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In the manufacture of printed circuit boards (PCBs), electroless nickel immersion gold
(ENIG) plating is widely applied. During the plating process, excess nickel and gold plating solutions,
which adheres to the workpiece, is removed. As a result, economical quantities of nickel and gold ions
accumulate in the rinse water baths and can then be collected.

In this work, the simultaneously selective extraction and recovery of nickel and gold ions
using a single-step operation of hollow fiber supported liquid membrane (HFSLM) technique was
studied. Real rinse wastewater from the plating process containing trace nickel ions (Ni(ll)) of 15
mg/L and gold ions (Au(l)) of 25 mg/L at initial pH value of 8.6+0.05 was used as feed solution. The
influence of operating conditions: types of extractant and strippant at different concentrations, pH of
stripping solution as well as types of diluents were also examined. Results demonstrate that the
HFSLM system, using the liquid membrane phase consisting of synergistic binary organophosphorus
extractants viz. 0.25 mol/L D2EHPA and 0.25 mol/L TBP dissolved in kerosene diluent, 0.50 mol/L
HCI as stripping solution, and 200 mL/min flow rate for both feed and stripping solutions operating
via recycling mode and countercurrently flow, can achieve the optimum selective separation efficiency
of Ni(ll) ions with 85.7% extraction and 83.2% stripping . Extraction of Ni(ll) ions can rapidly reach
80% within 28 min. In contrast, percentages of extraction and stripping of Au(l) ions attained 15.6
and 1.94%, respectively.

Furthermore, various types of vegetable oil (palm, sunflower, soybean, coconut and rice
bran) were investigated as diluents in the liquid membrane phase being more eco-friendly than
kerosene diluent. Thus, it was found that all vegetable oil-based diluents can provide the separation
efficiency close to kerosene. In addition, the developed mathematical model regarding mass transfer
for predicting the concentration of Ni(ll) ions in both feed and stripping solutions, was found to be of
high accuracy and in good agreement with the obtained experimental data. This research paves the
way towards reusing valuable metals for cost reduction and sustainable wastewater management.

Field of Study: Chemical Engineering Student's Signature ...........ccocvvervevennne.
Academic Year: 2022 AdVisor's Signature ..........ccoceeevereenas
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CHAPTER |

INTRODUCTION

1.1 General introduction

The electroless nickel immersion gold (ENIG) plating process is a flat and solderable
metal plating process applied in the manufacture of printed circuit boards (PCBS),
especially a flexible circuit type and ceramic substrates. Recently, ENIG plating has
received much attention since it meets the requirements for lead-free assembly [1, 2].
As illustrated in Fig. 1.1 all surfaces intended for the finish first have a layer of nickel
applied to the copper layer in an electroless process, as a diffusion barrier. In a second

step, a thin layer of gold is plated over the surface [1].

Gold (Au) layer (Thickness = 2-8 ym)
Nickel (N1) layer (Thickness = 120-140 xm)

Copper (Cu) layer

Substrate

Figure 1.1 (a) Printed circuit boards (PCBs), and (b) Schema of layer configurations of

the ENIG board finish.



In Fig. 1.2, it is noted that during the plating process, excess nickel and gold
plating, which adheres to the workpieces, are removed. As a result, a significant amount
of Ni%* and [Au(CN)2]" accumulates in the rinse water baths and can then be collected.
Thus, the opportunity to reclaim these precious and valuable metals and reuse them to

achieve cost reduction and sustainable wastewater treatment is paramount.

e s

Nickel Nickel Nickel Nickel Gold Gold Gold

Plating Bath Plating Bath Rinse Water Rinse Water Plating Bath Rinse Water Rinse Water
No.1 No.2 Bath No.1 Bath No.2 Bath No.1 Bath No.2

Daily drained mto the wastewater system

Figure 1.2 Schematic diagram of the nickel and gold plating of the ENIG process.

Several conventional methods have been highlighted in the process of
wastewater treatment for the separation of target metal ions i.e. chemical precipitation,
coagulation and flocculation, ion exchange, adsorption, electrochemical treatment, and
photocatalysis [3-7]. However, these methods have several disadvantages such as high
capital and operational costs, and generate metal sludge, which require further
treatment. Solvent extraction, one of the conventional methods, has been widely used
in hydrometallurgical processes owing to its high efficiency of purification and simple
operation [8]. Yet, solvent extraction has its limits and is found to be ineffective in
separating the target species at trace concentration level [9]. Both separation and
recovery of trace concentration of Ni?* and [Au(CN).]" are valuable, and an appropriate
method needs investigating.

Recently, liquid membranes (LM) have received much attention, involving the

separation and removal of target organic and inorganic species [10]. Due to its



simplicity, high efficiency, high selectivity, cost-effectiveness, low energy and
chemical consumption, the hollow fiber supported liquid membrane (HFSLM)
technique, especially, is a promising system for processing target metal ions [11, 12].
Furthermore, such a method can simultaneously perform extraction and stripping in a
single-step of operation. The high mass transfer area (surface area) of the HFSLM
module (approximately 10* m?/m?) attains a high separation rate [13]. HFSLM can be
regarded as a green technology over conventional methods on account of its reusability
of liquid membrane and zero discharge of effluent. Such are the advantages of HFSLM
over conventional methods. Accordingly, the HFSLM technique has been extensively
investigated including extraction and separation of metal ions [14, 15], removal of
contaminants from wastewater [16, 17], and extraction of drugs and amino acids [18,
19]. In Table 1.1 and 1.2, a summary of previous studies on Ni?* and [Au(CN).]

separation via different membrane techniques are presented.
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HFSLM is a cutting-edge system that has been well applied in separation
processes, is seen as a promising system for processing target species. HFSLM has high
selectivity allowing simultaneous extraction and stripping processes in a single-step.
However, no research has fully investigated the use of the HFSLM technique for the
simultaneous and selective separation of Ni?* and [Au(CN)2]" from rinse wastewater of

the ENIG process.

1.1.1 Extractants

The extractant used as a carrier for supported liquid membrane (SLM) is basically an
organic solvent. Metal ion transfer through supported liquid membrane is described

below. The chemistry of extraction reaction can be classified as follows [40-42]:

Extraction by compound formation
Extraction reaction via compound formation mechanism occurs when
extractants exhibit chelating properties or acidic properties. The mechanism of

extraction via compound extraction is shown, accordingly:

M™ . + MHRGy = MR, + NH

(aq) n(org) (aq)

(1.1)

Chelating extractants: These types of extractants can react with cation
species. Such extractants chemically bond to cation species at two sites in the
same manner as holding an object between the ends of the thumb and the index
finger. When the chelating extractants bond with the cation species, hydrogen
ion (H") is released into the feed solution. Thus, the efficiency of extraction

increases with increased pH of feed solution. As the pH of feed solution is



decreased, stripping reaction is seen to occur. Examples of chelating extractants
are LIX-84l, LIX 64N and LIX 62N etc.

Acidic extractants: Acidic extractants are organic acids and their
derivatives and are related to proton donors. Acidic extractants react with cation
species in the feed solution the same as chelating extractants. Some
commercially acidic extractants are D2EHPA, PC88A, Cyanex 272 (phosphoric
acid derivatives) and so forth. These types of extractants have been widely used
in hydrometallurgical processes for the extraction of various metal ions such as

Cu, Ni, Fe, Mn etc.

Extraction by ion-pair formation

Basic extractants (anion-exchangers) are utilized to extract metal ions via ion-
pair formation chemistry. Basic extractants contain primary, secondary, tertiary amines,
and their derivatives, quaternary amine salts and other proton acceptors. Amine based
extractants employ two modes of action during extraction via ion pair formation
chemistry. Initially, amine based extractants (as a free base form) are able to extract
acid from the aqueous solution. Then, by anion exchange reaction, metal ions are
extracted. Alamine 336, Aliquat 336, and Alamine 304 are examples of basic

extractants.

Extraction by solvation

The solvating extractants or neutral extractants, also known as selective
extractants, are weak basic: they extract either neutral metal complexes or acids by
forming a solvate. These types of extractants are organic species with electron donor or

acceptor properties, or solvating carriers. Solvating extractants will coordinate with



certain neutral metal ions by replacing water molecules of hydration around neutral
metal ions. Thereby, hydrophobic ions are formed. Some solvating extractants are
MIBK, TBP, TOPO etc. The extraction mechanism for extraction reaction via solvation

is shown in Egs. (1.2) and (1.3) [43-45]:

Mnx(aq) + yS(org) - MXnSy(org) (1'2)
HMX sy + Y8y = (HS,) (MX,1) ) (1.3)
1.1.2 Diluents

Diluents have been applied to diminish the viscosity of solvents, which leads to the
diffusivity of the solute complex within the membrane. Generally, diluents are inert
solvents, and should have high dielectric constant, low viscosity, high boiling point,
and low toxicity. Diluents play a significant role on the extraction of metals regarding
both physical and chemical interactions that exist between diluents and extractants.
Various types of diluents are widely used in hydrometallurgical processes such as
kerosene, toluene, hexane, cyclohexane etc. [46]. Solvent physical properties are seen
to have an influence on the extraction of metal ions. As the dipole moment and dielectric

constant of diluents decrease, extraction efficiency increases.

1.1.3 Feed solutions

Real rinse wastewater from the ENIG plating process used as the feed solution in this
study was obtained from Mektec Manufacturing Co., Ltd., Thailand. The characteristics

of obtained rinse wastewater are described in Table 1.3.



Table 1.3 The key characteristics of real rinse wastewater in this study.
Color pH Ni2* (mg/L) [Au(CN)2]" (mg/L)
Light green to colorless 8.6+0.5 15 25

1.1.4 Stripping solutions

As regards metal recovery and the regeneration of an extractant, stripping reaction is
significant. Therefore, types and concentrations of stripping solutions play an essential
role in the performance of metal recovery across the HFSLM system. The selection of
stripping solutions depends on both the target species of metal extracted and the types
of extractants used.

In the case of target species i.e. metal cations, an acidic extractant or a chelating
extractant is employed. Therefore, an acidic stripping solution is required. Thus, H in
acidic stripping solution substitutes metal cations in the organometallic complex;
thereby, the free metal cations are captured by the stripping solutions.

Regards metal anions extraction, the basic extractant or neutral extractant is
applied. Accordingly, a basic stripping solution is required. Thus, anions in the basic
stripping solution substitutes metal anions in the organometallic complex; thereby, the
metal anions are released into the stripping solutions.

A number of researches have been undertaken in creating and improving novel
extractants. Meanwhile, few studies have investigated the enhancement of stripping
efficiency. It is observed that an increase in stripping concentration can result in higher

stripping efficiency.



1.1.5 Transportation of metal ions across HFSLM

The transport phenomena of target species that diffuse through the liquid membrane
phase can be achieved either via passive transport or active transport (or facilitated)

[47, 48].

Passive transport

Passive transport means simply the diffusion of solute across the liquid
membrane phase due to their concentration gradient in the feed phase and the stripping
phase. Such a process is limited by the equilibrium condition between the two aqueous
phases, and is mainly used when one species in a liquid mixture is soluble in the organic

phase.

Facilitated transport

In facilitated transport, the liquid membrane phase contains a carrier (or
extractant) dissolved in an organic solvent (or diluent). The carrier acts as a catalyst
because it increases the solubility of the chemical space in the membrane by promoting
the transfer speed. The driving force of facilitated transport is the concentration gradient
between the feed phase and the stripping phase. Facilitated transport can be divided as

follows:

Co-transport: In this case, the neutral carrier is employed and the feed
solutions contain a pair of cations and anions (M™ mX) associated and
extracted (dissociated) reversibly by carrier (L). The cation and anion migrate
in the same direction of the source phase to the stripping phase owing to the

concentration gradient. The mechanism of this type of transport is shown below:

M™p + MX oy + Ly = (ML™mX") (1.4)

(aq) (Org)

(aq)



Counter-transport: In this case, the carrier can be acidic or basic. For
counter cation transport, the carrier in the membrane phase is an acid, and this
process is done by a cation-exchange proton. The mechanism of counter cations

transport is described in Eq. (1.5).

M™ . + MHL,, = (ML,). . + mH (1.5)

4
(aq) (org) (aq)

In the case of the counter-facilitated transport of anions, the carrier in the liquid
membrane phase exchanges an anion (basic agent) by interaction with the substrate at
the interface between feed and liquid membrane phases. Thus, a neutral entity (A'L")
is formed. Thereafter, A'L" diffuses through the liquid membrane phase to the interface
between liquid membrane and stripping phases. The anion (A") is released and diffuses
to the stripping phase, whereas the cationic species (L*) associates with another anion
(X°) present in the stripping phase to form LX. Subsequently, LX diffuses through the
liqguid membrane in the opposite direction of A". Anions facilitated transport is governed
by the association between the substrate and carrier, the gradient of the concentration
of anion X and electroneutrality of the feed and stripping phases. The mechanism of
counter anions transport is described in Eq. (1.6). In Fig. 1.3, the facilitated transport

of ions through liquid membrane is depicted [48].

A+ XL = (A‘L+)(Org) + X~

(org)

(1.6)

(aq) (org)
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A. Facilitated Coupled Counter-transport

Figure 1.3 Facilitated coupled-transport of ions through the liquid membrane.

1.1.6 Mass transfer across HFSLM
The overall mass transfer resistance across HFSLM is considered based on the

summation of each individual mass transfer resistances: namely, (1) the liquid phase
resistance in the feed phase, (2) the interfacial resistance of the extraction reaction, (3)
the membrane phase resistance, (4) the shell-side resistance, (5) the resistance of the

stripping reaction, and (6) the strip-side resistance, which can be expressed as in Eq.

(1.7) [49].
l=i+i+ L + L + 2 + L 1.7)
Kok, ko mk, mk, mk, (m,/k)k,

where Kk, is the mass transfer coefficient in the feed phase, k, is the mass transfer due
to extraction reaction rate, k; is the mass transfer due to stripping reaction rate, k, is
the mass transfer coefficient of the complex species in the LMs phase, k, is the mass
transfer coefficient in the shell side and k,, is the mass transfer coefficient in the
stripping solution. The partition coefficient of target metal is the ratio between

concentrations of target metal ions in the organic phase divided by the concentration of

target metal ions in the feed phase.



Based on the concept of instantaneously stripping reaction was found to occur,
the mass transfer resistance of the stripping side can be negligible. Thus, the total mass

transfer resistances can be simplified, as shown in Eq. (1.8):

l:i+i+i+ L (1.8)
K k, k. mk, mk,
Eq. (1.9), the mass transfer coefficient in the agueous phase is given:
D d,2 0.33
k,=1.62—"| (1.9)
d \ Dy

where D, is the diffusivity of metal ions in feed phase (cm?%s), v, is the velocity of

feed solution (cm/s) and d, is the inner diameter of the fiber (cm).
The mass transfer coefficient in the liqguid membrane phase can be calculated,
as shown in Eq. (1.10):

_ D,ed,,
m ord

(o]

k (1.10)

where D, is the diffusivity of metal ions in the liquid membrane (cm?s), d, is the
log-mean diameter (cm), d, is the outer diameter of the fiber (cm), ¢ is the porosity of

the hollow fiber, 7 is the tortuosity of the hollow fiber, and & is the membrane
thickness (cm).
The mass transfer coefficient on the shell side can be evaluated by Eq. (1.11):

D, (dw. V(v )"
k=125 S| | Y2 1.11
. dﬁm( 9L j (D (1)

m
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where v, is the velocity of stripping solution (cm/s), and v is the kinematic viscosity
(cm?/s).
The diffusivity of metal ions can be calculated by using the empirical equation

as proposed by Wilke and Chang [50] as shown below:

| /2
5 _74x10°(4M,)" T

) ——ct (1.12)

where ¢, is the association factor of water, M, is the molecular weight of water, 7,
is the viscosity of water, and v, is the molar volume of metal ions species at normal

boiling point.

1.1.7 Flow patterns of HFSLM
The flow patterns in the HFSLM operation can be classified as follows:
Batch operation
Batch operation is suitable for the separation of target metal ions from a small
volume of aqueous feed solutions and slow extraction and stripping reactions. Both
aqueous feed and stripping solutions were circulated along the tube side and shell side,
respectively. High efficiency regards the separation of metal ions can be achieved by

this type of flow pattern.

Continuous operation

This type of flow pattern is suitable for the separation of target metal ions in a
large volume of feed solutions. Continuous operation can be carried out by connecting
the module in series or parallel mode. Both aqueous feed and stripping solutions are fed

single-pass flow or one-through mode. In the case of a series module continuous
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operation, a high residence time of both aqueous solutions is needed. This mode is
favorable for slow reactions of extraction and stripping. On the other hand, parallel
module continuous operation is recommended for fast reaction since a shorter residence

time is required compared with the series mode.

Semi-continuous operation

Semi-continuous operation is a continuous process of a large volume of feed
solution. Such an operation can be carried out by a single-pass flow of feed solution
and circulated flow of stripping solution. Regards this type of flow, a concentration of

metal ions in stripping solution can be achieved up until equilibrium is reached.

1.1.8 Properties of HFSLM
HFSLM used in this work is a 2.5 x 8 inch Liqui-Cel® Extra-Flow which contains

microporous polypropylene hollow fibers. The microporous polypropylene fibers are
woven into fabric and wrapped around a central-tube feeder to supply the shell side

fluid. Properties of the HF module are shown in Table 1.4.



Table 1.4 Properties of the HF module.

12

Properties Units Values
Material Polypropylene
Module diameter m 6.3x10%2
Module length m 2.03x101
Number of hollow fibers fibers 35,000
Effective length of a hollow fiber m 1.5x10?
Inside diameter of a hollow fiber m 2.4x10*
Outside diameter of a hollow fiber m 3x10*
Average pore size m per fiber 3x10®
Pore size m per fiber 5x1078
Porosity - 3x1072
Effective surface area m? per fiber 1.4

Area per unit volume m? -m3 2.93x103
Tortuosity factor - 2.6
Maximum pressure difference kg-m 4.2x10*
Operating temperature K 273-333




1.1.9 Aqueous feed acidity

The acid-base condition in feed solution plays an important role in metal ions
separation. In order to optimize the suitable acid-base condition, transport mechanisms
of metal ions are examined [51, 52].

In the case of coupled facilitated counter-transport: H* transport from the
stripping phase to the aqueous phase, the dissociation equilibrium constant of extractant
(pKa) is taken together in order to provide the driving force. The acidity values are seen
to decrease in the following order i.e. pHseed > pKa > pHstripping-

In the case of coupled facilitated co-transport, it is found that the pH of the
stripping phase is higher than that in the aqueous feed solution. This type of transport
corresponds to the decomposition of acidic molecules in aqueous feed solution and the
reaction of metal anion complexes with anions in the stripping phase.

In the case of simple facilitated transport, the pH of both aqueous solutions does
not affect this type of transport mechanism due to the solvating interactions at the

interfaces, which occurred.

1.1.10 Carrier concentration

It is evident that extraction and stripping percentages increase, when carrier
concentration is increased. However, the percentages of extraction decrease due to the

viscosity at higher carrier concentration [9].

1.1.11 Flow rates of both aqueous solutions

Flow rates of both aqueous solutions play an important role on the stability of liquid
membrane and the contacting time of target species and liquid membrane. It has been

reported that higher flow rates of both aqueous phases lead to a decrease in contacting



time and degrade the stability of liquid membrane. Equal flow rates of both aqueous
solutions are recommended, therefore, in order to prevent the pressure drop in the

system [53].

1.1.12 Flow patterns of aqueous solutions

Two types of flow patterns fed through the HFSLM system are (1) co-current, and (2)
counter-current. It is noted that, the counter-current pattern provides a variation in
concentration of metal ions and H* in both aqueous phases, which are a driving force

in this system, thus the separation efficiency increases [54].

1.1.13 Mathematical modelling
Mathematical modelling for Ni?* transportation across HFSLM system has been

developed. The mass transfer coefficients were calculated in order to determine the rate
controlling step through the HFSLM system. Kandwal et. al. [55] developed the
mathematical model based on convection and diffusion of cesium ions.

Herein, a mathematical modelling for the transportation of Ni?* via HFSLM was
developed. Axial convection, axial diffusion, radial diffusion and chemical reactions

were investigated via mathematical modeling.

1.2 Objectives of the dissertation
() To investigate the influence of operating parameters on the separation of Ni*

from the rinse wastewater of the ENIG plating process via HFSLM.
(1) To develop a mathematical modelling for Ni%* extraction and stripping

(recovery).



1.3 Scope of the dissertation

This study highlights the exploration of an efficient method at trace level of Ni%*
and [Au(CN)] separation from the rinse wastewater of the ENIG plating process. The
scope of this study is as follows:

(I) The experiments have focused on the separation of Ni** and [Au(CN)2]" from
the rinse wastewater of the ENIG plating process.

(1) The investigated parameters are as follows:

Type and concentration of extractants

Synergistic extractants

Type of diluents

Type and concentration of stripping solutions

Reaction time

(111 The mathematical model was employed to describe the experimental results.
(IV) The model was developed for Ni?* extraction and stripping based on mass
conservation concept. The model was validated by comparison with the

experimental results.

1.4 Expected results
()  High efficiency of Ni?* extraction and stripping from the rinse wastewater of

the ENIG plating process.
(I1) Validation of the mathematical model based on mass conservation (axial

convection, axial diffusion and radial diffusion) and chemical reaction.



1.5 Description of the dissertation

This dissertation is divided into 6 chapters. Chapter | provides a brief introduction and
rationale of this work. Chapter Il presents the published articles regarding the selective
separation of Ni(Il) from the rinse wastewater of the electroless nickel immersion gold
(ENIG) plating process via HFSLM. Additionally, vegetable oil-based diluents are
employed in order to find alternative greener diluents in order to curb environmental
problems, as shown in Chapter I1l. Chapter IV reports the saturated vapor pressure data
of D2EHPA and TBP, which is usefully employed for the design of a distillation
column or evaporator for recycling of both extractants from organic wastewater.
Furthermore, in Chapter V, the experimental isobaric vapor-liquid equilibrium (VLE)
data for the binary systems of D2EHPA + n-dodecane and TBP + n-dodecane were
measured at pressures of 0.13, 2.40 and 6.67 kPa. Chapter VI summarizes the

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

Chapter 11

This chapter aims to investigate the performance of the HFSLM technique and the
synergistic binary mixture of D2EHPA/TBP as an effective way to simultaneously and
selectively separate the valuable metal ions, in trace amounts, of Ni?* and [Au(CN)2]
in the real rinse wastewater of the ENIG process. The effects of several process
parameters have been investigated e.g. the concentrations and molar ratios of D2EHPA
and TBP in the liquid membrane phase, types of strippant, and pH of stripping solutions.
Herein, a novel approach for a better understanding of the structural chemistry and

reaction mechanisms in the synergistic system is provided. Full details are available in



Chapter Il and in the published article in the Arabian Journal of Chemistry 14 (2021)

Article 103427 [56].

Chapter 111

This chapter highlights the effect of various types of vegetable oils as non-toxic diluents
on the elimination of a low concentration of Ni?*, and sets out to recover [Au(CN)]"
from the real rinse wastewater of the ENIG plating process via HFSLM. Parameters
studied are as follows: types and concentration of extractants, types of vegetable-oil
based diluents used to prepare the liquid membrane as well as pH and concentration of
the stripping solutions. Performance of separation systems are investigated in terms of
the efficiency of extraction and stripping of Ni?*, [Au(CN).], distribution ratio,
selectivity and synergistic coefficient. Moreover, a mathematical model, based on
conservation of mass considering axial convection, diffusion, reactions at the liquid-
membrane interfaces, and mass accumulation, has been developed to predict the

extraction and stripping of Ni2*. Full details are available in Chapter I11.

Chapter 1V

This chapter investigates the saturated vapor pressure of D2EHPA and TBP
extractants used in liquid membrane phase of the HFSLM system. Saturated vapor
pressure and temperature are necessary thermophysical properties of any fluid system
in distillation and evaporation processes. These properties are also necessary in the
calculation of activity coefficients and vapor-liquid equilibrium of the mixture

components. Due to the large difference in boiling temperature between the extractants



(DHEHPA and TBP) and organic solvents, separation as carried out by distillation or
evaporation was found to be the most suitable. However, no effort has been made
concerning the saturation line between vapor pressure and temperature for these pure
extractants. Thus, both the saturated vapor pressure and temperature of D2EHPA and
TBP were implemented at T = (383.8-546.2) K. The experimental data were fitted and
correlated by employing Antoine, August, Riedel vapor pressure and Wagner equation.
The enthalpy and entropy of vaporization, saturated liquid heat capacity as well as
acentric factor were calculated via the experimental data by the Clausius-Clapeyron
equation along with Elliott-Suresh-Donohue equation of state (ESD EOS). The
calculated quantities have been discussed in terms of molecular structure, strength of
intermolecular attraction and molar mass. Full details are available in Chapter IV and

in the published article in Vacuum 156 (2018) 237-247 [57].

Chapter V

This chapter demonstrates the vapor liquid equilibrium (VLE) of D2EHPA (extractant)
+ n-dodecane (diluent) and TBP (extractant) + n-dodecane (diluent). Vapor-liquid
equilibrium (VLE) data is a basic requirement of any multicomponent liquid mixtures,
which will be separated via distillation processes. Accordingly, such VLE results
indicate the possibility of azeotropic phenomenon as well as an ideality behavior of the
mixture in both vapor and liquid phase. Kerosene is a popular diluent for D2EHPA and
TBP extracants; mixtures (C9 — C16) are experimentally represented as n-dodecane
(C12). Due to the large difference in boiling temperature between the extractants
(D2EHPA and TBP) and organic solvent (n-dodecane), separation as carried out via

distillation is found to be the most suitable. However, no effort has been made



concerning the VLE data of bubble and dew lines for these binary mixtures of D2EHPA
+ n-dodecane and TBP + n-dodecane. Thus, the VLE of these two systems have been
determined at low level pressures of 0.13, 2.40 and 6.67 kPa. Both the Herington area
test and Van Ness point test have been validated via the experimental data (VLE).
Further, Raoult’s law, NRTL and Wilson model were employed to correlate with these
experimental VLE data. Such data provide an insight into the molecular interaction.
Full details are available in Chapter IV and in the published article in Vacuum 160

(2019) 60-69 [58].
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2.1 Graphical abstract

Lmol Ni¥*,p 2 mol [RH'TBP] 1 mol NiR, (TBP), (g 2mol H,,
; RH=D2EHPA molecule Complex of Ni, D2EHPA and TBP

2.2 Abstract

This work presents the selective and simultaneous separation of nickel (Ni**) and gold
[Au(CN)2]) ions, in trace amounts, from alkaline solution via hollow fiber supported
liquid membrane (HFSLM) technique. HFSLM is challengingly carried out in real rinse
wastewater generated by the ENIG plating process. The influence of various chemical
parameters, including the type of extractant and their concentrations, molar ratios of
mixed extractant as well as type of strippant, are also studied. The organophosphorus
extractant mixtures of D2 EHPA and TBP provide a synergistic effect for target Ni**
but has an antagonistic effect as regards the extraction of non-target [Au(CN):] .
Compared to other inorganic acids, HCI is seen to be the most suitable strippant for the
selective stripping. Results demonstrate that percentages of extraction and stripping of
Ni** achieved 85.7 and 83.2%, respectively. In contrast, percentages of extraction and

stripping of non-target [Au(CN):] attained 15.6 and 1.94%.

