibers. Consequently, k, can be

calculated as below [33]:
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D d 0.33
)
k,=1.62—"| —— (4.9)
d, | LD,

The values of k., can be determined as follows:

K = D,&d,,

4.10
"= snd (4.10)

(o]

The values of k, can be calculated using the correlation of the Sherwood and

Schmidt correlation [33]:

D d 0.93 0.33
K, =1.25d0—fg7( ;’:j (US J (4.11)

The hydraulic diameter between the shell sides of two fibers is determined as follows

[23, 35]:

d?—d’-nd?
d ——2 " 0 4,12
— @12)

where d, is the hydraulic diameter of the shell side (cm), d.is the inner diameter of

the shell side (cm) and d, is the outer diameter of the membrane (cm).
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4.3.4 Experimental design for RSM

RSM has been utilized to determine optimized values of independent variables
that maximize or minimize response (independent) variables. Among many designs,
the commonest design in RSM is central composite design (CCD). In this work, face-
centered central composite design (CCF) was selected in order to optimize the process
parameters for extraction of platinum (IV) across the HFSLM system. A three-factor
and three-level CCD with 17 individual design points was used to find the regression
model. This is because CCF is able to relatively predict high quality over the entire
design space [27]. CCF for three variables X;(concentration of platinum (1V)),
Xz(concentration of Aliquat 336) and Xs(concentration of NH,CSNH, in HCI) with
three levels is listed in Table 4.2. The code of variables considered in this
investigation is also presented in Table 4.2. The average percentage after three runs

was taken as the response variable (% extraction of platinum (IV)).

A second-order polynomial regression equation according to Eq(4.13) was

estimated from the experiment utilizing the degree of platinum (V) extraction:

3 3 3
Y=B+D BXi+ D BiXi+ D BiXX, (4.13)
i=1 i=1 i<j=1
where v is the response variable (% extraction of metal ions), f3,, f, B;and g

represent the regression coefficients of intercept, linear, quadratic, and interaction

terms, respectively, and X; X are the independent variables.
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In this work, the design of the experiment and the analysis of variance
(ANOVA) of the CCF design was conducted employing Design-Expert software

using version 9.0.6 (the Design-Expert® software trial).

Table 4. 2 Level and code of variables for Box-Behnken design.

Platinum(lV), (mg/L) X3 5 30 50
Aliquat 336, %(v/v) X 3 7 10
Thiourea, M X3 0.1 0.8 1

4.4 Experiment

4.4.1 Chemicals and reagents

Platinum (1V) solutions were prepared by dissolving an appropriate quantity of
platinum (IV) chloride in 5 M hydrochloric acid. Platinum (I\V) concentration in the
aqueous solutions was measured by the inductively coupled plasma optical emission
spectrometer (ICP—OES). The liquid membrane was impregnated with different
extractants in the micro-porous hollow fibers as listed in Table 4.3. The structures of
these extractants are shown below in Fig.4.2. NH,CSNH, (98% purity) and HCI

(37% purity) was used as stripping agents. Hydrochloric acid (Sigma-Aldrich) and
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sodium hydroxide (97% purity from Sigma-Aldrich) were employed to adjust the
value of pH in feed solutions. All reagents used throughout experiments were of
analytical grades. Double distilled water (18.2 MQ-cm™*) was employed throughout

the experiments.

H,C—
CoHyo P
.
| e
TN ~ Dy :\N+C1-
I | Hy < T e,
H -
- 2 g _— ¥
| I :
OH NOH / )
HiC  (b) Aliquat 336
(a) LIX84-1
nC,H;
H15C6 H15C6 / i
O
e |
A / OH/P\O—
e B |
P AT \
/ \ O nC,Hjs
/
O
/ (d) TBP
HisCs
(c)Cyanex 923
HyC— .
TN —
Y — P ~—P—0O
/ ——
— .
H3C/ e
4
4 © TOPO
H,C

Fig.4. 2 Chemical structures of (a) L1X84-1 (b) Aliquat 336 (c) Cyanex 923 (d) TBP

and (e) TOPO.



Table 4. 3 Extractants and stripping agents used in this study.
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Extractants/stripping Reagent name MW  Density Company
agents g/mol  glem®
Aliquat 336 N-Methyl-N,N,N- 404 0.884  Sigma-Aldrich
trioctylammonium
chloride
L1X84-I 2-hydroxy-5- 263 0.940 Henkel Thai
nonylacetophenone Ltd
oxime
Cyanex 923 Phosphine oxides 348 0.880  Henkel Thai
Ltd.
TBP Tri-n-butyl phosphate 266 0.973  Sigma-Aldrich
TOPO Trioctylphosphine oxide 387 0.880  Sigma-Aldrich
NH,CSNH, Thiourea 76.12 - Sigma-Aldrich
HCI Hydrochloric acid 36.46 Sigma-Aldrich

The best conditions from using the synthetic wastewater were observed and

used in order to compare with the industrial wastewater from gold refining processes,

kindly supplied by Gold Field Refinery Co. Ltd, Thailand. The composition of the

gold refining wastewater is shown in Table 4.4.
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Table 4. 4 Compositions of gold refining wastewater.

Metals PtIV)  Pd(l)  Au(ll) cu(l) Zn(l)
Concentration o 0.88 0.94 0.55 0.12
(mg/L)

4.4.2 Apparatus

The HFSLM equipment used for carrying out the separation of platinum (1V)
is comprised of a hollow fiber module, gear pumps, rotameters, variable flow rate
controllers and pressure gauges. The hollow fiber module is composed of Celgard®x-
40 microporous fibres intertwined into the fabric and wrapped around a central-tube
feeder to supply the shell-side fluid. Physical characteristics of this module are shown
below in Table 4.5. The feed and stripping solutions were stirred by using a magnetic
stirrer (model CMT-V1; Protronics Intertrade Co., Ltd., Thailand). The professional
pH Meter PP-50 (TranslInstruments, Singapore) was used to measure the pH values of
the feed solution by using hydrochloric acidic solution and sodium hydroxide solution
to adjust the pH of the feed solution. A peristaltic pump from Cole—Parmer, USA with
8.6 bar (125 psi) was used throughout experiments. The inductively coupled plasma
optical emission spectrometer (ICP—OES) (model JY 2000-2; HORIBA Jobin Yvon,
France) was employed to measure the concentration of platinum (IV) in the feed and

stripping samples.
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Characteristics

Descriptions

Material

Number of fibers
Fiber inside diameter
Fiber outside diameter
Effective length
Surface area

Avrea per unit volume
Membrane porosity
Average pore size
Membrane tortuosity
Module diameter
Module length

Operating temperature

polypropylene
35,000

0.024 cm
0.03 cm

19.8 cm

1.4 x10* cm?
29.3 cm?/cm’®
30%

3x10® cm
2.6

6.3cm

20.3 cm

273 -333 K

4.4.3 Procedures

The liquid-membrane was prepared by circulating extractants (such as Aliquat

336, LIX84-1, cyanex 923, TBP and TOPO) dissolved in kerosene into the tube and

shell sides of the hollow fiber module. The circulated time was 40 min in order to

ensure the extractant wholly embedded in the micro-pores of the hollow fibers [36].

Circulating time for impregnation of Aliquat 336 in the liquid - membrane was

assessed by adjusting the time ranging from 30-80 min and it was found that the

efficiency of extraction of platinum (IV) was not significantly different. Thus, the
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time of 40 min was set in all experiments. Distilled water was used to wash out the
excessive liqguid membrane for 10 min. Subsequently, both feed and stripping
solutions were pumped into the HFSLM system. Samples of outlet feed and stripping
for each experimental condition were kept after 30 min. Operating temperature was at
ambient temperature (30 °C). The experimental operation was set up as shown in
Fig.4.3. After finishing each run, the hollow fiber module was regenerated for a new
separation cycle. Surfactant and distillated water was used in order to eliminate the
liquid membrane in the micro-pores of the hollow fibers. Subsequently, the hollow
fibers were dried with isopropyl alcohol. The concentration of metal ions in the
aqueous phases was determined before and after extraction for calculating the
efficiency of extraction and stripping. The concentration of metal ions in the liquid-
membrane phases was deduced by mass balance. In order to confirm the efficiency
and reliability, each analysis was conducted in three duplicate. The pH of feed
solution was maintained at 2. The mixtures of 0.8 M thiourea and 1 M HCI were
employed as the stripping solution. This data have been reported in previous works

[37, 38] as listed in Table 4.6.

The mass transfer resistance in the feed phasek,, the liquid membrane

resistance K., , shell-side resistance k, and overall mass transfer resistance are

m
calculated by using the correlations from Eq(4.5) to Eq(4.12) as reported elsewhere

[32,33] .
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Liquid membrane phase

Feed solution ( Tube side)

Stripping solution ( Shell side)

OO—
B®

K@

‘
-
| Heat [ stir

= 5

Fig.4. 3 Schematic representation of the flow diagram of feed and stripping solutions
in counter-current direction via HFSLM: (1) feed reservoir (2) stripping solution
reservoir (3) pump (4) flow regulator valve (5) flow indicator (6) pressure indicator

and (7) HFSLM.
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Table 4. 6 Optimized conditions for operation of HFSLM for separation of platinum

(V)

Conditions Optimized Values
Concentration of platinum(lV), mg/L 5

pH in feed solution 2
Aliquat 336, %(v/v) 10
Impregnated time of liquid membrane, 40
min

Operating time, min 30
Diluents kerosene
Flow rate in the feed solution, mL/min 100
Flow rate in the stripping solution, 100
mL/min

The accuracy of the modeling was verified by the standard deviation as

follows [39]:

2

Ngata C —C

S.D.(%) =100 J(nma ~1)tx Z{(é—p} (4.14)
i=1 iexp
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where Ngaia is the number of data points and the superscripts “cal” and “exp” refer to
the calculated and experimental values, respectively. Cep. and Cea. in mg/L are

concentrations obtained from the experiment and the model.

4.5. Results and discussion

4.5.1 The influences of types and concentration of extractants

Aliquat 336, LI1X84, Cyanex 923, TBP and TOPO, dissolved in kerosene
were selected as the liquid membrane. Aliquat 336 was selected because Aliquat 336
is a water insoluble quaternary ammonium salt produced by the methylation of mixed
trioctyl/ decyl amine, which is capable of forming oil soluble salts of anionic species

at acidic or slightly alkaline pH. It is composed of a large organic cation associated

with a chloride ion, (CH,R;N")Cl ., . As the ammonium structure has a permanent

positive charge, it can form salts with anions over a wider pH range than primary,
secondary or tertiary amines. Other extractants were selected because its performance
on the separation of the precious metals in different systems [37, 38, 40, 41].

