MsanawaziInauleaukueanaNNUI R UNTEUIUNSNEUVNTTY

lngldgounumainngssieidulonais

Y19E@NSANSMY 29AaN

unAngauasuitudoyaatuiinveineinusaauntnsfing 2554 Aliusnisluadetdyaig (CUIR)
\uuitudoyavestidndwoivendnus Ndsnunadudningidy
The abstract and full text of theses from the academic year 2011 in Chulalongkormn University Intellectual Repository (CUIR)

are the thesis authors' files submitted through the University Graduate School.

v
& 1 P a

Weninusiiludunilavasns@nwaunangnsusyyimnssaan s e Uudn
A1UIPIMINTTUAL NIAIYIAINTTULAL
AREIAINTIUAIANT PHIAINTAIUVTINE Y

Uns@nwn 2557

AvaAvEveRIIAINTAlUNINSY



EXTRACTION AND RECOVERY OF SILVER IONS
FROM PHARMACEUTICAL PROCESSES VIA HOLLOW FIBER

SUPPORTED LIQUID MEMBRANE

Miss Thidarat Wongsawa

A Dissertation Submitted in Partial Fulfillment of the Requirements
for the Degree of Doctor of Engineering Program in Chemical Engineering
Department of Chemical Engineering
Faculty of Engineering
Chulalongkorn University
Academic Year 2014

Copyright of Chulalongkorn University



Thesis Title EXTRACTION AND RECOVERY OF SILVER IONS FROM
PHARMACEUTICAL PROCESSES VIA HOLLOW FIBER
SUPPORTED LIQUID MEMBRANE

By Miss Thidarat Wongsawa

Field of Study Chemical Engineering

Thesis Advisor Distinguished Professor Dr.Ura Pancharoen

Thesis Co-Advisor Associate Professor Dr.Anchaleeporn  Waritsawat
Lothongkum

Accepted by the Faculty of Engineering, Chulalongkorn University in Partial

Fulfillment of the Requirements for the Doctoral Degree

Dean of the Faculty of Engineering

(Professor Dr.Bundhit Eua-arporn)

THESIS COMMITTEE

Chairman

(Assistant Professor Dr.Apinan Soottitantawat)

Thesis Advisor

(Distinguished Professor Dr.Ura Pancharoen)

Thesis Co-Advisor

(Associate Professor Dr.Anchaleeporn Waritsawat Lothongkum)
_____________________________________________________________________ Examiner
(Associate Professor Dr.Soorathep Kheawhom)
_____________________________________________________________________ Examiner
(Assistant Professor Dr.Suphot Phatanasri)

External Examiner

(Assistant Professor Dr.Weerawat Patthaveekongka)



3013010 29 : nsafiwazindulessudusenainifivlunsruiunmsadynssulag
4 deusiumaringsneidulonads (EXTRACTION AND RECOVERY OF SILVER IONS
FROM PHARMACEUTICAL PROCESSES VIA HOLLOW FIBER SUPPORTED LIQUID
MEMBRANE) o.9iUSnuninendnusudn: eansiiviu 75.951 Uuasey, 9. USnw
Anenfinudsn: 56 09.5vENs 13vaTan vdeviesdn, 257 nin.

v
av A [ o

mm'ﬂauﬂﬂ‘mmsaﬂmLLazmﬂé’uiaaauﬁuimﬂ%’ﬁaLLsJuma’gﬁwqaé’wLé’uIaﬂaN
ansazaneteuildfetinnnssuiunsindunssufiimanududureslessuidududuiiy 30
fadnSuredns n1sidenviinvesarsiivinazatafiansaiainaninazasls (solubility) wuinals-
Fuduansivhazarsfimunzay druvinvesasadn fe LIX 84 wazarsazatstnduielaiion

Inledamnialdlussuuitowiumainngsnieidulonalsdenlagionisainveunalinievedad

nansatauaztindulosutulagliiounumaringsodulonass wuinmsadouay
Undugegn 98 uaz 85 Wosldud dloanudunsavavesansavanedounazansazasingu
WiNAU 3.5 LAy 2 MNAIAU LagANNNTUYeYEnsanaLaza1sazanedInauvinnu 0.1 way 0.5
luaredns lnefisasnislnavesansazansdounazansazatsthnduwindu 200 Haddnsdound
narlumsadauazdinduwiiiu 26 win IUfuRnsuuvansazaredeunavaisazagdingu
lyarunazalunianiu mwm%’u%ummlaaau[ﬁuﬁmﬁaagﬂumﬁazawﬂawﬁﬂdﬂ 1 fiadnSusedns
yonanildnwnaveslossuman nuilessumdnliinasensatnuwaziingulesaudu andu
aiawuunaemenlamanslagfiasuIn1swg Msuns Uisenedl waznisasauasusenau
L%q%’ausuaﬂaaauﬁuiu%fgmﬂL?J'aLLNummLﬁaa%mamia"mmmamaﬂaaawfiﬂuiwuL?J@LLr;ju
mmﬁwqaéfamé’uimmq wagriurgusednsninuaziianlunisanauwazrinnaulessudu
quﬁﬂaaaﬁlé’ﬁmmLLaJqu’ﬂqa LWSHUBUNANIIATUININLUUIIADIAUNANITNAGDY WUIIAINY

1 ¥ 1 § < I3
WANANNUBENIT 2 LUDILTUR

a

AR IEINSTULAL aeilayaldn

AU IEINSTULAL aeilade 0.1USNwINan

Unsfinwn 2557 A18iaTe 0.1USNWI5IU



# # 5171845121 : MAJOR CHEMICAL ENGINEERING

KEYWORDS: SILVER IONS / EXTRACTION / RECOVERY / HFSLM / MATHEMATICAL MODELS
THIDARAT  WONGSAWA: EXTRACTION AND RECOVERY OF SILVER IONS FROM
PHARMACEUTICAL PROCESSES VIA HOLLOW FIBER SUPPORTED LIQUID MEMBRANE.
ADVISOR: DISTINGUISHED PROF. DR.URA PANCHAROEN, CO-ADVISOR: ASSOC. PROF.
DR.ANCHALEEPORN WARITSAWAT LOTHONGKUM, 257 pp.

This work studied the extraction and recovery of silver ions via hollow fiber supported
liguid membrane (HFSLM). Pharmaceutical wastewater containing silver ions of 30 mg/L was used
as a feed solution. Type of organic solvents was selected by considering its solubility. Kerosene
was found to be the suitable organic solvent. For an extractant and a stripping solution,

respectively, LIX 84- and sodium thiosulfate solution were selected by liquid-liquid extraction.

The maximum percentages of extraction and recovery of silver ions via the HFSLM were
98% and 85%, respectively by following conditions: pH of feed and stripping solutions at 3.5 and
2 respectively, the concentration of extractant and stripping solutions 0.1 and 0.5 mol/L, equal
flow rate of feed and stripping solutions 200 mL/min, and separation time of 26 min. The
operating mode in HFSLM was applied by countercurrent-circulating of feed and stripping
solutions. The residual concentration of silver ions in the feed solution less than 1 mg/L was
observed. The effect of ferric ions was additionally studied and found no influence on silver ion
extraction. In addition, the mathematical models considering the convection, diffusion, chemical
reaction and the accumulation of silver ion complexes in the liquid membrane phase were
developed in order to understand mass transfer of silver ions throughout the HFSLM as well as to
predict the extraction and recovery of silver ions and the separation time. The models showed
high accuracy as the calculated results from the models were deviated from the experimental

data less than 2%.
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Chapter |
Introduction

1.1 Rationale of research problem

In the pharmaceutical processes of the Government Pharmaceutical
Organization of Thailand, silver nitrate solution is used to determine the quantity of
sodium chloride. Thus, in the end of the process, the wastewater contains silver ions.
It is normally mixed with wastewater containing ferric ions from quantitative analysis
of sucrose by ferric chloride solution. Figure 1.1 summarizes flowchart of the
wastewater generated from quantitative analysis of NaCl and Cy;,H,,0;; in the
pharmaceutical processes. Wastewater that contains 30 mg/L silver ions and
120 me/L ferric ions, totally 100 L/month, was generated. The wastewater is then
transferred to the Safety and Environment Division for treatment. Based on Industrial
Wastewater Regulation, for less environmental impact, the concentration of silver
and ferric ions must be lower than 1 and 10 mg/L, respectively1. It is reported that
silver ions at 1-5 meg/L can kill aquatic micro-organisms, insects, trout and flounder”.
Moreover, the accumulation of silver ions in the human body of 3.8 ¢ can lead to
argyria disease that gives the appearance of blue skin’. In the case of ferric ions, its
accumulation of 100-200 mg/weight of body mass can kill all animals”. Ferric ions are
generally treated by chemical precipitation using phosphoric acid solution. In fact,
chemical precipitation is of most effective in separating metal ions at high
concentration”. By using this method, the concentration of ferric ions reaches
0.35 mg/L, which is lower than the mandatory discharge limit. However, in regard to
treat and separate silver ions, particularly at a low concentration, as silver is

valuable, it is difficult to seek an appropriate method.



quantitative analysis of drugs

in pharmaceutical processes

' |

ANO, . +NaCl,, — AgCl, +NaNO, FeCly L + CipHpOyy Lq = FE(OH); |+ CpoH 00CL
contamination in wastewater (for 1 month) : contamination in wastewater (for 1 month) :
(Ag"1-30mg /L [Fe’*1-120mg /L
[Na'1~0.02mg /L [CU]~2mg/L
[NO,1~30mg /L [C;,H;1905CL, 1~ 16,100 mg / L

!

contamination in total wastewater (for 100 L / month):

[Ag"1=30mg/L
[Fe’*1=120mg /L
Na“]1=002mg /L
[NO,1=30mg /L
[CU]I=2mg/L

[C,,Hy05Cl 1 = 16,100mg / L

Figure 1.1 Wastewater generated from quantitative analysis of NaCl and Cy,H,,04;

in the pharmaceutical processes.

Concerning the point mentioned above, a high-efficiency separation method is
required to extract and recover silver ions from pharmaceutical wastewater. It is
known that hollow fiber supported liquid membrane (HFSLM) has been successful in
separating metal ions at a very low concentration in ppm- or ppb—levelw. Other
advantages of HFSLM are simultaneous extraction and recovery in one single stage,
high mass transfer flux of metal-extractant complexes through liquid membrane
phase, low energy and operating costs . In the HFSLM, the mixture of extractant and

organic solvent is used as the liquid membrane which is embedded into the micro-



pores of the hollow fibers. Wastewater or feed solution and stripping solution are
pumped into the tube and shell sides of the hollow fibers, respectively. The feed
and stripping solutions contact with liquid membrane phase at the interfaces of tube
and shell sides. This characteristic results in a highly effective surface area for metal
ion separation. The suitable extractant, organic solvent and stripping solution can
then be selected for use in the HFSLM. Since the physical and chemical properties of
the extractants and stripping solutions, and the organic solvents are different, and
therefore the metal-ion separation efficiencies are different’ . It is reported that
types of the organic solvents affect the stability of liquid membrane . According to
the merits of the HFSLM, it was used in this work to separate silver ions from the

pharmaceutical wastewater.

1.2 Extraction and recovery of metal ions via HFSLM

HFSLM is composed of 3 phases as follows:

a) Feed phase — wastewater or aqueous solution containing metal ions or target
species

b) Ligquid membrane phase — a mixture of extractant and organic solvent
(or a mixture of extractants and organic solvent in case of synergistic
extraction) for the extraction of metal ions or target species from feed phase

c) Stripping phase — distilled water or stripping solution for the recovery of

metal ions or target species from liquid membrane phase

The transport mechanisms of metal ions in the HFSLM can be divided into
3 cases based on types of the extractants and metal ion forms (cation, neutral

. 15
complex or anion complex). Details of each transport mechanism are shown below "

a) Simple facilitated transport — this transport mechanism is presented in
Figure 1.2 to describe the extraction and recovery of neutral metal complex

using a neutral extractant. The neutral extractant reacts with the neutral



metal complex at the feed-liquid membrane interface to form metal-
extractant complex, which diffuses through the liquid membrane phase to
the liquid membrane-stripping interface. Thereafter, the neutral metal
complex is released into the stripping phase. At the same time, the neutral
extractant diffuses backwards to the feed-liquid membrane interface, and

reacts again with the neutral metal complex in the feed phase.

KN
®

® ®

Feed phase

Stripping phase

Figure 1.2 Simple facilitated transport of neutral metal complex in the HFSLM:

A — neutral metal complex, B — neutral extractant, AB — metal-extractant complex.

b) Coupled facilitated co-transport — this transport mechanism is presented in
Figure 1.3 to describe the extraction and recovery of metal anion complex
using a basic extractant. The metal anion complex and hydrogen ion in the
feed phase react with the basic extractant at the feed-liquid membrane
interface to form complex of metal anion complex, hydrogen ion and
extractant (or metal-hydrogen ion-extractant complex). Thereafter, the
metal-hydrogen ion-extractant complex diffuses through the liquid membrane
phase, reacts with the basic stripping solution at the liquid membrane-
stripping interface, and releases the metal anion complex and hydrogen ion
into the stripping phase. The basic extractant diffuses backwards to the feed-
liqguid membrane interface, and reacts again with the metal anion complex

and hydrogen ion in the feed phase.



':5@

@ ®
®a"

Stripping phase

® ©
® By
of:

Feed phase

Figure 1.3 Coupled facilitated co-transport of metal anion complex in the HFSLM:
A — metal anion complex, H — hydrogen ion, B — basic extractant, AHB — metal-

hydrogen ion-extractant complex.

c) Coupled facilitated counter-transport — this transport mechanism is presented
in Figure 1.4 to describe the extraction and recovery of metal cation using an
acidic extractant. The acidic extractant reacts with metal cation at the feed-
liquid membrane interface to form metal-extractant complex in the liquid
membrane phase, and releases hydrogen ion into the feed phase. Thereafter,
the metal-extractant complex diffuses through the liquid membrane phase,
reacts with the acidic stripping solution at the liquid membrane-stripping
interface, and releases metal cation into the stripping phase. The acidic
extractant interacts with the hydrogen ion in the stripping phase and then
diffuses backwards to the feed-liquid membrane interface, and reacts again
with the metal cation in the feed phase.