Keywords: Hollow fiber supported liquid membrane; Electroless nickel immersion

gold plating; Rinse wastewater; Gold(l); Nickel(lI)
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2.3 Introduction

Electroless nickel immersion gold (ENIG) is a flat and solderable metal plating process
applied in the manufacture of printed circuit boards (PCBs), especially flexible circuit
types and ceramic substrates. Recently, ENIG plating has received much attention since
it meets the requirements for lead-free assembly [1, 2]. The ENIG process consists of a
series of unitary and separate processes, from substrate acid cleaning and activation to
the electroless Ni deposition and immersion gold plating, as illustrated in Fig. 2.1 [1].
In the case of PCBs, a nickel-phosphorus (Ni-P) metal layer is necessary to protect
copper (Cu) lines from quick oxidation in order to guarantee good resistance to
corrosion and mechanical properties. To prevent the oxidation of Ni surfaces and to
assure better conductivity, Au layers can be deposited simply by immersing the Ni-P
layers in the suitable solution. The ENIG plating process involves galvanic
displacement reaction whereby Ni atoms dissolve from the substrate into the solution

while Au ions are reduced on the electroless nickel substrate [3, 4].
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Figure 2.1 Schematic diagram of the ENIG plating process on PCBs.

In general, rinse water baths are used to remove the excess Ni and Au plating
solutions, which still adhere to the electroplated parts. Excess solutions contain very
small but economically significant quantities of precious metals viz. Ni®* and
[Au(CN)2] ions. Owing to its outstanding physical and chemical properties, Ni is
considered a highly valued metal for its wide range of applications [5]. The attributes
of Ni such as high-temperature stability, strength, ductility, toughness, recyclability, as
well as catalytic and electromagnetic properties help achieve sustainability.
Unfortunately, Ni is also a toxic and hazardous heavy metal. Exposure to Ni has direct
and serious consequences for human beings viz. cancer in the respiratory system,
headaches, nausea, skin allergies, lung fibrosis, etc [6, 7]. Thus, the necessity to remove

Ni is not only due to the rise in environmental awareness but also due to stringent
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legislation regarding the disposal of toxic substances. Likewise, Au is not only valuable
as a noble metal in economic activity, but also widely used in various fields [8, 9]. Due
to continued buoyant demand and a relatively high stable price, Au has been the focus
of intense activity in the areas of exploration and metallurgy. Both the diminishing
availability of mineral resources and the increasing necessity for Au metal emphasize
the importance of its recovery from scrap material and wastewater [10, 11]. Such
demand has led companies to focus on their ability to clean up the wastewater.

Conventional methods in the treatment of wastewater include chemical
precipitation, coagulation and flocculation, ion exchange, adsorption, electrochemical
treatment, and photocatalysis [12-16]. However, these methods have several
disadvantages such as high capital and operational costs, and generate metal sludge,
which requires further treatment.

At present, the use of liquid membrane techniques in wastewater treatment has
become increasingly applied. The HFSLM technique is very promising having several
advantages: its simplicity, and cost-effectiveness [17, 18], low energy consumption and
less chemicals used compared with traditional solvent extraction and other membrane
processes [19-21]. Furthermore, the HFSLM system can simultaneously perform
extraction, stripping and regeneration in a single-unit operation [22-24]. Due to its high
surface area and mass transfer area of the liquid membrane module (approximately 10*
m2/m®), HFSLM can effectively attain a high separation rate, high selectivity, and high
overall separation [25, 26]. HFSLM can be regarded as a green technology over
conventional methods on account of its reusability of liqguid membrane and zero
discharge of effluent. Accordingly, HFSLM is a cutting-edge system that has been

successfully applied in mass separation processes, including extraction and recovery of
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target metal ions at trace concentration level [27, 28], removal of contaminants from
wastewater [29, 30], and extraction of drugs and amino acids [31, 32]. However, no
research has fully investigated the use of the HFSLM technique for the simultaneous
and selective separation of Ni?* cations and [Au(CN)z]" anions from rinse wastewater
after plating of the ENIG process. To the best of our knowledge, this work is new and
authentic.

Di-(2-ethylhexyl) phosphoric acid (D2EHPA) is one of the organophosphoric
extractants widely used as an extractant or carrier for the reactive extraction of several
metal ions such as Ni?* [33], Cu?* [34], Cd?* [35], Fe** [36], Mn?* [37] and Zn?* [38].
Besides, tributyl phosphate (TBP) is known to be one of the major neutral or solvating
extractants and an effective organic phase modifier in numerous applications for
extraction of several metal ions such as Ni?* [27], Cd?* [39], Cu?* [40], Co?* [41], Fe®*
[42] and Zn?* [43]. It is noted that the addition of TBP to the organic phase containing
the D2EHPA extractant improves phase separation by modifying the extraction
mechanism, thereby promoting the efficient separation of heavy metals [44-52].

This present work aims to evaluate the performance of HFSLM and the
synergistic binary mixture of D2EHPA/TBP extractants as an effective way to
simultaneously and selectively separate valuable metal ions, in trace amounts, of Ni?*
and [Au(CN).]" from the real rinse wastewater produced by the electroless nickel
immersion gold (ENIG) plating process. The effects of several process parameters have
been investigated e.g. the concentrations and molar ratios of D2EHPA and TBP
extractants in the liquid membrane phase, types of strippant, and pH of stripping

solutions.
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2.4 Experimental

2.4.1 Chemicals and reagents
The real rinse wastewater containing Ni?* and [Au(CN).]" as an aqueous feed solution
generated by the ENIG plating process was supplied by Mektec Manufacturing
Corporation (Thailand) Ltd. In Table 2.1 below, the typical compositions analyzed by
Mektec Manufacturing Corp. are given. The extractants D2EHPA and TBP were
commercially obtained from Merck. The extractants were diluted in commercial grade
kerosene for preparation of the organic liqguid membrane phase. Kerosene was
employed as a liquid membrane diluent for D2EHPA and TBP extractants due to its
low viscosity, availability and non-polar characteristic. The inorganic acids viz. HCI,
H>S04 and HNO3s were employed as aqueous stripping solutions. Distilled water was
used for preparing all stripping solutions. As listed in Table 2.2, information of all
chemicals used in this study are detailed. These chemicals were used without further

purification.
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Table 2.1 Compositions in the real rinse wastewater of the ENIG plating process used

as feed solution in this study.

Component Chemical formula Concentration % Relative
mg/L  mol/L molar concentration

Aurodicyanate [Au(CN)2] 25  0.1x10° 0.23

ions

Nickel(ll) ion Ni* 15 0.3x10°3 0.59

Lead(ll) ion Pb?* 1 0.01x10°3 0.02

Potassium ion K* 667 17.1x10° 39.35

Sodium ion Na* 59  2.6x10° 5.93

Cyanide ion CN- 18  0.7x103 1.64

Sulfate ion SO4* 25 0.3x10°® 0.59

Hydroxide ion OH 276 16.2x10° 37.48

Hypophosphate ~ H2POs- 45  0.6x10° 1.27

ion

Acetate ion CHsCOO 0.4 0.01x103 0.02

Pyrophosphate P,O7* 88  0.5x10°% 1.17

Hydrazine N2H4 163 5.1x10° 11.71
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2.4.2 Apparatus and experimental procedure

Liqui-Cel® Extra-Flow consisting of 35,000 woven fibers of hydrophobic microporous
polypropylene was selected as the solid support for the liquid membrane. The
membrane had an inside diameter of 240 um, a thickness of 60 um, an effective length
of 15 cm, a porosity of 30%, an average pore size of 0.03 um, an effective surface area
of 1.4 m?, and tortuosity factor of 2.6 [42, 53]. Woven fibers provide more uniform
spacing, leading to a higher mass transfer coefficient than that obtained from a single
fiber, in comparison with the flat sheet supported liquid membrane technique (FSSLM)
[54, 55].

The separation process of metal ions (Ni?* and [Au(CN).]") via a single module
HFSLM system was carried out using the same method as reported previously [42].
First, 500 mL of the organic solution as liquid membrane was prepared by dissolving a
certain amount of the extractants (D2EHPA and/or TBP) in kerosene to obtain the
desired concentration, ranging from 0.01 to 1.00 mol/L. Then, the organic membrane
solution was pumped counter-currently through both tube and shell sides of the hollow
fiber module before use in order for the liquid membrane to embed in the micropores
of the hollow fibers. Subsequently, the solution was recirculated at an equal flow rate
of 100 mL/min for 40 min. After impregnation, 500 mL of distilled water was slowly
fed through the system to remove all excess organic solution from the support
membrane surface. Consequently, 1 L of the real rinse wastewater, as feed solution, and
1 L of stripping solution was pumped counter-currently at an equal flow rate of 200
mL/min into the tube and shell sides of the hollow fiber module, respectively. The feed
solution of pH 8.60.05 consisted of 15 mg/L of Ni%*, 25 mg/L of [Au(CN).] and other

contaminated ions e.g. hydroxide (OH), cyanide (CN°) and sulfate (SO4%) anions
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(Table 2.1). In Fig. 2.2, the HFSLM setup is illustrated. Both feed and stripping
solutions were recirculated to each reservoir via recycling mode for 2 h. Then, 5 mL
samples of feed and stripping solutions were collected to analyze the concentration of
Ni%* and [Au(CN)2]" using an inductively coupled plasma (ICP) technique (Optima
2100 DV, Perkin Elmer). All experiments were controlled at T = 303+1 K for both feed
and stripping solutions using a digital hotplate stirrer (DAIHAN, MSH-20D) and

checked by a precision Pt-100 thermocouple having an accuracy of £0.1 K.

-
8
() Feed Inlet e Feed Outlet
;i
= e ———————— 7

Q)
ISn'ip Inlet gt ‘l

Figure 2.2 Schematic flow diagram of the separation system via HFSLM: 1 feed
solution reservoir, 2 stripping solution reservoir, 3 hotplate and stirrer with Pt-100
temperature sensor, 4 peristaltic pump, 5 flow regulator valve, 6 flow meter, 7 pressure
gauge, and 8 hollow fiber module.

The extractability of Ni?* and [Au(CN).] in this work was calculated by the
percentage of extraction (%EXx) and stripping (%St) using Egs. (2.1) and (2.2):

C,-C
%E = -2 94100 (2.1)
0]
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C,..
%St = —® »100 (2.2)

(org)

The distribution ratio (D) is defined as the concentration of metal ions (Ni?* and
[Au(CN)2]) in the organic phase of the liquid membrane to that in the aqueous phase

after extraction and stripping. It can be determined, as expressed:

D= —©9 (2.3)

where C is the initial concentration of Ni%* and [Au(CN).]" in aqueous feed solution

(mg/L) before extraction, C_, is the concentration of Ni%* and [Au(CN).] in aqueous

(aq)

feed phase after extraction (mg/L), C is the concentration of Ni?* and [Au(CN)2]

(strip)

in aqueous stripping phase after stripping (mg/L), and C, ., is the concentration of Ni*

(0rg)
and [Au(CN)2]" in organic phase after extraction (mg/L).

In the organic phase, a higher distribution ratio is proportional to higher Ni%*
and [Au(CN)2]" concentrations, thus enhancing the extraction of Ni?* and [Au(CN)]
from aqueous feed phase to organic liquid membrane phase.

The C_ ., inthe organic phase of the liquid membrane layer can be obtained by

(org)

subtracting the aqueous concentration from the initial concentration, as shown [56]:

Cog = Cy- C (2.4)

(org) (aq)

In order to enhance extraction efficiency and selectivity, synergism of mixed
extractants was used to overcome the problems from utilizing a single extractant.

Synergistic extraction is defined as the cooperation of two extractants in transferring
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metal ions from the aqueous feed phase to the organic liquid membrane phase. The
synergistic coefficient (SC) is defined as the distribution ratio (D) of metal ions (Ni?*
and [Au(CN)2]) by the mixture of D2EHPA and TBP extractants (Dmix) to the sum of
the distribution ratio by the single extractants D2EHPA (Dpzerra) and TBP (Drgp), as

shown in Eq. (2.5):

SC=—_ Dmc (2.5)

DD2EHPA + DTBP

Extractant synergism is established when Dmix is greater when a single

extractant is used (SC > 1). An antagonistic effect occurs vice versa (SC < 1) [57, 58].

2.5 Results and discussion

2.5.1 Effect of type of extractant
Due to their cost benefits as well as proof of performances, the two extractants viz.
D2EHPA and TBP were selected as both a suitable acidic and neutral extractant for the
extraction of Ni?*. In Table 2.3, the extractability of Ni** and [Au(CN).] by a single

extractant across HFSLM are tabulated.
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As results show in Table 2.3, both D2EHPA, an acidic type extractant, and TBP,
a solvating type extractant are capable of extracting Ni>* and [Au(CN)2]" from the real
rinse wastewater of the ENIG plating process. However, when these two extractants are
used, the distribution ratio of each ion (Dni and Dau) as well as the selectivity of Ni?*
relative to [Au(CN)2] (Snisau) are found to be quite different, especially [Au(CN).]". At
equal concentration of 0.50 mol/L, D2EHPA attained a slightly higher extraction
percentage (Enipzerpa 56.18%) and distribution ratio (Dnipzenea 1.282) of Ni?* more
than TBP (Eniter 52.68% and Dni tep 1.113). Furthermore, selective extraction in terms
of selectivity of Ni?* relative to [Au(CN)2] is improved when D2EHPA is used
(Sniau,p2eHPA 2.321), as a result of its less extractability of [Au(CN)2] than TBP. The
non-target [Au(CN)2]" were also extracted reaching a high percentage by D2EHPA
(Eau,p2EHPA 24.21%) and TBP (Eau,r 31.54%). Such outcomes can affect the purity of
Ni2* in the aqueous stripping phase and loss of valuable Au metal, thus reduction of
[Au(CN)2] extraction from the aqueous feed phase is needed.

D2EHPA is an acidic extractant, offering both hydrogen bond donor and
acceptor sites while TBP, a neutral extractant, only offers a single acceptor site per
molecule. At an organic-aqueous membrane interface of liquid membrane, the polar
hydroxyl group (-OH) of D2EHPA can be deprotonated to become a negative charge
on the oxygen atom (P-O") [59]. The deprotonated form of D2EHPA has high affinity
to strongly interact with the positive charges on Ni?*. Furthermore, Ni%* prefer to
substitute the hydrogen atom in the P—O-H group of D2EHPA and combined with the
P=0 group via the cation exchange mechanism. Thus, D2EHPA extractant was found
to give better efficiency for Ni?* extraction over TBP in terms of distribution ratio and

selectivity.
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The chemical reactions of Ni%* with dimeric form of D2EHPA extractant via

cation exchange mechanism are as follows [51, 60, 61]:

RO 0O—H-0O OR, RO OR, RO OR,
.P,f, \:‘P_/ F' \
FRY _/:/ - ;/\ ’ "
R, O—H--0O OR, Q7 0O, 07 0
NI, * = il Ho
RO _O-H-O_ OR o _0 0, ~#°
p7 P7 P
Y ,_’,.;: - __,-" \, _f-’ S
R.0O 0O—H--0" TOR, R,0 OR, R0 OR,
Organic phase Organic phase

Dimar of D2EHPA molaculasz

where Rz denotes 2-ethylhexyl group (CsH17) as in Eq. (2.6).

2 H

(2.6)

In the literature, the reaction mechanism of Ni%* in aqueous basic solution with

the TBP extractant has never been reported. Consequently, the reactive extraction of

Ni%* applying TBP extractant in aqueous basic solution, mainly composed of the

hydroxide ions (OH") with 16.2 mmol/L and 37.48 %relative molar concentration

(Table 2.1), is proposed in this study.
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Organic phase (2-8)

where Rz denotes butyl group (CsHo) as in Egs. (2.7) and (2.8).

Owing to its chemical stability, low aqueous solubility and high loading
characteristics, D2EHPA proved to be the most ideal extractant for Ni%* extraction [62].
Besides, since Ni?* extraction is highly pH dependent, a higher acidic extractant like
D2EHPA is seen to be preferable. Due to its high solubility and degree of protonation,
D2EHPA provides the highest acidity constant [27]. Thus, the H-atom in the hydroxyl
group (-OH) of D2EHPA is easily substituted by Ni?*.

Henceforth, extraction by solvation is carried out by a solvating extractant. In
nature, a solvating extractant has a weak base, extracting either neutral metal complexes
or acids by forming a solvate.

In the rinse wastewater of the ENIG plating process, Au(l) is present as the
complex of [Au(CN)]" anions whereas Ni?* is found as cations. When aqueous feed
solution is basic, [Au(CN)2] can be extracted via anion exchange with several amine
extractants [63-65], quaternary ammonium compounds [66] and ionic liquids [67, 68].
It can be seen that D2EHPA and/or TBP is a suitable choice of extractant for selectively

separating Ni?* from [Au(CN),] ions via HFSLM.
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= (2.9)

(2.10)

Table 2.4 Separation time of Ni** and [Au(CN):]" applying different extractant

systems.
Extractants Separation time (min) Separation time (min)
at %Eni at %Eay
40 50 55 80 1 5 10 15 20
% % % % % % % % %
0.5 mol/L D2EHPA 92 64 106 - 42 37 49 67 97
0.5 mol/L TBP 52 107 - - 29 94 30 54 71
0.25 mol/L D2EHPA/0.25 mol/L 16 25 29 28 10 46 69 110 -

TBP
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(a) Extractant: 0.5 M D2EHPA
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Figure 2.3 Extraction percentage and concentration of Ni?* and [Au(CN)2]" in aqueous

feed phase with continuous separation time (t): (a) 0.50 mol/L D2EHPA extractant and
(b) 0.50 mol/L TBP extractant: feed phase; 15 mg/L Ni?*, 25 mg/L [Au(CN)2], pH
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8.6+0.05 | liquid membrane phase; 0.50 mol/L D2EHPA in kerosene | stripping phase;
0.50 mol/L HCI, pH 0.38+0.05 | g = q;=200 mL/min|t=2h|T =303+1 K.

2.5.2 Effect of mixed extractants

Amongst the single extractant types studied in Section 2.5.1, it was found that both

D2EHPA and TBP extractants were best for the extraction of Ni?* via HFSLM having

good selectivity of Ni?* relative to [Au(CN)2]" (Sniau). As depicted in Table 2.3 and

Fig. 2.4, mixing of 0.25 mol/L D2EHPA and 0.25 mol/L TBP extractants are

investigated in order to improve the extraction of Ni?* and the selectivity (Sniau).

100

9 T
80

70

%Extraction

30
20

10 1

60 +
50 +

40 T

0L

t (@) moExtraction of Ni(ll)

%Extraction of Au(l)

=5
o
7,
0.5 M D2EHPA 0.5M TBP 0.25 M D2EHPA
/0.25 M TBP
Extractant type

Distribution ratio (D) and Selectivity (S)

10

(0) —a— Distribution ratio of Ni (I1)
9 4

—e&— Distribution ratio of Au(l)

—— Selectivity of Ni(Il)/Au(l)

o —
0.5 M D2EHPA 0.5M TBP 0.25 M D2EHPA
/0.25 M TBP
Extractant type

Figure 2.4 Effect of mixed extractants on Ni?* and [Au(CN).]" extraction from aqueous
feed phase via HFSLM: feed phase; 15 mg/L Ni?*, 25 mg/L [Au(CN)2]", pH 8.6+0.05 |
liquid membrane phase; 0.50 mol/L of total extractant concentration in kerosene |

stripping phase; 0.50 mol/L HCI, pH 0.38+0.05| - = gq3=200 mL/min|t=2h|T =

303+1 K.
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Figure 2.5 Extraction percentage and concentration of Ni?* and [Au(CN)] in aqueous
feed phase over separation time (t): feed phase; 15 mg/L Ni?*, 25 mg/L [Au(CN).], pH
8.6+£0.05 | liquid membrane phase 0.25 mol/L D2EHPA and 0.25 mol/L TBP
extractants in kerosene | stripping phase; 0.50 M HCI, pH 0.38+0.05 | g = g, = 200

mL/min|t=2h|T=303x1 K.

According to Fig. 2.4a, it is evident that using the mixture of D2EHPA/TBP
extractants yielded the highest Ni?* extraction efficiency followed by the single
extractants i.e. D2EHPA and TBP, respectively. In Table 2.3, the synergistic coefficient
of the D2EHPA/TBP extractants for Ni?* extraction (SCni > 1) indicates that synergism
was found to occur. Thus, maximum extraction (%En;i) of 85.70%, distribution ratio
(Dmix, ni) of 5.993 and a selectivity (Sniau) of 5.476 were achieved (Fig. 2.4b).
Furthermore, the synergistic mixture D2EHPA/TBP can transport the Ni?* much faster
than a single extractant as seen in Table 2.4 as well as Figs. 2.3 and 2.5. Accordingly,

extraction of Ni?* can rapidly reach 50% within 2.5 min, and then 80% within 28 min.
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Thus, separation time of Ni?* via HSFLM can be reduced compared with using
D2EHPA and TBP extractant, respectively. In contrast, extraction of [Au(CN)2] by the
mixture D2EHPA/TBP expressed an antagonistic effect behavior (synergistic
coefficient, SCay < 1) as in Table 2.3. Transportation of [Au(CN)2]" from the aqueous
feed phase via HFSLM decreased significantly. At equal extraction percentage of 10%
for [Au(CN)2]" (%Eau), it took a separation time of 69 min when using the mixture
D2EHPA/TBP. This outcome was clearly slower than when D2EHPA and TBP
extractants were used (Table 2.4). Thus, as regards selective separation, the
combination of D2EHPA/TBP extractants proved to be the most suitable ions carrier
system via HFSLM as a result of their synergism to target Ni’* as well as their
antagonism to non-target [Au(CN)z]" for improving %Eni, Dni and Snizau.

As in Eqg. (2.6), the D2EHPA molecules were strongly attracted via H-bonding
in dimer form. The majority of the D2EHPA molecules are dimerized in nonpolar
diluents such as kerosene, and its aqueous solubility is also extremely low [70]. The
synergistic effect of the mixture D2EHPA/TBP in enhancing Ni?* extraction is
proposed via the replacement of two D2EHPA molecules in Ni-(D2EHPA)4 complex
by two TBP molecules to form adducts with Ni complexes of Ni-(D2EHPA).(TBP).
[51, 71]. The reactive extraction mechanism of Ni?* by mixed D2EHPA/TBP

extractants is expressed in Eq. (2.11):
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As calculated via Van der Waals radii, the molecular volume of the TBP
molecule proved to be smaller than that of D2EHPA molecule by about 50 A, as shown
in Table 2.5 [72].

Table 2.5 Physicochemical properties of D2EHPA and TBP extractant.

Extractant Molecular volume? Negative charge on the oxygen Dipole moment
(A3 atom of phosphoryl functional (Debye)
group
PA 311.3 -0.873 2.74
TBP 263.7 -0.779 3.10

Note: * Molecular volumes were calculated via the VVan der Waals radii.

Therefore, the TBP molecule can easily replace the D2EHPA molecule in the
Ni-(D2EHPA)4 complex [51]. As shown in Table 2.5, the greater dipole moment of the
TBP molecule indicates its greater polarity.

According to Eq. (2.11), the remaining two molecules of monomeric D2EHPA
can be dissociated at the interface of the organic membrane-aqueous phases, and then

form a complex with one ion of Ni?* as in Eq. (2.12) [51, 70, 73]:

0 0
R0 —F —0H R,0—P—D
\ 3 -
OR. R, Ni© RO 0 0_ OR
I 2 H ag = fh”z :NI"\ //; ™
ot -~ S
R,0" o om,
R,0—P—0H R,0—P—0
OR. OR
Croa = Crrganie ph
TgEC phase '-E|_$?;_Sﬁ303’;flﬁe Lirganc phase (2.12)

In this study, the rinse wastewater from the ENIG process is a slightly basic
effluent having pH of 8.6+£0.05. Thus, deprotonation of the monomeric D2EHPA
molecules is quite favorable. It is proved that D2EHPA extractant is suitable for Ni%*

extraction in the basic aqueous solution [61].
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As observed in Egs. (2.11) and (2.12), when the mixture D2EHPA/TBP is used,
it can be seen that four molecules of D2EHPA are able to form a complex with two ions
of Ni?*. Thus, this outcome increases the extractability for Ni>* more than when a single
D2EHPA extractant is used such that four D2EHPA molecules form a tetrameric
complex with one Ni?* ion as in Eq. (2.6). Furthermore, two molecules of TBP can also
extract one Ni?* ion via the complex of Ni(OH)2:(TBP), or Ni-(TBP). as in Eq. (2.7).

At equal total molar concentration or number of extractant molecules, it is found
that the mixed extractants of four D2EHPA and four TBP molecules (i.e. 0.25 mol/L
D2EHPA/0.25 mol/L TBP) are able to extract three Ni?* ions while a single type
extractant of eight D2EHPA molecules (i.e. 0.50 mol/L D2EHPA) form a complex with
two Ni2* ions. Thus, the extractability of Ni?* by the mixture D2EHPA/TBP proved to
be 1.5 times more than when the single D2EHPA extractant system was used.

In the case of [Au(CN)2], it is noted that extraction efficiency by the mixture
D2EHPA/TBP decreased. This antagonistic effect may be a result of less H™ generated
by D2EHPA dissociation as its lower concentration (i.e. from 0.50 mol/L to 0.25 mol/L)
and by TBP molecules in preferring to form a Ni-(D2EHPA)2(TBP), complex. The
supported liquid membrane system containing the combination of D2EHPA/TBP
extractants is suitable for further investigation due to their synergistic effect (SCni > 1),
high efficiency of Ni?* extraction (Eni > 80%), improved distribution ratio (Dni) as well
as selectivity of Ni%* relative to [Au(CN)2]" (Snizau).

In general, D2EHPA contains mono-(2-ethylhexyl) phosphoric acid
(M2EHPA) as impurities due to poor purification of the reagent and/or due to
hydrolysis of D2EHPA during prolonged storage. Haghshenas et al. [52] found that the

presence of M2EHPA causes the extraction curves of these metals to shift to lower pH
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values depending on the physico-chemistry properties of the metal. In other words, the
presence of M2EHPA changes the thermodynamic conditions of extraction and
produces variable changes in the shifting of the extraction curves that for some metals
are in order Cd > Cu >Co > Ni > Zn. This impurity sometimes affects separation

efficiency. This antagonistic effect may cause trouble with the solvent extraction.