Five extractants were tested via HFSLM, operated by using a single module
operation. Fig. 4.4 depicts types of extractants as a function of their concentration by
plotting percentage extraction of platinum (IV) versus concentration of extractants
investigated. It was observed that the order of extraction power was in the sequence of
Aliquat 336> Cyanex 923>TOPO>TBP> LIX84. Aliquat 336 showed the best
performance greater than other extractants investigated. This was attributed to the fact

that Aliquat 336 is a basic extractant which reacts well with anions of platinum (IV)
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[42]. Furthermore, Aliquat 336 was found to be most effective in the extraction and
stripping of other metal ions, namely plutonium [43] and chromium [44].

FT-IR was operated to characterize platinum (IV) complex after extraction.
The result is illustrated in Fig. 4.5 demonstrating the location where the platinum (1V)
complex formed after the (CH3)N™ function group in Aliquat 336 captured the
platinum (IV) in stretching pattern.

According to Eq. (4.1), the percentages of extraction of platinum (1V) are
positively influenced by the concentration of extractants investigated. The
concentration of Aliquat 336 was varied in the range of 2-20 %(v/v). In the case of
LIX84, Cyanex 923, TBP, TOPO, experiments were carried out similar to Aliquat
336. The experimental results are presented in Fig. 4.4. Thus, it was noted that
percentages of extraction of platinum (1V) increased in the case of all extractants
studied. However, when the concentration of all extractants increased more than 12
%(Vv/v), percentages of extraction of platinum(lV) decreased. This may be attributed
to an increase in the viscosity of the liquid membrane phase which may retard the
mass transfer rates [36, 45]. Thus, 10 %(v/v) Aliquat 336 was employed in further

experiments.
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Fig.4. 4 The influence of types of extractants and their concentration on percentages
of extraction platinum (IV) under pH 2 of feed solution, 0.8 M NH,CSNH; in 1 M

HCI, 100 mL/min equal flow rates of feed and stripping.
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Fig.4. 5 FT-IR spectrum of complex species in the liquid membrane phase (Pt(1V)-

Aliquat 336-kerosene)
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45.2 The influences of extractants on distribution ratio and permeability

coefficient

The distribution coefficients (D) of platinum (IV) from aqueous solution
though HFSLM as reported in Table 4.7, were determined. It was noted that the
distribution coefficient depends on the concentration of each extractant in the liquid-
membrane phase. Regarding Aliquat 336, the distribution coefficient increased when
Aliquat 336 concentration increased until it reached an optimum point of 10 %(v/v).
However, it decreased at Aliquat 336 concentration greater than 12%(v/v). This was
due to an increase in viscosity of Aliquat 336 which led to an increase in liquid
membrane resistance and difficulty in transport of the platinum (IV)-extractant
complex [46]. The results demonstrate that Aliquat336 concentration should not
exceed 10%(v/v).

The permeability coefficient can be explained as reported by Danesi et al. [47]:

C
V. I = Ap—% ¢ (15)
feed,0 a+1
_ Qfeed
where o4 = ——
PLexNr,

Vieed Stands for the volume in the feed solution, Creeq , and Creeq Stand for the

platinum(IV) concentrations at time 0 and t, respectively, A is the area of the hollow
fiber module, P is the permeability coefficient, t is the time, Qreq IS the flow rate in
the feed solution, L is the length, ¢ is the hollow fiber porosity, N is the number of

hollow fibers in the module, and r; is the internal radius of the hollow fiber. In Eq.

(4.15), the slope in terms of AP(a/a+1)was obtained by plotting [-Vies I
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(Creed/Creeq. 0)] Versus time (t). The results are illustrated in Fig. 4.6. Finally, the values
of pcan be determined as shown in Table 4.7. The results indicate that p decreased

when the concentration of extractants increased.

1800 -
2%y
1600 - ") y =53.698x
B 5%(viv) 4 R2=10.9913
1400
A T%(viv) v =44.098x
, Rr=0.9911
0000 .
= 1000 1 K 12%(viv) y=25.494x
O 22 0.9945
= N v R2=10.9945
2 gop { @ 15%0VA) A .
= y=22.734x
= 20%(viv) - R*=10.9934
600 . '
v =11439%
400 ) R2=10.9937
) v =95575x
200 - - R*=0.9939
o . r=0.7202x
e . . . . s R2=0993)
0 5 10 15 20 25 30 35
Time, min

Fig.4. 6 Permeability coefficient versus operating time under concentration of
extractants ranging from 3-15 % (v/v), pH 2 of feed solution, 0.8 M NH,CSNHj in

1 M HCI, 100 mL/min equal flow rates of feed and stripping.
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Table 4. 7 Efficiency of HFSLM in terms of distribution ratios and permeability

coefficients using different extractants under optimal conditions.

Extractants, D (-) P(cm/s) Extractants, D(-) P(cm/s)
%(VIV) x 10* %(VIV) x 10*
LIX84-1 TOPO

2 0.002 0.100 2 0.026 0.369
5 0.003 0.114 5 0.123 0.970
7 0.011 0.119 7 0.196 1.266
10 0.035 0.439 10 0.315 1.592
12 0.042 0.458 12 0.355 1.721
15 0.029 0.325 15 0.395 1.772
20 0.022 0.263 20 0.315 1.546
Cyanex 923 Aliguat 336

2 0.031 0.317 2 0.044 0.441
5 0.222 1.513 5 0.498 1.928
7 0.365 1.721 7 0.798 2.197
10 0.522 1.977 10 0.953 2.324
12 0.597 1.985 12 0.943 2.321
15 0.573 1.913 15 0.779 2.182
20 0.491 1.899 20 0.587 1.884
TBP

2 0.006 0.106

5 0.083 0.735

7 0.156 1.138

10 0.275 2.082

12 0.318 1.450

15 0.355 1.570

20 0.255 1.350
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4.5.3 The effect of extractants on mass transport resistance

The mass transfer resistances were determined under optimized conditions
such as pH 2 of feed solution, Aliquat 336 at 10%(v/v) dissolved in kerosene, 0.8 M

NH,CSNH; and 1 M HCI and 100 mL/ min equal flow rates of feed and stripping

solution. The mass transfer resistance in the feed phasek,, the liquid membrane

resistance K., , shell-side resistance k, and overall mass transfer resistance were

calculated by using the correlations from Eq(4.5) to Eq(4.12) as reported elsewhere
[32, 33]. The four individual transfer resistances are listed in Table 4.8. 1/K was
determined and found to be 6.865x10* s/cm. The mass transfer resistances from the
liguid membrane phase proved to be much higher than that from the extraction
reaction and the shell side mass transfer resistances. This demonstrated that the mass
transfer resistance from the feed phase and the shell side mass transfer resistances had
less influence on the overall mass transfer process. Individual transfer resistances of
Cyanex 923, TOPO, TBP, and L1X84 are also listed in Table 4.8. The transportation
of platinum (IV) across the liquid membrane in the case of using Cyanex 923, TOPO,
TBP, and LIX84 was controlled by the mass transfer resistance from the liquid

membrane
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Table 4. 8 Mass transfer resistances under optimum conditions.

Extractants Individual mass transfer resistances x 10™s/cm

1/k, 17k, 17k, 1/K
Aliquat 336 3.297 0.164 3.406 6.865
Cyanex 923 3.297 0.0071 3.406 6.710
TOPO 3.297 0.0066 3.406 6.710
TBP 3.297 0.0081 3.406 6.711
LIX84 3.297 0.0075 3.406 6.711

Note: pH 2 of feed solution, 10%(v/v) Aliquat 336 dissolved in kerosene, 0.8 M
NH,CSNH; and 1 M HCI as the stripping agent, room temperature, and equal flow

rates of feed and stripping solution at 100 mL/ min.

4.5.4 Effects of flow rates of feed solution Qs and stripping solution Qs

The influence of Qf and Qs on the separation of platinum (IV) was varied in
the range of 100— 500 mL/min in one module operation. The result is shown in
Fig. 4.7. Maximum percentages of extraction of platinum (IV) were obtained for both
Qr and Qs at 100 mL/min. Percentages of platinum (IV) extraction obtained were
96%. However, percentages of platinum (1V) extraction decreased when the values of
Qr and Qs increased owing to the residence time of the solution in the hollow fiber
module as well as the loss of liquid-membrane from the micro-pores of the hollow

fibers which occurred [48].
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Fig.4. 7 Percentages of extraction of platinum (1V) versus the flow rate of feed and

stripping solution between 100 and 500 mL/min under pH 2 of feed solution, 0.8 M

NH,CSNH; in 1 M HCI and 100 mL/min equal flow rates of feed and stripping.

4.5.5 Separation of platinum (IV) from industrial wastewater

The selectivity was controlled by adjusting the types of extractants, stripping
agent and pH of feed solution [49, 50]. In this study, the formation of target ions in

feed solution is formed in different forms at pH 2. Platinum (IV) and palladium (I1)

are in form of PtCl,> and PdCI,?, respectively. Aliquat 336 which composed of a
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(org) » CaN extract both

large organic cation associated with a chloride ion, (CH,R,N")CI

PtCl;> and PdCI,*[37, 38]. However, PdCI,* is lower stripped from the liquid

membrane as shown in Fig. 4.8. Like, the effect of 2-ethylhexyl-2-ethylhexyl
phosphoric acid (HEHEPA) on the extraction and stripping of Nd(I11) from other rare

earth metals [51].

Some vital extraction conditions were optimized and the HFSLM method was
applied to actual wastewater samples from gold refining processes, kindly supplied by
Gold Field Refinery Co. Ltd, Thailand. Thus, it was observed that extraction of
platinum (IV) from gold refining wastewater via HFSLM reached 90% as shown in
Fig.4.8. However, when the industrial wastewater was compared with the synthesis
wastewater, efficiency of extraction of platinum (IV) dropped 5.2%. This was
because of the influence of other impurities (other metal ions) [52]. The trend of
extraction of other impurities was observed as follows:
Pt(IV)>Pd(I1)>Au(111)>Cu(I1)>Zn(lI).

The efficiency of selective separation of platinum (I1V) from other metal ions
in terms of separation factor [53, 54] , is reported in Table 4.9. The separation factor

is shown in Eq(16):

Pty

S.F.= (4.16)

where Dpt(lv) = distribution coefficient of platinum(1V), D,, = distribution coefficient

of PA(11),Au(l11),Cu(ll) and Zn(ll).
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This indicated that a small amount of impurities was transported within the
time interval required for quantitative transport of platinum (IV). Therefore, platinum

(IV) can be selectively extracted and stripped from gold refining wastewater using

Aliquat 336.
100 -
= ——Ext Pt(IV)
£ 80 1 =O= Str -Pt(IV)
_5 —i— Ext.-Pd(I)
< 60 A Str.Pd(I)
g ©— Ext -Au(IIl)
£ 4 | O~ Str.-Au(lID)
E —8— Ext-Cu(ID
g 20 -0~ Str.-Cu(ID)
;5 —— Ext.Za(ID)
e

fr——

— Str.-Zn(I)
35

Time, min

Fig.4. 8 The extraction and stripping of platinum(lV) and their impurity from gold
refining wastewater under: pH 2 of feed solution, 10%(v/v) Aliquat 336, 0.8 M
NH,CSNH; and 1 M HCI and equal flow rates of feed and stripping solution at

100 mL/ min.
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Table 4.9 The separation factor for validation at 10%(v/v) Aliquat 336.