In this work, the extraction and recovery of silver ions can be described by

the coupled facilitated counter-transport.



Feed phase : Stripping phase

Figure 1.4 Coupled facilitated counter-transport of metal cation in the HFSLM:
A" — metal cation, H — hydrogen ion, HB — acidic extractant, AB — metal-extractant

complex.

Based on the transport mechanisms, the following parameters, e.g., physical and
chemical properties of the extractants, organic solvents and stripping solutions, play
important roles to the extraction and recovery of metal ions via the HFSLM.
The mathematical models likewise are used as a tool to describe the transport of
metal ions through the HFSLM and to predict the extraction and recovery efficiency
as well as the separation time'*. A brief summary of the parameters and

mathematical models is given below:

1.2.1 Extractants

The chemical structure of extractants for metal ion extraction is Ugand—liked”,
consisting of a functional group with one donor atom such as nitrogen, phosphorus,
oxygen, or sulfuric. Generally, functional groups are classified as acidic functional
groups, e.g., carboxylic (=CO,H), sulfonic (=SOsH), phosphoric (-=PO(OH),), and basic
functional groups, e.g., ether (=O-), alcohol (—=OH), oxime (=N—OH). During the last
decade, an increase of functional groups into the extractant molecule has been

adopted to improve the stability of chemical bonding of the metal-extractant



complexes. Chelating agent is very well-known extractant using for metal ion
extraction. It contains two functional groups that are acid-acid, base-base or acid-

base. The extraction behaviors of chelating agents include:

a) Functional groups of acid-acid — the donor atoms in the acidic functional
groups give hydrogen ions to dissociate electrons to interact with metal ion.

b) Functional groups of base-base — the donor atoms in the basic functional
groups carry the lone pairs of electrons to interact with metal ion.

c) Functional groups of acid-base — their extraction behavior is similar to that of

the acidic-acidic functional groupsn.

According to chemical structure of the extractant, transport mechanism and

metal ion formsls, the extractants can be classified into:

a) Organic acid extractants — for extraction of metal cations

b) Chelating extractants — for extraction of metal cations

c) Neutral or solvating extractants — for extraction of neutral metal complexes
d) Ligand substitution extractants — for extraction of metal anion complexes

e) Basic or ion-pair extractants — for extraction of metal anion complexes
Details of each class are shown below:

1.2.1.1 Organic acid extractants

Organic acid extractant reacts with metal cations at the feed-liquid membrane
interface by releasing hydrogen ions into the feed phase. Thus, the extraction
efficiency depends on the pH of feed solution that corresponds to the concentration
of hydrogen ions in the feed phase. Examples of organic acid extractants are di(2-

ethylhexyl) phosphoric acid (D2EHPA), bis(2,2,4-trimethyl-pentyl) phosphinic acid



(Cyanex 272)18

((CgH170),POH) is shown in Eq. (1.1)"":

. In addition, the chemical reaction of metal cation and D2EHPA

M® ' 4+ 2(C H_O) PO H] = MICH O) PO 1H +2H (1.1
aq 8 17 2 2 2,org 8 17 2 2 4 2,org aq

where the subscripts of ,, and ., are the aqueous (feed) and organic (liquid

membrane) phases, respectively.

1.2.1.2 Chelating extractants

Chelating extractants with the functional groups of acid-acid and acid-base show
similar extraction behavior to the organic acid extractants. Chelating extractant with
base-base functional groups has similar extraction behavior to that of the basic or
ion-pair extractants that is described in section 1.2.1.5. An example of chelating

)18

extractant is 2-hydroxy-5 nonylacetophenone oxime (LIX 84-l) . The chemical

reaction of metal cation and LIX 84-] (C;7H,7NO,) is shown in Eq. (1.2)20:

M+ 2C_H_NO — MC_H NO)  +2H" (1.2)
aq 17 27 2, 0rg 17 26 2 2,0rg aq .

1.2.1.3 Neutral or solvating extractants

Neutral or solvating extractant reacts with neutral metal complexes at
the feed-liquid membrane interface by replacing the molecules of water that
hydrated around the neutral metal complexes. The examples of the neutral or
solvating extractants are tri-n-octylphosphine oxide (TOPO), tributyl phosphate (TBP)
and dibutyl butylphosphonate (DBBP)lS. An example of the chemical reaction
between the neutral metal complex (MX,) and DBBP (Ci,H,;PO3) is expressed as

foLlovstl:

MX + 2C H
12

2 a0 = MX2 o(C12H27PO ) (1.3)

PO
27 3, 0rg 3 2, org



However, the extraction efficiency of neutral or solvating extractants is limited by the

following factors:

a) Stability of the chemical bonding of neutral metal complexes — the neutral

metal complexes with low stability of chemical bonding dissociate to metal

cations together with anions (X ) in the feed phase where the metal cations
do not react with the neutral or solvating extractant.

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

through the liquid membrane phase.

1.2.1.4 Ligand substitution extractants

Ligand substitution extractant reacts with metal anion complexes by giving
the electron pairs to the inner shell of metal atoms and releasing anions into the

feed phase. An example of a ligand substitution extractant is di-n-hexyl sulfide

(C12H265)18, and its chemical reaction with metal anion complex (MXLZ{) is presented

in Eq. (1.4)°%

MX2T +2C HS = MXCHS  +2¢ (1.4)
4,aq 12 26 org 2 12 26 20rg aqg

1.2.1.5 Basic or ion-pair extractants

Basic or ion-pair extractant reacts with metal anion complexes in two steps as

follows:
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a) Acidic molecules in the feed phase dissociate to hydrogen ions and anions to
interact with the basic or ion-pair extractant at the feed-liquid membrane
interface.

b) Metal anion complexe interacts with the new molecules of basic or ion-pair
extractant by replacing anions to metal—co-ion—extractant complexes in the

liquid membrane phase. The anions are then released in the feed phase.

Thus, the extraction efficiency of basic or ion-pair extractant is closely related to the
capability of anions to attach to metal anion complexes in the feed phase. The
common basic or ion-pair extractants are Alamine and Aliquat groups such as tri-
lauryl ammine (Alamine 304-1), tri-n-octylamine (Alamine 336) and n-methyl-n,n,n-

trioctyloctan-1-ammonium chloride (Aliquat 336)"°

Examples of the chemical
reaction between the acid (HA) and Alamine 304-1 (C34H75N), and the chemical
reaction between the metal anion complex and acid-Alamine 304-| are presented in

Egs. (1.5) and (1.6), respectively23:

A +H +C HN = AH.C_HN (1.5)
aq aq 36 75 org 36 75 org ’
MX°" +2AH.C H. N = MX «(HC_H N +2A (1.6)

4,aq 36 75 org 4 36 75 2,0rg aq

24
Other concerned properties of extractants are

a) High selective separation capacity of the extracted metal ions
b) Rapid chemical reaction with metal ions

c) No side reactions generated

d) Low solubility in the feed and stripping phases

e) Suitable density, viscosity and surface tension
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For silver ion extraction, the efficient extractants mostly used are di(2-ethylhexyl)
)5, 25 )28,

phosphoric acid (D2EHPA _27, dicyclohexano18crown6 (DC18C6 29, hexathia-18-

crown-6 (HT18C6)™" '

(Cyanex 302" 7.

and bis(2,4,4 trimethylpentyl) monothio phosphinic acid

1.2.2 Organic solvents

Organic solvents can be divided into 2 groups: polar and non-polar. The polarity
of organic solvents is indicated by the dielectric constant that represents the strength
of the electric field surrounding the molecules of organic solvents. Organic solvents
which have dielectric constants lower than 15 are non-polar solvents™" . For
extraction and recovery of metal ions, the organic solvent is a media for the diffusion
of metal-extractant complexes and extractant. The metal-extractant complexes and
the extractant form solvation molecules in the organic solvent by hydrogen
bonding36. The stability of solvation molecules depends on the polarity of organic
solvents” . Thus, the metal-extractant complexes and extractant interact well with
polar solvents than non-polar solvents . However, the polar solvents also interact
well with water leading to the loss of liquid membrane phase to the feed and
stripping phasesag, Moreover, a high polar solvent like nitrobenzene strongly interacts
with the extractant and results in lower extraction efficiency39. Other significant
properties of organic solvents are viscosity and volatility. The organic solvents having
low viscosity help the diffusion of metal-extractant complexes and extractant
through the liquid membrane phase40. Organic solvents of high volatility can easily
volatile from the liquid membrane phase, and consequently reduces the extraction
efficiency. The typical organic solvents used are aliphatic and aromatic hydrocarbons,
hydrophobic ethers and esters, long chain alcohols and mixtures of technical
solvents like kerosene. Other important properties of the organic solvents are
presented in Table 1.1. For silver ion extraction, kerosene and chloroform are

25, 26,41, 42
frequently used .
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Table 1.1 The important properties of organic solvents used .

Organic solvents Solubility in water X 10° Viscosity X 10°
(kg/m’) (Pa*sec)
Chloroform 0.01" 0.56"
Dihexyl ether - 1.87
Diphenyl methane 6.51 2.96
Di-n-butyl phthalate 8.91 15.4
Dodecane 0.07 1.50
Heptane - 0.38
Kerosene - 1.24
n-Amyl benzoate 8.06 3.42
o-Nitrophenyloctylether 0.16 12.5
1-Octanol - 7.47

a, b 43 a4 £
are the references of =~ and , respectively.

1.2.3 Stripping solutions

Stripping solution recovers metal ions at the liquid membrane-stripping interface.

Recovery reactions are the reverse reactions of their extraction. In order to select

a suitable stripping solution, the following principles are taken into account™:

a)

b)

Acidic stripping solutions for metal cation recovery — these stripping solutions
give the hydrogen ions for replacing the metal cations in the molecules of
metal-extractant complexes. The examples of acidic stripping solutions are
nitric acid solution (HNO3)47, sulfuric acid solution (HZSO4)Z18 and hydrochloric
acid solution (HCV™.

Distilled water for the recovery of neutral metal complexes — molecules of
distilled water replace the molecules of the extractant in the metal-
extractant complexes to build new complexes with the neutral metal
complexes, and release them into the stripping phase.

Basic stripping solutions for the recovery of metal anion complexes — these

stripping solutions give anions to replace the metal anion complexes in
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the molecules of metal-hydrogen ion-extractant complexes, and release the
metal anion complexes into the stripping phase. In this step, the hydrogen
ions were also released into the stripping phase. The examples of basic

51

stripping solutions are sodium hydroxide (NaOH)50 and thiourea (SC(NH,),)

Moreover, the stripping solutions having the donor atoms are favorable to high
recovery efficiency. For silver ion recovery, sodium thiosulfate (Na,S,03) is frequently

. . . 28, 52,53
used as the stripping solution :

1.2.4 pH of feed and stripping solutions

The pH of feed and stripping solutions influences the transport mechanisms of
metal ions through the HFSLM. In order to determine the suitable pH of feed and
stripping solutions, the transport mechanisms of metal ions are considered as

foLlowsS4:

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

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

must be low, but stripping pH must be high55.

The pH of feed and stripping solutions has no effect on simple facilitated transport
of neutral metal complexes. This is because the extraction and recovery of neutral

metal complexes correspond to the solvating interactions at the feed-liquid
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membrane and liquid membrane-stripping interfaces . For silver ion extraction and
recovery involving coupled facilitated counter-transport, the pH of feed solution

must be higher than the pH of stripping solution.

1.2.5 Concentration of the extractants

The concentration of the extractant has an influence on extraction and recovery
efficiency as well as the diffusion of metal-extractant complexes through the liquid
membrane phase. The extraction and recovery efficiency increase with the
concentration of extractantw. Low concentration extractant results in low extraction
and recovery of metal ions”™". However, too high concentration of extractant leads to
a decrease in extraction and recovery efficiency. For most extractant, high
concentration relates to high viscosity which obstructs the diffusion of metal-

59
extractant complexes .

1.2.6 Concentration of the stripping solutions

The concentration of stripping solution also has an influence on the extraction
and recovery of metal ions. An increase in stripping concentration results in higher
extraction and recovery efficiency. However, too high a concentration of stripping
solution leads to a decrease in efficiency. This is because the stripping solution
reaches equilibrium which cannot recover the metal ions °. The concentration of the
stripping solution must be based on the concentration of the extractant.
For the recovery of silver ions, the concentration of anions is careful due to

o . . . - 28
the precipitation of silver-anion complexes in the stripping phase .

1.2.7 Flow rates of feed and stripping solutions

Flow rates of feed and stripping solutions in the feed and stripping phases have

an influence on the contacting time of metal ions with the liquid membrane phase.
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Moreover, the flow rates of both solutions have an influence on the stability of
the liquid membrane phase. An increase in flow rates results in an increase in
extraction and recovery efficiency. However, higher flow rates cause a decrease in
contacting time and results in turbulent force which disturbs the stability of the
liquid membrane phase. In addition, flow rates of feed and stripping solutions must
be equal for prevention of different pressures which can disturb the liquid
membrane stabilityéo’ *" For the extraction and recovery of silver ions, low flow rates
of both solutions are required to increase contacting time since silver ions have a

. 62
slow reaction .

1.2.8 Flow directions of feed and stripping solutions

Feed and stripping solutions flow through the HFSLM by means of two directions:
co-current and counter-current. The counter-current direction results in different
concentrations of metal ions and hydrogen ions in the feed and stripping phases. The
different concentrations are the driving force which improves extraction and recovery
efﬁciency“. Thus, flow direction of the most metal ions including silver ions is

operated by counter-current direction.

1.2.9 Flow patterns of feed and stripping solutions

Flow patterns of feed and stripping solutions through the HFSLM are circulating,

single-pass and semi-circulating. Characteristics of flow patterns are shown below:

a) Circulating flow pattern — feed and stripping solutions flow through the
HFSLM and then return back to the original reservoirs.
b) Single-pass flow pattern — feed and stripping solutions flow from the original

reservoirs into the new reservairs.
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c) Semi-circulating flow pattern — feed solution flows through the HFSLM to
the new reservoir while the stripping solution flows back to its original

reservoir.