2.5.3 Effect of molar ratio of mixed D2EHPA/TBP extractant
As proved in Section 2.5.2, when the synergistic mixture D2EHPA/TBP increased,

extraction of Ni?* was found to increase significantly. Fig. 2.6 and Table 2.6 show the
effect of the combination of D2EHPA/TBP extractants at various molar ratios as
regards the extraction percentages (%E) of Ni** and [Au(CN)2]. At equal total
concentration of 0.5 mol/L, it is seen that extraction of Ni?* increased from 56.18 to
85.70% when TBP concentration increased from 0.05 to 0.25 mol/L and the molar ratio
of the mixture D2EHPA/TBP decreased from 9:1 to 1:1, respectively. Furthermore, the
distribution ratio of Ni%* (Dni) and selectivity of Ni?* relative to [Au(CN)2]" (Snisau) also
increased as TBP concentration increased. Thus, the optimum combination obtained for
the mixed extractants in the liquid membrane for this HFSLM studied is an equal molar
concentration (1:1 ratio) of 0.25 mol/L D2EHPA and 0.25 mol/L TBP.

According to Eg. (2.11), the role of TBP extractant is to disrupt the dimers or
aggregation of the D2EHPA molecules. Two D2EHPA molecules and two TBP
molecules can form a complex with the Ni?* as Ni-(D2EHPA)2(TBP).. Hence, two
monomeric molecules of D2EHPA become available for complexation with other Ni*
ions, which enhances the extraction efficiency (%Eni) as in Eq. (2.11). Furthermore, at

equal molar concentration in comparison with D2EHPA, TBP extractant can solvate
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Ni2* ions by using two TBP molecules as a form of Ni(OH)2:(TBP); or Ni-(TBP)2, Eq.
(2.7). However, four molecules of D2EHPA are required for extraction with Ni?* when
the extractant is taken alone as in Eq. (2.6). For example, at equal number of extractant
molecules expressed in Egs. (2.13) and (2.14), it can be proved that the mixture of
D2EHPA/TBP at 1:1 ratio provides higher extractability of Ni?* in comparison with

using D2EHPA/TBP ratio of 5:1.

':_]I Q M 24
W I|II !
20 R,0—P—0OH + 4 R,O—F—0R, — = 2 MID2EHPA)[TEFI; + 2 MIDZEHPA): + 3 MI(DZEHPA) 4
\ i \ 2

QR 4 DR g
D2IEHFA TRE
Organic phase Qrganic phase
Male ratic of DZEHPA:TEF = 51 Extracted male ef Mi* ians = 7 mal
e O 24
'|I| '|I'I ] 7
12 RyO—P—0OH + 12 |<2t:—|>rC1RP = === 1 MNI[DZEHFA)2(TEP)z + 3 MIDZEHPA)z + 3 NiTEFI2
\
OR DR s
D2EHFA TBP
Crganic phase Crganic phase
Male ratic of DZEHPATEF = 11 Extracted mole of Ni*™ ions = 8 mal

As for the extraction of [Au(CN)z], increasing the extractant TBP as well as
decreasing D2EHPA in molar concentration from 9:1 to 1:1 at equal molar
concentration practically decreases the degree of extraction. Results arise due to the
reduction of H* generated after Ni?* extraction with D2EHPA molecules as in Egs. (2.6)
and (2.11). Thus, the protonation mechanism of hydrazine (N2H.) to form hydrazinium
(N2Hs") ions, for [Au(CN)2]" complexation as in Eq. (2.8), is decreased. Furthermore,
although concentration of TBP increased, its molecule contributes to form Ni-

complexes such as Ni-(D2EHPA)2(TBP)2, Ni(OH)2:(TBP). and/or Ni-(TBP).. These
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extractive reactions are competitive as in Egs. (2.8) and (2.9), whereby the complex of

K*TAu(CN)2](TBP) and [N2H5]*TAu(CN)2] (TBP) are formed.
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Figure 2.6 Effect of concentration and molar ratio of the D2EHPA/ TBP synergistic
extractants: feed phase; 15 mg/L Ni?*, 25 mg/L [Au(CN)2],, pH 8.6+0.05 | liquid
membrane phase; mixed D2EHPA/TBP extractant in kerosene | stripping phase; 0.50
mol/L HCI, pH 0.38+£0.05 | g = ;=200 mL/min|t=2h|T =303+1 K.

2.5.4 Effect of extractant concentration

As presented in Table 2.7 and Figs. 2.7a to 7c, the effect of concentration of D2EHPA

and TBP as well as the mixture D2EHPA/TBP was investigated by varying their

concentration from 0.01 to 1.0 mol/L.
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Figure 2.7a Effect of D2EHPA extractant concentrations: feed phase; 15 mg/L Ni%*,
25 mg/L [Au(CN)2], pH 8.6+0.05 | liquid membrane phase; D2EHPA in kerosene |
stripping phase; 0.50 mol/L HCI, pH 0.38+£0.05 | q- = g3=200 mL/min|t=2h|T =

303+1 K.
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Figure 2.7b Effect of TBP extractant concentrations: feed phase; 15 mg/L Ni%*, 25
mg/L [Au(CN).], pH 8.6%0.05 | liquid membrane phase; TBP in kerosene | stripping
phase; 0.50 mol/L HCI, pH 0.38+0.05 | g = ;=200 mL/min|t=2h|T =303+1 K.
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Figure 2.7c Effect of mixed D2EHPA and TBP extractant concentrations (1:1 ratio):
feed phase; 15 mg/L Ni?*, 25 mg/L [Au(CN)2]", pH 8.6+0.05 | liquid membrane phase;
mixed of D2EHPA and TBP extractant in kerosene | stripping phase; 0.50 mol/L HCI,
pH 0.38+0.05| g- = q;=200 mL/min|[t=2h|T = 303+1 K.

Overall, results demonstrate that by increasing the concentration of the
extractant from 0.01 to 1.00 mol/L, for the single D2EHPA, TBP and synergistic
D2EHPA/TBP system, the extraction of Ni?* and [Au(CN)] increased. Beyond 0.50
mol/L and up to 1.00 mol/L, it is seen that the slight difference in extraction of Ni?* and
[Au(CN).] reveals that the plateau stage was reached. Thus, 0.50 mol/L concentration
of the extractant proved to be sufficient and economical for the extraction of Ni?* and

[Au(CN)2] in trace amount.
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2.5.5 Effect of the type of strippant

The type of strippant or stripping agent is one of the key factors for the back extraction
or stripping of metal ions from a thin layer of the organic liquid membrane. The loaded
organic phase was stripped using different acidic solutions. In Table 2.8, stripping
efficiencies of the various strippants i.e. distilled water (H-O) and the strong inorganic
acids (HCI, H.SO4 and HNOs3) are presented. In the case of the synergistic
D2EHPA/TBP extractants, stripping percentages of the target Ni?* when using different
strippants were found to be in the order: HCI > H2SO4 > H,0 > HNO:s. It was difficult
to strip Ni?* from the loaded D2EHPA/TBP using distilled water. Furthermore,
stripping performances of the non-target [Au(CN)2]" were less than 2% for all three
strong inorganic acids. Thus, HCI was selected as the most suitable strippant for use in
the HFSLM system due to the results, which affirm the highest selectivity of Ni?*

relative to [Au(CN)] in the stripping solution.
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To understand these observations in detail, awareness of the reaction
mechanism between the metal-extractant complex and strippant is indispensable. The
stripping mechanisms of Ni-extractant complexes by inorganic acids (HA), which

occur at the organic-aqueous interface can be represented, as in Eqgs. (2.15) to (2.18).

RO ORy R4O OR,4
\P/ \P'/
PN AN
07 o o7 o RO 0--H-0  OR;
i \\ * I N . '\FI_//-"/ NS
I-Il ‘__,-"'NI\ I-nl + H'H' ag, NI'S'E £ t 2 FARY /{_/jl:lx
o 0”7 0. J;c'n R,0 0—H--0~ 'OR,
P~ P
.-"r. \-.__ // \\
RO OR; RO OR4 Dimer of DZEHPA Molecules
Organic phase
Ni-D2EHPA Complex
Organic phase
(2.15)
H .0 O 4
P -,". L
|:I
L
L07 Torg .
24 I .
i t HA G =——— NiAp . + 2 R;0—P—OR; + 2H,
20O 0 2 - M, !
REC\“% OR;
X’l‘"-. ria sy e L
RO OR;
Mi-TBF Complex
Qrgans phase
(2.16)
R0 ORA
' \Pf"
F o
Ho._ P (25 i
f,Hi\ t HA = = Mif, I Hz[}—F’\—(JI%: + 2 HO,,
RED\P%Q OH OR,
,/l"-. Orgares phase
R0 ORg

MI-TEF Coemplex

Organic phase

(2.17)
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P £ \\ E e
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(2.18)

The case of different inorganic acids resulting in different stripping percentage
of Ni-extractant complexes can be explained by the effect of pKa of these acids. In
simple terms, pKa is a number that shows how weak or strong an acid is. A strong acid
will have a pKa of less than zero. The lower the value of pK,, the stronger the acid and
the greater its ability to donate its protons. The extraction of Ni?* by D2EHPA and TBP
extractants from the real rinse wastewater of the ENIG plating process is carried out in
basic alkaline solution at pH 8.5+0.05. However, higher acid conditions are more
favorable. D2EHPA has highly acidic properties, due to the presence of oxygen atoms
bonding to the phosphorus atom and the alkyl radicals. In Egs. (2.15) and (2.18), the
strong interaction of O-Ni-O bonding between D2EHPA and Ni proved difficult for
stripping in the mild acid. From Table 2.8, the order of pKa, of the three inorganic acids

are listed as follows: HCI > H2SO4 > HNOgz. Thus, HCI is the most effective strippant.

2.5.6 Effect of stripping agent concentration

Since stripping depends on the nature of the metal complexes in the loaded organic
phase, the nature and the concentration of acidic stripping solutions affect stripping

efficiency. The effect of HCI concentration towards selective and synergistic stripping
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of Ni?* was studied in the range of 0.001 to 1.00 mol/L with pH from 3.01 to 0.1, as

exhibited in Table 2.9 as well as Figs. 2.8 and 2.9.
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Figure 2.8 Effect of strippant concentration: feed phase; 15 mg/L Ni?*, 25 mg/L
[Au(CN).],, pH 8.6x0.05 | liquid membrane phase; mixture of 0.25 mol/L D2EHPA

and 0.25 mol/L TBP extractants in kerosene | stripping phase; HCI | g- = gq;= 200

mL/min|t=2h|T=303x1 K.
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=303+1 K.
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As presented in Table 2.9, the increase in acid concentration increased the
stripping percentage of Ni%*. It is observed that Ni?* stripping increased up to 85%;
maximum HCI concentration was 1.00 mol/L. Beyond 0.50 mol/L HCI, stripping
slightly increased. In Fig. 2.9, when pH of the stripping solution decreased, the stripping
efficiency of Ni%* increased. 0.50 mol/L HCI proved to be enough for selective stripping

of Ni?* from [Au(CN)] in trace amount.

2.5.7 Equilibrium study of Ni?* extraction via HFSLM

The extraction of Ni%* using single extractants D2EHPA and TBP as well as the
synergistic extractant mixture D2EHPA/TBP can be written as shown in Section 2.7:
Supplementary information.

According to Egs. (S2.10) and (S2.12), plots between In(D,;) in y-axis and

In([Extracant]) in x-axis provide the equilibrium constant (Kex from the y-axis

intersection as shown in Table 2.10.

Table 2.10 Equilibrium constant (Kgx) for Ni* extraction via HFSLM.

Extractant Kex
D2EHPA 3.719 mol/L
TBP 1.479 (mol/L)*?

D2EHPA/TBP (1:1 ratio) 11.35




49

2.5.8 Mass transfer coefficient for Ni%* extraction from the real rinse wastewater
of the ENIG plating process via HFSLM
For the recycling mode of operation both feed and strip phases are continuously

recirculated from the respective reservoirs. The resistances across the feed—membrane
interface, membrane pore and strip—membrane interface are related as follows [74].
Detail calculation on mass transfer coefficients and mass balance have shown in Section
2.8 Appendix B.

Egs. (S2.40) to (S2.42) in Section 2.8 Appendix B is applied to calculate the
diffusion flux (Jo) and the mass transfer coefficient for Ni** and [Au(CN)] via the

liqguid membrane. The results are shown in Table 2.11.
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Table 2.11 Mass transfer coefficient of Ni?* and [Au(CN).] extraction via HFSLM:
feed phase; 15 mg/L Ni?*, 25 mg/L [Au(CN)2]", pH 8.6+0.05 | liquid membrane phase;
total extractant concentration of 0.50 mol/L in kerosene | stripping phase; 0.50 mol/L
HCI, pH 0.38+0.05 | g, = g, =200 mL/min|t=2h|T =303+1K,

Ni%* ions extraction from feed phase to liquid membrane phase

Extractant Jb, mmol/m?s Kex, m/s
0.50 mol/L D2EHPA 1.42x10° 12.7x10°
0.50 mol/L TBP 1.34x10° 11.0x10°
0.25 mol/L D2EHPA/0.25 mol/L TBP 2.17x10° 59.4x107°
[Au(CN).] ions extraction from feed phase to liquid membrane phase
Extractant Jp, mmol/m?s Kex, m/s
0.50 mol/L D2EHPA 0.305x10° 3.17x10°
0.50 mol/L TBP 0.397x10° 4.57x10°
0.25 mol/L D2EHPA/0.25 mol/L TBP 0.197x10° 1.84x10°

2.5.9 Determination of the reaction order and the reaction rate constant for Ni%*
and [Au(CN):] extraction from the real rinse wastewater of the ENIG plating
process via HFSLM

The reaction order (n) and the reaction rate constant for Ni?* and [Au(CN).]" extraction

(k. ;) were verified by integration and graphical method, as shown in Table 2.12.

ex, Ni



o1

Table 2.12 Analysis of reaction order and rate constants: feed phase; 15 mg/L Ni?*, 25
mg/L [Au(CN)2], pH 8.6+0.05 | liquid membrane phase; total extractant concentration
of 0.50 mol/L in kerosene | stripping phase; 0.50 mol/L HCI, pH 0.38+0.05 | - = Qs
=200 mL/min|t=2h|T =303+l K.

Ni2* extraction from feed phase to liquid membrane phase

Extractant Rate order Reaction rate constant R? Remark
0.50 mol/L D2EHPA 0 1.6x10°° mmol-Ltmin-  0.5786
1
1 9x10°3 min 0.7224
2 2x10° L- mmoltmin- 0.8396 Best fit
1
0.50 mol/L TBP 0 1.4x10%3 mmol-L*min-  0.8574
1
1 7.4x103 min-t 0.9187
2 1x10° L- mmoltmin- 0.9631 Best fit
1
0.25 mol/L D2EHPA/ 0 2.6x1073 mmol-Ltmin-  0.3932
0.25 mol/L TBP 1
1 2.22x102 min?! 0.6043
2 7x10° L- mmoltmin- 0.7927 Best fit

1

[Au(CN).] extraction from feed phase to liquid membrane phase

Extractant Rate order Reaction rate constant R?2 Remark
0.50 mol/L D2EHPA 0 3x10* mmol-Lmin-  0.9821 Best fit
1
1 2.3x1073 min 0.9808
2 5x107 L mmol*min- 0.9772
1
0.50 mol/L TBP 0 3x10* mmol-Ltmin~  0.9934
1
1 3.2x1073 min? 0.9958 Best fit
2 7x107 L- mmol*min- 0.9928
1
0.25 mol/L D2EHPA/ 0 2x10* mmol-Lmin-  0.9821 Best fit
0.25 mol/L TBP 1
1 1.4x10°  min? 0.9815

2 3x107 L- mmol*-min-  0.9801

1
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2.6 Conclusions

In this study, results demonstrate that HFSLM could successfully separate Ni?* and
[Au(CN)2] from the real rinse wastewater of the ENIG plating process. It is evident
that the binary mixtures having acidic/neutral extractants of D2EHPA/TBP were found
to be capable of selectively extracting both Ni?* and [Au(CN)]" at low concentrations
from the feed solution viz. up to 85.70% and 15.65%, respectively. Optimum conditions
proved to be 0.25 mol/L D2EHPA and 0.25 mol/L TBP in kerosene in the liquid
membrane phase. Subsequently, 0.50 mol/L HCI was employed as a stripping agent
(strippant) for the back extraction of Ni?* and for [Au(CN).]" from the liquid membrane
phase. The HFSLM technique illustrates the selective extraction of Ni?* over other
conventional techniques. The successful separation of Ni?* from the real rinse
wastewater of the ENIG plating process via HFSLM proved its worth that it can be a

most useful technique in the integrated operation of the ENIG plating process.

2.7 Supplementary information

Calculation detail on equilibrium constant of Ni?* and [Au(CN)]" extractant with three

extractant systems can be expressed as:

£+ K ; +

Nig, * @+X)HR),0y == NiR,-(HR), 0y * 2H(x (S2.1)
F2+ K S04

Nigy + YTBP,,, —= Ni7-yTBP,, (S2.2)
NiZ, + L+ X)(HR) ) + YTBPy === NiR,-yTBP,, + 2XHR 4, + 2H,, (52.3)

where HR is D2EHPA, x and y are the stoichiometric coefficients associated with the

D2EHPA and TBP extractants, respectively.



53

Based on the above complexation reaction, the equilibrium constant (Kgx) of

Ni2* in the aqueous feed solutions can be written as:

K nipzerpa = [NiR '(HR)ZX(Org)][H(E?)J (S2.4)
[N'f;q)][(HR)Z(org)]

Ni*" - yTBP
EX,Ni.TBP — [ - Org)] (S52.5)
[Nitsy ][ TBPuy |

K

KE Ni,D2EHPA/TBP — [NIR mTBP(Org):H:H(T(O)rg)iI I:Hzraq)jl (82-6)
. [N'(qu)][(HR)Z(org)] [TBP(org)]

Egs. (52.4) to (S2.66) can be written in terms of the distribution coefficient of

the Ni2* in the organic phase as:

D, H'
K nipzerpa = [?ilz;l;PA[ ](STXJ (S2.7)
2(org)
Kexnirer = DNI = (52.8)
[TBP, |
DNi, D2EHPA/TBP I:HR(org)] I:Hz—aq):' (829)

KEX,Ni,DZEHPA/TBP =

[(HR)Z(org) :|(1+X) [TBP(org) :I

Rearranging Eqgs. (S2.7) to (S2.9) and taking the natural logarithm on both

sides:

In(DNi,DZEHPA) (1+ X) In(l:(HR)Z(org)])+ln EX,Ni D2EHPA) 2|n (I: (aq):‘) (8210)
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In(Dyiree ) = YIN ([ TBPogy )+ 1 (Key e ) (S2.11)

In ( DNi,DZEHPAITBP) = (1+ X) In ([(HR)Z(aq) }) +y In ([TBP(aq)])"" In ( KEx,Ni,DZEHPA/TBP)
~2xIn([ HR o, )21 ([ Hip ) (S2.12)

Detail calculation base on mass balance for separation of Ni?* ions via HFSLM [75].

R, 1+do£1J+l(szK(cf -mc,) (S2.13)
ki D,k ) k{k

where C, is the bulk concentration of the Ni** in the feed-side (lumen-side) fluid at
location “z” of the lumen (kmol/m®), C_ is the bulk concentration of the Ni®* in the
strip-side (shell-side) fluid at location “z” of the shell (kmol/m®), k, is the feed-side
film mass transfer coefficient (m/s), k; is the strip-side film mass transfer coefficient
(mf/s), d, is the hollow fiber thickness (m), D,, is the molecular diffusion coefficient
of the metal-carrier complex in the HFSLM (m?/s), k, is the feed-side distribution
coefficient of Ni?* and Kk, is the strip-side distribution coefficient of Ni?*.

l:i+i 1 +i & (S2.14)
K ki D,k ) kk

m S

Here, K is defined as the overall mass transfer coefficient of the transport process, m/s.

From the equilibrium constant ( K, ) from Egs. (S2.1) to (S2.3), the feed-

membrane interface and the strip-membrane interface can be modified:



K. _ Cimf Ni-D2EHPA '(Chif )2
Ex,Ni,D2EHPA Cif . I:(HR)Z(Org) :I

free, f

2
K _ Cims,m '(Chis)

Ex,Ni,D2EHPA
Cis,Ni |:(HR)2(org) :'

free,s

K _ Cimf,Ni-TBP
Ex,Ni,TBP —
Cif [TBP(OVQ)]free,f
K _ Cims,Ni—TBP
Ex,Ni,TBP —
Cis I:TBP(Org):'free,s

2
imf N-DZEFPATEP ’(Cinf )

C
Cif ,Ni I:(HR)Z(org) ](:55 I:HR (org) }‘:9 I:TBP(org) ]2.55

KEX,Ni,DZEHPA/TBP =

2
ims,Ni-D2EHPA-TBP (Cihs )

KEX,Ni,DZEHPAITBP = 0.55 0.9 0.55

Cis,Ni [(HR)Z(org):IS [HR(org)l- [TBP(OFQ):L

where, C.

55

(S2.15)

(S2.16)

(S2.17)

(S2.18)

(S2.19)

(S2.20)

. and C, . are the organic-metal complex concentration at the feed-

membrane interface and the strip-membrane interface respectively, kmol/m3. C, . and

C,. are the concentrations of the H" at the feed-membrane interface and the strip-

membrane interface respectively, kmol/m?2,

From the above-mentioned equations:

[(HR)Z(Org) :I free, f _ Cimf ,Ni-D2EHPA

(Chif )2 Cit ni

kl, Ni/D2EHPA — "Ex,Ni/D2EHPA

(S2.21)



I:(HR)Z(org) :' free.s _ Cims,m
(Chis )2 CiS,Ni

|(2, Ni/D2EHPA — "“Ex,Ni/D2EHPA

C:imf ,Ni-TBP

kl,Ni/TBP = KEx,Ni/TBP I:TBP(org)]free’f = C
if

| OR—
ims,Ni-TBP
Kz nirrep = Ky nirmee [TBP(org)Jfreevs = C

is

[(HR)Z(org) ]0.55 |:HR

free, f

0 Jue [TBP
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(S2.22)

(S2.23)

(S2.24)

:|0.55
(0r9) lfree,t Cimf,Ni—DZEHPA-TBP

kl, Ni/D2EHPA/TBP — K Ex,Ni/D2EHPA/TBP

(G )

(S2.25)

|:(HR)2(0rg) :IO'SS |:HR

free,s

* 1B
(org) :| free,s I:

P 0.55
(org) ] free,s

a C

if ,Ni

ims,Ni-D2EHPA-TBP

I(Z,NiIDZEHPAITBP = KEX,NiIDZEHPA/TBP

(Cihs )2

(S2.26)

C

is,Ni

where k, and k, are the distribution coefficients on the feed and strip sides of the

membrane, respectively, and C, and C,, are the concentration of the metal ions in the

feed phase at the feed-membrane interface and the concentration of metal ions in the

strip phase at the strip-membrane interface, respectively, kmol/m?2.

The ratio of k;, and k, can be written as:

k _ [Chif jz I:(HR)Z(org)}free,s

m,, —_2 _
Ni/D2EHPA k1 Chis [(HR)Z(org)}

free, f

m _ I:TBP(Org)]free,s
NiTBP — I:TBP(org)]

free, f

(S2.27)

(S2.28)
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0.55 0.55

cwjz[U4Rhmm]mw[HR@m]im[TBHWW}MW
HR

C 0.55 0.55
ihs

2(0r9) | free. £ (org) (::ze,f (0r9) I ree, t
[(HR):0r | St [ TP ]

Myi p2erPATBR = ( (S2.29)

The high value of strip acidity or buffered feed phase or the high D2EHPA and
TBP concentration results in low values of “m”. This implies that the strip-side
equilibrium reaction is instantaneous and hence strip-side film resistance may be
neglected [76].

For the calculation of m, the organic extractant balance can be expressed as:

[(HR) ) ] = (HR) 0 | =1 > [ M-Complexq,,) | (S2.30)

free initial

[TBP(O”J) ]free - I:TBP(Org) :Lnitial 7 nZZI:M-CompIeX(OFQ) :Ii (8231)

Here, n, and n, are the stoichiometric coefficients associated with the organic-metal
complex, Z[M-Complex(org)]i is the sum of all the metal ions complexes with the

organic extractant.
Similarly, as per the complexation reaction, Egs. (S2.1) and (S2.3), the H*

balance is as follows:

Cr ot=t) — Cr ot=0) T Z{Cf 0(t=0) — C 0(t=t) }i (52.32)

ChsO(t:t) = ChsO(t:O) + Z{CSO(t:O) _CSO(’[:I) }i (52.33)

where C,;, is the bulk concentration of the H* in the feed reservoir or the bulk inlet

concentration of the H* in the feed-side fluid at the lumen inlet (kmol/m?3) at respective

time (t=0andt=t)and C,, is the bulk concentration of the H* in the strip reservoir
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or the bulk inlet concentration of the H* in the strip-side fluid at the shell inlet at
respective time (t = 0 and t = t) (kmol/m?®). For the present study, the feed was buffered

as the pH was maintained constant at 8.6+0.05. Hence C,,, was kept constant.

The mass balance across the feed/strip reservoirs is given as:

dC

F d_:,o =0 (CF,Z _CF,O) (52.34)
dC

s % =0 (Cs,z _Cs,o) (52.35)

Here, V is the volume of feed (V. ) and strip reservoir (V) (m?), and t is the time (s).

The module exit concentrations for both feed phase and strip phase are

calculated accordingly:

Ce o (1— qu] exp{_ngL[l— quH mCs {1—exp{_28KL {1— m J H}
C,.- Os Uy 0s + hiuy 0s (S2.36)

Cs. =Csy +q_F(CF,o _CF,Z) (52.37)

where C., is the bulk outlet concentration of the Ni?* in the feed-side fluid at the lumen
exit (kmol/m®), C., is the bulk concentration of the Ni** in the feed reservoir or the

bulk inlet concentration of the Ni%* in the feed-side fluid at the lumen inlet (kmol/m?),

de is the volumetric flow of the feed phase through the lumen of the module (m?s),

g is the volumetric flow of the strip phase through the shell of the module (m%/s), &
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Is the porosity of the membrane, L is the length of the module (m), r, is the fiber inner
radius (m), u; is the fiber velocity (m/s), C, ; is the bulk concentration of the Ni?* in

the strip reservoir or the bulk inlet concentration of the Ni?* in the strip-side fluid at the

shell inlet (kmol/m®) and C,, is the bulk outlet concentration of the Ni2* in the strip-

side fluid at the shell exit (kmol/m?).
Ni%* and [Au(CN.)]" transport from the feed to the organic membrane phase is

given by:

d [Ni2+(aq):|': A

=] S2.38
dt Va D,Ni ( )
d|[Au(en), T, |
(@) | A
=—— S2.39
dt Va D,AU ( )
The flux through the supported liquid membrane can be described by:
. (ljd_q __pdc (S2.40)
A) dt dx

Where J, is diffusional flux per unit area (moles:s*-cm); qis amount (moles); t =

time (sec); D = diffusion coefficient in the region (cm?s™); A = area available for
diffusion (cm?). The driving force is the spatial gradient in concentration or, more
properly, in activity.