SFaB Pt(I\V)/Pd(1I) Pt(IV)/ Au(lll)  Pt(IV)/ Pt(IV)/
Cu(ln Zn(10)
Values 16.97 248.68 969.49 1275.84

4.5.6 Optimization of extraction of platinum (IV)

A Box-Behnken design under RSM was employed to analyze the interactive
influence of feed concentration, concentration of Aliquat 336 and concentration of the
mixture of NH,CSNH; and HCI. The variables in coded units for the design matrix
are shown in Table 4.2. Table 4.10 below shows the predicted results and the
experimental data of response (percentages of extraction of platinum (IV), % E). The
predicted results of responses (%E) were obtained from quadratic model fitting
techniques employing the software. Multiple regression analysis of the experimental
data was applied to develop the statistical model in order to predict the percentages of
the extraction of platinum (1V). The statistical model is presented accordingly:

%E = 47.64333—0.71130X, +13.84382X, — 22.03835X , + 0.063903X, X,

(4.17)
—0.014118X, X, —0.89898X, X, +3.48136x10° X, —1.30890X 7 —0.67151X ?

where ose (yield) is the percentages of extraction of platinum (IV), X, is
concentration of platinum (1V) in feed solution, mg/L, X, is the concentration of

Aliquat 336 in the liquid membrane and X, is the concentration of thiourea in

stripping solution.
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The statistical model was verified by employing variance (ANOVA) for the
response surface quadratic model [55, 56]. As can be seen in Table 4.11, the F-value
of the model is 52.23 indicating that the model is highly significant [57]. The model
has a very low probability value (p model, F < 0.0002). Values of p are less than

0.0500 which demonstrate that the model terms are significant [58, 59]. All the model
coefficients such as X, , X, , X5, X, X,, X, X5, X,X;, X2, X2 and X? are significant
as shown in Table 4.11. The accuracy of this model can be verified by determining

the adjusted R? (multiple correlation coefficientsr). The value of adjusted R?
(0.9853) for Eq. (4.17) indicates that the total variation of 98.53% for percentages of
extraction of platinum (IV) is attributed to the independent variables and only about
1.47% of the total variation cannot be expressed by using this model. The closer the
values of adjusted R® are equal to 1 indicate that correlation between the
experimental and predicted values fit in well [60]. Moreover, the sum of squared
errors of prediction (SSE) and the corresponding root-mean square deviation (RMSD)
were 5.2514 and 0.1164. Low of SSE and RMSD proved that the results from

predicted model were in good agreement with experimental data.

In Fig. 4.9(a) below, the normal probability plot of residuals for extraction of
platinum (IV) indicates how closely the set of obtained values followed the theoretical
distribution. In Fig.4.9(b), experimental points are reasonably aligned, suggesting a
normal distribution. Thus, the developed regression model adequately describes the
data obtained, approximately expressing 98.53% of the variability of response.

Moreover, the use of residuals was investigated to access the model adequacy. In Fig.
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4.9(c), residuals were found to be scattered and without any definite pattern which
showed the adequacy of the model.

A Design Expert program was employed to plot the fitted response surface in
order to understand the interaction of the parameters required for optimum condition
for extraction of platinum (1V). The plots are illustrated in Figs 4.10(a-c). According
to Fig. 10(aland a2), the response surface plots show the relation among the
concentration of Aliquat 336 in the liquid membrane and the concentration of
thiourea, while the concentration of HCI were kept constant at 1 M.. The increase in
the concentration of Aliquat 336 improved percentages of extraction of platinum (1V)
because the higher available Aliquat 336 reacting with platinum (IV) at the interface
of feed and stripping solution. At higher amounts of concentration of Aliquat 336, the
percentage of extraction significantly decreased because of the limited mass transfer
rate of target ions across the liquid membrane phase.

Fig. 4.10(b1) and 4.10(b2) shows the interaction of the concentration of
Aliquat 336 with the concentration of platinum (IV) and their relation to the
percentage of extraction. Maximum extraction of platinum (IV) is achieved with
10%(v/v) Aliquat 336. The results show that at higher concentration of platinum(I1V),
the percentages of extraction is low because of the high amount of platinum(IV)
accumulating at the interface of feed and liquid membrane phase, resulting in fouling.
The fouling causes to obstruct the transportation of complex species across the liquid
membrane phase.

Fig. 4.10(c1) and 4.10(c2) illustrated the interaction of the concentration of
platinum(lV) in the feed solution and concentration of thiourea by fixed the

concentration of hydrochloric acid at 1 M. Maximum extraction of platinum (IV) is
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achieved using the concentration of thiourea higher 0.8 M and all concentration of
platinum(IV) investigated.

The results show that the initial adsorption rate is very rapid because of the
high available surface area and vacant sites on the adsorbent, and the rate is
accelerated by enhanced mass transfer promoted by the ultrasonic power.

By solving Eqg. (4.16) using the above-mentioned software, the optimum
conditions for the test variables were the concentration of feed solution 5
mg/L,10%(v/v) Aliquat 336 and 0.8 M thiourea. Under these conditions, maximum
predicted percentages for the extraction of platinum (IVV) were observed reaching

approximately 95.92%.
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Table 4. 10 Face-centred composite design matrix along with experimental and

predicted values of platinum(lV) extraction across HFSLM.

Experimen  Feed Aliquat 336 Stripping Extraction (%)
t No. concentratio  concentratio  phase
n(mg/L), Xy n (%(v/v)), concentratio
X2 n (M), Xs
Experimenta  Predicte
I d
(Eq.(16))

1 -1 -1 -1 76.32 76.8
2 -1 1 1 65.98 65.22
3 1 -1 1 79.07 78.08
4 1 1 -1 60.76 61.51
5 0 0 0 85.93 86.46
6 -1 -1 1 93.45 93.48
7 -1 i -1 55.34 56.21
8 1 -1 -1 61.78 61.98
9 1 1 1 71.98 71.95
10 0 0 0 85.56 85.46
11 -1 0 0 95.92 95.29
12 1 0 0 87.45 87.52
13 0 -1 0 79.37 79.64
14 0 1 0 68.66 67.83
15 0 0 -1 79.45 79.15
16 0 0 1 90.54 90.28

17 0 0 0 85.76 86.46




Table 4. 11 ANOVA for the response surface quadratic polynomial model.
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Factors Sum of df Mean square F-value p
square (SS) (MS)
Model 2234.09 9 248.23 52.23 <0.0001
X, 0.047 1 0.047 9.867 x 10°  0.9237
X, 35.24 1 35.24 7.42 0.0296
X, 216.73 1 216.73 45.60 0.0003
XX, 203.85 1 203.85 42.89 0.0003
X, X, 0.17 1 0.17 0.037 0.8537
X, X, 17.10 1 17.10 3.60 0.0997
)(12 8.09 1 8.09 1.70 0.2333
)(22 657.04 1 657.04 138.25 <0.0001
)(32 0.022 1 0.022 46x10° 0.9478
Lack of fit 32.20 5 6.64 193.58 0.0051
Pure error 0.069 2 0.034
Cor.total 2267.36 16




Normal % Probability

166

100 —

o 90 |
m
a
o
oY @ . 50
= [}
g s
=]
& 2
] a 70
m)
L]
=}
60
T T T T T T 0 —
2.00 -1.00 0.00 1.00 2.00 3.00 ‘ ‘ ‘ | ‘ |
50 60 70 80 90 100
Externally Studentized Residuals
Actual
6.00 —|
4.81963
©» 4.00 -
©
3
=
7 o .
2 2.00 - o
=
i =
T o008 =
g H "
=2 ]
7]
= 200
©
£
@
=
W 400
as1ess
6.00

50

60

T
70

I
80

Predicted

©

90

100

Fig.4. 9 (a) The normal probability plot for platinum extraction; (b) plot of observed

values versus predicted values and (c) plot of residuals versus observed values.



167

: o

' A

i i

Reit e

i
-

A
e
R
i

e i
e e el L b e
e D s s
e

Uy

. L
G
[ "
b o
)

% Extraction
Aliquat 336, %(V/Av)

e
e T g
e
)

it

Platinum(1V), mg/L

(al) (a2)

1
100 09
90 08
80 07
5 =
B 70 3 0.6
® ]
3 60 § e
-3
kS 50 04
03
02
10 75
0.1
25 35 45 55 65 75
" 6 ;
Aliquat 336, %(v/v) Platinum(1V), mg/ Platinum(IV), mg/L
(bl) (b2)
100 -- .
90
80
c =
= $
g 70 5
g H
g g
=®
50
75
55
05 45 2 4 6 8 10
Thiourea, M > Platinum(IV), mg/L
01 25 Aliquat 336, %(v/v)

(c1) 2
Fig.4. 10 (al and a2) is corresponding three-dimensional surface plot and contour plot
of concentration of Aliquat 336 %(v/v) and platinum (IV) mg/L, (b1 and b2) is of
thiourea M and platinum (1) mg/L and (c1 and c2) is of Aliquat 336 %(v/v) and

thiourea .



168

4.6. Conclusion

Different commercial extractants such as Aliquat 336, LIX84-1, Cyanex 923,
TBP and TOPO were investigated by dissolving in kerosene. Results indicated that
Aliquat 336 is a more powerful extractant than LIX84, Cyanex 923, TBP and TOPO
for given conditions. Extraction of platinum (IV) reached 96% when Aliquat 336 was

used as extractant under optimized conditions. The mass transfer resistance for

Aliquat 336 was investigated. It was found that the liquid membrane resistance (1/K, )
of 0.164 x 10* s/cm, aqueous solution in the feed phase resistance (1/ k,) of 3.297 x

10* s/cm, organic phase shell-side resistance (1/k,) of 3.404 x 10* s/cm and overall

mass transfer resistance (1/K) of 6.865 x 10% s/cm was obtained. Thus, it can be
verified that the HFSLM system was governed by the mass transfer resistance from
the liquid membrane. Experimental results, after three identical runs, were found to be
excellent. Next, response surface methodology (RSM) was investigated in order to
determine optimum values for the independent variables. Results showed that the
HFSLM system could effectively separate platinum (V) from gold refining solution.
A quadratic regression model showed the interaction between independent parameters
(concentrations of platinum (IV), Aliquat 336 and thiourea). The significant
regression coefficient (p< 0.05) proved that this model was an excellent goodness of
fit with the experimental data. The results suggested that the concentrations of
platinum(IV), Aliquat 336 and thiourea have a significant influence on the extraction

of platinum (I1V).
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4.8 Nomenclature

area of membrane (cm?)
diffusivity of platinum (IV) in the aqueous feed solution (cm?/s)

diffusivity of platinum (1V) extractant complex in the liquid membrane

phase

hydraulic diameter of the shell side (cm)
diameter of the fiber bundle

inner diameter of the shell side (cm)

outer diameter of the membrane (cm)

overall mass transfer coefficient (cm/s)
mass transfer coefficient in the aqueous feed solution (cm/s)
mass transfer coefficient due to the extraction reaction (cm/s)

mass transfer coefficient of the membrane phase (cm/s)
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K mass transfer coefficient due to the stripping reaction (cm/s)