In order to select the flow pattern used, it can be considered case by case as

follows:

a) Circulating flow pattern is operated when feed and stripping solutions have
a small volume and reactions of metal ions occur slowly.

b) Single-pass flow pattern is operated in the cases of a large volume of feed
and stripping solutions and rapid reactions of metal ions. However, when
reactions occur slowly, the single-pass flow pattern is operated using the
series modules of hollow fibers to increase the contacting time of metal ions
with the liquid membrane phase.

c) Semi-circulating flow pattern is operated when feed solution has a large
volume and reactions of metal ions occur rapidly. However, in the case of
slow reactions the semi-circulating flow pattern is operated using the series

modules of hollow fibers.

In general, for the extraction and recovery of silver ions, the circulating flow pattern
is used due to their slow reactions. However, if the feed solution has a large volume,
the semi-circulating flow pattern is employed using the series modules of hollow

fibers.

1.2.10 Separation time of metal ion extraction and recovery

The extraction and recovery of metal ions are operated using different times.
The separation time for extraction and recovery of metal ions including silver ions is
determined by the time that results in the highest amount of extraction and

recovery.
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1.2.11 Mathematical models in separation of metal ions via HFSLM

Mathematical models for metal ion extraction and recovery via HFSLM have been
developed to describe the transport mechanism of metal ions in the HFSLM. The first
model is based on the diffusion of metal ions through the liquid membrane phase.
In this case, the mass transfer coefficients (k) are calculated in order to obtain
the phase controlling step. Then, the permeability coefficient (P) of metal-extractant
complexes in the liqguid membrane phase is determined®™®. Lin and Juang67 used
this model to predict the concentration of copper ions in the feed phase.
Kandwal et al.** also developed the model by considering convection and diffusion
for the cesium ion extraction. However, Yang and Kocherginsky69 discovered that the
model cannot completely describe the extraction and recovery of copper ions in the
HFSLM.

In this study, a mathematical model for copper ion extraction was developed.
The model corresponds to the convection, reaction and accumulation of copper ions
in the HFSLM. The extraction and recovery of palladium ions was also studied .
Thereafter, the model investigated silver ion extraction and recovery. The validity of
the model was enhanced by including diffusion of silver ions. This model also

examined the extraction of copper and tantalum ions.

1.3 Objectives of the dissertation

1. To extract and recover silver ions from the pharmaceutical wastewater via
HFSLM.

2. To obtain final concentration of silver ions in the pharmaceutical wastewater
lower than 1 me/L.

3. To develop appropriate mathematical models for silver ion extraction and

recovery.
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1.4 Scope of the dissertation

This work investigates the extraction and recovery of silver ions from
pharmaceutical wastewater via HFSLM. The mathematical model is also examined to

describe transport of silver ions in the HFSLM. The scope of this work is as follows:

1. First experiments focused on the selection of a suitable organic solvent by
studying its solubility with the extractant and distilled water. Kerosene,
cyclohexane, chloroform and 1-octanol were used as organic solvents in this
work. Thereafter, a suitable extractant and stripping solution was determined
by liquid-liquid extraction. LIX 84-I, D2EHPA and Cyanex 923 were employed
as extractants while thiourea and sodium thiosulfate solutions were used as
stripping solutions.

2. Second experiments focused on the extraction and recovery of silver ions via
HFSLM. The selected extractant, organic solvent and stripping solution were
used in the HFSLM. Feed and stripping solutions were operated by counter-
circulating mode. Optimum conditions for the studied parameters were

investigated as follows:

a) pH of feed and stripping solutions:

- feed pH of 2-4

- stripping pH of 1-3
b) Concentration of the selected extractant: 0.01-0.2 mol/L
c) Concentration of the selected stripping solution: 0.1-2 mol/L
d) Flow rates of feed and stripping solutions: 200-1,000 mL/min
e) Flow directions of feed and stripping solutions:

- co-current flow direction

- counter-current flow direction
f)  Flow patterns of feed and stripping solutions:

- circulating flow pattern
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- single-pass flow pattern
- semi-circulating flow pattern
g) Separation time: 0-30 min

h) Influence of ferric ion presence on silver ion extraction

3. Mathematical model involving convection, reaction and accumulation was
developed for copper ion extraction via HFSLM. The model was also applied
for silver ion extraction. Subsequently, the model was developed by
including diffusion of silver ions and again applied for silver ion extraction and
recovery.

4. From the models, the concentration of copper ions in the feed solution and
the concentration of silver ions in the feed and stripping phases were
predicted by varying the time interval. Modeling results were validated by
comparison with the experimental results and confirmed by the percentage
deviation. Thereafter, the model was applied for extracting other metal ions

such as copper and tantalum ions.

1.5 Expected results

1. High extraction and recovery of silver ions
2. Low concentration of silver ions in the pharmaceutical wastewater less than
1 mg/L

3. Practical mathematical models for silver ion extraction and recovery

1.6 Description of dissertation

This dissertation is divided into 9 chapters. Chapter | is the introduction that
reports the rationale of the extraction and recovery of silver ions from
pharmaceutical wastewater and the merits of the HFSLM for metal ions separation.

The transport mechanisms of metal ions in the HFSLM, the important parameters
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such as extractants, organic solvents, stripping solutions, pH of feed and stripping
solutions, concentration of extractants, and so on, as well as the mathematical
models are also presented in this chapter. Chapters [lI-VIll shows the published
articles that included in the dissertation. For Chapters II-IV, various organic solvents
were studied regarding their solubility in order to select the most suitable organic
solvent for extraction of organic compounds. In Chapter V, experiments carried out in
Chapters II-IV were used to determine the most suitable organic solvent for silver ion
extraction. Chapter VI presents the mathematical model involving convection,
reaction and accumulation of *copper ions in the HFSLM in order to promote this

mathematical model and its reliability.

Note: * The published article in chapter VI was presented before taking the proposal
exam. For the study, the feed solution of copper ions from the previous student was

firstly applied to this model before it was used with the feed solution of silver ions.

Thus, the model was applied for silver ion extraction via the HFSLM as shown in
Chapter VII and its results were compared with the diffusion model to describe
the transport of silver ions. Optimum conditions were also determined to achieve
the highest extraction and recovery of silver ions. Chapter VIII presents the
development of this model by including diffusion of silver ions. Thereafter, the
model was applied again for silver ion extraction and recovery. In addition, the
model was applied for extractions of copper and tantalum ions. Chapter IX is the
conclusion of the dissertation. Its limitations and recommendations are also

presented in this chapter. Further details of this research are outlined below:

Chapter Il

This chapter presents the liquid-liquid equilibrium (LLE) solubility for the ternary
systems of distilled water, furfuryl alcohol and organic solvents. Methyl isobutyl
ketone (MIBK), ethyl acetate, furfural and n-butanol were used as the organic

solvents. The solubility of furfuryl alcohol in the organic and aqueous phases was
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also investigated and expressed by the tie-line data. A suitable organic solvent having
high solubility with furfuryl alcohol but low solubility with distilled water was
determined for furfuryl alcohol extraction. In addition, distribution coefficients and
separation factors were determined for confirming the extraction capability of each
organic solvent. Correlations of experimental tie-line data and modeling NRTL,
UNIQUAC and UNIFAC results were also studied. Details are available in the
published article of Fluid Phase Equilibria (page: 88-96, volume: 365 and year:
2014)"",

Chapter 1l

This chapter focuses on the LLE solubility for the ternary systems of distilled
water, cyclopentanone and organic solvents that were used in chapter Il. Their
solubility exhibited different behaviors when compared to the case of furfuryl
alcohol. The tie-line data of cyclopentanone were determined and correlated with
the modeling results of NRTL and UNIQUAC models. A suitable organic solvent was
selected. Distribution coefficients and separation factors were also obtained. Details
are described in the published article of Journal of Molecular Liquids (page: 98-106,

72

volume: 196 and year: 2014)

Chapter IV

This chapter highlights the LLE solubility for the ternary systems of distilled water,
cyclopentanol and organic solvents using the same manner as in chapters Il and .
Their solubility exhibited similar behavior as in the case of cyclopentanone.
The tie-line data of cyclopentanol were determined and correlated with the
modeling NRTL results. A suitable organic solvent was selected. Distribution
coefficients and separation factors were also determined. Details are available in the
published article of Fluid Phase Equilibria (page: 10-18, volume: 379 and year:
2014)".
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Chapter V

This chapter applied the experimental method from the above chapters to study
the LLE solubility of D2EHPA extractant with various organic solvents and distilled
water for silver ion extraction. Kerosene, cyclohexane, chloroform and 1-octanol
were used in this work. Influence of organic solvents on silver ion extraction was also
investigated using D2EHPA. The extraction behavior of silver ion and D2EHPA was also
studied by varying the organic solvents and the results were analyzed using the
fourier transform infrared spectrometer (FT-IR). In addition, the tie-line data of
D2EHPA were determined and correlated with the modeling NRTL results. Details are
available in the published article of Fluid Phase Equilibria (page: 22-30, volume: 388
and year: 2015)"

Chapter VI

This chapter presents the mathematical model for copper ion extraction via
HFSLM. The model was considered involving convection, reaction and accumulation
of copper ions in the HFSLM. Concentration of copper ions in the feed phase was
determined varying the time interval in order to predict the separation time and
number of separation cycles. In addition, the reliability of the model was considered
and then used to describe the transport mechanism of copper ions. Details are
available in the published article of Separation Science and Technology

(page: 2183-2190, volume: 46 and year: 2011)".

Chapter VI

This chapter focuses on the application of the mathematical model in chapter VI
for silver ion extraction via HFSLM. The model of diffusion was also studied and its
reliability was compared with the first model to describe the transport mechanism of
silver ions. Moreover, the influence of important parameters on silver ion extraction

and recovery was investigated such as types of extractant and stripping solution, pH
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of feed and stripping solutions, concentrations of extractant and stripping solution,
flow rates/flow directions/flow patterns of feed and stripping solutions as well as
separation time. The influence of ferric ion presence on silver ion extraction was also
studied. Details are available in the published article of Chemical Engineering

Research and Design (page: 2681-2693, volume: 92 and year: 2014)76.

Chapter VI

This chapter highlights the development of reaction model as shown in chapter
VIl by including diffusion of silver ions and using the matrix formation. Concentration
of silver ions in the feed phase was determined varying the time interval and the
results were validated by comparison with the experimental results. Thereafter, the
model was applied to obtain concentration of silver ions in the stripping phase. For
this application, concentration of metal-extractant complexes at the liquid
membrane-stripping interface was used and obtained by the mass balance and flux
equations. In addition, the developed model was applied for the extractions of
copper and tantalum ions. Details are available in the published article of Chemical

Engineering Journal (page: 361-373, volume: 222 and year: 2013)77.
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2.1 Abstract

Basing on the importance of liquid-liquid equilibrium (LLE) data for the chemical
industry, ternary LLE systems of water + furfuryl alcohol + (MIBK, ethyl acetate,
furfural or n-butanol) were investigated at 7 = 298.2 K and atmospheric pressure.
Solubility and tie-line data of these ternary LLE systems were determined by a direct
measurement method. An uncertainty propagation calculation was used to validate
the reliability of LLE results. Distribution coefficients (D) and separation factors (S)
were calculated to evaluate the capability of selective organic solvents for
separation of furfuryl alcohol from water. The correlations of experimental results
with results obtained by using NRTL, UNIQUAC and UNIFAC models were presented

and confirmed by rmsd values which were less than 5%.

Keywords: Furfuryl alcohol; Solubility; Ternary LLE; Thermodynamic models;

Tie-line data.

2.2 Introduction

Furfuryl alcohol is a toxic component which may cause adverse health effects by
the following exposures: inhalation, ingestion or eyes/dermal contact. The National
Institute for Occupational Safety and Health (NIOSH) listed furfuryl alcohol as a
carcinogen [1, 2]. However, furfuryl alcohol has been widely applied in the chemical
and polymer industries. Nowadays, the major applications of furfuryl alcohol are
production of resins, acid proof bricks as well as corrosion resistant fiber glass and
polymer concrete. In addition, furfuryl alcohol is also an intermediate chemical for
the synthesis of dispersing agents, lubricants, lysine, plasticizers, tetrahydrofurfuryl
alcohol and vitamin C [3, 4]. In these productions, furfuryl alcohol may contaminate
industrial wastewaters. Due to the toxicity of furfuryl alcohol and considering also its
adverse environmental impact, separation of furfuryl alcohol from wastewaters

before their discharge should be highly important.
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Liquid-liquid extraction has long been used in chemical engineering processes
and wastewater treatment due to its industrially applicable and economical method.
In the development and design of separation processes liquid-liquid equilibrium (LLE)
data are mainly required. In particular, the LLE data of ternary systems have a
fundamental and important role in the industrial units [5, 6]. The ternary LLE data are
usually determined by direct measurement or by cloud-point titration methods. For
the method of direct measurement, a ternary mixture is separated into two liquid
phases. The compositions of these phases in equilibrium state are obtained by
analysis. The method of cloud-point titration has been used in many measurements
to obtain the concentration of components in liquid phases. The type of
measurement was selected based on the property of the ternary mixture e.g.
density, pH, viscosity, sound velocity and refractive index. Again, refractive index
measurements have been used extensively [7].

In addition, in the design of separation processes for the industries,
thermodynamic models are also required. Many authors have reported in the
literature the activity coefficient models for prediction of different ternary liquid-
liquid systems, e.g. the non-random two liquid (NRTL) model [8-11], the universal
quasi chemical (UNIQUAC) model [12-14] and the universal functional activity
coefficient (UNIFAC) model [15-17]. These models involve the binary interaction
parameters which can be obtained by a software program and regression with
experimental data. However, no attempt has been made for correlating LLE data of
furfuryl alcohol with the above mentioned NRTL, UNIQUAC and UNIFAC models.

The main purpose of this work was to provide a new series of LLE data. The
ternary systems of furfuryl alcohol with efficient organic solvents were investigated at
a temperature of 298.2 K and atmospheric pressure. Methyl isobutyl ketone (MIBK),
ethyl acetate, furfural and n-butanol were selected as organic solvents. MIBK is highly
selective, non-toxic and relatively less miscible in aqueous solutions [18]. Ethyl
acetate is a good solvent and safe for the environment [19]. In addition, furfural and
n-butanol are the preferable solvents for use in industry [20, 21]. For each ternary
system, the solubility and tie-line data were determined by a direct measurement

method. The reliability of experimental results was validated with the uncertainty
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propagation calculation. Distribution coefficients (D) and separation factors (S) were
obtained from the tie-line data to present the separation capability of the selective
organic solvents. The LLE data were correlated using NRTL, UNIQUAC and UNIFAC
models. The values of binary interaction parameters for these equilibrium models
were obtained by the Aspen Plus v. 2006.5 simulation program (AspenTech,
Burlington, MA, USA) and regressed with the experimental data.