The mass transfer coefficient for Ni?* and [Au(CN).] extraction via HFSLM

can be calculated from Eqgs. (B2.29) and (B2.30), respectively [77]:

J. ..
o (S2.41)

KEx,Ni = m



K

Ex,Au =

60

J
DA (S2.42)

[[Au (eN),] L
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3.2 Abstract

Nowadays, electroless nickel immersion gold (ENIG) plating is the most commonly
used surface finish for high-reliability printed circuit boards (PCBs). Such a process,
however, generates a large quantity of wastewater containing valuable metal ions. This
work highlights the performance of hollow fiber supported liquid membrane (HFSLM)
for a single-step operation and selective elimination of trace Ni?* from [Au(CN).] in
real rinse wastewater. Various types of vegetable oil (palm, sunflower, soybean,
coconut and rice bran) are investigated as eco-friendly benign diluents. Herein, all
vegetable oil-based diluents loaded with organophosphorus extractants: D2EHPA and
TBP demonstrate their effectiveness for the selective elimination of Ni?*. Optimum
conditions found proved to be a mixture of 0.25 mol/L D2EHPA and 0.25 mol/L TBP
dissolved in palm oil as liquid membrane, at pH 8.6 of feed solution, 0.50 mol/L HCI
as strippant, and flow rates of both feed and stripping solutions of 200 mL/min. A mass
transfer model, developed to predict the final concentration of Ni?* in feed and stripping

solutions, is seen to fit in well with the experimental results.

Keywords: Hollow fiber supported liquid membrane; Electroless nickel immersion

gold plating; Rinse wastewater; Gold(l); Nickel(lI)

3.3 Introduction

Nowadays, printed circuit boards (PCBs) have a most important role in electronic
devices. In the metallization of PCBs by the electroless nickel immersion gold (ENIG)
plating process, it is noted that rinse water baths, after use, always contain economical

quantities of nickel and gold existing in the form of Ni%* and [Au(CN).], respectively
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[1, 2]. Thus, the opportunity to recover [Au(CN).]" and reuse them to achieve cost
reduction and sustainable wastewater treatment is paramount.

Hollow fiber supported liquid membrane (HFSLM) is a useful separation
technique that can be applied on an industrial scale for the recovery of precious and
toxic metal ions from wastewater. HFSLM has unique properties such as high
selectivity, less consumption of extractants and diluents, low energy consumption as
well as simultaneous operation within a single-step (extraction and stripping) of target
ions at extremely low concentration of ppb levels. Furthermore, the high surface area
of HFSLM provides high mass transfer rate of separation.

In the liquid membrane phase of HFSLM, extractants are generally dissolved in
the petroleum-based organic diluents viz. kerosene, dodecane, toluene etc. However,
such diluents are toxic, volatile and flammable, which are difficult to handle and can
be harmful to human beings as well as the environment. It is therefore required to find
alternative greener diluents in order to curb environmental problems.

As green substitutes, vegetable oils have great potential owing to their
outstanding characteristics such as nontoxicity, inflammability and biodegradability.
Oils such as soybeans, palm fruit, sunflower seeds, coconuts, rice grains etc. are more
environmentally friendly than petroleum-based diluents. Previous works have
addressed the effect of vegetable oils in liqguid membrane systems in order to
successfully separate and recover various compounds such as mercury [3], methylene
blue [4], and copper [5].

With regard to the efficient elimination of metal ions, HFSLM strongly depends
on the types of extractants and diluents used as well as the acidity of stripping solution.

Hence, these parameters have been reviewed and applied in this work. This work
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highlights the effect of various types of vegetable oils as non-toxic diluents on the
elimination of a low concentration of Ni?* and sets out to recover [Au(CN)z] from the
real rinse wastewater of the ENIG plating process via HFSLM. Parameters studied are
as follows: types and concentration of extractants, types of vegetable-oil based diluents
used to prepare the liquid membrane, pH and concentration of the stripping solutions.
Performance of separation systems are investigated in terms of efficiency of extraction
and stripping of Ni?*, [Au(CN).]J,, distribution ratio, selectivity and synergistic
coefficient. Moreover, a mathematic model, based on conservation of mass considering
axial convection, diffusion, reactions at the liquid-membrane interfaces, and mass
accumulation, has been developed to predict the extraction and stripping of Ni%* and

[Au(CN)2].

3.4 Experimental

3.4.1 Chemicals and reagents
As an aqueous feed solution, the real rinse wastewater of the ENIG plating process
containing Ni?* and [Au(CN).] was supplied by Mektec Manufacturing Corporation
(Thailand) Ltd. The initial concentrations of Ni?* and [Au(CN)z] in the inlet feed
solution were 15 mg/L and 25 mg/L, respectively. In Table A3.1 of the Section 3.7:
Supplementary information, details of the key components of the feed solution are
given. Two types of organophosphorous extractants studied viz. di-(2-ethylhexyl)
phosphoric acid (D2EHPA), as the acidic extractant, and tributyl phosphate (TBP), as
the neutral extractant, were obtained from Merck. For preparation of the liquid
membrane phase, both extractants were dissolved in various types of vegetable oil-

based diluents such as palm oil, sunflower oil, soybean oil, coconut oil and rice bran
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oil. Hydrochloric acid (HCI) was utilized as the aqueous stripping solution. As listed in
Table A3.2 of the Section 3.7: Supplementary information, all chemicals along with

feed solution were used without further modification and purification.

3.4.2 Apparatus and experimental procedure

The characteristics of the hollow fiber (HF) module used in this work (Liqui-Cel®
Extra-Flow) are shown in Table A3.3 of the Section 3.7: Supplementary information.
For all experiments, the aqueous feed solution contained 15 mg/L of Ni?* and 25 mg/L
of [Au(CN)2]" at initial pH value of 8.6+0.5.

The liquid membrane (LM) solution was prepared by dissolving D2EHPA
and/or TBP extractants in various types of vegetable oil-based diluents. The LM
solution was circulated along the tube and shell sides of the HF module for 40 min until
the HF micropores were filled in having a total volume of about 50 mL. Then, deionized
(DI) water was fed through the tube and shell sides of the HF module to remove excess
LM solution. After that, the separation started by pumping 1 L of the feed solution into
the tube side of the HF module. Simultaneously, 1 L of the 0.50 mol/L HCI solution as
strippant was countercurrently pumped into the shell side of the HF module. The HF
system was operated via recycling mode (Fig. A3.1 of the Section 3.7: Supplementary
information). The volumetric flow rate of feed and stripping solutions was found to be
equal to 200 mL/min, as recorded in our previous work [6]. The operating temperature
for both the feed solution reservoir and stripping solution reservoir was controlled at
303+1 K. During the experiment, after an interval of 5 min, samples of 5 mL were taken
out from the feed and strip reservoirs. The concentration of Ni(ll) and Au(l) ions was

analyzed using inductively coupled plasma (ICP) technique (model Optima 2100 DV,
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Perkin Elmer). The pH of feed and stripping solutions was measured using pH meter

(model EUTECH pH 700).

3.4.3 Calculations of separation efficiency
The separability of Ni** and [Au(CN)2]" was calculated by the extraction (%E)

and stripping (%St) percentages based on mass transfer basis, using Egs. (3.1) and (3.2):

C. xV
%E = 1—£& x100 (3.1)
CioxViy
C. xV
%S = [ﬁ]xmo (3.2)
m,t>< m

Concentration of the ions in the liquid membrane phase (C,,,) can be obtained

by the mass balance, as shown in Eq. (3.3):

C,, = (CF,i XV )\'/ (CF,t XVF,t) (3.3)

m

The distribution ratio (D) of the metal ions between the liquid membrane phase
and the aqueous feed phase after separation can be determined, as expressed in Eq.

(3.4):

C,, xV
D= (3.4)
Ce o xVe,

The selectivity between Ni?* and [Au(CN)2]" (Siaiyauq) is obtained by Eq. (3.5)
based on mass transfer of metal ions from the aqueous feed phase into the liquid

membrane phase:
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Fii

V
CNi(II),F,i : (CNi(II),F,t XVFt]

(3.5)

SNi(II)/Au(I) = Vv

Fit
CAu(I),F,i - CAu(I), e X Vv
Fli

To enhance extraction efficiency and selectivity, synergism of the mixed
reactive extractants was applied. Synergistic extraction is proved when the synergistic
coefficient (SC), as shown in Eqg. (3.6), is more than 1; an antagonistic effect occurs

vice versa (SC less than 1) [7]:

SC=— Dm (3.6)

DDZEHPA + DTBP

3.5 Results and discussion

3.5.1 Effect of vegetable oil-based diluents on Ni?* and [Au(CN).]" extractions
Figs. A3.2 to A3.4 of the Section 3.7: Supplementary information show the schematic

mass transport of Ni?* via the liquid membrane phase. The target Ni?* in the feed
solution reacts with the extractants (D2EHPA, TBP and mixture of D2EHPA-TBP) at
the feed-liquid membrane interface, forming the Ni-extractant complex. Subsequently,
the complex diffused across the liquid membrane phase to the liquid membrane-
stripping interface. Then, it reacted with H* from HCI in the stripping phase. Finally,
the Ni?* ions were released into the stripping phase while the extractant diffused back
toward the feed-liquid membrane interface and reacted once again with the Ni?* from
the feed phase. The extractions of Ni?* from the feed phase by D2EHPA, TBP plus the
mixture of D2EHPA-TBP are expressed in Egs. (A3.1) to (A3.3) of the Section 3.7:

Supplementary information.
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Five different types of vegetable oils without extractants, vegetable oils loaded
with 0.50 mol/L D2EHPA, and vegetable oils loaded with 0.50 mol/L TBP were
investigated to selectively extract Ni?* from [Au(CN),]" in the real rinse wastewater, as

presented in Table 3.1 and Fig. 3.1.
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Table 3.1 Extraction percentage (%E), distribution ratio (D), and selectivity (S) of Ni?*

and [Au(CN).]" separation via HFSLM using various types of vegetable oil-based

diluents.
Liquid membrane %E D SNigyAu(l)
phases Ni*  [Au(CN)2] Ni2* [Au(CN)2J
Palm oil-based diluent
Without extractant 8.427 1211 9.202x102% 1.226x107? 4.175
0.50 mol/L D2EHPA  53.37 21.79 1.145 2.786x10* 1.470
0.50 mol/L TBP 50.05 28.39 1.002 3.965x10? 1.058
Sunflower oil-based diluent
Without extractant 7.303 9.684x10* 7.879x102% 9.779x10°® 4.525
0.50 mol/L D2EHPA 5225 21.30 1.094 2.707x10? 1.471
0.50 mol/L TBP 48.99 27.76 9.605x10?  3.842x10* 1.059
Soybean oil-based diluent
Without extractant 4.494  7.263x10% 4.706x10% 7.316x10°® 3.713
0.50 mol/L D2EHPA  49.44 20.09 9.778x10!  2.515x10? 1.476
0.50 mol/L TBP 46.36 26.18 8.642x10"  3.546x10* 1.062
Coconut oil-based diluent
Without extractant 5.618 1.453 5.952x102  1.474x1072 2.320
0.50 mol/L D2EHPA  50.56 20.58 1.023 2.591x10? 1.474
0.50 mol/L TBP 4741 26.81 9.016x10* 3.663x10* 1.061
Rice bran oil-based diluent

Without extractant 3.371 1.695 3.488x102 1.724x107? 1.193
0.50 mol/L D2EHPA  47.75 19.37 9.140x10t  2.402x10* 1.479
0.50 mol/L TBP 4478 25.23 8.109x10t  3.375x10? 1.065
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Figure 3.1 Extraction percentage (%E): (a) Ni?* and (b) [Au(CN)2] via HFSLM with

various types of vegetable oil-based diluents.

It was found that all vegetable oils in the liqguid membrane phase without any

organophosphorus extractants provided = 3 to 8% of Ni** and 0.7 to 1.7% of [Au(CN).]
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extraction. Results proved that the vegetable oils were poor extractants for Ni?* and
[Au(CN)2]". Such results with low extractability of vegetable oils are in agreement with
previous work undertaken: namely, coconut oil [5, 8] and sunflower oil [9]. Owing to
the non-polarity of vegetable oils, oil molecules are inclined to interact weakly with
polar compounds like Ni?* and [Au(CN).];, thus resulting in poor solubility of Ni?* and
[Au(CN)]" in oils. The mild extraction of ~ 3 to 8% of Ni%" could be deduced as
extraction by the free fatty acids contained in the vegetable oils via the cation exchange
reaction between Ni?* cations in the aqueous feed phase and the acidic proton (H*) in
the liquid membrane phase. This outcome occurred due to the substantial pH drop
measured from the aqueous feed phase before (pHreed,i), and after separation (pHfeed,f),

as shown in Fig. 3.2.
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Figure 3.2 pH of aqueous feed phase before (feed,i) and after (feed,f) separation via

HFSLM, using various types of vegetable oil-based diluents in the liquid membrane
phase.
Triglycerides, which account for more than 90% [10] of the components in

vegetable oils, are naturally occurring long-chain esters formed by glycerol molecules
with three long-chain fatty acids that do not carry any acidic H*. Hence, it is presumed
that the acidic H" was derived from the free fatty acids, which are components in
vegetable oils [10]. The small quantity of free fatty acids (<2% [10]) contained in
vegetable oils justifies the low extraction percentage of Ni* and [Au(CN).] attained
when no extractant was added (Table 3.1, Figs. 3.1a and 3.1b). Owing to the low
extractability of Ni2*, vegetable oils function more as diluents than as additional

extractants in the extraction of Ni?* from aqueous feed solutions.
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However, when vegetable oils loaded with a single extractant of 0.50 mol/L
D2EHPA and 0.50 mol/L TBP were used in the liquid membrane phases, extraction
percentage increased dramatically to ~ 49% of Ni%* and 24% of [Au(CN).] (Table 3.1,
Figs. 3.1a and 3.11b). This suggests that both D2EHPA and TBP are effective
extractants for the selective extraction of Ni?* from [Au(CN)2]". Being a cation
extractant, D2EHPA extracts Ni?* by a process of cation exchange between Ni?* from
the aqueous feed phase and H* derived from D2EHPA in the liquid membrane phase.
In Fig. 3.2, pH in the aqueous feed phase is greatly reduced from pHteed,i (= 8.6) to
PHreed f (= 6.4) for all cases, owing to the substantial amount of D2EHPA contained in
the liquid membrane phase. In Fig. 3.1, when 0.50 mol/L TBP loaded vegetable oil-
based diluents in the liquid membrane phase were used, extraction percentage and
distribution of Ni?* increased. However, pH in the aqueous feed phase after extraction
slightly decreased i.e. from pHreed,i (= 8.6) t0 pHreea s (=~ 8.5) for all cases.

In HFSLM applications, it is seen that the important property of any desirable
diluent should include: low viscosity as well as low volatility and high distribution ratio
with no miscibility within the aqueous phases. From Table 3.1, it is evident that the
palm oil-D2EHPA combination demonstrates the highest distribution ratio for the
extraction of Ni%* (1.145) followed by sunflower oil (1.094), coconut oil (1.023),

soybean oil (0.978) and rice bran oil (0.914).

3.5.2 Effect of mixed extractants D2EHPA and TBP in the liquid membrane
phase

In order to increase overall extraction performance, synergistic extraction can be

accomplished having any combination of extractants. D2EHPA and TBP were
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investigated in order to improve the synergistic extraction of Ni** and [Au(CN)].
Thus, both D2EHPA and TBP concentrations were fixed at 0.25 mol/L. As depicted in
Fig. 3.3a to 3.3e, it is evident that the mixture of 0.25 mol/L D2EHPA and 0.25 mol/L
TBP extractants improved Ni?* extraction over 70% for all vegetable oil-based diluents.
Furthermore, the distribution ratios of Ni?* (Dni) and selectivity (Sniau) for the mixed
D2EHPA and TBP extractants in comparison with a single D2EHPA improved about
4 and 2 times, respectively. Therefore, the combination of D2EHPA and TBP was noted
to have a remarkable synergistic effect in the mixed extractant system.

In contrast, extraction of the undesired [Au(CN)2] by the D2EHPA-TBP system
significantly decreased in comparison with the single D2EHPA and TBP for all

vegetable oil-based diluents.
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100 10
(d) Coconut oil-based diluent
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Figure 3.3 Effect of mixed extractants 0.25 M D2EHPA and 0.25 M TBP on the

synergistic extraction of Ni?* and antagonistic extraction of [Au(CN)z]" with various
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types of vegetable oil-based diluents: (a) palm oil, (b) sunflower oil (c) soybean oil (d)

coconut oil, and (e) rice bran oil.

3.5.3 Effect of stripping phase pH
The stripping reaction of Ni-extractant complex and H* at the liquid membrane-

stripping interface is represented, as in Egs. (A3.4) to (A3.6) of the Section 3.7:
Supplementary information. Since, in the hollow fiber operation, Ni%* is stripped out
continuously by H* at the liquid membrane-stripping interface, the overall reaction in
Egs. (A3.1) to (A3.3) Supplementary information are taken into account as the forward
reaction.

In the stripping phase, pH plays an important role and is responsible for
inducing the transport of Ni%* from the liquid membrane phase to the stripping phase.
An acidic condition is necessary for protonation of the metal-extractant complexes: Ni-
D2EHPA, Ni-TBP and Ni-D2EHPA-TBP. Experiments were carried out in the
stripping phase whereby pH varied from 0.1 to 3.01, thus HCI concentration decreased
from 1 to 10 mol/L, respectively. Results are shown in Figs. 3.4a to 3.4e. It is clear
that when a higher pH in the stripping phase is applied, stripping percentages are low
due to the inadequate protonation process of the Ni-extractant complexes. A higher pH
can affect the transport of Ni?* from the liquid membrane phase to the stripping phase.

It is observed that at pH 0.1, the stripping percentages of Ni?* were at their highest.
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(a) Palm oil-based diluent
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(c) Soybean oil-based diluent
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(d) Coconut oil-based diluent
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(e) Rice bran oil-based diluent
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Figure 3.4 Stripping percentage (%S) of Ni?* and [Au(CN).] separation via HFSLM
with various pH of stripping phase and vegetable oil-based diluents: (a) palm oil, (b)

sunflower oil, (c) soybean oil, (d) coconut oil, and (e) rice bran oil.

3.5.4 Equilibrium distribution of Ni** and [Au(CN)] separation via HFSLM
system

A study on the change in concentration of Ni?* and [Au(CN)] in feed, liquid membrane
and stripping phases with time was carried out in the HFSLM module. In Figs. 3.5a to
3.5e, the concentration profiles of Ni* and [Au(CN)]  in the three different phases with
regards to time are shown. In the case of the mixed extractants viz. 0.25 mol/L D2EHPA
and 0.25 mol/L TBP in the palm oil-based diluent as liquid membrane, it is evident
from the feed phase concentration profile that there are three distinct zones. From the
start of the experiment and up to 3 min, Ni?* concentration in the feed phase dropped

significantly from 15 mg/L to 7 mg/L, achieving about 54% extraction.
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3.5.5 Reaction order and reaction rate constant

The reaction rate of Ni** extraction, r, ., (x,t) , can be expressed as follows:

e (6 =—ke, [ Cye (D) ] (3.7)

where X is the longitudinal axis of the hollow fiber in the tube side, k, is the reaction
rate constant of extraction, t is the separation time, C; - (x,t) is the concentration of
Ni%* in the feed solution and m is the order of extraction reaction.

In order to strip Ni%*, hydrogen ions (H*) in the stripping solution is kept in
plentiful supply higher than that in the feed solution, resulting in a higher forward
reaction than a backward reaction. The overall reaction of Ni?* stripping in Eqgs. (A3.4)
to (A3.6), therefore, can be considered as forward reaction. Thus, the reaction rate of

Ni** stripping, r, 5 (X,t) becomes:

s (X, 1) =—kg [ Cg (D) | (3.8)

where X' is the longitudinal axis of the hollow fiber in the shell side and equal to L —x

, ke, is the reaction rate constant of stripping, Cy; ,(X',t) is the concentration of Ni?* in

the stripping solution and n is the order of stripping reaction.
Using Taylor series to linearize the reaction rates of extraction and stripping in
Egs. (3.7) and (3.8), as shown in the supplementary information, the following

equations are obtained:

i, ex (Xi ,t) = _(QCNi,F (Xi ,t)+l//) (3-9)

where Q=mk, [Cyr (0.t)]", w=(1-m)kg[Cyr (0.1)]"
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N s (X,1) =0Cyi g (Xi"t)+5 (3.10)

n

where o =nky [ Cyq (0.t) ], 6=(1-n)ky [Cps (O1)]

Integration and graphical methods, plotted between the integral concentration
or Ni?* and [Au(CN)]" versus time, were utilized to estimate the reaction rate constants
and reaction orders of Ni* and [Au(CN).]" extraction and stripping. In Tables 3.2 and
3.3, results are given. Due to the highest R? for all vegetable oil-based diluents,
reactions for both extraction and stripping of Ni?* from real rinse wastewater of the
ENIG process were found to be of third-order. Meanwhile, the extraction reaction of
[Au(CN).]" was zero-order and stripping reaction was first-order.

The reaction rates of extraction and stripping of Ni?* using the mixed
extractants: D2EHPA and TBP in the palm-oil based diluent were 1.7574 mmol
2.L.2min"t and 0.0317 mmol2-L2min?, respectively. These values indicate that the rate

of stripping is slower than the rate of extraction.
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Table 3.2 Reaction rate order (m, n) and reaction rate constants of extraction and
stripping of Ni?* via HFSLM by mixed extractants (0.25 mol/L D2EHPA and 0.25
mol/L TBP) in various vegetable oil-based diluents with 0.50 mol/L HCI as strippant.

m, Reaction Plot Rate constant R?
n (kni)
Palm oil-based diluent
3 Extraction 1757.4x mmol~  0.8979
1 - 1 . Vs t 2,L2,min-1
2(Cyr)” 2(Cyio)
3 Stripping 1 ) 31.7x10°3 0.9898
- = | vst mmol?-L?min*
2(CNi,Org _CNi,St) Z(CNi,Org)
Sunflower oil-based diluent
3 Extraction 1 1 1485x10°3 0.8873
o | vst mmol2-L2min*
2(Cuie ) 2(Cyio)
3 Stripping { ) 18.4x1073 0.9762
Ve | vst mmol2-L2min?
2(CNi,Org _CNi,St) 2(CNi,Org)
Soybean oil-based diluent
3 Extraction ) . 1019.7x10°3 0.8636
- ~ | vst mmol2-L2min?
2(Cyie)” 2(Cyio)
3 Stripping ) ; 10.7x1073 0.9551
o ~ st mmol2-L2min
2(CNi,Org _CNi,St) 2(CNi,Org)
Coconut oil-based diluent
3 Extraction 1 1 1177.2x1073 0.8727
- | vst mmol2-L2min*
2(Cuie ) 2(Cuio)
3 Stripping 1 . 13.1x1073 0.9637
- | vst mmol2-L2min*
Z(CNi,Org _CNi,St) 2(CNi,Org)
Rice bran oil-based diluent
3 Extraction ) L 833.4x1073 0.8511
- | st mmol?-L2min*
2(Cyir)” 2(Cyio)
3 Stripping 8.2x10° mmol-  0.9422
1 B 1 vst ZLZmint
2 2
2(CNi,Org _CNi,St) 2(CNi,Org)
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Table 3.3 Reaction order (m, n) and reaction rate constants of extraction and stripping
of [Au(CN).]" via HFSLM by mixed extractants (0.25 mol/L D2EHPA and 0.25 mol/L
TBP) in various vegetable oil-based diluents with 0.50 mol/L HCI as strippant.

m,n Reaction  Plot Rate constant (Kau) R?
Palm oil-based diluent
0  Extraction C. vst 9x10"® mmol-L"*'min”  0.5955
1
. PR
1 Stripping n cNi,Org_CNi,St]VSt 1x10™ min 0.9913
CNi,Org
Sunflower oil-based diluent
0  Extraction C. vst 6x10"® mmol-L"":min~  0.5368
1
. PR
1 Stripping n CN"O’g_CNi‘Stjvst 1x10™ min 0.9914
CNi,Org
Soybean oil-based diluent
0  Extraction C. vst 1x10° mmol-L*min"  0.3395
1
N -5 min-1l
1 Stripping In(CNi,Org_CNi,St] - 1x10™ min 0.9914
CNi,Org
Coconut oil-based diluent
0  Extraction C. vst 2x10° mmol-L™*min~  0.4276
1
. -5 min-l
1 Stripping In(CNi,Org_CNi,St] - 1x10™ min 0.9914
CNi,Org
Rice bran oil-based diluent
0 Extraction C. vst 6x10° mmol-L*-min" 0.1877
1
1x10° min'? 0.9914

B A

CNi,Org
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3.5.6 Validation of the mathematical Model

A mathematical model based on the conservation of mass was developed in
order to predict the concentration of Ni?* in both feed and stripping solutions.
Parameters considered in the model were axial convection, diffusion, mass
accumulation and reactions at the liquid membrane interfaces.

In the feed phase, the mathematical model was developed under the following
assumptions:

1. Temperature, pressure and volume of the feed phase, inside the tube, are
constant.

2. The inside radius of the hollow-fiber is very small. Therefore, the concentration
profile of Ni?* in the radial direction is constant, meaning that the diffusion
fluxes of the ions in the feed phase occur only in the axial direction.

3. The extractant in the liquid membrane phase is kept at excess concentration and
Ni?* are transferred into the strippant solution continuously. Therefore,
extraction reaction can be considered as forward reaction.

4. Extraction reaction takes place at the feed-liquid membrane interface along the
length of the hollow fiber.

5. Only the Ni-extractant complex, which is formed due to the extraction reaction,

not Ni?*, can transport into the liquid membrane phase.
For the stripping phase, the mathematical model was developed as follows:

1. Temperature, pressure and volume of the strippant phase, inside the shell, are
constant.
2. Stripping reaction occurs at the liquid membrane-strippant interface along the

length of the hollow fiber.
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3. Only Ni?" according to the stripping reaction at the interface, not the Ni-
extractant complex, can be stripped into the stripping solution.
4. The strippant is kept at excess concentration. Therefore, stripping reaction can

be considered as forward reaction.

In order to determine the model equation, the tube and shell sides of the hollow
fiber were dissected into segments. Each segment is very small as shown in Fig. A3.5
in Section 3.7 Appendix A.