Kes mass transfer coefficient for the aqueous stripping solution (cm/s)

k mass transfer coefficient in the shell side between hollow fibers (cm/s)

L fiber module length (cm)

D, partition coefficient between the organic membrane phase and the
aqueous feed solution

D, partition coefficient between the organic membrane phase and the
stripping solution

Re Reynolds number

Sh Sherwood number

Sc Schmidt number

t time (s)

U; flow rate inside the hollow fibers (cm/s)

U, flow rate in the shell side (cm/s)

V. volume of the aqueous feed solution (cm?®)

A volume of the organic membrane solution (cm?®)
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5.1 Abstract

Non-toxic diluents were studied and compared with toxic diluents for
separation of platinum (IV) across hollow fiber supported liquid membrane
(HFSLM). 91.41 % extraction and 81% stripping of platinum (IV) was observed for

sunflower oils at 328.15 K. Overall mass transfer resistance (R ) was 146.612x 10*

slcm.  The separation process was exothermic (AH) =-975.20 kJ/mol) and

spontaneous (AG., =-326.447 J/imol). The E,of 1.673 kJ/mol indicated that the

diffusion of complex species across the liquid membrane controlled the mass transfer
step. Moreover, a modified Apelblat model gave an excellent match for predicting the

extraction behavior of platinum (IV) at 1.2818% RMSD.

Keywords: platinum (1V); non-toxic diluents; sunflower oils; thermodynamics;
HFSLM.
*Corresponding author. Tel.: +66 2 218 6891; Fax: +66 2 218 6877.

E-mail addresses: ura.p@chula.ac.th

** Corresponding author. Tel.: + 66 2 218 6999; Fax: 662 218 6877.

E-mail addresses: amornchai.a@chula.ac.th

5.2 Introduction

Platinum is a precious metal of enormous importance. There has been
increasing demand for its use in various industries. Platinum is used not only in the

jewelry trade but also in modern industry. Platinum is in a primary resource (ore)


mailto:ura.p@chula.ac.th
mailto:amornchai.a@chula.ac.th
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which is limited. Platinum can also be found in secondary sources (i.e. wastewater).
Recently, platinum has come under investigation since contamination of secondary
sources has been found to contain platinum at a relatively low concentration. Thus,
reliable and effective methods have to be developed for the separation and recovery of
platinum (IV) from wastewater [1]. The secondary sources of wastewater from gold
refining processes are of significance revealing platinum at low concentration of
approximately 5 mg/L and other precious metal ions [2].

A liquid membrane system is a useful method for the separation of metal ions
from wastewater because of its unique properties whereby it can extract and recover
target ions simultaneously [3]. Nevertheless, the instability of supported liquid
membrane (SLM) and tricky operations has blocked its applications at industrial level.
Previous literature has highlighted a number of novel types of liquid membrane
systems e.g. renewal SLM [4], SLM with emulsion [5] and SLM with strip dispersion
[6]. Of late, among these liquid membrane types, the hollow fiber supported liquid
membrane (HFSLM) system has shown a new prospective. HFSLM has more
advantages such as high selectivity, simultaneous extraction and recovery of target
metal ions at relatively low concentration in ppm and ppt levels. Moreover, it is easy
to apply on an industrial scale [7]. Thus, HFSLM has been applied in the separation of
various metal ions i.e. toxic and precious metal ions from aqueous solutions as stated
elsewhere [8].

The use of toxic diluents is harmful to humans, livings and environments even
though in trace level. Thus, environmentally friendly diluents (i.e.their distinctive
characteristics such as nontoxicity, non-volatility, renewability and biodegradability

[9]), were used instead of toxic diluents. The unlimited resources of non-toxic diluents
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as well as the relatively simpler processing steps ensure the employment of vegetable
oils as diluent substitutes. Diluent substitutes are also less expensive than toxic
diluents. Previous works have reported the effect of vegetable oils in the liquid
membrane systems in order to successfully separate and recover various compounds
such as mercury [10], methylene blue [11] and copper [12]. Due to the extraction and
stripping of target metal ions using non-toxic diluents, it was low when compared
with toxic diluents [10, 13]. In order to improve the system for extraction and
stripping of target ions, in particular at relatively low concentration (<100 ppm),
energy (temperature) are introduced. Although the cost for operation increased, it is
worth to investment as similar to previous publications [13-17].

This work highlights and compares the effect of non-toxic diluents with toxic
diluents on the performance of extraction and stripping of platinum (IV) from gold
refining wastewater, kindly supplied by Gold Field Refinery Co. Ltd, Thailand. This
experiment was carried out to explore the possibility of substituting toxic diluents
with environmentally friendly diluents (non-toxic diluents) such as soybean oils,
sunflower oils and coconut oils. The influence of non-toxic diluents are compared
with the toxic diluents (benzene, cyclohexane, chlorobenzene, chloroform, hexane
and 1,2-dichloromethane). Both toxic and non-toxic diluents are reported in terms of
the efficiency of extraction and stripping of platinum (1V), distribution ratio,
permeability, mass transfer coefficient, selectivity, extraction equilibrium and kinetic
parameters. Moreover, a modified Apelblat model was applied to correlate and predict
experimental data. Finally, the accuracy of the model was validated by root-mean

square deviation (RMSD).



180

5.3 Theory

5.3.1 Transportation of platinum (1V) across HFSLM

Separation of the target metal ions via HFSLM, using a basic extractant,

involved facilitated coupled counter—transport. It can be explained as follows: the

target metals PtCl. ., in the feed solution are transferred to the interface between the

feed-liquid membrane phases. Subsequently, PtCI 2 . reacts with the extractant

6(aq)

(CH,R,N")CI;,, to form a complex species (CH,R,N™), PtCl

6(0r0) as shown in Eq.

6(aq)

(5.1). Then, the complex species (CH,R,N™), PtClI diffuses through the liquid

6(aq)
membrane phase to the interface between the liquid membrane and stripping phase.

The occurring complex species (CH,R,N™ ), PtCl, .., reacts with the selected stripping

6(aq)

agents (NH, ),CS,, at the interface of the liquid membrane-stripping phase. After

(aq

-2
6(aq)

that, PtCI_Z_,are released into the stripping phase as illustrated in Eq. (5.2). PtCI

6(aq)

diffuses into the stripping solution while the released extractant(CH,R,N" )Cl;,,

from the complex species moves back to the interface of the feed—liquid membrane
using the concentration gradient. At the feed-liquid membrane interface,

(CH,R,N")Cl;,, reacts again with PtCI.;,,, .

In HCI media, PtClg(zaq) is the predominant species, even at 0.1 M HCI [18].

Fontas et al [19] proved that no polynuclear complexes are formed in the liquid phase.

Taking into consideration that most Pt(IV) exists as hexachloroplatinate (IV) ion,
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PtCIg(zaq), high concentration of chloride. The extraction reaction of platinum (IV)

using Aliquat 336 as the extractant has been published previously [19]. The extraction

reaction of platinum (1V) in chloride media with Aliquat 336 is as follows:

PtCI 2

6(aq

| +2(CH,R;N")Cl ., = (CH,R;N "), PtClI

(org

| +2CI. (5.1)

6(org (aq)

where PtCIg(;q) is platinum (IV) in the feed solution, (CH,R,N*)CI; ., is the

6(org)

selected extractant, (CH,R,N™ ), PtClI -

is the complex species and Cl_ is chloride

6(aq)

ions.

The stripping of platinum (IV) with thiourea solution was reported elsewhere
[20]. The stripping reaction between the complex species and the stripping solution is

as follows:

(CH4R;N ™), PtCly .y +2(NH,),CS ,y = 2(CH,R;N")Cl g, + PtCl, (NH,),CS), o)
(5.2)

where (NH,),CS.., is the employed stripping agent in the stripping solution,

(aq)

PtCI,((NH, )),CS),, is platinum (IV) which is stripped from the liquid membrane.
5.3.2 Distribution ratio, the extraction and stripping equilibrium

constants

The distribution ratio of platinum (1V) between the feed phase and the liquid-

membrane phase was expressed as:
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[(CH3R3N ! )2 Ptc'ﬁ(org) ]

B [PtCIgfaq) (5:3)

where [(CH;R;N™), PtClg ., ] is calculated using Eq. (5.4), describing the partition

equilibrium of platinum (IV) of the HFSLM system.

N Vv, - -
[(CH,R;N™), PtCly /. ] :\7[(F>tc|§(aq))f'in —(Ptc:|§(aq) )t outl (5.4)

where V, and V, represented volumes of the feed solution and the liquid membrane
(cm®), respectively.

The extraction of platinum (IV) using Aliquit 336 has been explained
elsewhere [19] as shown in Eq(5.1). The extraction equilibrium (K,,) can be
described according to the following equation:

_ (CH3R3N+ )2 PtCIG(org)][CI(-aq)]2
” [PtCIGZ(aq)][(CH3R3 N+ )CIG_(org)]2 (55)

The stripping of platinum (IV) from the liquid membrane phase using
NH,CSNH, in HCI is as shown in Eq (5.2). The stripping equilibrium (K ) can be

described according to the following equation:

org

* " [(CH;R,N™), PtClg o) II(NH,),CS o) I (5.6)

_ [PtCI, (NH,),C8) (o II(CH;R;N ")Cl, I




183

5.3.3 Permeability coefficient

Danesi [21], in accordance with the mass transfer model, reported that the
permeability in feed solution P: and in stripping solution P is obtained using Eqgs

(5.7) and (5.8):

Feed solution: |n( Ce j: gi Pt (5.7)

Stripping solution: In(l— c J:gi Pt (5.8)

FO B

5.3.4 Thermodynamic parameters and activation energy (E,)

The thermodynamic parameter for the separation of platinum (IV) in terms of

extraction equilibrium directly corresponds with Van’t Hoff equation. It has a

relationship with the standard Gibbs free-energy (AG., ) and Gibbs—Helmholtz

equations [22]. AG?, for the platinum (IV) extraction can be determined as follows:
AG? =-RTInK,, (5.9)

Ik, =A% (5.10)
RT
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AG?, is correlated with the standard enthalpy (AH?) together with the
extraction entropy (AS)) as explained by the Gibbs—Helmholtz equation. The

correlation of AH? with AS?, is according to the following equation:

AG = AHS ~TAS? (5.11)

Substituting Eq.(5.10) in Eq.(5.11), the Van’t Hoff equation was obtained in linear

form and is presented as [23]:

_AH; _AS;

InK,,
RT R

(5.12)

A plot of InK_, versus1/T should give a straight line and its slope and intercept is

used to calculate AH? and AS?,, respectively.

ex !