2.3 Experimental

2.3.1 Chemicals

Chemicals consisting of furfuryl alcohol (CsH¢O,, MW 98.10 g¢/mol), furfural
(CsHqO,, MW 96.08 g/mol), n-butanol (C4HOH, MW 74.12 g¢/mol), methyl isobutyl
ketone (C¢H;,0, MW 100.16 g¢/mol) and ethyl acetate (C4HgO,, MW 88.11 ¢/mol) were
used in this work. The source and mass fraction purity of chemicals are listed in
Table 2.1. All chemicals were used without further purification. Distilled water was

used in all experiments.

Table 2.1 Sources and mass fraction purity of chemicals.

Chemical name Source Purity/% mass Analytical method
Furfuryl alcohol Sigma-Aldrich 99.0 GC

Furfural Sigma-Aldrich 99.0 GC

n-Butanol Erba Lachema 99.5 GC

Methyl isobutyl ketone MicroChem 99.5 GC

Ethyl acetate MicroChem 99.8 HPLC

2.3.2 Apparatus and procedure

The solubility data for the ternary systems were determined by the direct

measurement method in organic-rich and aqueous-rich phases at equilibrium.
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A digital analytical balance-Mettler Toledo AE200 (with an accuracy of £0.0001 ¢) was
used to obtain the weights of all components. The temperature of the systems was
controlled by a water jacket that was checked using a digital thermometer (with an
accuracy of 0.1 K). The binary mixtures of known compositions of furfuryl alcohol
and organic solvents were prepared in closed glass vessels. The binary mixtures were
continually titrated with water until they became turbid. The end point of titration
was achieved when the mixtures remained turbid for 15 minutes. During this time the
glass vessels were agitated periodically to observe the turbidity. These procedures
were used to determine the solubility curve of the organic-rich phase. To repeat all
measurements at least three times, the known quantity of furfuryl alcohol was then
added into the mixtures for back transparent. The mixtures were again titrated with
water until they became turbid, and the same end point of titration was taken. The
solubility curve of aqueous-rich phase was determined using the binary mixtures of
furfuryl alcohol and water in the same manner. The organic solvents were added to
titration.

The tie-line data were obtained from the ternary mixtures after reaching
equilibrium compositions. More water was successively added until transition from
homogeneous to heterogeneous state appeared in the mixtures. Thereafter, the
mixtures were agitated vigorously at 200 rpm for 2 hours, then centrifugated and left
to complete separation for 14 hours. These periods were long enough for samples
reaching two equilibrium liquid layers. The organic-rich phase was carefully
withdrawn from the top layer of the glass vessel by syringe and then weighed. The
remaining aqueous-rich sample was also weighed and analyzed by gas
chromatography. The compositions of all components were calculated directly
basing on the analytical results and the mass balance equation. The ProSim program

was used to plot triangular phase diagrams for all ternary LLE data.
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2.3.3 Analysis

The separated phases were analyzed by gas chromatography (Hewlett Packard
5890 Series I, with FID detector) using a 1.4 m x 3 mm glass column packed with 5%
C20M + 5% SE. The quantitative determination of the reaction samples was done by
the external standard method using an aqueous solution of each sample with known

concentration and response factor.

2.3.4 Reliability of LLE results

The reliability of LLE results was validated by the uncertainty propagation
calculation as according to the GUM and NIST [22, 23]. In this work, the standard
uncertaintie (u(xi)), as shown in the respective footnote tables, were calculated

based on Egs. (2.1) and (2.2):

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

obtained under the same conditions of measurement and k = 1, 2,..., n.
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2.4 Results and discussion

2.4.1 Experimental solubility and tie-line data

Experimental solubility data from the binodal curve diagrams (Figure 2.1) of four
ternary systems (water + furfuryl alcohol + organic solvents) at 7 = 298.2 K and
atmospheric pressure are shown in Table 2.2 and Figure 2.1. As can be seen in Figure
2.1, only one liquid pair (water + organic solvents) is partially miscible and two liquid
pairs (furfuryl alcohol + water or organic solvents) are completely miscible. It
indicates that all four ternary systems exhibit the type-1 behavior of LLE [24]. The
area of the two-phase region decreased in the following order of organic solvents:
MIBK > ethyl acetate > furfural > n-butanol. This area depends on the mutual
solubility of water and the organic solvents. Thus, the type of organic solvent is an

important factor for the two-phase region of the investigated systems.

Table 2.2 Experimental solubility data in mass fractions (w;) for [water (1) + furfuryl

alcohol (2) + organic solvents (3)] at T = 298.2 K and atmospheric pressure.”

MIBK Ethyl acetate Furfural n-Butanol
wy (Water)  w, (FA) wy (Water)  w, (FA) wy (Water) — w;, (FA) w; (Water) w, (FA)
0.0190 0.0000 0.0407 0.0000 0.0457 0.0000 0.1637 0.0000
0.0198 0.0997 0.0528 0.1557 0.0580 0.0758 0.1690 0.0846
0.0253 0.1742 0.0624 0.2181 0.0717 0.1458 0.1819 0.1484
0.0285 0.2442 0.0734 0.2881 0.0872 0.2155 0.1960 0.2045
0.0374 0.3150 0.0823 0.3486 0.1017 0.2904 0.2113 0.2624
0.0447 0.3810 0.0956 0.4099 0.1187 0.3700 0.2333 0.3327
0.0512 0.4393 0.1177 0.4759 0.1438 0.4250 0.2487 0.3701
0.0582 0.4997 0.1330 0.5145 0.1918 0.4932 0.2658 0.4068
0.0805 0.5680 0.1725 0.5667 0.2607 0.5211 0.3074 0.4463
0.1138 0.6233 0.2427 0.5838 0.3233 0.5233 0.3620 0.4529
0.9810 0.0000 0.9198 0.0000 0.9135 0.0000 0.9372 0.0000
0.8307 0.1582 0.8554 0.0845 0.8480 0.0801 0.8606 0.0855
0.6317 0.3540 0.7175 0.2489 0.7900 0.1511 0.7721 0.1688
0.4345 0.5377 0.6321 0.3343 0.6519 0.2975 0.6770 0.2515
0.2903 0.6296 0.5398 0.4199 0.5522 0.3850 0.5906 0.3212
0.2113 0.6583 0.3875 0.5378 0.4636 0.4546 0.5029 0.3841
0.1415 0.6523 0.3110 0.5785 0.3776 0.5046 0.4285 0.4271

“ Standard uncertainties u are u(T) = 0.1 K and u(w) = 0.0007, FA is furfuryl alcohol.
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Figure 2.1 Binodal curve diagram for (water + furfuryl alcohol + organic solvents) at
T = 298.2 K and atmospheric pressure; (-0-) MIBK, (-0-) ethyl acetate, (-a-) furfural and

(-0-) n-butanol.

Tie-line data of these ternary systems were obtained experimentally at the same
temperature as shown in Table 2.3. The corresponding triangular phase diagrams for
these tie-line data are plotted in Figures 2.2 to 2.5. In these figures, the slopes of
tie-lines express that furfuryl alcohol is more soluble in organic solvents than in
water. This may be due to the intermolecular interaction of furfuryl alcohol with
organic solvent and water. In water, weak hydrogen bonds with molecules of water
can be formed [25]. Probably the amount of component soluble in water depends

on the intermolecular interaction.
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Table 2.3 Experimental tie-line data in mass fractions for the ternary systems of

[water (1) + furfuryl alcohol (2) + organic solvents (3)] at T = 298.2 K and atmospheric

pressure.a
Aqueous-rich phase Organic-rich phase
W1 Wa W3 Wy W2 W3
[Water (1) + Furfuryl alcohol (2) + MIBK (3)]
0.9645 0.0164 0.0191 0.0220 0.0731 0.9049
0.9622 0.0192 0.0186 0.0239 0.1069 0.8692
0.9413 0.0389 0.0198 0.0232 0.1737 0.8031
0.9386 0.0454 0.0160 0.0313 0.2047 0.7640
0.9190 0.0665 0.0145 0.0345 0.2670 0.6985
0.9145 0.0730 0.0125 0.0378 0.2921 0.6701
0.9008 0.0899 0.0093 0.0409 0.3316 0.6275
0.8600 0.1294 0.0106 0.0504 0.4035 0.5461
0.8000 0.1890 0.0110 0.0595 0.4900 0.4505
0.7821 0.2070 0.0109 0.1103 0.6144 0.2753
[Water (1) + Furfuryl alcohol (2) + Ethyl acetate (3)]
0.9073 0.0159 0.0768 0.0444 0.0782 0.8774
0.9014 0.0240 0.0746 0.0521 0.1415 0.8064
0.8862 0.0434 0.0704 0.0523 0.1624 0.7853
0.8819 0.0493 0.0688 0.0848 0.3511 0.5641
0.8705 0.0660 0.0635 0.0975 0.4021 0.5004
0.8409 0.1040 0.0551 0.1338 0.5034 0.3628
0.8137 0.1395 0.0468 0.1429 0.5267 0.3304
0.7688 0.1912 0.0400 0.1900 0.5700 0.2400
[Water (1) + Furfuryl alcohol (2) + Furfural (3)]
0.8885 0.0307 0.0808 0.0665 0.1254 0.8081
0.8817 0.0400 0.0783 0.0843 0.1963 0.7194
0.8653 0.0595 0.0752 0.0976 0.2651 0.6373
0.8517 0.0774 0.0709 0.1127 0.3324 0.5549
0.8400 0.0897 0.0703 0.1403 0.4145 0.4452
0.8039 0.1353 0.0608 0.1635 0.4476 0.3889
0.7655 0.1791 0.0554 0.1897 0.4852 0.3251
0.7170 0.2299 0.0531 0.2157 0.5044 0.2799
0.7200 0.2155 0.0645 0.2573 0.3908 0.3519
[Water (1) + Furfuryl alcohol (2) + n-Butanol (3)]

0.9230 0.0165 0.0605 0.1684 0.0776 0.7540
0.9120 0.0295 0.0585 0.1795 0.1376 0.6829
0.9005 0.0413 0.0582 0.1835 0.1610 0.6555
0.8855 0.0572 0.0573 0.1991 0.2084 0.5925
0.8665 0.0788 0.0547 0.2158 0.2691 0.5151
0.8539 0.0916 0.0545 0.2220 0.2914 0.4866
0.8405 0.1056 0.0539 0.2230 0.3056 0.4714
0.7842 0.1571 0.0587 0.2345 0.3300 0.4355
0.7200 0.2155 0.0645 0.2573 0.3908 0.3519

? Standard uncertainties u are u(T) = 0.1 K and u(w) = 0.0007.
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Figure 2.2 Ternary diagram for LLE of [water (1) + furfuryl alcohol (2) + MIBK (3)] at
T = 298.2 K and atmospheric pressure; (—e—) experimental tie-line data, (--m--)

calculated NRTL data, (--A-*) calculated UNIQUAC data and (--#-+) calculated
UNIFAC data.
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Figure 2.3 Ternary diagram for LLE of [water (1) + furfuryl alcohol (2) +
ethyl acetate (3)] at T = 298.2 K and atmospheric pressure; (—e—) experimental
tie-line data, (--m--) calculated NRTL data, (-- A--) calculated UNIQUAC data and

(--#-+) calculated UNIFAC data.
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Figure 2.4 Ternary diagram for LLE of [water (1) + furfuryl alcohol (2) + furfural (3)] at
T = 298.2 K and atmospheric pressure; (—e—) experimental tie-line data, (--m--)

calculated NRTL data, (‘- A-) calculated UNIQUAC data and (--#-+) calculated
UNIFAC data.
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Figure 2.5 Ternary diagram for LLE of [water (1) + furfuryl alcohol (2) + n-butanol (3)]
at T = 298.2 K and atmospheric pressure; (—e—) experimental tie-line data, (--m--)

calculated NRTL data, (--A-*) calculated UNIQUAC data and (--4-) calculated
UNIFAC data.
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2.4.2 Distribution coefficients and separation factors

To determine the selectivity of organic solvents for furfuryl alcohol separation,
the distribution coefficients (D) and the separation factor (S) were calculated using

Eqg. (2.3).

where D, and D, are the distribution coefficients of water and furfuryl alcohol, w,,

and w,, are the mass fractions of water and furfuryl alcohol in organic-rich phase,

respectively and w,,; and w,, are the mass fractions of water and furfuryl alcohol in

aqueous-rich phase, respectively.

The values of experimental distribution coefficients and separation factors of
each ternary system are listed in Table 2.4. The variation of the separation factor as a
function of the mass fraction of furfuryl alcohol in aqueous-rich phase is shown in
Figure 2.6. For the investigated ternary systems, the selective organic solvents have
hish D and S values, indicating the capability of these solvents to separate furfuryl
alcohol from water. Since MIBK has the highest separation factor at T = 298.2 K
(separation factors are varying between 21 and 195), this solvent is superior among

the studied organic solvents for furfuryl alcohol separation.
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Table 2.4 Distribution coefficients (D) and separation factors (S) for the ternary

systems of [water (1) + furfuryl alcohol (2) + organic solvents (3)] at T = 298.2 K and

atmospheric pressure.

Ternary system Wiy D, D, S
(Water + Furfuryl alcohol + MIBK) 0.0164 4.4573 0.0228 195.4128
0.0665 4.0150 0.0394 101.9513
0.1294 3.1182 0.0586 53.2080
0.2070 29681 0.1410 21.0459
(Water + Furfuryl alcohol + Ethyl acetate) 0.0159 4.9182 0.0449 109.5027
0.0493 7.1217 0.1206 59.0640
0.1040 4.8404 0.1591 30.4206
0.1912 2.9812 0.2471 12.0628
(Water + Furfuryl alcohol + Furfural) 0.0307 4.0847 0.0722 56.5752
0.0774 4.2946 0.1323 32.4551
0.1353 3.3082 0.2034 16.2658
0.2299 2.1940 0.3008 7.2930
(Water + Furfuryl alcohol + n-Butanol) 0.0165 4.7030 0.0841 55.9394
0.0788 3.4150 0.3106 10.9962
0.1571 2.1006 0.4208 4.9917
0.2155 1.8135 0.5428 3.3411
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Figure 2.6 Separation factor (S) plotted against the mass fraction of furfuryl alcohol
in aqueous-rich phase (w,;) at T = 298.2 K and atmospheric pressure; (o) MIBK,

(0) ethyl acetate, (a) furfural and (0) n-butanol.