Upon examining a small segment in the tube side of the hollow fiber, the

conservation of mass for Ni%* can be expressed as:

_ A:,FDNi,F N\ _ dCNi,F (Xi’t)
qFCNi,F (xi—l’t) qFCNi,F (Xivt)"' AXi (CNi,F (Xi,t) CNi,F (Xifl’t))—’_ rNi,Ex (Xivt)VF _VF dt
(3.11)
where

gc is the volumetric flow rate of the feed solution.

i is the number of divided tiny segments.

A - is the cross-sectional area of the tube = 7t

V. is the volume of a tiny segment of the hollow fiber in the tube side = 7r’Ax;

Ax =L/i

rr and L refer to the inside radius and effective length of the hollow fibers,

respectively.

D, ; is the mass diffusivity of Ni?* in the feed solution, which can be estimated by Eq.

(A3.11) in Section 3.7 Appendix A.
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Eqg. (3.11) is solved through Euler’s method, as described in Section 3.7

Appendix A. Thus, the concentration of Ni?* in the outlet feed solution, Cy; - (X.,,t.,)

, can be calculated:

t.. —t
CNi,F (Xi+1’ti+1) = CNi,F (Xi ’ti)(l_w_g(tm _ti ) + a(ti+1 _ti )

F

(3.12)
q ti+ _ti
e Gt E ) | 1)
=
where ¢ = 2o Dhie
AXV

For the stripping phase, mass conservation of Ni>* was examined for each small

segment in the shell side of the hollow fiber, as shown below:

D i ' ' ' dC i Xi"t
UsCrise (X 1:t) = AsCri st (%, 1) + ADSlAXfN = (CNi,St (%)~ Cris (Xifl’t)>+ Mise (6 )V =V, %
(3.13)
where
qs is the volumetric flow rate of the stripping solution.
. . . . 3, #r?
A, & 1s the cross-sectional area of the shell side of the hollow fiber = Td" - 20

Vg, is the volume of a tiny segment of the shell side of the hollow fiber = A A/
d,and r, are the outside diameter and outside radius of the hollow fibers.
Dy s IS the mass diffusivity of Ni?* in the stripping solution, which is calculated using

Eqg. (A3.11) of the Section 3.7: Supplementary information.
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Solving Eq. (3.13) using Euler’s method, as described in detail in Section 3.7
Appendix A, results in an equation for the calculation of Ni?* concentration in the outlet

stripping solution, Cy; ¢ (X,;,t,,) , as shown below:

i+1?

Qs (ti+1 -1 )

St

CNi,St (Xi,+1’ ti+1) = CNi,St (Xillti)(l_ + O'('[i+1 -t ) + ﬂ(ti+1 -t )j

(3.14)
' q ti+ _ti
+Cpist (Xi—l G )[St(v—l) -B (ti+1 - )j + 5(ti+l -t )
st
where 8= —A%X;[\)/Ni’&

i St
In Fig. 3.6, concentrations of Ni2* for extraction and stripping obtained from the
model and the experiment are compared. Results clearly show that the mathematical
model developed in this work agreed well with the experimental results. Values
obtained confirm that the chemical reactions at the liquid-membrane interfaces as well
as diffusion are significant factors governing the rate of Ni?* transport across the liquid

membrane.
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Palm oil-based diluent with D2EHPA extractant
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Figure 3.6 Adaptability of the mathematical model to predict the extraction.

3.6 Conclusions

In conclusion, it is evident that the binary mixtures of D2EHPA-TBP were found to be
capable of selectively extracting both Ni?* and [Au(CN)2]- from the real ENIG rinse
wastewater up to 85.7% and 15.6%, respectively. Optimum conditions proved to be
0.25 M D2EHPA and 0.25 M TBP. Maximum distribution ratio for Ni?* and for
[Au(CN).] reached 5.99 and 0.19, respectively. Subsequently, 0.5 M hydrochloric acid
was employed as a stripping agent for the back extraction of Ni?* and for [Au(CN)2] in

the organic phase.
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Table A3.1 Properties of real rinse wastewater from ENIG plating process as feed

solution.
Components Chemical formula Concentration
mg/L mol/L

Nickel(Il) ion Ni* 15 0.3x107
Aurodicyanate ion [Au(CN)2] 25 0.1x103
Lead(ll) ion Pb?* 1 0.01x10°3
Potassium ion K* 667 17.1x1073
Sodium ion Na* 59 2.6x103
Cyanide ion CN- 18 0.7x107
Sulfate ion SOs* 25 0.3x10°
Hydroxide ion OH 276 16.2x1073
Hypophosphate ion H2PO3- 45 0.6x107
Acetate ion CH3;COO 0.4 0.01x10°3
Pyrophosphate P,O7* 88 0.5x10°3
Hydrazine N2Ha 163 5.1x10°3
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Table A3.3 Typical characteristics of Liqui-Cel® Extra-Flow hollow fiber module.

Properties Units Values
Material Polypropylene
Module diameter m 6.3x10%2
Module length m 2.03x101
Number of hollow fibers fibers 35,000
Effective length of a hollow fiber m 1.5x10?
Inside diameter of a hollow fiber m 2.4x10*
Outside diameter of a hollow fiber m 3x10*
Average pore size m per fiber 3x10®
Pore size m per fiber 5x1078
Porosity - 3x1072
Effective surface area m? per fiber 1.4

Area per unit volume m? -m3 2.93x103
Tortuosity factor - 2.6
Maximum pressure difference kg-m 4.2x10*
Operating temperature K 273-333
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Table A3.4 Reaction rate order (m, n) and reaction rate constants of extraction and
stripping of Ni?* via HFSLM by mixed extractants (0.25 M D2EHPA and 0.25 M TBP)
in various vegetable oil-based diluents with 0.50 M HCI as strippant.

m, Reaction Plot Rate  constant R?
n (Kni)
Palm oil-based diluent
0 Extraction C. vst 2.4x10° 0.3614
mmol-L1-min?
Stripping (CNi ors ~Ch St) Vs t 2.7x10°3 0.7707
' ' mmol-Lt-min?t

Ni,F

1  Extraction C 18.2x10°% min?  0.8185
In vst

Ni,0

- - -3 =1
Stripping n CNi,Org_CNi,StJVSt 5.2x10° min 0.9249
CNi,Org
2  Extraction 1 1 J 164.7x1073 0.8605
» Vs t mmol~*-L-min?
CNi,F CNi,O
Stripping 1 1 12.6x1073 0.9674
. vs t mmol*-L-min
CNi,Org _CNi,St CNi,Org
3 Extraction 1 1 1757.4x mmol~  0.8979
— Vst 2.L.2mint
2 2
2(Cyir) 2(Cyio)
Stripping . . 31.7x10°3 0.9898
i st mmol2-L2min
2(CNi,Org _CNi,St) 2(CNi,Org)

Sunflower oil-based diluent

0 Extraction C. vst 2.4x10° 0.3572
mmol-L-min?
Stripping (CNiOrg_CNiSt)VSt 2.3x10°® 0.7841
' ' mmol-L-min?
1  Extraction C. 17.3x10° min?  0.8145
In| £ | vs't
Ni,0
. . -3 Ho
Stripping In(CN“Org_CNi'St]vst 4.2x10 min 0.9118
CNi,Org
2  Extraction [ 1 1 ] 148.5x107 0.8527
- Vs t mmol~*-L-min?
CNi,F CNi,O

Stripping 1 1 8.7x10° mmol-  0.9506
Vs t LL-min?

CNi,Org _CNi,St CNi,Org
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3 Extraction 1 1 1485x107 0.8873
_ Vs t mmol2-L2min*
2 2
2(Cir ) 2(Cip)
Stripping 1 . 18.4x1073 0.9762
- | vst mmol2-L2min?
Z(CNi,Org _CNi,St) 2(CNi,Org )
Soybean oil-based diluent
0 Extraction C. vst 2.2x10° 0.3456
mmol-L*min
Stripping (CNiOrg_CNiSt)VSt 1.7x10°3 0.7906
' ' mmol-Lt-min’?
1  Extraction C. 15.1x10° mint  0.8054
In| =22 | vst
CNi,O
.. -3 min-l
Stripping In(CN“Org_CNi'St]vst 3.3x10° min 0.8978
CNi,Org
2  Extraction 1 1 J 117.1x1073 0.8357
- vst mmol*-L-min-?
CNi,F CNi,O
Stripping 1 1 5.9x10° mmol-  0.9302
a vst LL‘min?
CNi,Org_CNi,St CNi,Org
3 Extraction ) - 1019.7x1073 0.8636
_ vs t mmol?-L2min*
2 2
2(Cyie ) 2(Cyig)
Stripping ) I 10.7x1073 0.9551
== ~|vst mmol?L*min*
2(CNi,Org _CNi,St) 2(CNi,Org )
Coconut oil-based diluent
0 Extraction C. vst 2.3x10°® 0.3504
mmol-L " min?
Stripping (CNiOrg_CNiSt)VSt 1.9x10°3 0.7909
' ' mmol-L " min’?
1  Extraction C. 15.9x10°% min?  0.8089
In| =F | vst
CNi,O
i 3 min-l
Stripping In(CNi,Org_CNi,StJVSt 3.6x10° min 0.9030
CNi,Org
2 Extraction [ 1 1 J 128.4x1073 0.8422
- vst mmolt-L-min‘?
CNi,F CNi,O
Stripping 1 1 6.8x10° mmol-  0.9381
- vst LL-min?

CNi,Org - CNi,St

CNi,Org
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3 Extraction 1 1 1177.2x1073 0.8727
- | vst mmol2-L2min*
2(Cir ) 2(Cip)
Stripping 1 . 13.1x1073 0.9637
- | vst mmol2-L2min*
2(CNi,Org _CNi,St) 2(CNi,Org)
Rice bran oil-based diluent
0 Extraction C, vst 2.1x10° 0.3380
’ mmol-L*min?
- - 3
Stripping (CNi,Org _CNi,St) Vs t rlﬁfnxol|9L-l.min-l 0.7754
1  Extraction (CN'F ] 14x107 min! 0.8004
In| —= | vst
Ni,0
- - 3 -1
Stripping In(CNi,Org _CNi,St] o 2.8x10° min 0.8908
CNi,Org
2 Extraction 1 1 ] 102.7x10°3 0.8267
> vst mmol-L-min-?
CNi,F CNi,O
Stripping 1 1 4.8x10° mmol-  0.9191
£ vst LL-mint
CNi,Org _CNi,St CNi,Org
3 Extraction 1 1 833.4x10° 0.8511
—— | vst mmol2-L?min?
2(Cyie ) 2(Cyio)
Stripping A ; 8.2x10° mmol-  0.9422
9 vst 2L2min?
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Table A3.5 Reaction order (m/n) and reaction rate constants of extraction and
stripping of [Au(CN)2]" via HFSLM by mixed extractants (0.25 mol/L D2EHPA and
0.25 mol/L TBP) in various vegetable oil-based diluents with 0.50 mol/L HCI as

strippant.
m/n Reaction  Plot Rate constant ~ R?
(kau)
Palm oil-based diluent
0  Extraction Cy, vst 9x10°® 0.5955
mmol-Ltmin?
Stripping (CNiOrg _CNiSt) Vs t 1.5x10%® 0.9821
’ ’ mmol-Ltmin?
1  Extraction C. 9x10° mint  0.2572
In| =2 | vs't
Ni,0
. . -5 HoS
Stripping |n£CNi,0rg_CNi,St] b 1x10™ min 0.9913
CNi,Org
2 Extraction 1 1 9%x10™ mmol-  0.2629
- Vst L.L-min?
CNi,F CNi,O
Stripping 1 1 1x10* mmol-  0.7569
o Vs t L1 -mint
CNi,Org _CNi,St CNi,Org
3 Extraction . A 9.3x10°3 0.2687
= Vs t mmol2-L?min-
2 2 1
2(Gad_ 2(Cuio)
Stripping f - 1.6x10°7 0.0322
15 vst mmol?L%min
2 2 1
2(CNi,Org _CNi,St) 2(CNi,Org)

Sunflower oil-based diluent

0  Extraction C. vst 6x10° 0.5368

' mmol-Lt-min?
Stripping (CNiOrg _CNiSt) Vs t 1.4x1073 0.9821

’ ’ mmol-L*min?
1 Extraction C. 6x10° mint 0.1369

In[ﬂ] Vs t
Ni,0
. . -5 Hoe
Stripping InLCNi‘Org_CNi'StJ - 1x10™ min 0.9914
C:Ni,Org

CNi,F CNi,O

2 Extraction 1 1 6x10* mmol-  0.1409
Vst LL-min?
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CNi,F CNi,O

Stripping 1 1 1x10* mmol-  0.7563
- vs t LL-min?
CNi,Org _CNi,St CNi,Org
3 Extraction 6.2x1073 0.1451
1 1 mmol2-L2min-
> — > | Vst ]
2(Cuir ) 2(Cuio)
Stripping 1.5x1073 0.0321
1 — 1 . mmol2-L2min-
2(CNi,Org _CNi,St) 2(CNi,Org) '
Soybean oil-based diluent
0  Extraction Cy, vst 1x10°® 0.3395
mmol-Lt-min?
PR -3
Stripping (CNi,Org _CNi,St) Vs t rlﬁ:lnXOIIQL'l-min‘l 0.9821
1  Extraction C. 1x10° mint  0.0087
In| =2 | vst
Ni,0
. P
Stripping InLCNi‘Org_CNi'S‘J < 1x10™ min 0.9914
C:Ni,Org
2  Extraction 1 1 1x10* mmol-  0.0084
- Vs t LL-min?
CNi,F CNi,O
Stripping 1 1 1x10* mmol-  0.7557
i Vs t LL-min?
CNi,Org _CNi,St CNi,Org
3 Extraction ;. - 1.3x10°3 0.0080
— | vst inmol'z-Lz-min'
2(Cir ) 2(Cuio)
Stripping 1.6x1073 0.0320
1 JR! 1 ~ mmol-?-L%min
2(CNi,Org _CNi,St) 2(CNi,Org) '
Coconut oil-based diluent
0  Extraction C, . vst 2x10 0.4276
' mmol-Lmin?
Stripping (CNiOrg _CNiSt) Vs t 1.4x10°® 0.9821
’ ’ mmol-L*-min?
1 Extraction C. 2x10° min?t 0.0113
In| =M | vst
Ni,0
. . 5 min-l
Stripping In{CNi’org _CNi,St] - 1x10™ min 0.9914
CNi,Org
2 Extraction 1 1 2x10* mmol-  0.0121
- Vst LL-min?
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Stripping 1 1 1x10* mmol-  0.7559
- vs t LL-min?
CNi,Org _CNi,St CNi,Org
3 Extraction 1 1 1.7x1073 0.0129
_ Vs t mmol2-L2min-
2 2 1
2(Cue) 2(Cio)
Stripping 1 1 1.6x1073 0.0321
_ vst mmolZL%min
2 2 1
2(CNi,Org _CNi,St) 2(CNi,Org)
Rice bran oil-based diluent
0  Extraction C,,. vst 6x10° 0.1877
mmol-Ltmin?
Stripping (CNiOrg _CNiSt) Vs t 1.3x10°® 0.9821
’ ’ mmol-Ltmin?
1 Extraction C. 6x10° min*t 0.1446
In| ==F | vst
CNi,O
. . -5 HPe S
Stripping In{CNi’org _CNi,St] = 1x10™ min 0.9914
CNi,Org
2 Extraction 1 1 6x10* mmol-  0.1450
- Vst LL-min?
CNi,F CNi,O
Stripping 1 1 1x10* mmol-  0.7553
— Vst LL-min?
CNi,Org _CNi,St CNi,Org
3 Extraction ! 7 5.7x10°3 0.1453
_ Vs t mmol-2-L%min
2 2 1
2(Cur) 2(Cio)
Stripping f N 1.7x1073 0.0320
_ vst mmolZL2min
2 2 1
2(CNi,Org _CNi,St) 2(CNi,Org)
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Feed Outlet

Q)
Strip Outlet I Strip Inlet o

Figure A3.1 The separation system via HFSLM: 1 feed solution reservoir, 2 stripping
solution reservoir, 3 hotplate and stirrer with Pt-100 temperature sensor, 4 peristaltic
pump, 5 flow regulator valve, 6 flow meter, 7 pressure gauge, and 8 hollow fiber

module.

3.7.1 Transport mechanism of Ni?* across the liquid membrane phase

Nickel in the real rinse wastewater from the ENIG plating process exists in Ni* form
at pH 8.6£0.05. The HFSLM system is comprised of a feed phase (an aqueous solution
containing Ni?*), a strippant phase, and a supported liquid membrane phase embedded
with an organic extractant, which separates both the feed and strippant phase. In Figs.
A3.2 to A3.4, schematic diagrams of mass transport of Ni?* via the liquid membrane
with different extractants are shown. Ni%* react with extractants (D2EHPA, TBP and
mixed D2EHPA/TBP) at the feed-liquid membrane interface (feed side film) forming
a Ni-extractant complex species. Then, the Ni-extractant complex diffuses across the
liquid membrane to the liquid membrane-strippant interface (strip side film) to react
with HCl as the strippant. Subsequently, Ni?* are stripped into the strippant phase. Thus,

Ni2* can be simultaneously extracted and stripped in a single-step operation. The rate
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of transport of Ni?* is governed by the concentration gradient between the feed and

strippant phase.
Feed phase Feed side film Liquid membrane phase Strip side film Strip phase
H*.s
Step e | CH' S—n P (H]
(=] “’el" . mem (=] (Reactiou)i‘ h Step 9
@ o o0 » o
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” | C..
Step o \i‘ Step o CNiE’ S Ni*,s
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C.\Ii}-_ —m Ll Step @?\A 0
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Stepe Qo o 50‘-‘ Q
(Diffusion) PO S, AP

Figure A3.2 Concentration profiles at steady-state of Ni?* and other species across the

supported liquid membrane using D2EHPA extractant.
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o o i
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Figure A3.3 Concentration profiles at steady-state of Ni?* and other species across the

supported liquid membrane using TBP extractant.
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Figure A3.4 Concentration profiles at steady state of Ni* ions and other species

across liquid membrane using mixed extractants of D2EHPA and TBP.

The extraction reaction of Ni?* and extractants (D2EHPA, TBP and mixed

D2EHPA-TBP) can be expressed, as in Egs. (A3.1) to (A3.3):

N2 2(HR),

Q @@
® @@
o @@

® O—o-@

® @ (") (O] @ v ©
[P ] e
G ® @ b‘) (..)‘ /}‘)f ©®
— :+ @
[©) @ e @ @ 6
@ ¢ ]
©®© @ ©® O ® ®

NiR,2HR

2

2H™
(A3.1)

The dimer of D2EHPA is represented by (HR)2 where R is 2-ethylhexyl group

(CgHz7). NiR2-2HR represents the D2EHPA-Ni complex in the liqguid membrane phase.
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Ni** 2(TBP) Ni-(TBP)
? (A3.2)
where R? is butyl group (CsHg) of TBP molecule.
? © 00
eﬂad»---» o o Q@ 2 » @ o
QO o3 v @ o 9% e
0 - = 1 @ ¢+
® @\Gs')--» o o Q o ¢ e ¢
9 © o
ef(‘)/ ® .Qﬂ"‘)—a (T/ (? g \(‘)
©0 00
Ni2* 2(HR), NiR,'2(HR) 2H
=] G,«F@
-
2(TBP)
@ @7@
°0 00
@B o e @ Qo ®
Mo o @ 0 o
O +
Qe ¢ @ @ ® Q.ﬂso)
(‘y ® (‘) ® Q@ ¢ o-
, \
©0 00
NiR,2(TBP) 2(HR
- - (A3.3)

The stripping reaction of the Ni-extractant complexes and HCI as the strippant

can be expressed, as in Egs. (A3.4) to (A3.6):
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The reaction rate of extraction of Ni** ions (., ) can be expressed as:
Miex (X 1) = kg C £ (X, 1) (A3.7)

where x is the longitudinal axis of the hollow fiber in the feed phase, k., is the reaction
rate constant of extraction, t is the elimination time, C, , is the concentration of Ni?*

in the feed phase (mg/L) and m is the reaction order of extraction.
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In the strippant phase, the strippant is kept at excess concentration. Hence, the
total reaction of Ni?* ions stripping in Egs. (A3.4) to (A3.6) can be considered as

forward reaction. Thus, the reaction rate of Ni?* ions stripping (r, ., ) becomes:

it
Mist (X3 1) = K i (X', 1) (S3.8)

where x' is the longitudinal axis of the hollow fiber in the strippant phase, ki is the
reaction rate constant of stripping, C,;, is the concentration of Ni2* in the strippant

phase (mg/L) and n is the reaction order of extraction.

3.7.2 Development of the mathematical model

A mathematical model for predicting the extraction and stripping of Ni?* across
HFSLM is generated from the conservation of mass at tiny segments of the hollow
fibers, as shown in Fig. (A3.5). Parameters in the model include axial convection,

diffusion, reactions at the liquid-membrane interfaces, and mass accumulation.
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Figure A3.5 Schema of metal ions transport across tube and shell sides of the hollow
fibers.
The mathematical model for extraction on the feed side is generated based on

the following hypotheses:

1. Temperature, pressure and volume of the feed phase, inside the tube, are const
ant.
2. The inside radius of the hollow-fiber is tiny. Thus, the concentration profile of

Ni2* in the radial direction is constant, meaning that the diffusion fluxes of the
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ions in the feed phase occur only in the axial direction.

3. The extractant in the liquid membrane phase is kept at excess concentration an
d Ni?* are transferred into the strippant solution continuously. Thus, extractio
n reaction can be considered as forward reaction.

4. Extraction reaction takes place at the feed-liquid membrane interface along the
length of the hollow fiber.

5. Only the Ni-extractant complex, which is formed due to the extraction reaction

, not Ni%*, can transport into the liquid membrane phase.

In the case of a mathematical model for the stripping of Ni?* into the strippant

phase, a model is generated based on the hypotheses as follows:

1. Temperature, pressure and volume of the strippant phase, inside the shell, are ¢
onstant

2. Stripping reaction occurs at the liquid membrane-strippant interface along the |
ength of the hollow fiber.

3. Only Ni?* according to the stripping reaction at the interface, not the Ni-extract
ant complex, can be stripped into the stripping solution.

4. The strippant is kept at excess concentration. Therefore, stripping reaction can

be considered as forward reaction.

In the feed phase, the conservation of mass for Ni%* in each tiny segment ( Ax ), see

Fig. (A3.5), is defined, as in Egs. (A3.9) and (A3.10):

[Rate of mass transport into the system by convection] — [Rate of mass transport out of

the system by convection] + [Rate of mass transport through the system by diffusion]
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— [Rate of mass extracted by extraction reaction] = [Rate of mass accumulation within

the system] (A3.9)

D.. dC, - (x,t
A:Chie (Xi—17t)_qFCNi,F (Xi't)+%(cmf (Xi't)_CNi,F (Xi—l7t))+ i Ex (Xi't)VF =V; %
(A3.10)
where

d: is the volumetric flow rate of the feed solution.

i is the number of divided tiny segments.

A\  is the cross-sectional area of the tube = 7t

V. is the volume of a tiny segment of the hollow fiber in the tube side = 7zr*Ax;

Ax, =L/i

rr. and L refer to the inside radius and effective length of the hollow fibers,

respectively.

Dy ; is the mass diffusivity of Ni** ions in the feed solution, which can be estimated

by Eq. (A3.11):

 74x10°(gM )T
Ni — 0.6
NV (A3.11)
where ¢ is the solvent association factor and is equal to 2.6, M is the solvent molecular
weight (g/mol), T is the temperature (K), r isthe dynamic viscosity of the solvent (cP),

and V, is the molar volume of solute A at its boiling temperature (cm3/mol).

By linearizing the reaction rate, r, (x,t) in Eq. (A3.7), using the Taylor

series, the following equations are obtained:
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e (%)) = Ke [ e (0,) ] =Mk [Cur (O1) " [Crie (%,8)~Cuie (01)]  (A3.12)
e 060 = ke [Cou e (01) " =mke [ Cpu e (0.0)]" Cpr (X1) + ke, [Co e (01)] (A3.13)
e (%) =—Mkg, [ Gy (0.8) | Ci (%, t) ~@-m)kg [ Cie (01)]" (A3.14)
s (%) = —(mkEX [Cour (0)] Cou (%) + Q=M [ Cp s (o,t)]m) (A3.15)
e (6, 1) =—(QCy ¢ (X, 1) + ) (A3.16)

where Q=mkg, [Cyr (0], v =(1-m)ky [Cyr (O1) "

and then substituting Eqg. (A3.16) into Eq. (A3.10) yields:

V. dC, . (x,t D, V.Q D, \
Vi Ubnig (X| ) —|1- '%,f Ni, f CNM (XH,t)— dh ¥ 12T A:,f Ni, f CN” (Xi,'[)— 4 (A3.17)
ds dt AXQ, a;  Axqq

gy

The conservation of mass of Ni?* in the tiny segments 1, 2, 3, ..., i in the feed

side based on Eq. (A3.12) is as follows:

V., dC,, t D, V.Q D, V

Vi Ulnig (Xl’ ): 1— Ahf Ni, f CN” (Xo,t)— 1+f__phf Ni, f CN“ (Xl,t)— 14 (A3.18)

Q¢ dt A0y a; AX 0y f
VfQ_Ab,fDNi,f

\i dCyi; (X21t) _|1- A ¢Dyi ¢
Q¢ dt AX,Q;

ch (xl,t)—(1+ ch (1) -2 (A3.19)

Q¢

Q¢ AX,Q;

\idCNi,f (Xs't) —[1- A Dyt Cy, (Xz,t)— 1+\£_ A. Dyt Cyi; (Xg.t)—Vfl/j (A3_20)
AX,Q; ’ oF AX;0; ’

f
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Vi dCyy (%:8) _( A.Duy Cus (%) L Vi@ A Dy CN”(Xi,t)_ﬂ (A3.21)
CP Axg | q A | g

chi,,chxi,t) =[1_ A, Dy.s JC s t)[q_f Hhvfs: _ADy, JC (Xi't){s_f ]_ , (A3.22)

A%, \Z 0y A% f

Solving the series of differential equations i.e. Egs. (A3.13) to (A3.16) using

the concept of Euler’s method yields:
You=Ya Tt f (tnl yn) ) (tn+l _tn) (A318)

CNi,f (Xi+1'ti+1) = CNi,f (Xi 'ti)

A\:,fDNi,f s v, Q A:,fDNi,f s
+[[1_ AXiqf JCNi,f(Xil'ti)(\Tf]_[l+T_ AXiqf ]CNi,f(Xi’ti)(v_f]_l//J'(tHl_ti)

(A3.19)

. O ¢ R D,. ) ) (-t
CNi’f (Xi+1uti+1) — CNivf (Xi t,) + CNI,f (Xl—l’tl )qf (tH—l tl ) 4! A:,f Nl,fCNl,f (Xl—l’tl )(tH—l tl)

V, AXV
_ CNi,f (Xi 'ti\)/qf (ti+1 - ) _CN” (Xi t )Q(ti+1 _ti) (A3.20)
'%fDNi,fCNi,f (Xi'ti)(ti+1_ti)_ ki
+ AXV, l//(ti+1 ti)
_ G (ti+1_ti)_ B A ¢ Dyi s (ti+1_ti)
Chif (i1, t,0) = Cip (X 'ti)(l —Vf Q(tm ti)+ AXV,
(A3.21)
qf(tnl_ti)_A;,fDNi,f (t.—t) B B
+Cyis (Xi—l’ti ){ v, AXV, 4 (ti+1 ti)
t.,—t
Chir (X1 ti0) = Chir (%, %) [1_W - Q(ti+l -t ) ta (ti+1 - )j
" (A3.22)

+Crir (Xt )(M_a(tm -t )J_l//(tiﬂ -t)

Ve
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where ¢ = ————
AXV

A:FDNi,F

In the strippant phase, based on Eq. (A3.9), the conservation of mass of Ni?* in

the tiny segment (AX'), see Fig. (A3.5), is written as:

A5 Cist (X1t) = s Cas (X/s) + &Z—Z,NLSI(CNW (X/,1) = Crise (X 1st)) My (X 1)V =V w
(A3.23)
where
qs Iis the volumetric flow rate of the stripping solution.
3 o

A, & 1s the cross-sectional area of the shell side of the hollow fiber = de >
Vg, is the volume of a tiny segment of the shell side of the hollow fiber = A, AX/

r, is the outside radius.

d, is the outside diameter of the hollow fibers.