The activation energy (E,) has an impact on the temperature of actual rate
constants. The value of E, being lower than 20 kJ/mol demonstrated that
transportation of metal ions across HFSLM is governed by pure diffusion-limited

transport. However, when E, is higher than 40 kJ/mol, this indicates that the system is

controlled by the chemical reaction. Again, when E, is in the range of 20 kJ/mol to 42

kJ/mol, this demonstrates that the process is governed by a mixture of diffusion and
chemical reaction [24]. A plot of the logarithm of the flux ( In J ) versus (1/T ) is used

to determine a Ea as shown in Eq. (5.13):
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J=AeER (5.13)

where J is the flux, R denotes the universal gas constant (8.3145 J/mol K), A is the

frequency factor, and T is the absolute temperature.

5.3.5 Mass transfer resistance

Eq. (5.14) was employed to assess overall mass transfer resistance. The mass

transfer resistance for platinum (IV) through the HFSLM system is the sum of five

individual mass transfer resistances. These are namely, the feed phase R, (1/k,), the
liguid membrane resistance R, (1/k.), shell-side resistance R, (1/k,), stripping

reaction resistance R, (1/K., ) and stripping side resistance R, (1/k;). The correlation
of the five individual mass transfer resistances and individual mass transfer
coefficients is as shown in Eqs (5.14-5.15) [25]:

R=R,+R +R +R +R (5.14)

Otherwise;

(5.15)
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The values of K and k,, in Eq. (5.15) can be ignored because the stripping

reaction is instantaneous [25, 26]:

ER o — 5.16
K k Dk, DK (.16)

a

m 0

The Lévéque equation was calculated using the relationship of the Schmidt

correlations (Sc) and Sherwood (Sh) [27].
d 0.33
Sh=1.62 [t ReScj (5.17)

where Re, Sh and Sc can be defined as follows:

4Qf
Re=—

,uﬂdi

dei
Sh=

D,

Sc=—2

D,

The value of Re was calculated as 30.17, which was lower than 2,700, demonstrating

that the laminar flow occurred inside the hollow fibers. Consequently, k, was

calculated as follows [26]:
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0.33
d.
LJ (5.18)

The values of k., can be determined as follows:

_ D,é&d,,

5.19
"= snd (5.19)

(o]

The values of k, can be calculated using the correlation of the Sherwood and Schmidt

correlation [26]:

D d 0.93 0.33
k, =125t ( gij [S J (5.20)
h

m

The hydraulic diameter is determined as follows [28, 29]:

d?>—d?—nd?
d =—2_"1 "0 5.21
= (5.21)

where d, is the hydraulic diameter of the shell side (cm), d.is the inner diameter of

the

shell side (cm) and d, is the outer diameter of the membrane (cm).

5.3.6 The modified Apelblat equation

Generally, the relationship between extracted mole fraction of the solubility
correlated as a function of temperature is expressed according to [30, 31]. The
following equation was applied to predict the percentages of extraction across

HFSLM:
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Inx:A+TE+CInT (5.22)

where T represents the absolute temperature, A,B and C represent model
parameters, x is the mole fraction of platinum(1V) or % extraction at the investigated
temperature. The constant values of Aand B stand for the variation in the solution
activity coefficient. The constant value of C reflects the influence of temperature
upon the fusion enthalpy [32].

A program of Minitab Statistical Software version 17 was employed to find
the curve fitting of models in order to estimate parameters involved in the modified
Apelblat equation. The procedure of curve fitting was employed to foretell and
express the accuracy of this model. A set of best fit parameters was estimated by using
a nonlinear least squares method, trust-region algorithms and LAR robust method.
The error between the calculated and predicted responses for performance of
extraction of platinum (IV) was represented by root-mean square deviation (RMSD).

The corresponding root-mean square deviation (RMSD) is determined as
follows:

N
Z (Ei,cal _Ei,exp )

RMSD = {[&=L — (5.23)

N

5.4 Experiment

5.4.1 Chemicals and reagents



189

Wastewater from gold refining processes are quite significant sources which
contain platinum at a low concentration approximately 5 mg/L and other precious
metal ions [38]. The properties of feed solutions from gold refining processes are
shown in Table 5.1. The wastewater was kindly supplied by Gold Field Refinery Co.
Ltd, Thailand. Platinum (IV) in the aqueous solutions was analyzed by ICP—OES.
Hydrophobic liquid membrane was prepared by impregnating with tri-n-
octylmethylammonium (Aliquat 336) in the micro-porous hollow fibers. Its structures
are reported in Fig.5.1 [2]. Thiourea (NH,CSNH,) (98% purity) and hydrochloric
acidic solution (HCI) (37% purity) was used as stripping agents. Hydrochloric acid
and sodium hydroxide (97% purity from Sigma-Aldrich) were used to adjust the pH
of feed solutions. All toxic diluents used in these experiments were purchased from
Sigma-Aldrich and listed in Table 5.2. Non-toxic diluents were purchased in the local
markets in Thailand. The properties of non-toxic diluents are listed in Table 5.3. All
reagents used in this experiment were of analytical grade. Double distilled water of

8.2 MQ-cm * was used throughout the experiments.

/

HsC

Fig.5. 1 The structures of Aliquat 336


http://dict.longdo.com/search/purchase
http://dict.longdo.com/search/purchase

Table 5. 1 The properties of feed solutions from gold refining processes

Parameter Value
Color Brownish
Temperature (°C) 30
pH 6.6
Pt(IV) (ppm) 5
Au(lll) (ppm) 0.94
Pd(Il) (ppm) 0.88
Cu(ll) (ppm) 0.55
Zn(11) (ppm) 0.12
Na(l) (ppm) 3892.45
Conductivity (us/cm) 2850
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Properties

H

CYy

CH

1,2-D

CHI

Chemical
formula

MW
(g/mol)

Purity (%)

Analysis
method of
purity (%)

Density
(g/cm®)

Viscosity
(cP)
(20°C)

Surface
tension
(dyn/cm)
(20°C)

Dielectric
constant
(at 25°C)

Polarity
index (P

CeHia

86.18

95
GC

0.6548

0.3

18.43

1.88

0.1

CeH12

84.16

99.5
GC

0.7781

1.02

24.95

2.02

0.2

CeHsCl

112.56

99.8

GC

1.11

0.714

33.60

5.62

2.5

CeHs

78.11

99.9
GC

0.8765

0.6076

28.88

2.3

2.7

CoH.CI

98.95

99.8
GC

1.253

0.84

26.50

8.93

3.1

CHCls

119.37

1.489

0.117

27.50

4.81

4.1

Note: 1,2-D (1, 2-dichloromethane ); H (hexane); CY (cyclohexane);
CH(chlorobenzene); B(benzene) and CHI(chloroform)
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Table 5. 3 The properties of non-toxic diluents

Properties coconut oil soybean sunflower oil
oil

Density (g/cm®)[33, 34] 0.9150 0.9185 0.9169

Viscosity (cP)(20°C)[35] 55.0 54.3 41.6

[36]

Surface tension (dyn/cm) 33.40 33.85 33.50

(20°C) [33, 37, 38]

Dielectric constant 27 N/A 25

(at 25°C)

Polarity index (P") N/A N/A N/A
5.4.2 Apparatus

The HFSLM of Celgard®x-40 microporous fibers used throughout the
experiments is comprised of a hollow fiber module, gear pumps, rotameters, variable
flow rate controllers and pressure gauges. The unique characteristics of this module
are presented in Table 5.4. The temperature of feed and stripping solutions was
controlled by using a heater and stirrer (model CMT-V1; Protronics Intertrade Co.
Ltd. Thailand). The professional pH Meter PP-50 (TransInstruments, Singapore) was
employed to measure the pH values of the feed solution using hydrochloric acidic
solution and sodium hydroxide solution to adjust the pH of the feed solution. A pump
from Cole—Parmer, USA with 8.6 bar (125 psi) was used throughout the experiments.

The inductively coupled plasma optical emission spectrometer (ICP—OES) (model JY
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2000-2; HORIBA Jobin Yvon, France) was employed to measure the concentration

of platinum (IV) in all samples.

Table 5. 4 Physical characteristics of the hollow fiber module

Characteristics

Descriptions

Material

Number of fibers

Fiber inside diameter (cm)
Fiber outside diameter (cm)
Effective length (cm)
Surface area (cm?)

Avrea per unit volume (cm?%/cm®)
Membrane porosity
Average pore size (cm)
Membrane tortuosity
Module diameter (cm)
Module length (cm)

temperature (K)

polypropylene
35,000

0.024
0.03
19.8
1.4 x 10
29.3
25%
3x10°®
2.6

6.3

20.3

273 — 333

5.4.3 Procedures

In the sequence of experiments, Aliquat 336, dissolved in many investigated

diluents, was used as the liquid membrane. A schematic diagram of the HFSLM

module employed in this experiment is shown below in Fig 5.2 [2]. The temperature

of the HFSLM system was controlled by a thermostatically controlled bath which was
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checked using a digital thermometer (with an accuracy of +0.1 K) while the

temperature of the feed and stripping solution was controlled by a heater and stirrer.

Fig.5. 2 Flow diagram in the HFSLM system: (1) stirrer and heater (2) pH meter (3)
feed reservoir (4) pressure indicator (5) flow regulator valve (6) flow indicator (7)
pressure indicator (8) stripping reservoir, (9) HFSLM and (10) thermostatically

controlled bath

A mixture of extractant and diluent was used to prepare the liquid membrane.
The mixture was pumped into the tube and shell sides of the hollow fibers for 40 min
at the flow rates of 100 mL/min, ensuring that the extractant was entirely impregnated

in the micro-pores of the hollow fibers [2, 39]. After impregnation was completed,
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the tube and shell sides were washed by distilled water in order to remove excess
liquid membrane from the HFSLM module. Subsequently, both feed and stripping
solutions, each of 3000 cm®, were fed into the tube and shell sides of the hollow
fibers. Volumes of samples (10 cm®) were withdrawn from the outlet feed and
stripping solutions at the desired time intervals. Samples were analyzed by ICP—OES.
When each experiment was finished, regeneration of the hollow fiber module was
required for a new separation cycle. Both feed and stripping sides of the hollow fiber
module were continuously washed by deionized water and followed by ethyl alcohol
for 60 min in order to remove the liquid membrane in the micro-pores of the hollow
fibers. After that, isopropyl alcohol was employed to dry the inside of the HFSLM
system. Each analysis was carried out in duplicate in order to confirm the efficiency
and reliability of the separation of platinum (IV) across the HFSLM system. The
efficiency of separation of platinum(lV) can be calculated by using the same
correlation as reported earlier [2].

Optimized parameters such as the impregnated time (40 min) of the liquid
membrane in the micro-pores of the hollow fibers, the operating times of 30 min,
10%(v/v) Aliquat 336 as the liquid membrane phase, 0.8 M NH,CSNH;(thiourea) in 1
M HCI (hydrochloric acid) as the stripping solution, equally flow rates of feed and

stripping of 100 mL/ min, were reported in our previous work [2].