2.4.3 Thermodynamic model correlation

In order to present LLE data by thermodynamic models, the experimental tie-line
data for each investigated ternary system were correlated using NRTL [26], UNIQUAC
[27] and UNIFAC [28] models at T = 298.2 K. The detailed descriptions of these
models are given in Appendix A. At LLE conditions, the modeling results in terms of
activity coefficients (y,) for any component i in aqueous-rich and organic-rich phases
are equal, and mole fractions (x)) in both phases can be calculated by the following

equations:
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X7 =x'y (2.4)

>x. o =2x =1 (2.5)

where xil, xi”, 7/: and yi” are the mole fractions and activity coefficients of

component i in aqueous-rich (1) and organic-rich (Il) phases, respectively.

In this work, the value of non-randomness parameter (@) of the NRTL model
was determined and then the appropriate value was taken to be 0.2. The values of
structural parameters r and g (Table 2.5) used for UNIQUAC and UNIFAC models were
taken from the literature [21, 29, 30]. The binary interaction parameters of NRTL (bij)
and UNIQUAC (OU) models were obtained by the Aspen Plus software program and
regression with experimental LLE data. Both values for each ternary system are listed

in Table 2.6.

Table 2.5 UNIQUAC and UNIFAC structural parameters (r and g) for pure

components.
Component r o]
MIBK 4.60 4.03
Ethyl acetate 3.48 3.12
Furfural 3.17 2.48
n-Butanol 3.45 3.05
Furfuryl alcohol 3.84 3.27

Water 0.92 1.40
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Table 2.6 NRTL and UNIQUAC binary interaction parameters for the ternary systems

(water + furfuryl alcohol + organic solvents) at T = 298.2 K.

I NRTL UNIQUAC
b; (K) b; (K) a; (K) a; (K)
(Water + Furfuryl alcohol + MIBK)
1-2 919.0915 146.8671 68.9100 2,683.0490
1-3 -761.6760 -12,671.4629 1,068.2748 569.1948
2-3 -196.9682 927.1125 -896.1102 1,876.1429

(Water + Furfuryl alcohol + Ethyl acetate)

1-2 923.1648 156.3642 342.5162 3,748.2119
1-3 -1,705.6830 1,286.1383 531.0333 -1,212.8892
2-3 -894.0158 74.2105 -192.8614 849.0211

(Water + Furfuryl alcohol + Furfural)

1-2 930.5618 159.4362 -0.0768 13,052.5630
1-3 -2,808.5376 -4,131.4375 -0.1050 -71,657.2258
2-3 989.9048 55.7108 0.3806 -81.8089

(Water + Furfuryl alcohol + n-Butanol)

1-2 917.5642 149.0183 232.4316 8,598.5914
1-3 -4,983.1548 -9,291.7021 252.7914 -1,132.8296
2-3 -637.1569 746.5924 -432.4582 3,946.2147

The experimental and modeling results of the tie-line data for the ternary
systems are plotted in Figures 2.2 to 2.5. The correlation of both results in terms of
the root-mean square deviation (rmsd) is presented in Table 2.7. The rmsd values

were calculated as follows:
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1/2
cal.

2 3 expt.
ST Y W —w )
rmsd = 100 koA g ek IS (2.6)
6n

expt. cal. .
P and w™ are the experimental mass

where n is the number of tie-lines, w
fraction and the modeling mass fraction, respectively. Subscript i is the component, j

is the phase and k = 1, 2,..., n (number of tie-lines).

As can be seen in Table 2.7, the correlation of experimental results with
modeling results exhibits a good agreement, especially for the NRTL model which
was found to be the most consistent for all ternary systems. In addition, the low
rmsd values for NRTL, UNIQUAC and UNIFAC models confirm the capability of these

models to provide the LLE data in this work.

Table 2.7 rmsd values for the NRTL, UNIQUAC and UNIFAC models for the ternary

systems of (water + furfuryl alcohol + organic solvents).

Ternary system rmsd (%)
NRTL UNIQUAC UNIFAC
(Water + Furfuryl alcohol + MIBK) 1.93 2.14 3.12
(Water + Furfuryl alcohol + Ethyl acetate) 2.02 2.68 3.18
(Water + Furfuryl alcohol + Furfural) 1.23 2.42 2.94
(Water + Furfuryl alcohol + n-Butanol) 1.27 3.06 3.92

2.5 Conclusion

The ternary LLE systems of water + furfuryl alcohol + (MIBK, ethyl acetate,
furfural or n-butanol) were investigated at T = 298.2 K and atmospheric pressure.
These four ternary systems exhibit the type-1 behavior of LLE. The reliability of
experimental tie-line data was validated by the uncertainty propagation calculation.
The selected organic solvents have a high capability for separation of furfuryl alcohol

from water, especially MIBK, as shown by its highest value of the separation factor.
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NRTL, UNIQUAC and UNIFAC models were used to provide the LLE data. All of the
modeling results have a good agreement with the experimental results as shown by

the rmsd values which are less than 5%.
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2.7 Appendix A
Thermodynamic models

A.1The NRTL model

The NRTL activity coefficient (,) is given by:

3 3
> . 1t.G.x. 3 X.G. > X, 1.G,.
lﬂ]/i _ =1 7jiTgin +z jij . k=1 "k “kj —kj (A—Z.l)

3 3 J 3
iy GgX R 2 GigXy 24 GigX

where Xx; is the mole fraction of component i, the parameters Tjr Tjir Tupo GU.,GJ.i,
G, and ij are the adjustable parameters for each binary pair in the NRTL model

and i, j, k are the indices for all components.
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The adjustable parameters can be calculated as follows:

T =a;t RN eU.LnT (A-2.2)
T

o =a; = (A-2.3)

G; = expl-oy7y) (A-2.4)

where ay, bU, G and e are the NRTL coefficients for the binary interaction

parameters and a; and a; are the non-random parameters.
A.2 The UNIQUAC model

The logarithm of activity coefficient (Iny,) in this model is assumed to be the
sum of logarithms between combinational (Ln)/ic) and residual (lnyiR) activity

coefficients as given by:

ny, = lnyic + lnyiR (A-2.5)

+h-—2x (A-2.6)
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. 3 3 HJ.TU.
lny. =g |1-In] X QJ.TJ.] -2 ; (A-2.7)
j=1 =1
J DY 0.7
i k=t i

where Tis Tiis Ty li and lJ are the adjustable parameters, i, j and k are the indices
for all components, z is the integral number equal to 10 and 6, HJ., 6, and @, are

the surface areas and volume fractions in the UNIQUAC model, respectively.

The adjustable parameters can be calculated by the following equations:

z
L=—@-g)-(-1) (A-2.8)
T.=a. + o elnT +d.T (A-2.9)
i~ i ]
T
Xk
b = (A-2.10)

(A-2.11)

3
2 xa,
j=1

where a., b.

i 0 G and dij are the UNIQUAC coefficients for the binary interaction

parameters. The UNIQUAC structural parameters r and g, are the number of
segments per molecule and the relative surface area per molecule, respectively,
which can be calculated from the number of molecular groups and the individual
values of the van der Waals volume together with the area of molecule by the Bondi

Method [7].
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A.3 The UNIFAC model

Firstly, the concept of UNIFAC model follows the Derr and Deal’s (1969) ASOG
model in which the activity coefficient is separated into two parts: part | is the
contribution from the differences in molecular size and part Il is the contribution
from the molecular interactions. The first part can be obtained by the Flory-Huggins
equation, and the Wilson equation is applied to obtain the second part. Thereafter,
the concept of combining groups with UNIQUAC model is chosen to remove
the arbitraries. Thus, the concept of UNIFAC model is based on the concept of
UNIQUAC model, and the UNIFAC equation follows Eq. (A-2.6) [28].
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3.1 Abstract

The aim of this paper is to obtain liquid-liquid equilibrium (LLE) data for
cyclopentanone extraction. Ternary LLE systems of water + cyclopentanone +
organic solvents (MIBK, ethyl acetate, furfural or n-butanol) were investigated at
T = 298.2 K and atmospheric pressure. The solubility and tie-line data of these
ternary LLE systems were determined by direct analysis. The reliability of the LLE
experimental results was validated by the Othmer-Tobias and Hand correlation
equations. Distribution coefficients (D) and separation factors (S) were calculated in
order to evaluate the capability of selective organic solvents for cyclopentanone
extraction. NRTL and UNIQUAC models were employed to correlate the results
obtained by the modeling with the experimental data. Good correlation results were

confirmed by the rmsd values of less than 6%.

Keywords: Cyclopentanone; Solubility; Ternary systems; Tie-line data; Liquid-liquid

equilibrium; Thermodynamic models.

3.2 Introduction

In recent years, cyclopentanone has received increased attention due to its
versatility in the chemical industry. Cyclopentanone is used in the preparation of
fungicides and fragrance ingredients as well as in the manufacture of other
productions [1-3]. In the prevention of environmental contamination, extraction of
cyclopentanone from wastewater is of significant importance.

Solvent extraction is a wide-spread technique because of its low energy
consumption and high efficiency over traditional techniques [4]. The efficiency of this
technique depends on the physical and chemical properties of the organic solvent
used for extracting the component contained in water. The selection of an organic
solvent must be considered from the view point of thermal stability, favorable

density, viscosity, boiling point and interfacial tension [5]. In order to design and
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perform solvent extraction processes, liquid-liquid equilibrium (LLE) data of ternary
systems are mainly required. Ternary diagrams involving the binodal curve of
solubility and tie-lines have an important role in ascertaining ternary LLE data. They
can normally be obtained by direct analysis or by cloud-point titration [6].

Thermodynamic models, especially the non-random two liquid (NRTL) model and
the universal quasi chemical (UNIQUAC) model [7-11], are also necessary to estimate
the thermodynamic properties of the ternary systems. These models involve binary
interaction parameters. To the best of our knowledge, LLE data of the ternary system
for cyclopentanone extraction, within the above mentioned models, has not been
reported in the literature.

This work focuses on studying the liquid phase behavior for cyclopentanone
extraction from water. The ternary LLE systems consisting of water, cyclopentanone
and organic solvents were investigated at a temperature of 298.2 K and atmospheric
pressure. Various organic solvents such as methyl isobutyl ketone (MIBK), ethyl
acetate, furfural and n-butanol were selected as organic solvents because they are
non-toxic and are very efficient to use in industry [12-15]. For each ternary system,
both solubility and tie-line data were obtained by direct analysis. The reliability of
the experimental results was validated by the Othmer-Tobias and Hand correlation
equations. Distribution coefficients (D) and separation factors (S) were calculated from
the tie-line data in order to express the extraction capability of selected organic
solvents. The LLE data of the investigated systems was correlated with the modeling
results as calculated by the NRTL and UNIQUAC models. The values of the binary
interaction parameters used in these models were determined by the Aspen Plus
software program (AspenTech, Burlington, MA, USA) and regressed with the

experimental equilibrium results.
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3.3 Experimental

3.3.1 Chemicals

Cyclopentanone (CsHgO, MW 84.12 ¢/mol) and furfural (CsH;O,, MW 96.08 ¢/mol)
were purchased from Sigma-Aldrich. The chemical structure of cyclopentanone is
presented in Figure 3.1. n-Butanol (C4H,OH, MW 74.12 g/mol) was purchased from
Erba Lachema s.r.o. Methyl isobutyl ketone (C4H;,0, MW 100.16 ¢/mol) and ethyl
acetate (CqHgO,, MW 88.11 ¢/mol) were purchased from MicroChem Corp. All
chemicals with purity higher than 99% were used without further purification. Distilled

water was used in all experiments.

Figure 3.1 Chemical structure of cyclopentanone.

3.3.2 Apparatus and procedure

The solubility data for the ternary systems consisting of water, cyclopentanone
and organic solvents was obtained by direct analysis. The experimental
measurements were made in organic-rich and aqueous-rich phases at equilibrium.
A digital analytical balance-Mettler Toledo AE200 (with an accuracy of £0.0001 ¢) was
used to determine the weight of all components. The temperature of the systems
was controlled by a water jacket that was checked using a digital thermometer (with
an accuracy of 0.1 K). The procedure for obtaining the solubility curves of the
organic-rich and aqueous-rich phases was carried out the same manner as reported

by Wongsawa et al. [16]. All measurements were repeated at least three times.
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After reaching equilibrium, tie-line data was obtained from the ternary mixtures.
Extra water was added to the mixtures until transition from a homogeneous state to
heterogeneous state appeared. Thereafter, the mixtures were agitated vigorously at
200 rpm for 2 hours. Then, they were centrifugated and left for 14 hours to complete
separation. Thereafter, the organic-rich phase was carefully withdrawn from the top
layer of the glass vessel by syringe and then weighed. The remaining aqueous-rich
sample was also weighed and analyzed by gas chromatography. All compositions of
the components were calculated on the basis of analytical results and the mass
balance equation. Ternary diagrams were plotted by the ProSim program for all

ternary LLE data.

3.3.3 Analysis and uncertainty measurement

The aqueous phases were analyzed by gas chromatography (Hewlett Packard
5890 Series Il, with FID detector) using a 1.4 m x 3 mm glass column packed with 5%
C20M + 5% SE. The quantitative determination of component concentrations in the
separated phases was made by the external standard method.