Dy s IS the mass diffusivity of Ni** ions in the stripping solution, which is calculated
using Eq. (A3.11).

The reaction rate of stripping of Ni%*, N s (X, ) INEq. (A3.8), can be linearized

using the Taylor series. The linearized equations are shown below:

s (6 ) =Ky [ Crig (0.) ] 1k [ Cri (0.8) ] [Crase (1) ~Crus (O.t) ] (A3.29)

n-1

Mise (65 ) =Ky |:CNi,St (Ovt)]n +nKs, I:CNi,St (0,0)| Cyis (X,t)—nkg I:CNi,Sl (Oat)]n (A3.25)

s (6 ) = kg [ Coig (01) ] Crage (1) + @)k [ Crige (O.1) ] (A3.26)
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Nist (5 1) =0Cy & (Xi”t)+5 (A3.27)

where o =nky [ Cyq (0.t) ], 6=(1-n)ky [Cps (O1)]

Merging Egs. (A3.23) and (A3.27) and rearranging the equation achieves:

v, Cn U0 0o (00 + B (€ (5.) - () 0 (K. Ve
(A3.28)
dC i Xi,'t ' ' A D i, St ' ’ '
$:%Cm,a(xu1’t)_q_zCNi,s1(Xi’t)"'ﬁ(cm,a(Xilt)_CNi,m(Xi1lt))+O'CNi,St(Xivt)+5
(A3.29)
dC, . (x/,t D. D,

Nl,St( i ) :[1_ A,St' Ni,St ]CNi,St (Xfl,t){&j—[l—\/ad 3 A,St' Ni,St JCNi,St (Xir,t)(%]_i_é

dt AXiGg; Vs Ost AXQg; Vs

(A3.30)

The conservation of mass of Ni?* in the tiny segments 1, 2, 3, ..., i based on Eq.

(A3.30) is as follows:

dCi st (Xlit) :[1_ A s:Dnist JCNi,St (Xé,t)[\%j—(l—v&o £ A s Duist jCNi,St (Xj{,t)[%j_'_a

dt AX g, s Os  AXGg Vs
(A3.31)
dCNI,St(XZ’t) 11— Ac,St, Ni, st CNi,St(X1'7t) Qs | 1_V5t0'_ A:,St, Ni st CNi,St(X;’t) Os ‘5
dt AX50g, Vg, Qs AXy s Vs
(A3.32)
dCyi s (X31) —l1- A;,St, Ni,st CNi,St(X;'t) Qs | 1_V5t0'_ A:,St' Ni, st CNi,St(XZI’Ht) Os¢ 45
dt AX30, Vg, Qs AX3 O Vs

(A3.33)
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sl (i Adusl (¢, ) {1 Yoo Adusle ().

dt AX{Qg, Ve, dye  AX0g st
(A3.34)

Solving the series of differential equation i.e. Egs. (A3.31) to (A3.34), using the

concept of Euler’s method, yields Eqgs. (A3.35) to (A3.38) which are used to determine

the concentration of Ni?* in the outlet stripping solution, Cuis(X,1).

Chist (K1 ti1) = Cyse (X1, 1)

Dy D..
o[- a1 e AP o )8 1)
AXi qS'[ VS[ qSt AX| qSt VSt

(A3.35)
' ' |tX| i) Qs (i — t NSt |tXi,—’ti Lot
Coa (Xnnt) =Crrg (Xit) + Cy s( = V) s( 1 ) A 5:Dnis NZX(;VS: )( 1 )
- CNiYSt (Xi ’tl\z qSt (tHl ) N| St (Xi”ti )G(tHl _ti )
st
A:51 Ni, St N.St(Xi7ti)(ti+l_ti)+5(ti+l_ti)
XV,
(A3.36)
Ose (G, — A 5Dy (ti+ _ti)
Cui o (K0 tig) = Cyi 5t (X/s ')( St(vslt )+ (t”l t) - NA)ZVSt 1
t. —t Dy« (L., —t
+Cpist (X 10t s (b I)_AC’SI NIYSt( = I) +8 (b, — i)
: Vg, AXV,

(A3.37)
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1— Ost (ti+1 —; )

St

CNi,St (Xi,+1’ ti+1) = CNi,St (Xilyti)( + O'('[i+1 -t ) + ﬂ(ti+1 —t )j

+ CNi,St (Xi'—liti )[w - IB(tm =t )j + 5(ti+1 =t )

St

(A3.38)

A%,St DNi,St
AXN

" St

where f =

The validity of the mathematical model is verified by the experimental results,

and the percent average relative deviation (%ARD) is as shown in Eq. (A3.39):

CExptl. - CModel

=x100 A3.
c (A3.39)

1 N
%ARD:WZ

i=1

Exptl.

where N is the number of experimental data, C_., and C,,. represent the

Exptl.
concentration of Ni?* ions obtained from the experiment and the mathematical model,

respectively.
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3.9 Nomenclatures

Cio
Ci

C

s,t

=1C,,

D

D

mix
DD2EHPA

DTBP
Qf

Q,

SNi(II)/Au(I)

SC

Initial concentration of ions in the aqueous feed phase at time =0
Concentration of ions in the aqueous feed phase after separation at time =t
Concentration of ions in the aqueous stripping phase after separation at time
Concentration of ions in the liquid membrane phase at time =t

Distribution ratio

Distribution ratio of ions using mixed extractants: D2EHPA-TBP
Distribution ratio of ions using a single extractant: D2EHPA
Distribution ratio of ions using a single extractant: TBP
Volumetric flow rate of the feed solution

Volumetric flow rate of the stripping solution

Selectivity between Ni?* and [Au(CN).]

Synergistic coefficient

Total volume of the aqueous feed phase in the reservoir at initial (1 L)
Total volume of the aqueous feed phase in the reservoir at time = t
Total volume of the stripping phase at time =t

Total volume of the liquid membrane phase (8.4x1072 L)
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4.1 Graphical abstract
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4.2 Abstract

New saturated vapor pressure data of low volatility organophosphorus extractants,
namely di-(2-ethylhexyl) phosphoric acid (D2EHPA) and tributyl phosphate (TBP),
were investigated in the temperature range T = (383.8-546.2) K using a vacuum
distillation method. The experimental saturated vapor pressure data for both extractants
in the range of psat = (0.13-6.67) kPa were compared with the literature data. The data
was found to be a good fit with Antoine, August, Riedel vapor pressure and Wagner
equation with a relative average deviation (RAD) less than 1 %. Regression constants
prove to be very useful in estimating saturated vapor pressure at operating temperature.
Intermolecular hydrogen bonding affected D2EHPA having lower saturated vapor
pressure in comparison with TBP. Additionally, the thermodynamic properties of both
molar enthalpy and molar entropy of vaporization of these two organophosphorus
extractants were obtained from the experimental data using the Clausius-Clapeyron
equation. As temperature increased, molar enthalpy and molar entropy of vaporization
decreased showing a positive deviation from Trouton’s rule. Using the relations of
molar enthalpy and temperature based on the first law of thermodynamics, saturated

liquid heat capacity was obtained. All data obtained can be usefully employed for the
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design of a distillation column or evaporator for recycling of both extractants from

organic wastewater.

Keywords: Saturated vapor pressure; Enthalpy of vaporization; Entropy of

vaporization; Saturated liquid heat capacity; Acentric factor

4.3 Introduction

Phosphate esters comprise a large group of commercially important compounds as
diverse as pesticides, nerve gases, plasticizers, solvents, and hydraulic fluids. Di-(2-
ethyl hexyl) phosphoric acid (D2EHPA, Fig. 4.1) and tributyl phosphate (TBP, Fig.
4.2) are important organophosphorus extractants for many industrial separation
processes such as absorption process used for removal of components from process or
waste gases [1] and liquid-liquid extraction for fuel reprocessing [2]. These extractants
are also extensively used in the recovery of zinc, nickel, beryllium, cobalt and rare-
earths [3, 4]. When reactive liquid-liquid separations are applied, hazardous organic
wastes are generated. These wastes are toxic and mainly composed of
organophosphorus extractants dissolved in organic diluents. Inhalation of their vapors
and/or aerosols, even at low levels, causes headaches, nausea, general discomfort and
sometimes mental imbalance in humans. The concentration level of these species in the
discharge waste is strictly regulated by the environmental aspect. One of the
methodological treatments is the purification of mixed organic waste into each pure
species to enable recycling and reuse in the process. Current efforts to address
challenges in the green industry include the reuse or recycling of hazardous waste. In

order to assess the most suitable method, detailed fundamental studies are necessary.
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In the design of multicomponent separation processes, thermodynamic and
transport properties of fluids play a vital role [5]. Of equal importance, the
thermophysical properties of D2EHPA and TBP extractants have been studied as
summarized in Table S4.1 of the Section 4.8: Supplementary information such as

density, viscosity and refractive index. However, saturated vapor pressure ( p,) and
boiling temperature (T, ) data of these compounds have not been investigated

sufficiently or collected by the well-known databank of NIST. Vapor pressure of liquids
is important properties of compound with regard to their industrial application in
separation/distillation processes or as solvents. Such data can be useful in the simulation
and optimization of the recycling process of hazardous extractants from organic
wastewater.

The p,,of fluids have been extensively investigated [6-10]. The data of p,
and T, have directly influenced distillation as well as evaporation processes [11-13].
According to literature reviews, the normal boiling temperature (T, ) of both D2ZEHPA

[14, 15] and TBP [16-20] under atmospheric pressure of 101.3 kPa are above 563.15 K
(290 °C). For high boiling compounds, discrimination between evaporation and thermal
decomposition is difficult. The determination of these properties is troublesome, and
one has to take into account that the evaporation may be superimposed by thermal
degradation. The direct measurement of normal boiling point for D2EHPA and TBP is
an extremely laborious, time-consuming and expensive process. High molecular weight
phosphates decompose prior to reaching their normal boiling points and necessitate

measurements under reduced pressure. To prevent decomposition of the compounds, it



136

must be carefully distilled or evaporated under reduced pressure. Hence, p,, and T,
data under reduced pressure conditions are vital for industrial application.

As regards D2EHPA, an early p,, was reported by Hartel [1] whereby p,,, was
equal to 1 kPa at 482 K (209 °C). However, the density of D2EHPA at 293.15 K proved
equal to 1,022 kg/m? which deviates from recently reported density values of 970 kg/m?®
[21]. This definitely indicates an impurity of the experimental D2EHPA. Thus, it is

strongly recommended that the reported p., be revised. Next, Kumar et al [14] used a
group contribution method to estimate the normal boiling point (T,) of D2EHPA. The
estimated T, equaled 625.15 K (352.00 °C) at 101.3 kPa. However, this estimated T,

was not compared with any experimental values or validated with thermodynamic
equations of pg, . In Kumar’s work, the experimentally observed flash point was quite
different from the predicted value indicating a degree of reliability of the data.

Furthermore, the p, and T properties under reduced pressure were not reported. The

at
p.. of D2EHPA has been reported in the CRC handbook by Lide [22] which stated
that p,, was equal to 0.0020 kPa at 428 K (155 °C). However, it is noted that the p,,

was too low and not practical for reduced pressure on an industrial scale. Recently,

Wongsawa et al [15] had reported the T, of D2EHPA as 533 K (260 °C) using
atmospheric distillation method. Since T, was found to be high, the atmospheric

distillation may result in the decomposition of D2EHPA molecule. Thus, the measured

T, will be lower.
In the case of the TBP extractant, the p,, which was reported by Hértel [1] as

equal to 3 kPa at 453 K (180 °C) had a density of 977 kg/m?® at 293.15 K; the density
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value being similar with recently reported values of 976.72 kg/m® [23-26]. Thus, the
purity of TBP of that work was found to be acceptable. However, the only one point of

p,, and T,

sat

as recorded by Hartel is limited. The work of Skene and Krzymien [27] as
well as other previous works [28-32] determined the p,, of TBP from gas
chromatographic techniques and from measurement of the equilibrium vapor
concentration. Reported values were in a range of p., = (0.000004 — 0.0319) kPa and
T, = (273 —353) K (0 — 80 °C). However, these p.,, were found to be too low and not
practical for reduced pressure on an industrial scale. Although, Panneerselvam et al

[16], Huang et al [17] and Edmundson [18] reported T, of TBP, their work is also

limited at a pressure of 101.3 kPa. Kumar et al [20] estimated p,, and T of TBP using

at

a group contribution method. Though the estimated values were in a range of p,, =

(0.000004 — 101.3) kPa and T,, = (273.15 — 562.15) K (0 — 289 °C), these values did

at
not compare with the experimental values. Thus, the experimental values of Py, and

T, in those ranges should be interesting to investigate.
In view of these shortcomings, it is most essential for this work to investigate

the new experimental P, and Ty values under low reduced pressure conditions as

well as to estimate the reliable T, values of D2EHPA and TBP extractants. Normal

boiling point is an indispensable parameter for synthesis. It is an important input for
computing critical temperature, flash point, enthalpy of vaporization, etc. Good quality
thermodynamic data for the compound such as vapor pressure, vaporization enthalpy
and critical parameters are the basis for the development of their equations of state.

Reliable thermodynamic properties for the single component D2EHPA and TBP
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extractants are further used for evaluation and validation of the reuse and recycling
mechanisms and finally, for the application of this knowledge to multicomponent
mixtures related to hazardous organic waste.

This work extends our previous studies [15, 33-35] on the thermodynamic

investigation of organophosphorus extractants. We focus on measuring the new
experimental Py and T, (or saturated temperature: Ty ) data of the pure

organophosphorus extractants, namely D2EHPA and TBP by vacuum distillation
apparatus. The sample is distilled at an accurately controlled pressure between 0.13 and
6.7 kPa under conditions that are designed to provide approximately one theoretical
plate fractionation. Data are obtained from which the initial boiling point (IBP), the
final boiling point (FBP), and distillation curve relating volume percent distilled and

atmospheric equivalent boiling point temperature can be prepared [36]. The obtained
new experimental Pg; and T, data are correlated with Antoine, August, Riedel vapor
pressure and Wagner equation to obtain practical equations that can be used to predict
values for as yet unmeasured Py and T, . Normal boiling points of these

organophosphorus extractants were also evaluated and compared with available

literature values. Further, the thermodynamic properties of the acentric factor (@),

molar enthalpy of vaporization (Avap H ), molar entropy of vaporization (AvapS ) as well

as saturated liquid heat capacity (C(L) were calculated to fulfill the necessary design

parameters. The influences of alkyl chain length and polarity of the molecule are

discussed.
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Di-(2-Ethylhexyl) Phosphoric Acid (D2EHPA)

Tributyl Phosphate (TBP)

Figure 4.1 Structures of the organophosphorus extractants of this study.

4.4 Experimental
4.4.1 Chemicals

The name, source and purity of chemicals used in this work are shown in Table 4.1.
The organophosphorus extractants D2EHPA and TBP were purchased from Merck Co.
with a minimum assured purity of 97.0 % and 99.0 %, respectively. D2EHPA was
further purified by extracting Cu(OH): into a solution of D2EHPA and precipitating the
resulting salt with acetone. Then, diluted HCI converts the Cu(D2EHPA): salt back to
D2EHPA and aqueous Cu(ll) [37]. The chemicals used in the test method validation,
namely n-tetradecane, n-hexadecane and toluene, were also obtained from Merck Co.
To protect the contamination of water, both extractants were kept in a round-bottom
flask containing dried molecular sieves and tightly sealed under inert atmosphere of
argon gas. Before being used, the water content of all chemicals was examined by
coulometric Karl Fischer titration method (Mettler Toledo, C30S). The results showed

that the water contents were lower than 100 mg/kg (0.01 % wt.) which were acceptable.
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4.4.2 Saturated vapor pressure determination
The Py, and T of pure D2EHPA and TBP were determined on the basis of boiling
temperature and boiling pressure measurements. At boiling point, the vapor pressure of

substance was equal to the pressure of the operating system; then the substance boiled.
The Py and T, of pure liquid were measured by the vacuum distillation instrument

(i-Fischer Engineering GmbH, AUTODEST® 851 AC) as illustrated in Fig. 4.2. The
calibration data of experimental instruments are shown in Table S4.2 and S4.3 of the
Section 4.8: Supplementary information. To confirm the method of measurement, the
deviation between the measured values of reference standard, namely n-tetradecane and
n-hexadecane, and literature values are summarized in Table 4.2. In Fig. 4.2, the digital
temperature indicator (No. 1) was calibrated using a digital thermometer with sensor
(Fluke, Model 1521, Serial No. A66705) with the uncertainty of 0.060 °C as in Table
S4.2 of the Section 4.8: Supplementary information. Meanwhile, the pressure sensor
(No. 2) was calibrated using the standard reagent toluene and n-hexadecane as shown
in Table S4.3 of the Section 4.8: Supplementary information.

In brief, 200 mL of pure liquid was placed into a 500 mL round-bottom
distillation flask which was connected with the rest of the apparatus. After that, the
vacuum pump was started in order to evacuate the internal system until the pressure
reached the level prescribed for distillation at p = (0.13- 6.7) kPa. Then, the heater was
turned on and heat was applied as rapidly as possible to the flask. The heating rate for
increasing temperature of the liquid sample was 5 °C/min. When vapor or refluxing
liquid appeared at the neck of the flask, the heating rate was adjusted to recover the
distillate at a uniform rate of (6-8) mL/min. At the 50-percentage volume fractions of

the distillate collected in the receiver, the vapor temperature and pressure were recorded
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and reported as Ty, and Py, respectively. Each experimental value was measured three

times on average with a repeatability (r) and reproducibility (R) as shown in Table S4.4
of the Section 4.8: Supplementary information. The low values of reproducibility
indicated the thermal stability of the studied compounds D2EHPA and TBP. The test
method was validated using n-tetradecane and n-hexadecane as reference materials. The

standard uncertainties of measurement were u(T)/K =0.1andu(p)/kPa =0.01+0.03p

,and are provided in Table S4.4 of the Section 4.8: Supplementary information. The
aspects that affected the uncertainties of measurement were purity of the compounds,
heating rate and distillation rate. Details of verification results of n-tetradecane and n-

hexadecane compared with the literature data are described in Table 4.2.

1 = Digital Temperature Indicator
2 = PRT Sensor
Pt 100 probe GDR (170 x 2 mm)
3 =Cold Trap
4 = Temperature Sensor/Vacuum
Adapter
5 = Thermowell
6 = Heating Mantle (1000 W)
7 = Insulating Mantle
i 8= Anti-drip Chain
9 = Pressure Regulating System
10 = Repressuring Connection
11 = Relay
12 = Solenoid Valve
13 = Surge Tanks
14 = Vacuum Pump
15 = Thermometer
Coolant Circulating System 16 = Circulating Pump
17 = Thermo-Regulator
18 = Immersion Heater
19 = Vacuum Gage

Figure 4.2 Schematic diagram of the vacuum distillation apparatus (i-Fischer
Engineering GmbH, AUTODEST® 851 AC) [36].
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4.5 Mathematical modeling and parameter estimation

4.5.1 Saturated vapor pressure correlation

The experimental P, data of D2EHPA and TBP were correlated with the following

equations:

(1) Antoine equation [38]

In psat - A—% (41)
(2) August equation
Inp,, = A—TE (4.2)

(3) Riedel vapor pressure equation [39]

In pg, =A+_I_E+CInT+DTE (4.3)

(4) Wagner equation [40]

15 25 5
In[ Py ] _A(l-T,)+B(1-T,) "+C(1-T,)"+D(1-T,) @)

P T

c r

where p_ is the saturated vapor pressure (Pa), T is any temperature (K). The
alphabets A, B, C, D and E are the regression constants. T, is the reduced temperature

and equal to T /T, . The critical properties, namely P¢ , Tc and V. of D2EHPA [14] and

TBP [20] were obtained from previous works of Kumar et al.
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4.5.2 Acentric factor estimation

Acentric factor (. ) is @ measure of the non-sphericity of molecules which can be

determined from the experimental P data. It is defined as:

(1) Pitzer [41, 42]

a)=—log(%j—1 cat T, =07 (4.5)

c

(2) Edmister [43]

3( 6
=—| — |logP. -1 4.6
BT 0o

(3) Lee-Kester [44]

- InP, —5.92714+6.096486* +1.28862In 6 —0.1693476°

4.7
15.2518-15.68750 " —13.4721In 6+ 0.4357706° (4.7)

(4) Chen et al. [45]
~0.3(0.2803+0.47890)log P, ~ .8)

~ (1-6)(0.9803-0.52110)

where 6 is equal to T, /T, and T} is boiling temperature at 101.3 kPa.

4.5.3 Enthalpy or latent heat of vaporization

The slope of the saturation curve between Pg; and T, can be used to calculate AvapH

from the Clausius-Clapeyron equation according to Eq. (4.9):

A H =TAV (%) (4.9)
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where AV is the difference between the saturated vapor and liquid volumes (Vg -V)).

For this work, the saturated vapor volumes (Vg) for both extractants D2EHPA
and TBP were calculated using the Elliott-Suresh-Donohue equation of state (ESD

EOS) [46] whereas the saturated liquid volumes (V) were calculated using the liquid

density correlation. When compared to the larger molar volume of the gas phase, V,
can be neglected.
Additionally, the calculated A,,, H  were fitted with the exponential function as

shown in Eq. (4.10):

AyH =A(1-T,)° (4.10)

4.5.4 Entropy of vaporization

In the phase transition of vaporization, both phases of vapor and liquid coexist in

equilibrium, so the difference in Gibbs free energy between vapor and liquid is equal

to zero. Then, A,,,S can be calculated from A, ;H and T as shown in Eq. (4.11):

A, S == (4.11)

The calculated AvapS were fitted with fourth-order polynomial function as in

Eq. (4.12):

AwpS=A+BINT+CT +DT*+ET’ (4.12)
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Furthermore, the calculated AvapS from Eq. (4.11) were compared with the

AvapS obtained by Trouton’s theoretical rule as expressed in Eq. (4.13):

AS =45R+RINT (4.13)

sat

4.5.5 Saturated liquid heat capacity

Along the saturation curve, C('I is the slope of enthalpy with temperature. In this work,
the derivative method was used to calculate C(', by taking the temperature derivative of

A;,H as shown in Egs. (4.14) and (4.15) [47]:

dAvapH _ (dvaporH j _[dliquidH J - C;/at _Cslat ~ C:}g —Cclf (414)
dTt dT sat dT sat
- dA, H
I _ rig vap
Ch=Cp-—2— (4.15)

where Cipg is the isobaric heat capacity of ideal gas. C;’at and Cs'at are the vapor and

liquid heat capacity along the saturation curve, respectively.

For polyatomic ideal-gas state, the temperature dependent of CLg can be

derived from statistical mechanics [48] as in Eq. (4.16):

(4.16)

0,
ps( 0, 2 EXp T
[T] [

CY=4R+RD >
| exp Oy -1
T
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where M is the number of atoms in the molecule. ®,

j is the jth vibrational

temperature which is defined as:
0, =— (4.17)

where h is Planck constant, C is velocity of light, V is molecular vibrational frequency,

and kB is Boltzmann's constant.

The obtained C.. were fitted according to Eq. (4.18):

C! =A+BInT+CT +DT*+ET? (4.18)

4.6. Results and discussion

4.6.1 Saturated vapor pressure

The measured P, and T, of pure D2EHPA and TBP are presented in Table 4.3 and

plotted pressure-temperature relationship as the p —T saturation curves in Figs. 4.3 and

4.4, In both compounds, the Pg; increased nonlinearity as temperature increased
according to the rate of evaporation. Because these compounds are low in volatility, the
lowest P, at 0.13 kPa was obtained at relatively high temperatures, namely D2EHPA
at T =450.5 Kand TBP at T = 383.8 K. As a result of molecular structure, strength of
intermolecular attraction and molar mass, the Pg,; of D2EHPA was lower than TBP.

Polar molecules tend to have a higher boiling point but lower vapor pressure than

nonpolar molecules.
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Fig. 4.5 presents the electrostatic charge potential surface as simulated by Jmol
software for the polar covalent molecule of D2EHPA and TBP. Regarding the D2EHPA
molecule, the presence of a large partial positive charge on H-atom and partial negative

charge on O-atom of hydroxyl (-OH) group can engage in H-bonding to other
molecules. The stronger electrostatic attraction by H-bonding resulted in a lower Pg .

Furthermore, the D2EHPA molecules were strongly attracted via H-bonding in dimer
form as in Fig. 4.6 [49-51] while the TBP molecules were not. As regards the TBP
molecule, the H-atoms were all bonded to the C-atoms, so H-bonding was not possible.

Hence, its average cohesive force was weaker than that in the D2EHPA molecule
whereas its Pg;; was higher. This also explains that D2EHPA has such a higher boiling
temperature than TBP.

The Py of nonpolar side chain is related to molar mass and size of the

molecule. A bigger side chain with more surface area is more polarizable giving rise to
increased attractive dispersion force and higher boiling temperature. The D2EHPA
molecule has two groups of 2-ethylhexyl side chain with molar mass of 226.44 g-mol
1 whereas the TBP molecule has three groups of butyl side chain with molar mass of

171.34 g-mol. The high molar mass in D2EHPA and TBP accounted for their low
Ps;: and high boiling temperature.