5.5 Results and discussion

5.5.1 The pH values of feed solution
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The pH of the feed solution plays a significant role in the transport of metal
ions across the liquid membrane phase because it has a direct effect on the efficiency
of the extractant to form complex species with metal ions [39, 40]. Accordingly, the
experimental results are revealed below in Fig.5.3, indicating that the efficiency of
extraction of platinum (IV) was somewhat excellent at pH ranging 1-4pH. This was
because Aliquat 336 is a water insoluble quaternary ammonium salt produced by the
methylation of mixed trioctyl/ decyl amine, which is capable of forming oil soluble

salts of anionic species at acidic or slightly alkaline pH. It is composed of a large

(org) - AS the ammonium

organic cation associated with a chloride ion, (CH,R,N")CI

structure has a permanent positive charge, it can form salts with anions over a wider
pH range than primary, secondary or tertiary amines. At a lower feed solution, in
particular pH 1, percentage of extraction of platinum (IV) was also high in line with
pH 2 of feed solution. However, pH 1 of feed solution was not recommended because
at a highly acidic state the HFLSM fibers became frayed [39, 41]. In case of other
competing anions on the extraction and stripping, the results were shown in Fig.3,
indicating that other metal ions were also extracted. In particular Pd(ll). This was

because in hydrochloric acid/chloride media, Pd(Il) can form four chlorocomplexes
ji.e, [PdCI]",[PdCI,], [PdCl,] and [PdCI,]". In reality, [PdCl,]"is the
predominant species [42]. The selectivity was controlled by adjusting the types of

extractants, stripping agent and pH of feed solution [43, 44]. In this study, the

formation of target ions in feed solution is formed in different forms at pH 2. Platinum

(1V) and palladium (11) are in form of PtCIl.;? and PdCI,?, respectively. Aliquat 336
6 4

which composed of a large organic cation associated with a chloride ion,
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(CH,R,N")CI,.,, can extract both PtCl.;* and PdCI,?[45, 46]. However, PdCI,? is

(org) *
lower stripped from the liquid membrane. Like, the effect of 2-ethylhexyl-2-
ethylhexyl phosphoric acid (HEHEPA) on the extraction and stripping of Nd(I11) from
other rare earth metals [47]. The selectivity of platinum (IV) from other metal ions in
terms of the separation factor was published in our previous paper [48]”. In further
experiments, pH 2 of feed solution was recommended for the separation of platinum

(IV).
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% Extraction of platinum(IV)

T —

PH(IV) Pd(“‘) R

culy
Metal ions
Fig.5. 3 The influence of pH of feed solution on the extraction of platinum(IV) from

wastewater under 10%(v/v) Aliquat 336, 0.8 M NH,CSNH,; in 1 M HCI, equal flow

rates of feed and stripping at 100 mL/min and operating at ambient temperature

5.5.2 Influences of toxic diluents on the extraction and stripping of

platinum (1V)

The suitable diluents were selected based on requirements in order to facilely
immobilize in the hollow fiber pores i.e. high capacity for dissolving carrier and also
allow ion-pair formation between target ion and extractant selected, low viscosity
because of promoting high target ion fluxes through the liquid membrane and low
toxicity [49]. Various polar diluents were employed to select the suitable diluents for

platinum (IV) extraction and stripping, using Aliquat 336 as the extractant.
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When comparison of the various toxic diluents was completed, it was found
that the order of extraction power washexane<cyclohexane<chlorobenzene<benzene<
1,2-dichloromethane<kerosene<chloroform as shown in Figs. 5.4(a-b). Of the seven
diluents, chloroform was found to be the best since it had the highest permeability
coefficient and distribution ratio as shown in Table 5.5. It was found that the polarity
indexes increased, resulting in slight increase of the efficiency of extraction and
stripping of platinum (IVV) because of closely individual polarity indexes , for
example, the percentages of extraction and stripping of chloroform (polarity
indexes:4.1) were approximately 99 and 88, respectively while hexane (polarity
indexes:0.1) of 85 and 76, respectively. This was corresponded with the separation of
Co(Il) and Ni(ll) from thiocyanate media as reported by Leepipatpiboon et al [17].
This can be attributed to the fact that these diluents with polarity indexes (lower than
polarity indexes of water) can mix well with Aliquat 336, enhancing transport of
complex species across liquid membrane phases. However, when diluents with high
polarity indexes are close to the polarity index of water (9.0), the stability of the liquid
membrane decreased because of greater solubility of diluents in the aqueous feed and
stripping phases [17]. This is because the polar molecules of diluents interact more
strongly with the polar molecules of water. In other words, if the investigated diluents
have close polarity indexes with water, the liqguid membrane leaks out from the pores
of the hollow fibers. Moreover, the higher the increase of polarity index of diluents
results in the interface layers (6) was thin, enhancing transport of complex species
across liquid membrane phases, obtaining higher extraction and stripping [50].

From Table 5.5, K_, increases it means that the affinity of the metal for the

organic phase or liquid membrane phase increases. while K decrease, for example,
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K, and K, for chloroform are 0.4617 x10° and 2.9865 x10™"", respectively. The

value of K will increase or decrease, depending on the properties of liquid

membrane phase (metal ions + diluent + extractant) and types and concentration of
stripping agents. In previous work [48], we investigated the efficiency of types and
concentration of stripping agents such as NH,CSNH, in HCI, NH,;OH, NH,CI,
NaClO,4 and Na,S,03 for use as stripping solution for recovery of target metal ions
from liquid membrane phase. Results demonstrated that the efficiency of stripping
agents is NH,CSNH, in HCI > NaClO,4 > Na,S,03 > NH,Cl > NH,OH. This is due to
the fact that NH,CSNH; in HCI has stronger de-complexation ability to platinum (IV)

than other reagents [51].

In Table 5.6, the accumulation of target metal ions was observed because the
permeability coefficients in the feed and stripping phases as calculated from Eqs (5.7-

5.8) differ. This may be the properties of complex species dissolved in different

diluents as generated in the liquid membrane ie. (CH,R;,N™),PtCl,  and the

2—

sag Trom the

efficiency of stripping agents selected for removing target ions PtCl

liguid membrane phase[13-17, 52]. In the liquid membrane phase, viscosity of
extractants and diluents impacts on the diffusivity and increases membrane phase

resistance as shown in Eq (5.24) [53] as follows:

kT

D*= (24)

67T1]r
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where D *is the diffusion coefficient (cm?/s), & is the Boltzmann constant, T

is the absolute temperature, 7] is the viscosity of the liquid phase, and r is the

molecular radius of the solute (cm).
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Fig.5. 4 The effects of types of toxic diluents on (a) the extraction (b) the stripping for
platinum (IV) across liquid membrane under optimized conditions under optimized

conditions
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Table 5. 5 The effect of toxic diluents on extraction equilibrium constants, stripping

equilibrium constants, distribution ratios and permeability coefficient under optimized

conditions
Diluents K, x10° K _x10® D Ds  Pg(cm/s)  Ps(cm/s)
x 10* x 10*

hexane 5.5744 4.3288 0.8568 0.7745 1.7115 0.9520
cyclohexane 7.2352 42875 0.8812 0.7882 1.8895 1.0465
chlorobenzene 9.9659 3.8493 0.9062 0.8206 2.2199 1.2107
benzene 0.1732 3.9782 0.9398 0.8281 2.5915 1.3277
1, 2- 0.1767 3.1714 0.9408 0.8682 2.6915 1.4914

dichloromethane

chloroform 0.4617 2.9865 0.9748 0.8892  3.6365 1.7588

kerosene 0.2603 2.2619 0.9576 0.9246 2.8861 1.9406

5.5.3 Influences of non-toxic diluents on the extraction and stripping of

platinum (1V)

In order to develop safer and more non-toxic diluents, soybean oil, sunflower

oil and coconut oil which are nontoxic, nonvolatile, renewable and bio-degradable,

were investigated. In Table 5.6, the results show the effect of three non-toxic diluents

in terms of the extraction equilibrium constants, stripping equilibrium constants,
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distribution ratios and permeability coefficients. The trends of K_.and K for non-

toxic diluents are similar to toxic diluents but the values of K_and K are lower than
toxic diluents. This may be in relation to its viscosity as reported in section 4.2. For
instance, the values of K_and K for sunflower oil were 0.1020 x10® and 7.9628
x10™*%. In Figs. 5.5(a-c), results demonstrate that sunflower oil (65%) shows higher
performance for extraction of platinum (IV) as compared with coconut oil and
soybean oil. In this study, the experimental results achieved verify that the HFSLM

system as developed with Aliquat 336 /sunflower oil as the liquid membrane could be

a useful tool for recovering platinum (IV) from wastewater.

o, Extraction of platinum (V)

(@) coconut oil
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50%

o/, Extraction of platinum [153]

(b) soybean oil
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uy, Extraction of platinum (IV)

(c) sunflower oil

Fig.5. 5 The effects of types of non-toxic diluents (a) coconut oil (b) soybean oil and

(c) sunflower oil on the extraction of platinum (IV) across liquid membrane under

optimized conditions

From Table 5.6, permeability of the non toxic diluents was decreased when
compared with toxic diluents. This may be attributed to membrane saturation, lower

effective membrane area, saturation of the membrane pores with the metal ion-
extractant species (CH3R3N+)ZPtC|6(aq)and the build-up of a layer on the membrane

interface [54]. Moreover, at higher concentration of the liquid membrane, the decrease
of permeability can be explained in terms of the increase in viscosity that increases

membrane resistance [54]. In order to overcome, viscosity and mass transfer problems
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in the liquid membrane phase, the experiments may be operated purposely at

temperatures greater than the room temperature[55].

Table 5. 6 The effect of non-toxic diluents on extraction equilibrium constants,

stripping equilibrium constants, distribution ratios and permeability coefficients

Non-toxic Kex Kst x102  De(v) Ds(-) Pg(cm/s) Ps(cml/s)

diluents x10° x 10° x 10°
coconut oil 2.1309 47579  0.4528 0.9329 0.5532 0.4894
soybean oil 3.3842 5.3499  0.5094 0.9482  4.0057 0.5722
sunflower oil 0.1020 7.9628 0.6546 0.9609 6.2332 0.8904

5.5.4 Effect of temperature on non-toxic diluents for separation of

platinum (1V)

From the previous experiment, sunflower oil was found to be the best non-
toxic diluent for the separation of platinum (IV) from wastewater. However, the
percentages of extraction were still low when compared with toxic diluents. In order
to enhance its efficiency, operating temperature was investigated. This is because
temperature is an ascendant parameter for regulating and adapting the percentages of
extraction and stripping of metal ions together with their selectivity [17]. Nowadays,

the use of the HFSLM system in the extraction and stripping of metal ions is
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extensively undertaken due to its simplicity, low cost, low energy consumption and
high separation factors. Nevertheless, very little or no reports have been carried out
concerning the effect of temperature on HFSLM using non-toxic diluents [56].