The uncertainties of each experimental variable are shown in the footnote of the
corresponding table and were calculated according to the GUM and Eurachem, as

shown in Eq. (3.1)

uw)=,0> — o (3.1)

where uc(\/) is the combined uncertainty of variable v which is considered to be

dependent on another variable v, and its uncertainty (u,, ) [17].
|
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3.4 Results and discussion

3.4.1 Experimental data

The equilibrium solubility data on the binodal curves for the ternary systems of
(water + cyclopentanone + organic solvents) at 7 = 298.2 K and atmospheric pressure
is given in Table 3.1. All compositions are expressed in terms of mass fraction. The
same solubility data was plotted in Figure 3.2. In the case of n-butanol, the binodal
curves have different characteristics in comparison with the other mixtures. However,
this characteristic is similar to the basic type of LLE behavior as reported by
Novak et al. [18]. Since only a liquid pair (cyclopentanone + organic solvent) is
completely miscible and two liquid pairs (water + cyclopentanone and water +
organic solvent) are partially miscible, each ternary system exhibited type-2 behavior
of LLE [19]. The area of biphasic region decreased in the following order of organic
solvents: MIBK > ethyl acetate > furfural > n-butanol. This was because the area of
biphasic region depended on the mutual solubility of water and the organic solvents.
Thus, the type of organic solvent is an important factor for the biphasic region of the

investigated systems.
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Table 3.1 Equilibrium solubility data in mass fractions (w) for the ternary systems of

water (1) + cyclopentanone (2) + organic solvents (3) at T = 298.2 K and atmospheric

pressure.a
MIBK Ethyl acetate Furfural n-Butanol

Wy Wy 441 Wy 441 Wy 441 W3

0.0190 0.0000 0.0407 0.0000 0.0457 0.0000 0.1637 0.0000
0.0134 0.0840 0.0323 0.0843 0.0530 0.1428 0.1695 0.0762
0.0141 0.1947 0.0346 0.1735 0.0641 0.2184 0.1775 0.1462
0.0192 0.3251 0.0437 0.3103 0.0732 0.3212 0.1823 0.2518
0.0198 0.4351 0.0532 0.4667 0.0791 0.4301 0.1816 0.3364
0.0207 0.5581 0.0618 0.5336 0.0820 0.4937 0.1775 0.4322
0.0242 0.6612 0.0685 0.6131 0.0853 0.5954 0.1675 0.5422
0.0242 0.7612 0.0814 0.6796 0.0916 0.7355 0.1559 0.6337
0.0390 0.8435 0.0938 0.7765 0.1005 0.8407 0.1359 0.7487
0.0973 0.9027 0.1116 0.8884 0.1116 0.8884 0.1116 0.8884
0.9810 0.0000 0.9332 0.0000 0.9135 0.0000 0.9372 0.0000
0.9433 0.0425 0.8976 0.0391 0.8724 0.0568 0.8598 0.0775
0.9055 0.0862 0.8616 0.0869 0.8274 0.1170 0.8118 0.1330
0.8222 0.1750 0.8264 0.1366 0.8008 0.1563 0.7886 0.1797
0.7674 0.2326 0.7616 0.2384 0.7616 0.2384 0.7616 0.2384

“ Standard uncertainties are u(T) = 0.1 K and u(w) = 0.0008.
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Figure 3.2 Binodal curves for ternary systems of water + cyclopentanone + organic
solvents at T = 298.2 K and atmospheric pressure; (-0-) MIBK, (-0-) ethyl acetate,

(-a-) furfural and (-¢-) n-butanol.

The experimental tie-line data of these ternary systems was achieved at the same
temperature as shown in Table 3.2. Corresponding triangular phase diagrams for these
tie-line data are plotted in Figures 3.3 to 3.6. As regards these figures, the slopes of
the tie-lines highlight the fact that cyclopentanone is more soluble in the organic
solvent than in water. Probably, this is due to the presence of a carbonyl group in
the molecule of cyclopentanone which can interact with the organic solvent and
water. However, cyclopentanone can form only weak bonds with hydrogen atoms of
water [20]. Usually, the quantity of a soluble component in water is directly based on

its intermolecular force.
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Table 3.2 Experimental tie-line data in mass fractions for the ternary systems of

water (1) + cyclopentanone (2) + organic solvents (3) at T = 298.2 K and atmospheric

pressure.a
Aqueous-rich phase Organic-rich phase
W1 W2 W3 w1 7] W3
Water (1) + Cyclopentanone (2) + MIBK (3)
0.9554 0.0106 0.0327 0.0191 0.0812 0.8896
0.9542 0.0280 0.0177 0.0165 0.1277 0.8478
0.9454 0.0344 0.0202 0.0178 0.1895 0.7888
0.9283 0.0594 0.0123 0.0242 0.2181 0.7577
0.9225 0.0680 0.0195 0.0202 0.2832 0.7117
09119 0.0788 0.0103 0.0174 0.3662 0.6164
0.9090 0.0807 0.0073 0.0282 0.4749 0.4970
0.9101 0.0839 0.0060 0.0236 0.6301 0.3394
0.9031 0.0895 0.0060 0.0286 0.7701 0.2013
Water (1) + Cyclopentanone (2) + Ethyl acetate (3)
0.9007 0.0131 0.0922 0.0330 0.1148 0.8182
0.8904 0.0211 0.0885 0.0351 0.1375 0.8287
0.8705 0.0580 0.0800 0.0437 0.2821 0.6692
0.8600 0.0700 0.0796 0.0445 0.3529 0.5983
0.8517 0.0811 0.0719 0.0488 0.3991 0.5479
0.8407 0.0910 0.0703 0.0539 0.4530 0.4871
0.8395 0.1011 0.0594 0.0699 0.6033 0.3270
0.8214 0.1307 0.0489 0.0803 0.6852 0.2314
0.8029 0.1595 0.0339 0.1032 0.8127 0.0837
Water (1) + Cyclopentanone (2) + Furfural (3)
0.8973 0.0238 0.0819 0.0539 0.1370 0.7991
0.8825 0.0404 0.0786 0.0613 0.1989 0.7308
0.8675 0.0631 0.0744 0.0694 0.2884 0.6422
0.8543 0.0801 0.0700 0.0742 0.3684 0.5584
0.8291 0.1110 0.0620 0.0800 0.4237 0.4963
08115 0.1408 0.0468 0.0822 0.5499 0.3603
0.7760 0.1935 0.0350 0.0876 0.6662 0.2462
0.7735 0.2014 0.0304 0.0929 0.7738 0.1332
Water (1) + Cyclopentanone (2) + n-Butanol (3)

0.9215 0.0131 0.0764 0.1685 0.0665 0.7650
0.9062 0.0267 0.0771 0.1739 0.1250 0.7011
0.8973 0.0335 0.0692 0.1797 0.2159 0.6044
0.8901 0.0443 0.0686 0.1828 0.2553 0.5619
0.8613 0.0726 0.0661 0.1844 0.3085 0.5071
0.8338 0.1064 0.0598 0.1751 0.4554 0.3695
0.8212 0.1198 0.0590 0.1709 0.5156 03135
0.8112 0.1327 0.0561 0.1686 0.5474 0.2840
0.7900 0.1769 0.0331 0.1608 0.6174 0.2218

“ Standard uncertainties are u(T) = 0.1 K and u(w) = 0.0009.
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Figure 3.3 Ternary diagram for LLE of the system of water (1) + cyclopentanone (2)
+ MIBK (3) at T = 298.2 K and atmospheric pressure; (—e—) experimental tie-line

data, (--m--) calculated NRTL data and (-* A -+) calculated UNIQUAC data.
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Figure 3.4 Ternary diagram for LLE of the system of water (1) + cyclopentanone (2)
+ ethyl acetate (3) at T = 298.2 K and atmospheric pressure; (—e—) experimental

tie-line data, (--m--) calculated NRTL data and (-- A -*) calculated UNIQUAC data.
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Figure 3.5 Ternary diagram for LLE of the system of water (1) + cyclopentanone (2)
+ furfural (3) at T = 298.2 K and atmospheric pressure; (—e—) experimental tie-line

data, (--m--) calculated NRTL data and (-* A -+) calculated UNIQUAC data.
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Figure 3.6 Ternary diagram for LLE of the system of water (1) + cyclopentanone (2)
+ n-butanol (3) at T = 298.2 K and atmospheric pressure; (—e—) experimental tie-line

data, (—m--) calculated NRTL data and (- A -*) calculated UNIQUAC data.
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3.4.2 Reliability of tie-line data

The reliability of experimental tie-line data was validated by the Othmer-Tobias

and Hand correlation equations [21] as follows:

1-w 1-w
n 2 |- A+Bln B (3.2)
W3 Wiy
w
In| =2 |= A"+8 10| & (3.3)
Wiy W3
where w,, is the mass fraction of water in aqueous-rich phase, w,, and w,, are the

mass fractions of cyclopentanone in aqueous-rich and organic-rich phases,
respectively, w,, is the mass fraction of organic solvent in organic-rich phase.
A,B,A’and B' are the Othmer-Tobias and Hand correlation parameters, respectively.
These numerical constants depend on the type of ternary system and equilibrium

component.

The parameters of the Othmer-Tobias and Hand correlations were obtained at
the intercepts of the slopes of the plots, as shown in Figures 3.7 and 3.8,
respectively. The values of these parameters are listed in Table 3.3. The results
showed that the plots were linear with a high acceptable correlation factor (RZ). This

indicates the reliability of the experimental tie-line data obtained in this work.
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Figure 3.7 Othmer-Tobias plot for the ternary systems of water (1) + cyclopentanone

(2) + organic solvents (3) at T = 298.2 K and atmospheric pressure; (o) MIBK, (0) ethyl

acetate, (a) furfural and (¢) n-butanol.
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Figure 3.8 Hand plot for the ternary systems of water (1) + cyclopentanone (2)
+ organic solvents (3) at T = 298.2 K and atmospheric pressure; (o) MIBK,

() ethyl acetate, (a) furfural and (0) n-butanol.
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Table 3.3 Othmer-Tobias and Hand correlation parameters and their correlation
factors (R) for the ternary systems of water (1) + cyclopentanone (2) + organic

solvents (3) at T = 298.2 K and atmospheric pressure.

Ternary system Othmer-Tobias correlation Hand correlation

A B R A g R
Water + Cyclopentanone + MIBK 7.1849 29988  0.9909 -2.6093 0.2143  0.9903
Water + Cyclopentanone + Ethyl acetate 8.4124 4.8206 0.9904 -2.3183 0.3383  0.9912
Water + Cyclopentanone + Furfural 5.1003 3.0227 0.9916 -2.1351 0.5525  0.9926
Water + Cyclopentanone + n-Butanol 3.9420  2.0666  0.9900 -2.2926 0.7951  0.9934

3.4.3 Distribution coefficients and separation factors

The efficient extraction of cyclopentanone from water is an important element in
this process. To indicate the capability of the organic solvents for cyclopentanone
extraction, the distribution coefficients (D) and the separation factors (S) were

calculated by the following equation:

D W,/ W
B (3.4)
Dy wyy /wyy

S =
1

where D, and D, are the distribution coefficients of water and cyclopentanone, w,

and w.,, are the mass fractions of water and cyclopentanone in organic-rich phase,

and w,; and w,, are the mass fractions of water and cyclopentanone in aqueous-

1
rich phase, respectively.

The values of the experimental distribution coefficients and separation factors for
each ternary system are listed in Table 3.4. The variation of the separation factor as a
function of the mass fraction of cyclopentanone in the aqueous-rich phase is shown
in Figure 3.9. As regards the investigated ternary systems, all selected organic solvents
have high distribution coefficients and separation factor values i.e. > 1. This indicates

the capability of these solvents to extract cyclopentanone from water. MIBK has the
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highest separation factor at 7 = 298.2 K where separation factors varied between 134
and 383. Thus, this solvent proved to be superior for cyclopentanone extraction
among the studied organic solvents. As can be seen in Figure 3.9, separation factors
decreased when there was an increase in mass fraction of cyclopentanone in the

aqueous-rich phase due to more water present in the organic-rich phase [6].

Table 3.4 Distribution coefficients (D) and separation factors (S) for the ternary
systems of water (1) + cyclopentanone (2) + organic solvents (3) at T = 298.2 K and

atmospheric pressure.

Ternary system Wy Dy D, S
Water + Cyclopentanone + MIBK o0, 0.0200 76604 383.1793
0.0280 0.0153 4.5607 297.7475
0.0344 0.0201 5.5087 273.5812
00594 00187 36717 195.8453
0.0680 0.0236 4.1647 176.1951
00788 0.0305 46472 152,511
0.0807 0.0398 5.8848 147.6896
0.0839 0.0535 75101 1404207
0.0895 0.0644 8.6045 133.7027
Water + Cyclopentanone + Ethyl acetate 0013 00366 87634 239.1866
0.0211 0.0325 6.5166 200.3097
0.0420 0.0468 48638 135.8863
0.0700 0.0557 5.0414 90.4299
0.0811 0.0624 4.9211 78.8871
00910 0.0695 49780 71642
0.1011 0.0923 5.9674 64.6681
0.1307 0.0978 5.2425 53.6267
0.1595 0.1285 50053 39.6416
Water + Cyclopentanone + Furfural 00238 0.0601 57563 958280
0.0404 0.0695 4.9233 70.8774
0.0631 0.0800 4.5705 57.1315
0.0801 0.0940 45993 48.9534
0.1110 0.0965 3.8171 39.5596
0.1408 0.1068 3.9055 36.5565
0.1935 0.1129 54429 30.4987
0.2014 0.1281 3.8421 29.9900
Water + Cyclopentanone + n-Butanol 00131 01549 50765 27617
0.0267 0.1540 46816 30.3963
0.0335 0.1595 4.6537 29.1808
0.0443 0.1651 46343 28.0614
0.0726 0.1857 4.8003 25.8478
0.1064 0.1991 46560 233811
0.1198 0.2081 43038 20.6806
0.1327 0.2192 4.3512 19.8474

0.1769 0.2299 3.9423 17.1467
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Figure 3.9 Separation factors (S) plotted against the mass fraction of cyclopentanone
in aqueous-rich phase (w,) at T = 298.2 K and atmospheric pressure; (o) MIBK, (o)

ethyl acetate, (a) furfural and (¢) n-butanol.