The A, B, C, D and E constants of Egs. (4.1) to (4.4) were calculated by
regression analysis in accordance with Antoine, August, Riedel vapor pressure and

Wagner equation as represented in Table 4.4. The relative average deviations (RAD)

between the calculated and the experimental Pg, can be calculated using Eq. (4.19):
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exp
sat

pcal _ pexp
RAD (%) = [ijloo (4.19)

The RAD percentages for Antoine, August, Riedel vapor pressure and Wagner

equation were found to be (0.0089-0.0230)%, (0.2191-0.2193)%, (0.0321-0.1305)%

and (0.0076-0.0080)%, respectively. Since errors in the calculated Py, were relatively

small, the Wagner equation was the most appropriate model for calculating the P, of
D2EHPA and TBP at different temperatures. Further, the normal boiling temperature (

T,) for each compound was calculated by extrapolating to Pg, at 101.3 kPa using
Wagner equation Eq. (4.4) and derived constants. The calculated T, of DEHPA is

654.4 K and T, of TBP is 569.1 K. In our previous work [15], the T, of D2EHPA was
obtained by atmospheric distillation method under the pressure of 101.3 kPa and

reported as 533 K. Because of high T, the atmospheric distillation may result in the
decomposition of D2EHPA molecule. Thus, the measured T, will be lower. Kumar et
al. [14] determined the T, of 625.15 K for D2EHPA which differs from T, found in

this study by 29.25 K (4.68%). The Py, values of D2EHPA given by Hértel [1] in the

overlapping temperature was 1 kPa at 482 K while the investigated values in this work

were 1.00 kPa at 493.7 K and 0.61 kPa at 482 K. It can be seen that the differences in

P, and T are 0.39 kPa and 11.7 K (2.43 %), respectively. In the CRC Handbook of
Chemistry and Physics, Lide [22] reported the Py, value for D2EHPA of 0.002 kPa at

428 K, while the corresponding extrapolated Py, values obtained in this work by Eq.
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(4.8) were 0.002 kPa at 386.4 K with a deviation of 9.72% and 0.04 kPa at 428 K with
a deviation of 0.038 kPa. These large deviations may result from a large uncertainties

of measurement at very low pressure condition of the literature.
The T, of 569.1 K of TBP was closed to reported values of previous works such

as Kumar et al [20] of 562.15 K, Panneerselvam et al [16] of 561.34 K and Edmundson
[18] of 562 K with a deviation of 1.25%. The comparison with all other literature data

is presented graphically in Fig. 4.4. As it can be seen from the figure, the experimental
P, data agree satisfactorily with the previous results by Hartel [1] of 3 kPa at 453.15

K with a deviation of 0.62 kPa, VVogel [24] of 0.80 kPa at 411.65 K (diff. 0.20 kPa),
Kumar et al [20] of 0.8 kPa at 411.65 K (diff. 0.20 kPa), 1.07 kPa at 418.15 K (diff.
0.25 kPa) and 4.67 kPa at 455.15 K (diff. 0.77 kPa). However, there is a noticeable

difference from Hammer and Lydersen [28], Perry and Weber [29], Small et al [30] as

well as Dean [31]. The T, of D2EHPA and TBP reported in this work approximates

the literature values. Thereby, the T, calculated by Wagner equation is acceptable.

The values of @ were estimated by Egs. (4.5) to (4.8). Comparison of these
values are presented in Table 4.5. The @ of D2EHPA is higher than that of TBP. This
is because @ increases with carbon chain length and generally rises with increasing
polarity. In this work, @ values obtained from Edmister method as in Eq. (4.6) were

used in ESD EOS.
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Figure 4.3 Experimental saturated vapor pressures P, of D2EHPA in temperature
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Figure 4.4 Experimental saturated vapor pressures Pg,; of TBP in the temperature

range T = (380-480) K. e, This work; m, ref [1]; A, ref [20]; ¢, ref [24]; o, ref [28]; A,

ref [29]; o, ref [30]; x, ref [31]; 0, ref [52]; and ---, fitted by Eq. (4.4).
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Figure 4.5 The electrostatic charge potential surface for molecule (a) D2EHPA and
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Table 4.4 Regression constants for the correlation of saturated vapor pressure Py .

Regression constants R? %RAD
A B C D E
D2EHPA
Antoine, Eq. (4.1) 22,197 56739  -12257 - - 1.00000 0.0089
August, Eq. (4.2) 27.053 9955 - - - 0.99968 0.2193
Riedel vapor pressure, Eq. (4.3) 360.41 -28497 -48.595 2.2982e- 2 0.99990 0.1305
5
Wagner, Eq. (4.4) - 1.6462 0.27717 -16.549 - 1.00000 0.0080
11.292
TBP
Antoine, Eq. (4.1) 21.669 47496  -100.69 - - 1.00000 0.0230
August, Eq. (4.2) 26.105 81178 - - - 0.99968 0.2191
Riedel vapor pressure, Eq. (4.3) 226.36 -18260 -29.625 1.6198e- 2 1.00000 0.0321
5
Wagner, Eq. (4.4) - 0.026462 0.95846 -11.543 - 1.00000 0.0076
8.6861
Table 4.5 Estimated acentric factor values ., of D2EHPA and TBP.
D2EHPA TBP
Method w Method w
Pitzer 0.955529 Pitzer 0.600475
Edmister 0.982000 Edmister 0.608714
Lee-Kesler 1.026421 Lee-Kesler 0.606968
Chen et al. 1.010901 Chen et al. 0.607643
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4.6.2 Enthalpy and entropy of vaporization
The AvapH for pure liquid D2EHPA and TBP was evaluated through the Clusius-

Clapeyron equation from a fit of experimental P, data and presented as in Table 4.4.
Generally, AvapH can be calculated by a Clausius-Clapeyron plot of In Py Vversus
1/T which results in a straight line whose slope is —AvapH/R where R is the gas
constant [29]. The obtained AvapH is constant over a wide range of temperature,
however, AvapH is theoretical temperature-dependent. Recently, the technique of
correlation gas chromatography (CGC) was applied to measure the AvapH of various
organic compounds [16, 53-55]. Nevertheless, the AvapH are limited only at 298.15 K
and normal boiling point (T, ). In view of these limitations, this work calculated the
AvapH of both D2EHPA and TBP by Eq. (4.8) with a temperature interval of 1 K in
order to get the AvapH at each individual temperature.

In Fig. 4.8, all values ofAvapH of both D2EHPA and TBP at T = (383.8-546.2)
K were positive. As temperature increased, it was observed that AvapH decreased. The

derivative values of d(A H)/dT also became more and more negative with

vap
increasing temperature as shown in Fig. 4.8 which known as Waring criterion.

According to thermodynamic point of view, AvapH is the summation of increased

internal energy and work done against ambient pressure. As temperature increases, the

increase in internal energy can be viewed as the energy required to overcome the

intermolecular interactions in the liquid. The AvapH is the energy required to remove
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a molecule from the highly interacting and associated liquid phase into the vapor phase,
wherein interactions almost cease to exist.

The number of carbon atoms and their arrangement in space determine the
physical properties of the organic compounds. For polar compounds of phosphate
esters, the main intermolecular interactions result from the dispersive forces as well as
dispersive and induced dipole forces, respectively. As the carbon chain length in the
phosphates increases, its size increases and hence the energy required to transfer a
molecule from the liquid to vapor state also increases. As mentioned previously, the
molecules of D2EHPA held together by relative strong H-bonding. In the liquid state,
each molecule of D2EHPA was closer than that of TBP so the molecular interactions

in D2EHPA can be more than that in TBP. In the D2EHPA, branching progressively

away from the phosphoryl carbon oxygen also increases the AvapH . This may explain
the reason why the AvapH of D2EHPA, namely (78-89) kJ-mol™ at T = (450.5-546.2)

K was found to be higher than the AvapH of TBP, namely (64-72) kJ-mol* at T =
(383.8-469.9) K.

For each compound, it was noted that the A,,,H fitted in well with Eq. (4.10)
since the coefficients of determination (R?) were close to 1. The regression constants of

A and B together with the RAD are listed in Table 4.6. The calculated A,,,H of TBP

by Eq. (4.10) are in good agreement with the reported AvapH in previous works of
Stephenson and Malanowski [56] as well as Panneerselvam et al [55]. The published

values of A,,,H of TBP was 61.4 ki-mol™ at temperature of 515 K [56] while the

extrapolated A\,apH by this work was 58.74 kJ-mol™ at the same temperature with a
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deviation of 4.33%. Further, the standard enthalpy of vaporization (AvapHO) by this

work of 79.22 kJ-mol? at 298.15 K is very close to the reported A\,apH0 by
Panneerselvam et al [55] of 80.6 kJ-mol™* with a deviation of 1.71%. These indicate

that the calculated AvapH data as well as regression parameters presented by this work

are definitely reliable. The obtained AvapH data of D2EHPA and TBP proved useful

in calculating the heat required to evaporate a certain quantity of liquid in the heat

exchanger or evaporator units.
For both D2EHPA and TBP, the calculated values of AvapS were positive as in
Fig. 4.9 since the degree of disorder was increased by the transition from a liquid in a

relatively small volume to a vapor or gas occupying a much larger space. The AvapS of
D2EHPA were seen to be higher than that of TBP as a result of its higher AvapH . As

temperature increased, the trend of AvapS decreased. This is because the heat needed to
vaporize a unit mass of a substance decreased as the starting temperature increased.
Further, the calculated AvapS of D2EHPA and TBP showed a positive deviance from
the predicted values by Trouton’s rule (Eq. (4.13)), namely (0.088-0.090) kJ-mol*-K*
due to its polar and nonquasi-spherical molecules [57]. The AvapS of D2EHPA were in
the range of (0.1428-0.1975) kJ-mol*-K while that of TBP were (0.1355-0.1885)
kJ-mol K. Further, the A,,;S proved to be an excellent fit with Eq. (4.12). The

regression constants of A, B, C, D and E are listed in Table 4.7.
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Table 4.6 Regression constants for the correlation of enthalpy of vaporization A, H

T (K) Regression Constants T. (K) R? %RAD
A B
D2EHPA  450.5-546.2 125.04 0.47542 864.80 0.99267  0.2405
[14]
TBP 383.8 —469.9 101.82 0.55277 817.04 0.99250 0.2354

[20]
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Table 4.7 Regression constants for the correlation of entropy of vaporization AvapS

and saturated liquid heat capacity C('T.

A S
Regression constants R? %RAD
A B C D E
D2EHPA 84.695 -18.96 0.10684 -1.025E-04 4.4044E-08 0.99995 0.7046
TBP 37.027 -8.4756 0.054079  -6.04E-05 3.0544E-08 0.99968 0.2193
C,
A B C D E
D2EHPA 4.0028 - 0.0059862 -6.3734E-6 3.2218E-9  0.99998 0.0358
0.90882
TBP 43255 -1.0165 0.0076456 -9.2974E-6 5.2041E-9  0.99996 0.1072

4.6.3 Saturated Liquid Heat Capacity
The ¢! were calculated using Eq. (4.15) and reported in Table 4.4. Thus, it was found

that the ¢! of pure liquid D2EHPA and TBP linearly increased with increasing

temperatures over the studied temperature range as presented in Fig. 4.10. The
regression constants for Eq. (4.18) are shown in Table 4.8. Heat capacity is related to
the internal energy and temperature. Internal energy is a combination of the
translational and vibrational energy a molecule possesses. At low temperature, thermal
motion consists chiefly of vibration but increasing temperature causes more
translational and vibrational energy levels which become excited and so the internal
energy increased. As a result, more and more degrees of freedom occur, so heat capacity

increased. In comparison, the ¢! of TBP almost equaled that of D2EHPA as can be
seen for example, for D2EHPA at T = 450.5 K, ¢! = 0.1475 kJ-mol**-K™ and for TBP

at T=451.0 K, c' = 0.1475 kJ-mol™*-K™* or for D2EHPA at T = 464.1 K, c' = 0.1501
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kJ-mol*-K* and for TBP at T = 463.6, c' = 0.1498 kJ-mol™*-K™. Saturated heat

capacity of liquid is important in the engineering design of chemical processes.
Alternatively, it is essential when designing the size of heat exchangers and energy
balance design calculations.

The new thermodynamic data of D2EHPA and TBP obtained from this work,

namely saturated vapor pressure ( Py ), acentric factor ( « ), enthalpy or heat of

vaporization (AvapH ), entropy of vaporization (AvapS ) and saturated liquid heat capacity

(c!), can be widely applied in many separation fields, especially vacuum distillation

and evaporation processes over large temperature T = (383.8-546.2) K and pressure
Ps.: = (0.13-6.67) kPa ranges. On further investigation, these data can be directly used

in the computing design and development for the recovery and recycling of organic
wastewater via vacuum distillation or evaporation technique, for example, the reactive
metal ions separation processes containing D2EHPA, TBP and organic solvents such
as kerosene, toluene and other solvents [53, 54]. According to ecological
considerations, this waste consisting of high boiling point compounds is hazardous and
difficult to treat before discharge to the environment. In the engineering economic point
of view, reusing of valuable extractants and solvents is cost saving. Thus, one of the
remedies for these wastes to be handled is via a recovery or recycling process. Due to
the large difference in boiling temperature but nearly chemical polarity between these
extractants and the organic solvent, separation as carried out by distillation was found

to be the most suitable [6, 7]. However, for designing distillation and evaporation
equipment, the Pgy, AvapH and c! of the pure D2EHPA and TBP as well as vapor-

liquid equilibrium (VLE) data are the necessary basic data [3, 15, 37, 55]. Since there
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is no reported on VLE systems of D2EHPA/TBP + various organic solvents, so the

thermodynamic data of Py, and ., over wide pressure and temperature by this work

also provide a very useful in further VLE calculation without time-consuming

experiment.
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4.7. Conclusions

In this work, the P, for the low volatility organophosphorus extractants over the

temperature range T = (450.5 — 546.2) K for D2EHPA and T = (383.8 — 469.9) K for

TBP were determined by vacuum distillation method. Despite reaching high

temperatures, the measured P, of these two extractants were relatively low, in the

range of Pg; =(0.13-6.67) kPa. On investigation, it was observed that the P, values
of D2EHPA were lower than that of TBP due to stronger intermolecular H-bonding.
The correlation results of the experimental Pg,; were found to be in good agreement

with the estimated values as indicated by the low percentage of RAD for these models,
namely Antoine (0.0089 — 0.0230) %, August (0.2191 — 0.2193) %, Riedel vapor

pressure (0.0321 — 0.1305) % and Wagner equation (0.0076 — 0.0080) %. Then, the

thermodynamic properties of A, Hand A,,S were calculated. Thus, it was observed
that when temperature increased the A Hand A,,,S decreased. The calculated AS,,,

also showed positive departures from Trouton’s rule. Furthermore, the C(I; were
determined within the experimental temperature ranges. On further investigation, the
relevant data may provide some useful information for the design and development of

vacuum distillation and evaporation processes for the recovery and recycling of organic

waste.

4.8 Supplementary Information
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Table S4.2 Calibration results of temperature T measurements.

Immersion Standard uucC Error  Uncertainty of
Depth (mm) Temperature (°C) Reading (°C) Measurement (£°C)
(°C)

120 0.0025 0.025 0.0225 0.060
120 37.8071 37.827 0.0199 0.060
120 39.9926 40.018 0.0254 0.060
120 60.0051 60.026 0.0209 0.060
120 100.0018 100.018 0.0162 0.060
120 149.9988 150.017 0.0182 0.060
120 200.0033 200.035 0.0317 0.060

Table S4.3 Calibration results of pressure P measurements.

Reagent Standard Condition UUC Reading Error
T (K) p (kPa) T(K)  p(kPa) T(K) p (kPa)
Toluene 383.15  101.30 383.35 101.29 0.10 0.01

n-Hexadecane  149.2 0.67 149.3 0.67 0.10 0.00
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Table S4.4 Repeatability (r), Reproducibility (R) and standard uncertainty u(p) of

vapor pressure measurement.

P, (kPa) r (kPa) R (kPa) u(p) (kPa)
0.13 0.01 0.01 0.01
0.27 0.01 0.02 0.02
0.40 0.01 0.02 0.02
0.53 0.01 0.02 0.03
0.67 0.01 0.02 0.03
0.80 0.01 0.02 0.03
0.93 0.01 0.03 0.04
1.07 0.01 0.03 0.04
1.20 0.01 0.03 0.05
1.33 0.01 0.03 0.05
1.73 0.02 0.06 0.06
2.00 0.02 0.06 0.07
2.40 0.02 0.06 0.08
2.67 0.03 0.07 0.09
3.07 0.03 0.07 0.10
3.33 0.03 0.07 0.11
3.73 0.04 0.09 0.12
4.00 0.04 0.09 0.13
4.40 0.04 0.09 0.14
4.67 0.05 0.11 0.15
5.07 0.05 0.11 0.16
5.33 0.05 0.11 0.17
5.73 0.06 0.13 0.18
6.00 0.06 0.13 0.19
6.40 0.06 0.13 0.20

6.67 0.07 0.15 0.21
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5.1 Graphical abstract
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5.2 Abstract

Vacuum distillation is selected as a technique for recycling in order to separate the
mixture of a hydrometallurgical organophosphoric extractant from an organic diluent
because of their low volatility and high selectivity. The experimental isobaric vapor-
liquid equilibrium (VLE) data for the binary systems of di-(2-ethylhexyl) phosphoric
acid (D2EHPA) + n-dodecane and tri-butyl phosphate (TBP) + n-dodecane
were measured at pressures of 0.13, 2.40 and 6.67 kPa, using a glass vapor-liquid

equilibrium ebulliometer. VLE data were generated in the form of T —x—y diagrams

and checked for thermodynamic consistency via Herington area test and VVan Ness point
test. Data for all mixtures met the criteria of thermodynamic consistency and were
found suitable for process modeling. At each pressure point, no azeotropic phenomenon
was observed. Reduction in pressure of the system can significantly enhance the relative
volatility and separation efficiency of both mixtures. At all pressure points, D2EHPA
was noted to be more separable than TBP. Additionally, the experimental VVLE results
for all systems were found to have a good correlation with Raoult’s law, Wilson and
nonrandom two- liquid (NRTL) models. The corresponding binary interaction
parameters were obtained by minimizing the deviation between the experimental and

the calculated vapor phase composition and total pressure.
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5.3 Introduction
At present, di-(2-ethylhexyl) phosphoric acid (D2EHPA) and tributyl phosphate (TBP)

are important chemicals usually used as extractants in the reactive separation process
of metal ions [1, 2]. One of the most popular diluents is kerosene. After completion of
the reactive separation process, organic waste is generated. This waste, containing high
boiling point compounds such as D2EHPA or TBP as well as kerosene, is hazardous
and difficult to treat before being discharged to the environment. Therefore, more
research needs to be done to find a better method to treat the waste.

Both D2EHPA and TBP are organophosphoric extractants which belong to a
high polar reactive phosphate group and a large non-polar hydrocarbon chain. These
extractants have low volatility and a rating of 3 out of a maximum 4 (health hazard) in
accordance with the Hazardous Materials Identification System (HMIS). In the case of
kerosene, it is composed of a mixture of petroleum hydrocarbons (Cg to C16) which can
cause adverse health and environmental effects. In this study, n-dodecane (Ci2), a
diluent for TBP in reprocessing plants, was selected as a representative for kerosene.
According to ecological considerations, disposal of such hazardous waste should be
prevented from entering drains, sewers, streams etc. Thus, one of the remedies for
managing waste is via a recovery or recycling process.

Due to the large difference in boiling temperatures between these extractants
and organic solvents, separation as carried out by distillation was found to be the most

suitable method e.g. as in the industrial treatment of harmful noble lead [3, 4] and
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bismuth (Bi) from crude tin (Sn) [5]. Under atmospheric pressure, the boiling points of
D2EHPA, TBP and n-dodecane reached 654 K, 569 K, and 489 K respectively.
However, at such high temperatures, these compounds will decompose. Thus, they
must be carefully distilled under reduced pressure. Regarding the optimum design of
distillation equipment, the vapor pressures of pure compounds and VLE data need to
be taken into account. A literature survey on thermophysical properties, especially
vapor-liquid equilibrium, showed that previously published studies concerning VLE
data for the binary systems of D2EHPA + n-dodecane and TBP + n-dodecane are still
greatly lacking [6-8]. So, for a more comprehensive study of these organophosphoric
extractants, it becomes a necessity to study the VLE of these binary systems.

In this study, the new experimental isobaric VLE data for the binary systems of
D2EHPA + n-dodecane and TBP + n-dodecane were determined at pressures of 0.13,
2.40, and 6.67 kPa by a vapor liquid equilibrium apparatus. Besides, the VVLE data was
verified for thermodynamic consistency by means of the Herington area test and Van
Ness point test. Furthermore, the experimental data was correlated by Raoult’s law,
NTRL and Wilson activity coefficient models. For theoretical research and industrial
applications, the obtained VLE data can provide a very important reference for the

recycling of reactive extractants and its diluents via the distillation process.

5.4. Experimental

5.4.1 Chemical
The organophosphoric extractants, namely D2EHPA and TBP are commercially
available from Merck Co. Anhydrous n-dodecane was acquired from Sigma Aldrich

Co. D2EHPA was further purified by extracting Cu(OH): into a solution of D2EHPA
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and the resulting salt was precipitated with acetone. Then, diluted HCI converts the
Cu(D2EHPA), salt back to D2EHPA and aqueous Cu(ll) [59]. To protect
contamination from water, both extractants were kept in a round-bottom flask
containing dried molecular sieves and were tightly sealed under inert atmosphere of
argon gas. Before being used, the water content of all chemicals was examined by the
coulometric Karl Fischer titration method (Mettler Toledo, C30S). Results showed that
the water contents were lower than 100 ppm (0.01 % wt.) which were acceptable. The
purity of these chemicals was analyzed by gas chromatography (Shimadzu, GC-2010
Plus). The obtained mass fraction purity was applied in stoichiometric calculation. A

summary of all chemicals is seen in Table 5.1.
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5.4.2 Apparatus and procedure
The experimental isobaric VLE data were determined by a glass vapor- liquid
equilibrium ebulliometer (Fischer Engineering, Labodest ® VLE 602). Details of the
VLE apparatus used in this study are described in Fig. 5.1. Briefly, it is composed of a
heating cell, an equilibrium cell and two water- cooled condensers/ coolers. Initial
samples, approximately 30.0 g, of the binary mixture of extractant + n-dodecane were
prepared by mass fraction ranging from 0.01 to 0.90 using an electronic balance
( Sartorius, model 11222-546) with a precision of + 0.0001 g. Then, the obtained
samples were loaded into a mixing chamber and vaporized by an electrical immersion
heater arranged concentrically in a flow heater. Consequently, the vapor-liquid mixture
passes upwards through a lengthened contact path ( Cottrell pump) which ensures that
the liquid and vapor phases are in intimate contact during boiling. In the separation
chamber, the pressure system was fixed at constant. However, temperatures varied.
After entering the chamber, the mixture separated into liquid and vapor phase. The
temperature was determined by a Pt-100 resistance sensor with an accuracy of +0.1 K.
The desired pressures of 0.13, 2.40 and 6.67 kPa were obtained by a pressure controller
and measured with an accuracy of £0.01 kPa. To safely prevent the carrying over of
liquid into the vapor phase and in order to ensure a quick equilibrium adjustment, both
vapor and liquid streams flowed once again into a mixing chamber. Then, the heating
power of the immersion heater was adjusted to an appropriate level to reach a sufficient
reflux rate of the condensed vapor of 1 or 2 drops per second. Once equilibrium was
achieved, the temperatures of the vapor and liquid did not vary over 0.1 K for a period
of 30 min. After that, the two samples i.e. the liquid and condensed vapor were taken

off from the sampling vessel.
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To quantify the compositions of D2EHPA, TBP and n-dodecane in the liquid (

X; ) phase and condensed vapor (Y,) phase, the Fourier Transform Infrared (FTIR)

technique was applied via the spectrometer: Spectrum One model of PerkinElmer Co.
The fingerprint regions of the FTIR spectrum for D2EHPA, TBP and n-dodecane are
presented in Figs. S5.1 to S5.3 of the Section 5.7: Supplementary information,
respectively. In comparison with the FTIR spectrum of n-dodecane, it can be seen that
the characteristic peak of the organophosphoric compounds, D2EHPA and TBP, was
the P=0 vibration band at wave numbers 1,229 [10] and 1,235 cm™ [11], respectively.
These P=0 bands were found to be suitable for quantifying the concentrations (mass
fraction) of both D2EHPA and TBP mixed with n-dodecane. The calibration curves for
calculating the concentrations of the binary mixtures of D2EHPA + n-dodecane and
TBP + n-dodecane were plotted between the mass fraction on the x-axis and the peak
areas on the y-axis. Then, the obtained mass fractions were used to calculate the mole

fractions for each component as in Egs. (5.1) and (5.2):

X, = m /M, (5.1)
m /M;+m; /M,
m /M, (5.2)

yi:mi/Mi+mj/Mj

where X., y,, m. and M, are the mole fraction in liquid phase, mole fraction in vapor
phase, mass and molar mass of component i, respectively, and i, j are the indices for

all components.
The experimental data were repeatedly tested three times with a re-set up of

chemicals and equipment. The results were reported as average values with standard
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uncertainties of u(x) and u(y,) equal to 0.0009. The standard uncertainty of the

experimental values of X, and Yy, as expressed in the respective footnote tables was

calculated based on Eq. (5.3) as follows [12]:

n

u(xi):\/n(nl—l)zn:(xi‘k_lzxi‘kj (5.3)

k=1 N\

where n is the number of independent observations, X;, is the input quantity as

obtained under the same conditions of measurementand k=1, 2, ..., n.
The test method was validated using pure n-dodecane and n-hexadecane as
reference chemicals. Details of the verification results of both pure n-dodecane and n-

hexadecane compared with the literature data are described in Table 5.2.

5 ’ 10

9/
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Figure 5.1 Schematic diagram of the experimental glass vapor-liquid equilibrium
ebulliometer apparatus: 1 Heating bulb (inside immersion heater and outside flow
heater) 2 Cottrell pump 3 Separation Chamber 4 Condenser 5 Mixing chamber 6
Vapor-phase temperature sensor (Pt-100) 7 Liquid-phase sampling point 8 Vapor-
phase sampling point 9 Liquid-phase sampling vessel 10 VVapor-phase sampling vessel
[13].

Table 5.2 Verification results for distillation temperatures T of n-dodecane and n-

hexadecane at system pressure range of p = (0.13 — 6.7) kPa.

p (kPa) n-Dodecane n-Hexadecane

T (K) T (K)

Literature This work? % Literature This work? %

[14] Dev. [15] Dev.
0.13 3254 326.1 0.34 378.5 379.8 0.34
0.67 351.8 352.2 -0.10 407.8 407.4 -0.10
13 364.2 364.5 0.17 421.7 422.4 0.17
2.7 3794 379.0 0.07 438.5 438.8 0.07
5.3 395.0 396.3 0.22 4558 456.8 0.22
6.7 400.8 401.5 0.13 462.2 461.6 0.13

& Standard uncertainty (U ): u(T)/K=0.1 and u(p)/kPa=0.01+0.03p .