In Table 5.7, temperature in the range of 303.15 K to 328.15 K on the
extraction of platinum (IV) was adjusted. Experimental results indicated that when
operating temperature was increased, the efficiency of extraction increased i.e. from
65% at 303.15 K to approximately 91% at 328.15 K for sunflower oil. This is because
when operating temperature increased, the diffusion coefficients of platinum (1V) in
both the feed-liquid membrane phase and liquid membrane-stripping phase increased,

whereas the viscosity of the liquid membrane phase decreased [17].

Table 5. 7 The effect of temperature on efficiency of extraction of platinum (1V)

using various non-toxic diluents

Temperature (K) % Extraction of platinum(IV)
Coconut oil Soybean oil Sunflower oil
303.15 45.28 50.94 65.46
308.15 47.38 55.73 67.18
313.15 49.93 58.19 70.14
318.15 53.14 56.40 75.97
323.15 55.93 66.02 88.83

328.15 60.39 80.02 91.41
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The plot of logK,, versus 1/T vyields straight lines with slopes proportional
to the enthalpy. Examination of Fig. 5.6 shows straight lines with slopes of -11884.6

for Pt(IV) extraction. The negative values of the enthalpy changes, AH, -975.20 kJ
mol™ Pt(IV) extraction calculated from the slopes of the linear relations indicate the
exothermic nature of the Pt(IV) extraction processes[57]. From Eq(5.12), the

evaluated thermodynamic parameters provide further information into both the

aqueous phase complexation and the organic phase reactions. The value of TAS, >

AH?

ex’?

the standard Gibbs free energy changes AG, are negative, referring to the

spontaneous nature of Pt(1V) extraction reactions with (CH,R;N™ )Cl,, [58]. The

negative value AS; was -1.977 J /K mol, implying the degree of order has increased

during the extraction process [57]. In fact, the bonding, which involves the
electrostatic attraction between oppositely charged ions, is responsible for a decrease

in the randomness of the system and gives a negative entropy contribution.
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v =-11884x + 24.098
R?=0.9813

_ID T T T T T T 1
0.003 000305 0.0031 0.00315 0.0032 0.00325 0.0033 0.00335

VT(VK)

Fig.5. 6 The Van’t Hoff equation plot between In K and 1/T under optimized

conditions

The value of E; was achieved by a plot of flux (J) and (1/T) as presented in Eq.
(5.13). Results as illustrated in Fig.5.7 noted that the value E, of 1.673 kJ/mol was
obtained from the slope of the curve. The results reveal that the process controlling

the transport of platinum (IV) across HFSLM is the diffusion.
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Fig.5. 7 The Arrhenius plot of platinum (IV) transport, plotting between InJ and

1/T under optimized conditions

5.5.5 The number of cycles
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The major challenge of the HFSLM system was to ensure that the micro-pores

of the hollow fibers were fully embedded with the organic solvent (extractant and

diluent). For development of commercial processes, the instability of the HFSLM

system is a major obstacle. Thus, it should be investigated. The instability of the

liquid membrane may be due to the loss of the liquid membrane from the micro-pores

of the hollow fibers into the feed and the stripping solutions [59-62]:
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Figs. 5.8 (a-b) illustrate the percentages of extraction of platinum (IV) versus
the operation of each number of cycles using chloroform (standing for toxic diluents)
and sunflower oil (standing for non-toxic diluents). Results indicated that there is a
slight decrease in the efficiency of extraction during the course of six consecutive
cycles for both chloroform and sunflower oil. This is because of a loss of the
extractant or diluent. Similar results were obtained by Guell et al.[63]and Ren et al.
[26]. They reported that a decrease in the efficiency of both extraction and stripping is
due to a loss of the extractant or diluent from the support pores [64]. However,
chloroform seems more stable than sunflower oil. This can be attributed to the fact
that chloroform with polarity indexes and low viscosity can mix well with Aliquat
336, enhancing the transport of complex species across the liquid membrane phase.
Moreover, the stripping agents (0.8 M NH,CSNH, in 1 M HCI) has stronger de-
complexation ability to platinum (1V) using chloroform as diluents than sunflower oil

[51].
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5.5.6 Mass transfer coefficients
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In Table 5.8, the four individual transfer resistances are listed. In the case of

kerosene, R was determined and found to be 6.865x10* s/cm [2]. The mass transfer

resistances from the liquid membrane phase proved to be much higher than that from

the mass transfer resistance across the feed phase and the shell side mass transfer

resistances. This demonstrated that the mass transfer resistances from the feed phase
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and the shell side had less influence on the overall mass transfer process. The
individual transfer resistances of hexane, cyclohexane, chlorobenzene, benzene, 1, 2-
dichloromethane, chloroform, coconut oil, soybean oil and sunflower oil are listed in
Table 5.8. Thus, it can be concluded that the transportation of platinum (1V) across
the HFSLM system in all investigated diluents was controlled by the mass transfer

resistance from the liquid membrane.

Table 5. 8 The effect of non-toxic diluents and toxic diluents on the mass transfer

resistances

Diluents R (s/cm) R, (s/cm) R, (s/cm) R, (s/cm)
x 10™ x 10™ x 10™
hexane 4.759 3.297 1.196 0.133
cyclohexane 7.358 3.297 3.928 0.138
chlorobenzene 6.209 3.297 2.779 0.134
benzene 5.807 3.297 2.377 0.133
1, 2- 6.684 3.297 3.254 0.133

dichloromethane

chloroform 3.911 3.297 0.481 0.133
kerosene 6.865 3.297 0.404 0.164
coconut oil 101.286 3.297 97.636 0.353
soybean 136.842 3.297 133.409 0.136

sunflower 146.612 3.297 143.179 0.133
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5.5.7 Modeling

In Table 5.9, a set of best fit parameters is listed. The results as shown in Fig.
5.9 demonstrate that the modified Apelblat equation was in good agreement with the

experimental data for all the various diluents investigated. The values of RMSE for

predictions were low as shown in Table 5.9.
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Fig.5. 9 Results from comparisons between a modified Apelblat equation versus

various temperatures by adjusting of non-toxic diluents (a) coconut oil, (b) soybean

oil and (c) sunflower oil
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Table 5. 9 Estimated model parameters of a modified Apelblat model for non-toxic

diluents

Types of diluents A B C RMSE
coconut oil -14498 628851 2182 0.5447
soybean -74085 3377692 11024 1.2431
sunflower -47385 2119068 7081 1.2818

5.6 Conclusion

This work concerns the effect of diluents on the separation of platinum (IV)
from wastewater across the HFSLM system. Results found that the characteristics of
each diluent are significantly responsible not only for the efficiency of extraction and
stripping of platinum (IV) but also for the lifetime of the complex species staying in
the liquid membrane phase. A complete separation of platinum (IV) with 99%
extraction and 88% stripping by using chloroform as a diluent was achieved at room
temperature. Moreover, it was found that non-toxic diluents can replace toxic-
diluents. At 328.15 K, using sunflower oils, 91.41 % extraction and 81% stripping of
platinum (IV) was observed. The use of HFSLM impregnated by non-toxic diluents
can be a promising green technology over HFSLM impregnated toxic diluents. The

thermodynamic parameters for sunflower oils such as AG, AH and AS were calculated
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and found to be -326.45 J/mol, -975.20 J/mol and 1.977 kJ/mol K, respectively. The
calculated results demonstrated that the separation process of platinum (IV) was
endothermic and spontaneous. The activation energy (E,) of the platinum (1V)
extraction reaction was 1.673 kJ/mol. This indicated that the diffusion of complex
species across the liquid membrane was the mass transfer-controlling step for the
separation of platinum (IV) via HFSLM. Finally, a modified Apelblat equation was
applied to explain the transport of platinum (IV) in terms of efficiency of extraction
across HFSLM. The calculated results from the model were in good agreement with

the experimental data at 1.2818% RMSD.
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5.8 Nomenclature

A parameter in the modified Apelblat equation (5.22)
B parameter in the modified Apelblat equation (5.22)
C parameter in the modified Apelblat equation (5.22)
D,

diffusivity of platinum (IV) in the aqueous feed solution (cm?/s)
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diffusivity of platinum (1V) extractant complex in the liquid membrane

phase

hydraulic diameter of the shell side (cm)
diameter of the fiber bundle

inner diameter of the shell side (cm)

outer diameter of the membrane (cm)

overall mass transfer coefficient (cm/s)

mass transfer coefficient in the aqueous feed solution (cm/s)
mass transfer coefficient due to the extraction reaction (cm/s)
mass transfer coefficient of the membrane phase (cm/s)

mass transfer coefficient due to the stripping reaction (cm/s)
mass transfer coefficient for the aqueous stripping solution (cm/s)

mass transfer coefficient in the shell side between hollow fibers (cm/s)

Boltzmann constant
fiber module length (cm)

partition coefficient between the organic membrane phase and the
aqueous feed solution
partition coefficient between the organic membrane phase and the

stripping Solution

diffusion coefficient (cm?/s),



Re

Sh

Sc
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Reynolds number

molecular radius of the solute (cm).
Sherwood number

Schmidt number

absolute temperature

time (s)

flow rate inside the hollow fibers (cm/s)
flow rate in the shell side (cm/s)
volume of the aqueous feed solution (cm®)

volume of the organic membrane solution (cm®)

viscosity of the liquid phase
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CHAPTER VI

CONCLUSION AND RECOMMENDATIONS

6.1 Conclusion

The results from this dissertation and from our previous investigations and
other researchers proved that the HFSLM system is the most effective method for the
separation of a very low concentration of various target species in ppm to ppb level,
e.g., metal ions [1-6], organic compounds [7, 8] and enantiomers [9-11]. HFSLM can
be used in several area applications. In this work, the HFSLM system successfully
separate palladium(ll) from the flexible printed circuit board wastewater [5, 6] and
platinum(IV) from gold refining wastewater at a relatively low concentration [4, 12].
Simultaneous extraction and stripping of the target ions in a single-step operation
makes the process very compact and requires less energy consumption and residence
time. The advantages of HFSLM over traditional methods include less solvent used
and high selectivity. It can be easy scalability by connecting in parallel or in series to
obtain a larger capacity for selective separation.