3.4.4 Thermodynamic model correlation

The experimental tie-line data can be represented by the thermodynamic models
of activity coefficients. The experimental tie-line data at T = 298.2 K, for each ternary
system, was used to correlate with the NRTL and UNIQUAC models. Thus, the basic
relationship for any component i in the aqueous-rich and organic-rich phases at

equilibrium is as follows:

50 = X7 35)

Xx, =2x =1 (3.6)

I T [
where x;, x;, 7; and y, are the mole fractions and activity coefficients of

the component i in aqueous-rich (I) and organic-rich (Il) phases, respectively.
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The activity coefficient (y;) in the NRTL model is expressed as [22]:

3 3
> . 7.G.x. 3 Xx.G. > X, TG,
[ﬂ]/i =1 7T +z J ) . k=1 "k “kj kj (3.7)

3 3 3
2iy GX R 2 G X 2 GigXy

where x, is the mole fraction of component i, the parameters Tis Tjio Ty Gij’Gji’
G, and ij are the adjustable parameters for each binary pair in the NRTL model and

i, j, k are the indices for all components.

These adjustable parameters can be calculated as follows:

T.=qa. + U elnT (3.8)
ij ij ij
T
o =a; = ¢ (3.9)
Gij = eXp(_aijTij) (3.10)

where a., b., c.

ir O G and e are the NRTL coefficients for the binary interaction

parameters and @ and @ are the non-randomness parameters.

The activity coefficient (y,) in the UNIQUAC model is determined using

the assumption of the sum between the combinational (yic) and residual (yiR)

activity coefficients as given by [23]:

ny, = lnyic + Ln;/iR (3.11)
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ny" =tn| =L [+ =qtn| " |[+¢-—2x (3.12)
Xi 2 (DI X| J:1
R € N
lny. =g |1-In Zé’jrﬁ - ; (3.13)
j-1 j-1
J J Zekz—kj
B k=1

where Ts Tiio Ty (I. and lj. are the adjustable parameters, i, j and k are the indices
for all components, z is the integral number equal to 10 and 9], 6‘J., 6’k and CI)i are
the surface areas and volume fractions in the UNIQUAC model, respectively.

These adjustable parameters can be calculated from the following equations:

Z
{ :;(ri_qi)_(ri-n (3.14)
T.=a + i +c\nT +d.T (3.15)
Ji ] T ] 1)
Xl
®, = (3.16)
2,
j=1
X.g.
6 = ; 9 (3.17)
ZXJC]J
j=1

where ay, biJ’ G and o’ij are the UNIQUAC coefficients for the binary interaction

parameters. The UNIQUAC structural parameters r and g, are the number of

segments per molecule and the relative surface area per molecule, respectively.
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They can be calculated from the number of molecular groups and the individual
values of the van der Waals volume together with the area of molecule by the Bondi

Method [6].

In this work, the value of the non-randomness parameter (&) of the NRTL model
was determined. Thus, the appropriate value was taken to be 0.2. The values of the
structural parameters r and g used for the UNIQUAC model were taken from the
literature as shown in Table 3.5 [15, 24, 25]. The binary interaction parameters of
NRTL (bij) and UNIQUAC (OU) models were obtained by the Aspen Plus software
program and regression with the experimental LLE data. Both values for each ternary

system are listed in Table 3.6.

Table 3.5 UNIQUAC structural parameters (r and g) for pure components.

Component r o]

MIBK 4.60 4.03
Ethyl acetate 3.48 3.12
Furfural 3.17 2.48
n-Butanol 3.45 3.05
Cyclopentanone 3.03 2.44

Water 0.92 1.40
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Table 3.6 NRTL and UNIQUAC binary interaction parameters for the ternary systems

of water + cyclopentanone + organic solvents at T = 298.2 K.

ij NRTL UNIQUAC rmsd (%)
b (K) b, (K) a; (K) a; (K) NRTL  UNIQUAC
Water + Cyclopentanone + MIBK
1-2 1,302.2816 97.0446 -911.6002 -57.9696 2.74 5.31
1-3 61.6760 2,671.4629 -5,117.8520 968.3500
2-3 18.1436 652.1729 957.9842 1,798.2365
Water + Cyclopentanone + Ethyl acetate

1-2 1,073.1837 98.1663 -136.1218 564.3772 2.90 4.83
1-3 1,165.6357 470.8551 107.0128 2,116.4193
2-3 -138.0162 1649172 -74.1523 1,867.0376

Water + Cyclopentanone + Furfural
1-2 5.4362 902.9418 -0.1695 5,819.4117 3.16 5.48
1-3 -1,957.9372 -6,282.9915 -237.4438 -286.1295
2-3 586.1674 37.7013 168.9230 -92.6174

Water + Cyclopentanone + n-Butanol

1-2 578.8451 81.1264 -127.3297 1,572.1743 2.90 5.24
1-3 -3,983.1548 -9,293.6148 -4.1000 -93.1794
2-3 -48.1683 572.9837 116.4516 127.9993

The modeling results were correlated with the experimental tie-line data of each

ternary system as shown in Table 3.7 and Figures 3.3 to 3.6. The correlation of both

results in terms of the root-mean square deviation (rmsd) is again shown in Table 3.6.

As can be seen in Table 3.7, the modeling results correlated well with the

experimental results. The NRTL model, especially, provided the best correlation for

all studied ternary systems. In addition, the low rmsd values for NRTL and UNIQUAC

models confirmed their ability to predict the LLE data obtained in this work.



68

Table 3.7 Modeling NRTL and UNIQUAC tie-line values in mass fractions for

the ternary systems of water + cyclopentanone + organic solvents at 7 = 298.2 K.

Aqueous-rich phase Organic-rich phase

Wiy Woy Wiz W3

Expt. NRTL UNIQ. Expt. NRTL UNIQ. Expt. NRTL UNIQ. Expt. NRTL UNIQ.

Water + Cyclopentanone + MIBK

0.9554  0.9512  0.9471 0.0106 ~ 0.0348  0.0384 0.0191  0.0173  0.0162 0.0812  0.0867  0.0914
0.9542  0.9538  0.9501 0.0280  0.0316  0.0369 0.0165  0.0154  0.0148 0.1277  0.1324  0.1369
0.9454  0.9487  0.9441 0.0344  0.0308  0.0379 0.0178  0.0164  0.0164 0.1895  0.1853  0.1933
09283  0.9267  0.9212 0.0594  0.0628  0.0682 0.0242  0.0235 0.0221 0.2181  0.2232  0.2286
0.9225 0.9209 09172 0.0680  0.0711  0.0753 0.0202  0.0195  0.0206 0.2832  0.2877  0.2917
09119 09105 09112 0.0788  0.0758  0.0826 0.0174  0.0189  0.0194 03662  0.3611  0.3704
0.9090  0.9105  0.9087 0.0807  0.0832  0.0873 0.0282  0.0253  0.0267 0.4749  0.4811  0.4850
0.9101 09156  0.9101 0.0839  0.0797  0.0872 0.0236  0.0242  0.0259 0.6301  0.6339  0.6382
0.9031  0.9027  0.9005 0.0895  0.0928  0.0979 0.0286  0.0294  0.0306 0.7701  0.7732  0.7776

Water + Cyclopentanone + Ethyl acetate

0.9007 09182 09174 0.0131  0.0169  0.0205 0.0330  0.0294  0.0299 0.1148  0.0772  0.0827
0.8904  0.9096  0.9085 0.0211  0.0249  0.0288 0.0351  0.0347  0.0341 0.1375  0.1624  0.1674
0.8705  0.8829  0.8809 0.0580  0.0538  0.0615 0.0437  0.0458  0.0432 0.2821  0.2765  0.2873
0.8600  0.8682  0.8671 0.0700  0.0769  0.0809 0.0445  0.0446  0.0441 0.3529  0.3583  0.3632
0.8517  0.8546  0.8535 0.0811  0.0938  0.0979 0.0488  0.0476  0.0470 0.3991  0.4053  0.4106
0.8407  0.8489  0.8465 0.0910  0.1009  0.1096 0.0539  0.0552  0.0534 0.4530  0.4472  0.4579
0.8395  0.8402  0.8391 0.1011  0.1163  0.1201 0.0699  0.0692  0.0689 0.6033  0.6095  0.6147
0.8214  0.8285  0.8272 0.1307  0.1349  0.1388 0.0803  0.0798  0.0793 0.6852  0.6910  0.6968
0.8029  0.8074  0.8058 0.1595  0.1659  0.1718 0.1032  0.1027  0.1019 0.8127  0.8183  0.8254

Water + Cyclopentanone + Furfural

0.8973  0.8986  0.8958 0.0238  0.0197  0.0283 0.0539  0.0539  0.0527 0.1370  0.1319  0.1426
0.8825  0.8817  0.8802 0.0404  0.0452  0.0497 0.0613  0.0609  0.0602 0.1989  0.2049  0.2104
0.8675  0.8661  0.8640 0.0631  0.0678  0.0721 0.0694  0.0687  0.0680 0.2884  0.2952  0.2997
0.8543  0.8555  0.8532 0.0801  0.0767  0.0850 0.0742  0.0751  0.0740 0.3684  0.3629  0.3738
0.8291  0.8285  0.8276 0.1110  0.1154  0.1192 0.0800  0.0796  0.0789 0.4237  0.4290  0.4346
0.8115 0.8091  0.8061 0.1408  0.1465  0.1525 0.0822  0.0827  0.0829 0.5499  0.5549  0.5607
0.7760  0.7758  0.7742 0.1935  0.1909  0.1996 0.0876 ~ 0.0884  0.0871 0.6662  0.6600  0.6726
0.7735  0.7706  0.7681 0.2014  0.2141  0.2211 0.0929  0.0925  0.0927 0.7738  0.7798  0.7856

Water + Cyclopentanone + n-Butanol

09215 0.9203 09164 0.0131  0.0168  0.0211 0.1685  0.1676  0.1657 0.0665  0.0718  0.0772
0.9062  0.9074  0.9042 0.0267  0.0229  0.0308 0.1739  0.1758  0.1726 0.1250  0.1196  0.1308
0.8973  0.8952  0.8944 0.0335  0.0376  0.0389 0.1797  0.1785  0.1772 0.2159  0.2214  0.2264
0.8901  0.8914  0.8876 0.0443  0.0406  0.0483 0.1828  0.1837  0.1819 0.2553  0.2501  0.2597
0.8613  0.8611  0.8572 0.0726  0.0764  0.0821 0.1844  0.1821  0.1817 0.3085 03147 03194
0.8338  0.8316  0.8291 0.1064  0.1112  0.1153 0.1751  0.1734  0.1727 0.4554  0.4613  0.4667
0.8212 0.8201  0.8185 0.1198  0.1237  0.1267 0.1709  0.1699  0.1689 05156  0.5206  0.5263
0.8112  0.8101  0.8095 0.1327  0.1374  0.1416 0.1686  0.1672  0.1668 0.5474  0.5529  0.5574

0.7900  0.7892  0.7880 0.1769  0.1804  0.1844 0.1608  0.1594  0.1585 0.6174  0.6229  0.6287
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3.5 Conclusion

The ternary LLE systems of water + cyclopentanone + organic solvents
(MIBK, ethyl acetate, furfural or n-butanol) were investigated at 7 = 298.2 K and
atmospheric pressure. All ternary systems exhibited type-2 behavior of LLE with large
biphasic regions. The reliability of the experimental tie-line data was validated by the
Othmer-Tobias and Hand correlation equations. High separation factors for
the selected organic solvents, especially MIBK, confirmed their capability to extract
cyclopentanone from water. The NRTL (e = 0.2) and UNIQUAC models provide
relatively good correlations with the experimental results as shown by the rmsd

values which are less than 6%.

3.6 Nomenclature and units

A, B Othmer-Tobias correlation parameters in Eq. (3.2)

! !

A, B Hand correlation parameters in Eq. (3.3)

a, b,c,d,e NRTL and UNIQUAC coefficients for the binary interaction parameters
D distribution coefficient

G NRTL parameter in Egs. (3.7) and (3.10)

UNIQUAC parameter in Egs. (3.12) and (3.14)

~

o] relative surface area per molecule of relative component
R acceptable correlation factor

r number of segments per molecule of relative component
rmsd root-mean square deviation (%)

S separation factor

T temperature (K)

u uncertainty

U combined uncertainty

v experimental variable

w mass fraction
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X mole fraction

z integral number in Egs. (3.12) and (3.14)

Greek letters

a non-random parameter

y activity coefficient

7 combinational activity coefficient

7 residual activity coefficient

0 UNIQUAC parameter in Egs. (3.12-3.13) and (3.17)
T NRTL and UNIQUAC parameters in Eqgs. (3.7-3.8), (3.10), (3.13) and (3.15)
Symbol

) UNIQUAC parameter in Egs. (3.12) and (3.16)
Subscripts

i, k indices for all components

| water-rich phase

I organic-rich phase

1 water

2 cyclopentanone

3 organic solvents
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4.1 Abstract

Liquid-liquid equilibrium (LLE) data are of great importance for the separation
processes that are applied in the chemical industry. Cyclopentanol is a product used
by many industries that may contaminate in wastewater. The purpose of this work is
to obtain LLE data for cyclopentanol separation. Ternary LLE systems of water +
cyclopentanol + organic solvents (MIBK, ethyl acetate, furfural or n-butanol) were
investicated at 7 = 298.2 K as well as atmospheric pressure. The solubility and
tie-line data of these ternary LLE systems were obtained by direct analysis method.
The reliability of the LLE experimental results was validated by the uncertainty
propagation calculation. Distribution coefficients (D) and separation factors (S) were
calculated in order to evaluate the capability of organic solvents for the selective
separation of cyclopentanol. Percentage separations (E) of cyclopentanol were also
studied. Good correlations of the experimental LLE data with modeling results
calculated by the non-random two liquid (NRTL) model were presented and

confirmed by the rmsd values. The latter values were found to be less than 49%.

Keywords: Solubility; Tie-line data; Ternary mixtures; Cyclopentanol; NRTL model.

4.2 Introduction

Cyclopentanol is a cyclic alcohol which is prepared by hydrogenation of
cyclopentanone [1, 2]. It is mainly used in the perfume industry and in the
manufacture of nylon [3]. During the operation of these processes, cyclopentanol
may contaminate in wastewater. In the purification of wastewater and prevention of
environmental contamination, the separation of cyclopentanol from wastewater is
highly important.