5.5. Results and discussion

5.5.1 Experimental results
The p,, values of the pure components of D2EHPA, TBP and n- dodecane were

calculated according to Antoine equation: the constants A, B and C are listed in Table

5.3. Further, the normal boiling temperatures (T, ) of D2EHPA and TBP were
calculated by extrapolating to p, at 101.3 kPa, using Antoine equation, according to

Eq. (S5.1) of the Section 5.7: Supplementary information. The calculated T, of
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DEHPA was found to be 654.4 K and the T, of TBP was 569.1 K. In previous work
[16], the T, of D2EHPA was obtained by the atmospheric distillation method under the

pressure of 101.3 kPa and reported as 533 K. Because of high T, , atmospheric
distillation can lead to the decomposition of the D2EHPA molecule. Thus, the measured
T, will be lower. Kumar et al. [17] observed that the T, of D2EHPA was 625.15 K.
This differed from the T, found in this study by 29.25 K or 4.68%. However, in this
study, the T, of TBP was observed to be 569.1 K. This was found to be close to values

as reported in previous works such as those stated by Kumar et al. [18] which measured
562.15 K, Panneerselvam et al. [19] 561.34 K and Edmundson [20] 562 K with a

deviation of 1.25 %.

Comparisons of pg, and T, of pure compounds used in this work (D2EHPA,

TBP, n-dodecane and n-hexadecane) with the literature data are provided graphically

in Figs. 5.2 t0 5.5.
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Figure 5.2 Comparison of saturated vapor pressure of pure D2EHPA. e, this work; A

[21]; m, [16].
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Figure 5.3 Comparison of saturated vapor pressure of pure TBP. e, thiswork; A, [21];
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Figure 5.4 Comparison of saturated vapor pressure of pure n-dodecane. e, this work;
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Figure 5.5 Comparison of saturated vapor pressure of pure n-hexadecane. e, this work;
A, [29]; m, [26]; A, [15].

Table 5.3 Antoine equation parameters of pure components, namely D2EHPA, TBP

and n-dodecane.

Compound Antoine parameters Temperature

A B c Tmin (K) Tmax (K)
D2EHPA [30] 22.197 5673.9 -122.57 450.5 546.2
TBP [30] 21.669 4749.6 -100.69 383.8 469.9
n-Dodecane [15]  20.966 3743.9 -92.839 325.8 490.5

The results of the isobaric VLE data for the binary systems of D2EHPA + n-

dodecane and TBP + n-dodecane are listed in Tables 5.4 and 5.5 respectively, at

pressures of 0.13, 2.40 and 6.67 kPa. The corresponding T —x—Y phase diagrams are

shown in Figs. 5.6 to 5.8. In both systems, no azeotropic phenomenon was found.

Further, the relative volatilities ( «,,) for both systems were all > 3 which means that

n-dodecane could be separated practically from both D2EHPA and TBP by vacuum

distillation.
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Table 5.6 Experimental and calculated infinite dilution activity coefficient ,° and ¥,

for all systems.

D2EHPA (1) + n-dodecane (2)
TBP (1) + n-dodecane (2)

D2EHPA (1) + n-dodecane (2)
TBP (1) + n-dodecane (2)

D2EHPA (1) + n-dodecane (2)
TBP (1) + n-dodecane (2)

o7 A O C
exptl exptl

p=0.13 kPa

1.050  1.050 1.049 1072  1.068 1.044
1.336 1530 1308 2212  1.368 1.548
p =2.40 kPa

1.041  1.039 1.040 1057  1.059 1.028
1.233  1.361 1226 1675 1281 1.347
p =6.67 kPa

1.038  1.035 1.037 1051  1.057 1.021
1214  1.926 1.208 1603  1.263 1.308

aNRTL, ® Wilson
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5.5.2 Thermodynamic consistency verification
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All experimental data were verified using the homolographic method of Herington to

see whether the data were consistent. Calculation results are shown in Figs. 5.9 and

5.10 together with Table 5.7.

Table 5.7 Thermodynamic consistency test of VLE data by Herington area test.

pkPa) T, (K) T, (K) S, S D J A
D2EHPA (1) + n-dodecane (2)
0.13 325.2 450.0 0.01341 0.01169 6.8 57.6 0.00171
2.40 376.5 516.2 0.01093 0.00915 8.8 55.7 0.00177
6.67 400.4 546.3 0.01004 0.00826 9.7 54.7 0.00178
TBP (1) + n-dodecane (2)
0.13 325.2 383.4 0.09416 0.08593 4.6 26.8 0.00823
2.40 376.5 442.7 0.06815 0.06041 6.0 26.4 0.00774
6.67 400.4 469.9 0.06248 0.05502 6.3 26.0 0.00746

According to the Herington area test, when the value of ‘A‘ < 3, the isobaric

VLE data are considered to be thermodynamically consistent i.e. the test is passed [31,

32]. Again, if |D - J| < 10, the test is passed. After calculation, the results in Table 5.7

of ‘A‘ for the binary system of D2EHPA + n-dodecane and TBP + n-dodecane at

pressures of 0.13, 0.67 and 6.67 kPa were < 3. Furthermore, all values of D were < J

. This indicated that all the experimental data were thermodynamically consistent.

Again, the very low values of ‘A‘ indicated that the investigated binary mixtures were

almost ideal although the values of |D—J| were > 10. This was because of the large

values of J or a large difference in the boiling points between the extractants

(D2EHPA, TBP) and n-dodecane.



"(2) auedspop-u + (T) WdH3zA 0 waisAs Areulq ayy 10y x 0) AN\QH\Q:_ Jo swelbeiq 6'G a4nbi4

Iy Ly Ix
01 80 90 ¥0 70 00 01 80 90 ¥0 70 00 01 80 90 ¥0 70 00
T S0°0- T+ $0°0- T+ $0°0-
] ) | ]
4 m . m
T ¥00- T #0°0- L T #0°0-
1 [ ] . 1
o, 1 ¢o0- ¢ 1 €00 1 €00
.. ] ] ]
] Y i i
. ] ] ]
T 200" T 200 . T 00
. ] b ] ]
. - . -
T 100 T 100 . T 100
. ] - ) ] e ]
L = g = ]
e SN } Frereere 0070 2 S I S— O S S— Y
) 1 ey . 1 s 1
] 2 ] 2 ° ]
L ] . i 1
. T 100 . T 100 . T 100
S T . |
o 1 700 . 1 700 . 1 700
. ] ] ]
d ] % ] ]
e 1 €00 1 €00 . 1 €00
1 ® 1 P 1
* ] 1
1 . '] . * ] .
T 100 T 700 o T 700
edy L99=d ] edy o' z=4d ] e c10-d »
€00 €00 €00

8T¢

(CA7Mh) U



219

*
] [ ]
] .
] .
I .
1 ®
ie

foe] e

~ 1

o ]

(=] L4 ]

Il

. |

_ ° 1

) ]

. ]
\I\I\IlllilIIIIIIlli=lIIIIIIIiIIIIIIIII_IIIIIIII\i\\\\\\I\Iil\l\llllliIIIIIIIIIiIIIIIIIII
=) = =) =) o o o = o o
=+ o« ™ - < - ol ot < 1
< < & < < S < < < <
(CAsHA) Ul

.
] ¥
] .
3 .
1 .
] [
1e
o

5 :

=) i

=t L] ]

(o] Y ]

Il ]

_, . 1

. i
d ]

L4 ]
\I\I\IlllilllIIIIII=IIIIIIIIIiIIIIIIIII7IIllllll\i\\\\\\I\Iil\I\IIIIIiIIIIIIIIIiIIIIIIIII
= = = =) o = = o o o
=+ o ™ - < - N o = o
= = = = . s g 5 < <
(EA7 ) a

"
] L o
] °®
] ®
] [ ]
T L ]
] [ ]
] .
1 e

«© ]

& . :

o 1

— m

< ]

I ¢ ]

L E

R, 1

. ]

\I\I\Illli :l IillIIIIIIlilllllllllillllllll\i\\\\\\I\Iil\I\IIIIIiIIIIIIIIIiIIIIIIIII
= = = o o = = o o o
i 0 ™ - < - ol o = o
= = = = = s < s < <

(C4/'4) up

0.8 1.0

0.6

0.4

0.0

0.8 1.0

0.6

0.4

0.0

0.2 0.4 0.6 0.8 1.0

0.0

1

X1

X1

Figure 5.10 Diagrams of In(y1 / 7/2) to x, for the binary system of TBP (1) + n-dodecane (2).
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As regards the Van Ness point test, Gmehling [33] and Onken suggested that
isobaric VLE data are thermodynamically consistent when the average absolute
deviation between calculated and measured vapor phase mole fraction (Ay ) is < 0.01.

According to the results in Table 5.7, all Ay values obtained by Raoult’s law, NRTL

and Wilson activity coefficient model for the binary systems of D2EHPA + n-dodecane
and TBP + n-dodecane at pressures of 0.13, 2.40 and 6.67 kPa were found to be < 0.01

which indicated that the experimental data were thermodynamically consistent.

5.5.3 Data correlation
In order to improve results, the NRTL and Wilson activity coefficient models were used

to calculate y; for each component. In the case of Raoult’s law, y, is equal to 1. Then,
the y, value was used to calculate vapor y; under corresponding T and X;. The
correlation parameters of NRTL and Wilson models along with the root- mean-square
deviation (RMSD) in the vapor- phase mole fraction composition, RMSD(y,) and in
temperature, RMSD(T) at three different pressures are listed in Table 5.8.

For the D2EHPA + n-dodecane system, it can be seen that the maximum values
for RMSD(y, ) were 0.0008 according to Raoult’s law, 0.0004 for the NRTL and 0.0006
for the Wilson models. For the TBP + n-dodecane system, the maximum RMSD(y, )

values of Raoult’s law, NRTL and Wilson models were 0.0095, 0.0080 and 0.0003,
respectively. Thus, differences between the experimental and calculated VLE data were
found to be small. Results of the Raoult’s law, NRTL and Wilson activity coefficient

model are shown in Figs. 5.6 to 5.8.
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At the lowest pressure of 0.13 kPa, the RMSD(y, ) values, by Raoult’s law, of

D2EHPA + n-dodecane showed a minimum of 0.0000. This indicated ideal behavior
of VLE. In contrast, the mixture of TBP + n-dodecane affirmed negative deviations
with 0.0095 of RMSD('y, ). Moreover, when pressure increased, both mixtures tended

to deviate from ideality as a result of intramolecular interactions between different

molecules.
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Table 5.8 Parameters for the NRTL and Wilson models for D2EHPA (1) + n-dodecane
(2) and TBP (1) + n-dodecane (2) at p =0.13, 2.40 and 6.67 kPa.

00, /3-mol™ g, —g,/3-mol™  RMSD(y,) RMSD(T)/K
p/kPa  D2EHPA (1) + n-dodecane (2)
0.13 961.03 -650.82 0.0003 0.05
g 240 1015 71677 0.0004 0.05
E 6.67 1035.9 -743.65 0.0004 0.05
E TBP (1) + n-dodecane (2)
0.13 3814.6 -949.37 0.0080 0.58
2.40 3361.8 -1166.7 0.0057 0.37
6.67 3427.1 -1267.2 0.0047 0.34
G1, =Gy /J-mol™ Uy =0y /3-mol™ RMSD(yl) RMSD(T)/K
p/kPa  D2EHPA (1) + n-dodecane (2)
0.13 1429.9 -1204.2 0.0003 0.02
% 2.40 1780.3 -1561.9 0.0005 0.12
é 6.67 1969.5 -1754.1 0.0006 0.05
§ TBP (1) + n-dodecane (2)
0.13 1657.4 132.2 0.0002 0.02
2.40 2054.6 -591.2 0.0003 0.03
6.67 22155 -769.9 0.0003 0.03
RMSD(yl) RMSD(T)/ K
p/kPa  D2EHPA (1) + n-dodecane (2)
_ 0.13 0.0000 0.11
38) 2.40 0.0007 0.12
é 6.67 0.0008 0.12
? TBP (1) + n-dodecane (2)
:§ RMSD(yl) RMSD(T)/ K
0.13 0.0095 0.5953
2.40 0.0078 0.4633
6.67 0.0062 0.4221
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5.6. Conclusions

In this study, the new experimental isobaric VLE data for the binary systems of
D2EHPA + n-dodecane and TBP + n-dodecane were reported at pressures of 0.13, 2.40
and 6.67 kPa by a glass vapor-liquid equilibrium ebulliometer. The corresponding

T —x—y diagrams were plotted. VLE results showed that no azeotropic phenomenon

existed. All the relative volatilities at the pressure points above were > 3 which meant
that the low volatile organophosphoric extractants (D2EHPA and TBP) and n-dodecane
diluent can be separated practically by vacuum distillation. Upon investigation, the
VLE data passed the consistency of thermodynamics using the Herington area test and
Van Ness point test. Raoult’s law, NRTL and Wilson activity coefficient models were
used to correlate the experimental data. Consequently, the corresponding binary
interaction parameters of the model were obtained. Then, the calculated values were
compared with the experimental data. The relative differences proved to be very small
for all models. Thus, it can be seen that the experimental data were validated and proved
to be reliable. The VLE data can provide a very important reference for further

theoretical research and industrial applications.

5.7 Supplementary information
5.7.1 Saturated vapor pressure

(1) Antoine equation
In this study, the Antoine equation [1] is applied to predict the saturated vapor pressure
for pure component of D2EHPA, TBP and n-dodecane. The typical form of the equation

is:
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Inp,,, = A-r ¢ (85.1)

where pg, is the saturated vapor pressure (Pa), T is temperature (K), while A, B and

C are the regression constants.

5.7.2 Vapor liquid equilibrium
(1) Raoult’s Law

The simple model for VLE represented by Raoult’s law provides a description of ideal
behavior of the mixture in vapor phase (as ideal gas) and liquid phase (as ideal solution).

The mathematical expression which gives quantitative expression to Raoult’s law is:
YiP=%p; (S5.2)
where y, and x, are the mole fractions of the vapor and liquid phases, respectively. p
is the system pressure, and p; is the vapor pressure of pure component.

(2) Modified Raoult’s Law

For non-ideal mixture, Raoult's Law equation is adapted for more realistic VLE results
by incorporating two factors namely, the fugacity coefficient (¢, ) for gas non-ideality
and the activity coefficient (y;) for non-ideality in liquid phase. When ¢. and y; is

inserted, Raoult's law is as follows:

o = oty xexolvi [ PP 5.3
py|¢| pl ¢I 7/|X| exp{ 1 ( RT j} ( )
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where ¢, and ¢ are the fugacity coefficients of the mixture and pure component in the

vapor phase. y; is the activity coefficient. V.' is the molar volume, and R is the

i
universal gas constant.

In this study, the vapor phase can be considered as an ideal state at the low

pressures of 0.13, 2.40 and 6.67 kPa. Thus, all of the terms of exp{vi' [%ﬂ o,

and ¢° are equal to 1 at ideal state. Therefore, Eq. (S5.3) can be reduced as in Eq.

(S5.4):
Vi = )zll_;)s (S5.4)

The calculated y; values for VLE binary system using Eq. (S5.4) are listed in

Tables 5.4 and 5.5.

5.7.3 Relative volatility

The relative volatility (¢;) is a measure of the differences in volatilities of the

components. For the three pressures studied, the relative volatility values are calculated

via Eq. (S5.5) as follows:

o = (S5.5)

5.7.4 Activity coefficient and data correlation
In this study, all of the VLE data is correlated with Raoult's law, NRTL, and Wilson

activity coefficient models.
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(1) Raoult’s Law model
7i=1
(2) NRTL model [2]

The NRTL model is illustrated as follows in Eq. (S5.6):

2 2
Gjirji N Gij Ty

(xi + ijji )2 (xj +X.G. )2

1

Iny, =x; (S5.6)

g; —0;
T :%’ Gij = eXp(_aijTij>’ q; =4

where g; —g;; refers to the binary interaction energy parameter, and the randomness

parameter (a; ) is a constant equal to 0.3.

(3) Wilson activity coefficient model [3]

For the Wilson model, activity coefficients for binary system are defined as follows:

A A,

Iny, :—In(xi+ijj)+x{X'+)iA. _x.+;(.A.. (S5.7)
L 1 J L

v 9i — i

= _lgyp| — 20

A=y, Xp( RT j

V=g 7 =1+(1-T/T,, )"
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where g; —g;; is the binary interaction energy parameter. Meanwhile, the critical
temperature (T_; ), critical pressure ( p,;) and compressibility factor (z ;) are shown

in Table S5.1 below:

Table S5.1 Critical properties namely, T, P. and, Z. of D2EHPA, TBP and n-

dodecane.
Component T./K p. /Pa Z,
D2EHPA [4] 864.8 3,109 0.2044
TBP [5] 817.0 4,376 0.2153
n-Dodecane [6] 658.2 1,810 0.2402

5.7.5 Thermodynamic consistency verification

The thermodynamic consistency test of the experimental VLE data is verified by the

Herington area test and VVan Ness point test.
(1) Herington area test [7]

Based on Gibbs-Duhem Theorem [8] as in Egs. (S5.8) and (S5.9), the Herington
consistency test is usually used to verify the experimental data which is described in

accordance with Egs. (S5.10) and (S5.11):

E

:TZ dT =0 (S5.8)

VE
xdIny,——dp+
iZ Ay, ———dp
Over composition x, at constant p gives:

A*leO(J.:Inﬁdxﬂ.:gde (S5.9)
V2
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HE \( oT
where ¢= > || —
RT X,

p

According to Eq. (S5.8), an integration term containing ¢ for isobaric systems
is estimated by an empirical equation by use of the total boiling range of the mixture.

Empirical criteria require two values for the test namely, D and J as follows [9]:

D =100x

5. =5 (S5.10)
S. +S_

+

where S, and S_ are obtained from In(7, /7,)—X, plot. S, isthe areaabove x axis of

the plot, and S_ is the area below the x axis.

J =150><Tma§rﬂ (S5.11)

min

where T_,, and T, represent the maximum and minimum temperatures of the system,

respectively.
(2) Van Ness point test [10]

The Van Ness point test is also used to verify the validity of the thermodynamic
consistency of the experimental VLE data; the average deviation of the vapor mole

fraction is defined as follows:

exp _ ,cal
i i

(S5.12)

where n is the experimental point number, y™ is the experimental mole fraction in

the vapor phase, and y™ is the mole fraction in the vapor phase calculated by Raoult’s
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law, NRTL and Wilson activity coefficient models. The values of y*® and y*® are

listed in Tables 5.4 and 5.5.

In order to judge the consistency of the experimental values with the calculated
values, the absolute deviation of vapor-phase mole fraction and the equilibrium
temperature between the experimental with calculated values are listed in Tables 5.4

and 5.5 as in the manuscript. Both Ay and AT are calculated accordingly:

cal

Ay = (S5.13)

yBXp _ y

AT =[To® _T< (S5.14)

where y*® and y* are the experimental and calculation mole fractions of D2EHPA

(or TBP) in the vapor phase, respectively; T®* and T are the experimental
calculation temperatures in the vapor phase, respectively. T and y® are calculated
by Raoult’s law, NTRL and Wilson activity coefficient models; the values are listed in
Tables 5.4 and 5.5.

In order to judge overall consistency, the root-mean-square deviation (RMSD)

should be calculated. The RMSD is defined as follows:

RMSD = \/%Z(up Uy (S5.15)
i=1

where U™ and U™ are the experimental and calculated values, respectively. n is the

number of experimental data points.
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Figure S5.4 Calibration curve between mass fraction and peak area from FT-IR
spectrum of D2EHPA (1) + n-Dodecane (2) binary mixtures.
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Figure S5.5 Calibration curve between mass fraction and peak area from FT-IR
spectrum of TBP (1) + n-Dodecane (2) binary mixtures.
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CHAPTER VI

CONCLUSION

6.1 Conclusion

Hollow fiber supported liquid membrane (HFSLM) is a cutting-edge system that has
been well applied in the separation processes and can be regarded as a promising system
for As Low As Reasonably Achievable (ALARA) mass separation.

In this work, it is noted that HFSLM can effectively extract and recover Ni%*
from the real rinse wastewater of the electroless nickel immersion gold (ENIG) plating
process containing [Au(CN)2] and other ions. Both D2EHPA, an acidic type extractant,
and TBP, a solvating type extractant are capable of extracting Ni>* and [Au(CN)2]". At
equal concentration, D2EHPA attained a slightly higher extraction percentage and
distribution ratio of Ni?* ions than TBP. Thus, it is seen that selective extraction in terms
of selectivity of Ni?* relative to [Au(CN).] is improved when D2EHPA is used. In
addition, it is evident that using the mixture of D2EHPA/TBP extractants yielded the
highest Ni?* extraction efficiency followed by the single extractants i.e. D2EHPA and
TBP, respectively. The synergistic coefficient of the D2EHPA/TBP extractants for Ni?*
extraction (SCni > 1) indicates that synergism occured. Furthermore, the synergistic
mixture D2EHPA/TBP can transport the Ni* ions much faster than a single extractant.
Thus, as regards selective separation, the combination of D2EHPA/TBP extractants
proved to be the most suitable ions carrier system via HFSLM as a result of their
synergism to target Ni?* as well as their antagonism to non-target [Au(CN).] for

improving extraction percentage of Ni?* (%Eni), distribution ratio (Dni) and selectivity
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(Snirau). The viability to separate Ni%* is established by controlling the influence of
operating conditions. Under optimum conditions, a complete separation of Ni?* was
achieved: 85.70% of extraction and 83.2% of stripping (recovery). The optimized
conditions found proved to be the synergistic extractants: 0.25 mol/L D2EHPA mixed
with 0.25 mol/L TBP, 0.50 mol/L HCI as a strippant and 200 mL/min of flow rate for
both aqueous solutions.

The overall contents of this dissertation cover the following studies:

The superior extraction of Ni?* over [Au(CN).]" from the rinse wastewater of
the ENIG plating process was investigated via the HFSLM system. D2EHPA, and TBP
were employed as extractants. Results show that the binary mixtures having
acidic/neutral extractants of D2EHPA/TBP yielded the highest selectively extracting of
Ni%* from [Au(CN).] at low concentrations. The HFSLM technique illustrates the
selective extraction of Ni?* over other conventional techniques. The successful
separation of Ni?* ions from the real rinse wastewater of the ENIG plating process via
HFSLM proved its worth that it can be a most useful technique in the integrated
operation of the ENIG plating process.

Various types of vegetable oil (palm, sunflower, soybean, coconut and rice
bran) were investigated as eco-friendly benign diluents. Herein, all vegetable oil-based
diluents loaded with organophosphorus extractants: D2EHPA and TBP demonstrate
their effectiveness for the selective elimination of Ni?*.

Besides, a mathematical model was developed on the basis of the conservation
of mass. Axial convection, axial diffusion, radial diffusion as well as chemical reactions
were investigated via mathematical modeling. The mathematical model was developed

to predict the concentration of Ni%* in both aqueous solutions. Results indicate that the
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model proved to be an effective approach for predicting the transportation of Ni?* across
the HFSLM system. In the liquid membrane, only the diffusion in the radial direction
took place. Thus, axial convection, axial diffusion, radial diffusion and the chemical
reactions were involved in mass transfer across HFSLM and considered as an important
concept for accurate prediction in the unsteady state model. This robust model with its
high accuracy provides a greater understanding of the transport mechanisms across the
HFSLM system. A design scale-up for industrial application could prove useful.

Furthermore, the p, for the low volatility organophosphorus extractants over

the temperature range T = (450.5 — 546.2) K for D2EHPA and T = (383.8 — 469.9) K
for TBP were determined by vacuum distillation method. Despite reaching high
temperatures, the measured p,, of these two extractants were relatively low, in the
range of p,, =(0.13-6.67) kPa. On investigation, it was observed that the p,, values
of D2EHPA were lower than that of TBP due to stronger intermolecular H-bonding.
The correlation results of the experimental p,, were found to be in good agreement
with the estimated values as indicated by the low percentage of RAD for these models,
namely Antoine (0.0089 — 0.0230) %, August (0.2191 — 0.2193) %, Riedel vapor
pressure (0.0321 — 0.1305) % and Wagner equation (0.0076 — 0.0080) %. Then, the

thermodynamic properties of A, Hand A S were calculated. Thus, it was observed
that when temperature increased, A, H and A S decreased. The calculated AS |

also showed positive departures from Trouton’s rule. Furthermore, the C' were

determined within the experimental temperature ranges. On further investigation, the
relevant data may provide some useful information for the design and development of
vacuum distillation and evaporation processes for the recovery and recycling of organic
waste.

Additionally, the new experimental isobaric VLE data for the binary systems of
D2EHPA + n-dodecane and TBP + n-dodecane were reported at pressures of 0.13, 2.40

and 6.67 kPa by a glass vapor-liquid equilibrium ebulliometer. The corresponding T X
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y diagrams were plotted. VLE results showed that no azeotropic phenomenon existed.
All the relative volatilities at the pressure points were > 3, which meant that the low
volatile organophosphoric extractants (D2EHPA and TBP) and n-dodecane diluent can
be separated practically by vacuum distillation. Upon investigation, the VLE data
passed the consistency of thermodynamics using the Herington area test and VVan Ness
point test. Raoult's law, NRTL and Wilson activity coefficient models were used to
correlate the experimental data. Consequently, the corresponding binary interaction
parameters of the model were obtained. Then, the calculated values were compared
with the experimental data. The relative differences proved to be very small for all
models. Thus, it can be seen that the experimental data were validated and proved to be
reliable. The VLE data can provide a very important reference for further theoretical

research and industrial applications.

6.2 Limitation

A major concern regarding HFSLM is the stability of the liquid membrane in
terms of long time performance. This is mainly due to the loss of extractant (carrier)
and/or diluent from the membrane support, which has an influence on both the flux and
selectivity of the membrane. In consideration of this, further study on the stability of

the liquid membrane should be considered for scaling up for industrial applications.

6.3 Recommendations for future research

The advantages of HFSLM over conventional methods viz. less chemical used,
high selectivity as well as low operating cost. HFSLM can easily be scaled up by
operating in parallel or in series mode in order to yield higher capacity. Regards,

simultaneous extraction and stripping of target species contribute unit very compact
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with less operating time and energy consumption. Following are recommendations for

future research:

(1) Pretreatment of wastewater must be performed in order to prevent fouling in the

system.

(2) A high concentration of acid and high temperature should be avoided since it

can impair the polypropylene hollow fibers.

(3) Measurement of the solubility of extractant in aqueous solutions should be

investigated.
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