This dissertation is divided into four parts:

1) Effect of diluent polarity on membrane stability in the separation of Pd(Il) from
FPCB wastewater using L1X84-1 as the extractant [6]

2) Purification of Sn(IV) and the extraction of Pd(ll) from FPCB wastewater [5]
3) Mass transfer resistance and response surface methodology for separation of
Pt(1V) from GR wastewater [4]

4) Separation of Pt(1V) using natural solvents substituting to organic solvents [12].
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The results indicated the highest Pd(Il) extraction and stripping (96% and
91%, respectively). The optimized conditions were feed solution pH 2, 5%(v/v)
LIX84—1 dissolved in Kkerosene as the extractant (liquid membrane), 0.8 M
NH2CSNH; mixed with 1 M HCI as the stripping solution, and equal flow rates of
feed and stripping solutions of 100 mL/min. It was found that the diluents with lower
polarity indexes could prolong membrane stability. However, the percentages of
extraction and stripping decreased. By using hexane, with a polarity index of 0.1, the
longest stability of the liquid membrane of 350 min was achieved. The operating
temperature in a range of 30-50 °C had a slight effect on the separation of Pd(Il). The
extraction reaction of LIX84—I1 with Pd(Il) was controlled by a mixed regime both
kinetic and diffusion due to the activation energy, E; = 30 kJ/mol. Reproducibility of
the liquid membrane is found to be excellent in the recycling mode. The HFSLM
system is able to successfully extract and strip Pd(11) from the FPCB wastewater.

Purification of stannous ions and recovery of palladium were achieved by
using LIX 84-1. Under the optimal conditions, 100% palladium can be recovered from
FPCB wastewater, and 84% stannous remaining in the feed solution can be purified.
The stoichiometric coefficient (n) of LIX 84-1 for the combination of Sn(IV) and
Pd(I1) is equal to 2.0. The optimal conditions consist of 0.06 M LI1X 84-1, 6 M HCI as
stripping solution, equal flow rates of feed and stripping solutions at 100 mL/min, and
a system temperature of 25 °C. The mass transfer coefficients of the aqueous feeds,
ki sn and ki pg, were 5.70 x 10 and 3.11 x 10 cm/s, respectively. The organic phase
mass transfer coefficients, km sh and Kn, pg, were 2.18 x 10“ and 1.75 x 10™ cml/s,
respectively. Therefore, the rate-controlling step for Sn(IV) was the diffusion of

stannous through the film layer between the feed and the liquid membrane. On the
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other hand, the rate-controlling step for Pd(Il) was the diffusion of palladium complex
through the liqguid membrane. The kinetic reaction orders of both Sn(IV) and Pd(Il)
(m) were equal to 1.0 and the reaction rate constants were 0.00301 and 0.08509 min™,
respectively.

The separation of platinum(lV) was investigated using different extractants
(Aliquat 336, LIX84-1, Cyanex 923, TBP and TOPO). Results indicated that
Aliquat 336 is a stronger extractant than LI1X84, Cyanex 923, TBP and TOPO for the
given conditions. Extraction of platinum(lV) reached 96% when Aliquat 336 was
used under optimized conditions. It is because Aliquat 336 is a water insoluble
quaternary ammonium salt produced by the methylation of mixed trioctyl/ decyl
amine which is capable of forming oil soluble salts of anionic species at acidic or

slightly alkaline pH. It is composed of a large organic cation associated with a

chloride ion, (CH;R;N)Cl .. Because the ammonium structure has a permanent

positive charge, it can form salts with anions over a wider pH range than primary,
secondary or tertiary amines. The mass transfer resistance for Aliquat 336 was

investigated. The following resistances were obtained, namely, the liquid membrane

resistance (1/k_ ) of 0.164 x 10* s/cm, aqueous solution in the feed phase resistance

(1/k,) of 3.297 x 10* s/cm, organic phase shell-side resistance (1/ k,) of 3.404 x 10*

s/cm and overall mass transfer resistance (1/K) of 6.865 x 10* s/cm. Thus, it can be
verified that the HFSLM system was governed by the mass transfer resistance from
the liquid membrane. Experimental results, after three identical runs, were found to be
excellent. Next, response surface methodology (RSM) was investigated in order to

determine the optimum values for the independent variables. Results showed that the



229

HFSLM system could effectively separate platinum (IV) from gold refining
wastewater. A quadratic regression model showed the interaction between
independent parameters (concentrations of platinum(lV), Aliquat 336 and thiourea).
The significant regression coefficient (p< 0.05) proved that this model fitted in well
with the experimental data. The results suggested that the concentrations of
platinum(1V), Aliquat 336 and thiourea had significant influence on the extraction of
platinum(1V) from gold refining wastewater.

The effects of diluents on the separation of platinum(IV) from gold refining
wastewater across the HFSLM system was investigated. Results found that the
characteristics of each diluent are significantly responsible not only for the
efficiencies of extraction and stripping of platinum (IV) but also for the lifetime of the
complex species in the liquid membrane phase. A complete separation of
platinum(IV) with 99% extraction and 88% stripping using chloroform as a diluent
was achieved at room temperature. Moreover, it was found that non toxic diluents
could replace toxic diluents. At 328.15 K, using sunflower oils, 91% extraction and
81% stripping of platinum(lV) were attained. The use of HFSLM impregnated by
non-toxic diluents can be a promising green technology over HFSLM impregnated by
toxic diluents. The thermodynamic parameters for sunflower oils such as AG, AH and
AS were calculated and found to be -37.822 kJ/mol, 98.8035 kJ/mol and 0.2003
kJ/mol K, respectively. The calculated results demonstrated that the separation
process of platinum(1V) was endothermic and spontaneous. The activation energy (E,)
of the platinum(lV) extraction reaction was 1.673 kJ/mol. This indicated that the
diffusion of complex species across the liquid membrane was the mass transfer-

controlling step for the separation of platinum(IV) via HFSLM. Finally, a modified
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Apelblat equation was applied to explain the transport of platinum(lV) in terms of
efficiency of extraction across HFSLM. The calculated results from the model were in
good agreement with the experimental data at 1.28% RMSD.

The optimized operating conditions for the separation of palladium(ll) from
the flexible printed circuit board wastewater are concluded below in Table 6.1., and
for the separation of platinum(IV) from gold refining wastewater are concluded below

in Table 6.2.



231

Table 6.1 The optimized operating conditions for the extraction and stripping

of palladium(l1) from the flexible printed circuit board wastewater

Parameters

1. pH of feed solution

2. Types of extractants

3. Concentration of extractants

4. Types of organic solvents

5. Types of stripping solution

6. Concentration of stripping solution
7. Operating time

8. Operating temperature

9. Stability of the liquid membrane

2
LIX 84-1
5 %(v/v)
kerosene
NH,CSNH, in HCI
0.8 M
60 min
323K

350 min
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Table 6.2 The optimized operating conditions for the extraction and stripping

of platinum(IV) from gold refining wastewater

Parameters
1. pH of feed solution 2
2. Types of extractants Aliquat 336
3. Concentration of extractants 10 %(v/v)
4. Types of organic solvents kerosene
5. Types of natural solvents sunflower oil
6. Types of stripping solution NH,CSNH, in HCI
7. Concentration of stripping solution 0.8M
8. Operating time 30 min
9. Operating temperature 303K

6.2 Limitation of the research

Although the HFSLM system can be applied in several industrial
applications and analytical fields for separation of metal ions, the major drawbacks of
HFSLM are fouling and mechanical stability of the support. In spite of its number of
uses, HFSLM, with its potential such as high selectivity and effective separation of
desired organic compounds, has some disadvantages which are encountered whilst
scaling up its operation on an industrial scale. A major concern of the rare

applications of HFSLM when used in industry is attributed to the membrane stability
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in terms of long time performance. This leads to the reduction of solute flux and
membrane selectivity. Thus, so far, these major drawbacks make the HFSLM not

often used in large-scale industry.

6.3 Recommendations for future studies

1. wastewater must be pre-treated to prevent fouling in the HFSLM system.
2. Other wastewater sources of palladium(Il) and platinum(IV) such as jewelry,
auto-catalyst and electronics should be applied to the HFSLM system.

3. Study on the stability of the HFSLM should be widely undertaken for scaling
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A.1 Physical characteristics of the hollow fiber module
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The HFSLM equipment used for the separation of the target metal ions is

comprised of a hollow fiber module, gear pumps, rotameters, variable flow rate

controllers and pressure gauges. The hollow fiber module is composed of Celgard®x-

40 microporous fibers intertwined into the fabric and wrapped around a central-tube

feeder to supply the shell-side fluid. The number of hollow fibers in the contactor was

confirmed by supplier as shown in Fig.A.1. Other physical characteristics of this

module are shown in Table A.1.

Fig.A. 1 Email from supplier to confirm the number of hollow fibers in the contactor

Subject: RE: Ligui-Cel Contact Form

> Date: Mon, 13 Dec 2010 16:08:50 -0500

> From: fred wiesler@membranafiltration.com

>

> Liqui-Cel Extra-flow 2.5 in x 8 in: details of pore size, porosity and number of hollow fibers:
>

> Answer for porosity depends on the type of hollow fiber membrane used in the contactor. It
could be X40 or X50 membrane.

> Porosity (nominal): 25% for X40, 40% for X50

> Pore size (nominal): 0.03 micron

> Number of hollow fibers in contactor (nominal): 35,000

Table A. 1 Physical characteristics of the hollow fiber module.
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Characteristics

Descriptions

Material

Number of fibers

Fiber inside diameter (cm)
Fiber outside diameter (cm)
Effective length (cm)
Surface area (cm?)

Avrea per unit volume (cm?/cm®)
Membrane porosity
Average pore size (cm)
Membrane tortuosity
Module diameter (cm)
Module length (cm)

Operating temperature (K)

polypropylene
35,000

0.024
0.03
19.8

1.4 x 10*
29.3
25%
3x10°®
2.6

6.3

20.3

273 — 333

A.2 The efficiency of extraction and stripping of target ions

The concentration of target ions in the agueous solutions was determined

before and after extraction for calculating the percents of extraction and stripping by

using the inductively coupled plasma optical emission spectrometer (ICP—OES)

(model JY 2000-2; HORIBA Jobin Yvon, France). The concentration of metal ions in

liquid membrane phase was decreased by mass balance.

For example, the

concentration of platinum(IV) in gold refining wastewater is shown in Table A. 2. In
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order to confirm the efficiency and reliability, each analysis was conducted in three

duplicates.

The percentage of target ions extraction was defined as:

M]; . —[M
[ ]f,ln [ ]f,OUl ><100

0, 1 _
YoEXxtraction = (M ]”n (A1)

where [M]; ;, is the concentration of the target ions in feed solution, and [Mm], , IS

the concentration of target ions at any time.

The percentage of stripping of the target ions was calculated by:

[M ]S,OUt

f,in

%Stripping = %100 (A.2)

where [M], .. is the outlet concentration of the target ions in the stripping solution

,out

(Ppm).



Table A. 2 The concentration of platinum(IV) in gold refining wastewater.
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Ti Ml [MI; o » [MI; o
CM %E %S

me ppm ppm ppm

5 4.91 4.59 0.17 0.32 646  3.48
10 4.91 3.15 0.98 1.76 35.92  20.01
15 4.91 1.54 1.96 3.37 68.68  40.00
20 4.91 0.78 2.86 4.13 84.10  58.33
25 4.91 0.44 3.64 4.47 90.99 7421
30 4.91 0.41 4.33 4.50 91.61  88.16

Note: %Stripping (%S); %Extraction (%E); Complex species (CM)
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