Liquid-liquid extraction is a major separation process in the chemical and
petrochemical industries due to its less energy consumption and high efficiency over

distillation processes [4]. The efficiency of this process is based on the physical and
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chemical properties of selective organic solvents used for separation of the target
component present in water. There are practical concerns in selecting the organic
solvent like viscosity, density, boiling point, interfacial tension and thermal stability
[5]. In order to design and enhance the liquid-liquid extraction process, precise liquid-
liquid equilibrium (LLE) data of ternary systems are required. Ternary diagrams
involving a solubility curve and tie-lines are of great importance for the ternary
LLE systems [6-8]. These are obtained by direct analysis method or by cloud-point
titration [9].

Thermodynamic models are also important for predicting thermodynamic
properties of the ternary LLE systems, particularly the activity coefficient models. The
non-random two liquid (NRTL) model is one of the activity coefficient models which
is cited in numerous literature [10-14]. This model was first reported by Renon and
Prausnitz (1968) who showed its application to a wide variety of mixtures for vapor-
liquid and liquid-liquid phase equilibria [15]. The model is based on a semi-empirical
physical model combined with a molecular local composition concept as described
by Bart [16]. Moreover, the model involves binary interaction parameters which can
be obtained by experimental equilibrium results.

The main purpose of this work is to provide a new series of LLE data. The liquid
phase behavior for the ternary LLE systems consisting of water, cyclopentanol and
efficient organic solvents was studied at a temperature of 298.2 K together with
atmospheric pressure. The organic solvents such as, methyl isobutyl ketone (MIBK),
ethyl acetate, furfural and n-butanol were selected for such study. MIBK is non-toxic,
highly selective and relatively less miscible in aqueous solutions [17]. Ethyl acetate is
a good solvent and benign for the environment [18]. Furfural and n-butanol are
the preferable solvents which are used in the industry [19, 20]. The solubility and
tie-line data for each ternary system were obtained by the direct analysis method
and their reliability was validated by the uncertainty propagation calculation.
The separation capability of the selected organic solvents was expressed in terms of
distribution coefficients (D) and separation factors (S) calculated by the tie-line data.
The amount of cyclopentanol that was separated in the ternary systems was also

studied and expressed by the percentage separation (E). Finally, the LLE data of
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the investigated systems were correlated with the modeling results obtained by

the NRTL model. These correlations were evaluated by the rmsd values.

4.3 Experimental

4.3.1 Chemicals

Chemicals consisting of cyclopentanol (CsH;,0, MW 86.13 ¢/mol), furfural (CsHgO,,
MW 96.08 ¢/mol), n-butanol (C4H,OH, MW 74.12 g/mol), methyl isobutyl ketone
(CH120, MW 100.16 g/mol) and ethyl acetate (CqHgO,, MW 88.11 g/mol) were used
without further purification. The source of all chemicals and their important physical
properties as publicized by the wikipedia website [21] are listed in Table 4.1. Distilled

water was used in all experiments.

Table 4.1 Source and important physical properties of chemicals.

Chemical name Source Purity/%  Analytical Solubility in water [21] Normal boiling
mass method (g/100 mL H,0; 298 K) point [21] (K)

Cyclopentanol Sigma-Aldrich 99.0 GC Soluble 412-413
Furfural Sigma-Aldrich 99.0 GC 8.3 435.0
n-Butanol Erba Lachema 99.5 GC 10.0 390.8
Methyl isobutyl MicroChem 99.5 GC 1.9 390-391
ketone
Ethyl acetate MicroChem 99.8 HPLC 8.3 350.2

4.3.2 Apparatus and procedure

The equilibrium solubility data in the organic-rich and aqueous-rich phases of
the ternary systems were obtained by direct analysis method. The weights of all
components were obtained by a digital analytical balance-Mettler Toledo AE200
(with an accuracy of +£0.0001 g). A water jacket, that was checked using a digital
thermometer (with an accuracy of £0.1 K), was used to control the temperature of

the systems. The binary mixtures of the known compositions of cyclopentanol and
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organic solvents were prepared in closed glass vessels. The binary mixtures were
continually titrated with water until they became turbid. The end point of titration
was achieved when the mixtures remained turbid for 15 minutes. During this time,
the ¢lass vessels were agitated periodically to observe the turbidity. These
procedures were used to obtain the solubility curve of the organic-rich phase.
In order to repeat all measurements at least three times, a known quantity of
cyclopentanol was added into the mixtures for back transparency. The mixtures were
again titrated with water until they became turbid, and the same end point of
titration was taken. To obtain the solubility curve of the aqueous-rich phase, the
binary mixtures with the predetermined compositions of cyclopentanol and water
were prepared in the closed glass vessels. The organic solvents were continually
added into the binary mixtures till turbidity. Thereafter, the g¢lass vessels were
agitated periodically to observe the turbidity for 15 minutes. The end point of
titration was achieved when the mixtures remained turbid.

The tie-line data of the ternary systems were obtained from the ternary mixtures
after reaching equilibrium composition. More water was successively added until
the transition from homogeneous to heterogeneous state appeared in the mixtures.
Thereafter, the mixtures were weighed and agitated vigorously at 200 rpm for 2
hours. Then they were centrifugated and left for 14 hours to complete separation.
These periods were long enough for samples reaching two equilibrium liquid layers.
The organic-rich phase was carefully withdrawn from the top layer of the glass vessel
by syringe and then weighed. The remaining aqueous-rich sample was also weighed
and analyzed by gas chromatography to determine the compositions of
cyclopentanol and organic solvents. The composition of water was calculated by the
mass balance equation. These results were used to be the tie-line data in the
aqueous-rich phase. To obtain the tie-line data in the organic-rich phase, the
composition of each component was calculated based on its composition difference
in the mixtures and the aqueous-rich phase. Triangular phase diagrams for all ternary

LLE data were plotted by the ProSim program.
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4.3.3 Analysis

The aqueous-rich phases were analyzed by gas chromatography (Hewlett Packard
5890 Series I, with FID detector) using a 1.4 m x 3 mm glass column packed with 5%
C20M + 5% SE. The quantitative determination of the reaction samples was done by
an external standard method using an aqueous solution of each sample with known

concentration and response factor.

4.3.4 Reliability of LLE results

The reliability of the experimental solubility data and tie-line results were
validated by the uncertainty propagation calculation according to the GUM and NIST
[22, 23]. In this work, the standard uncertainties (u(x,)), as shown in the respective

footnote of the tables, were calculated as follows:

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

obtained under the same conditions of measurement and k = 1, 2,..., n.
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4.4 Results and discussion

4.4.1 Experimental solubility and tie-line data

The experimental solubility curves for the ternary systems of (water +
cyclopentanol + organic solvents) at T = 298.2 K and atmospheric pressure are
plotted in Figure 4.1. The same solubility data, as shown in terms of mass fraction,
are given in Table 4.2. In the case of furfural, the solubility curve has a different
characteristic compared with the other mixtures (Figure 4.1). However, this
characteristic is similar to the basic type of LLE behavior as reported by Novak et al.
[24]. As seen in Figure 4.1, only a liquid pair of cyclopentanol + organic solvents was
completely miscible and two liquid pairs of water + cyclopentanol and water +
organic solvents were partially miscible i.e. each ternary system exhibited type-2
behavior of LLE [25]. The biphasic regions for the used organic solvents have different
areas due to the mutual solubility of water and the organic solvents. Thus, the type
of oreanic solvent is an important factor influencing the biphasic region of the

investigated systems.
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Cyclopentanol

Organic solvents Water

Figure 4.1 Solubility curves for ternary systems of (water + cyclopentanol + organic
solvents) at T = 298.2 K and atmospheric pressure; (-0-) MIBK, (-0-) ethyl acetate,

(-a-) furfural and (-¢-) n-butanol.

Table 4.2 Solubility data in mass fractions (w) for the ternary systems of (water (1)

+ cyclopentanol (2) + organic solvents (3)) at T = 298.2 K and atmospheric pressure.”

MIBK Ethyl acetate Furfural n-Butanol

Wy W) Wi W) Wy Wy Wy W5

0.0190 0.0000 0.0432 0.0000 0.0408 0.0000 0.1657 0.0000
0.0376 0.1421 0.0600 0.1647 0.0867 0.0995 0.1553 0.1457
0.0622 0.3189 0.0858 0.3149 0.1290 0.2128 0.1581 0.2937
0.0972 0.4910 0.0981 0.4455 0.1796 0.3650 0.1600 0.4674
0.1244 0.6231 0.1137 0.5745 0.2060 0.5193 0.1598 0.5102
0.1443 0.7489 0.1318 0.7333 0.2001 0.6272 0.1628 0.5774
0.1677 0.8323 0.1464 0.8536 0.1464 0.8536 0.1677 0.8323
0.9810 0.0000 0.9160 0.0000 0.8979 0.0000 0.9376 0.0000
0.9502 0.0243 0.8906 0.0387 0.8844 0.0455 0.9179 0.0267
0.9253 0.0532 0.8914 0.0705 0.8906 0.0692 0.9078 0.0560
0.9139 0.0861 0.9206 0.0794 0.9206 0.0794 0.9139 0.0861

“ Standard uncertainties are u(T) = 0.1 K and u(w) = 0.0011.
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The experimental tie-line data for these ternary systems were obtained at the
same temperature as shown in Table 4.3 and as plotted in Figures 4.2 to 4.5. In these
fisures, the slopes of the tie-lines indicated that cyclopentanol was more soluble in
the organic solvents than in water. This was probably due to lower polarity of

cyclopentanol which prefers higher solubility in organic solvents than in water.

Table 4.3 Tie-line data in mass fractions for the ternary systems of (water (1)

+ cyclopentanol (2) + organic solvents (3)) at T = 298.2 K and atmospheric pressure.a

Aqueous-rich phase Organic-rich phase

wy w, W w, w, Ws

Water + Cyclopentanol + MIBK

0.9447 0.0300 0.0253 0.0379 0.1508 0.8113
0.9359 0.0359 0.0282 0.0418 0.1818 0.7764
0.9194 0.0639 0.0167 0.0667 0.3355 0.5978
0.9167 0.0686 0.0147 0.0736 0.3750 0.5514
0.9163 0.0765 0.0072 0.0949 0.4677 0.4374
0.9098 0.0806 0.0096 0.1010 0.5046 0.3944
0.9083 0.0836 0.0081 0.1094 0.5324 0.3582
0.9044 0.0932 0.0024 0.1285 0.6405 0.2310

Water + Cyclopentanol + Ethyl acetate

0.9054 0.0149 0.0797 0.0489 0.0817 0.8694
0.9009 0.0279 0.0712 0.0590 0.1520 0.7890
0.8970 0.0358 0.0672 0.0715 0.2386 0.6899
0.8951 0.0463 0.0586 0.0883 0.3176 0.5941
0.8935 0.0559 0.0506 0.0995 0.4512 0.4493
0.8930 0.0593 0.0477 0.1116 0.5313 0.3571
0.8913 0.0710 0.0377 0.1190 0.6199 0.2611
0.8987 0.0783 0.0230 0.1285 0.6654 0.2061
0.9037 0.0756 0.0207 0.1369 0.7563 0.1068

Water + Cyclopentanol + Furfural

0.8903 0.0210 0.0887 0.0796 0.0883 0.8321
0.8846 0.0371 0.0783 0.1229 0.1996 0.6775
0.8851 0.0463 0.0686 0.1559 0.2942 0.5499
0.8836 0.0545 0.0619 0.1787 0.3575 0.4638
0.8871 0.0603 0.0526 0.1985 0.4596 0.3419
0.8889 0.0700 0.0411 0.2053 0.5365 0.2582
0.8999 0.0726 0.0275 0.1959 0.6535 0.1506
0.9077 0.0762 0.0161 0.1708 0.7624 0.0668

Water + Cyclopentanol + n-Butanol

0.9300 0.0095 0.0605 0.1631 0.0775 0.7594
0.9286 0.0170 0.0544 0.1553 0.1436 0.7011
0.9232 0.0279 0.0489 0.1579 0.2398 0.6023
0.9224 0.0359 0.0417 0.1592 0.3202 0.5206
0.9188 0.0417 0.0395 0.1600 0.3888 0.4512
0.9162 0.0559 0.0279 0.1605 0.5312 0.3083
0.9087 0.0620 0.0293 0.1632 0.6216 0.2152
0.9089 0.0710 0.0201 0.1646 0.7134 0.1220

“ Standard uncertainties are u(T) = 0.1 K and u(w) = 0.0008.
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Figure 4.2 Ternary diagram for the LLE system of (water (1) + cyclopentanol (2)

+ MIBK (3)) at T = 298.2 K and atmospheric pressure; (—e—) experimental tie-line
data and (--m--) calculated NRTL data.
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Figure 4.3 Ternary diagram for the LLE system of (water (1) + cyclopentanol (2)

+ ethyl acetate (3)) at T = 298.2 K and atmospheric pressure; (—e—) experimental

tie-line data and (--m--) calculated NRTL data.
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Figure 4.4 Ternary diagram for the LLE system of (water (1) + cyclopentanol (2)

+ furfural (3)) at T = 298.2 K and atmospheric pressure; (—e—) experimental tie-line

data and (—-m-—) calculated NRTL data.
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Figure 4.5 Ternary diagram for the LLE system of (water (1) + cyclopentanol (2)

+ n-butanol (3)) at T = 298.2 K and atmospheric pressure; (—e—) experimental

tie-line data and (--m--) calculated NRTL data.
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4.4.2 The capability of the selected organic solvents

The distribution coefficients (D) and the separation factors (S) were calculated in
order to obtain the capability of the selected organic solvents for cyclopentanol
separation. The separation factor (S) is defined as the ratio of the distribution

coefficients of cyclopentanol (D,) to water (D,) as follows:

D Wo, /W
g2 __B° 24 (4.3)

D wys /wyy

where w, and w,, are the mass fractions of water and cyclopentanol in the
organic-rich phase, respectively and w,, and w,, are the mass fractions of water

and cyclopentanol in the aqueous-rich phase, respectively.

The values of distribution coefficients and separation factors for each ternary
system are listed in Table 4.4. The variation of the separation factors as a function of
the mass fraction of cyclopentanol in the aqueous-rich phase is shown in Figure 4.6.
For the investigated ternary systems, all selected organic solvents have high D and S
values (i.e. > 1), indicating the capability of these solvents to separate cyclopentanol
from water. As can be seen in Figure 4.6, the separation factors decreased when
there was an increase in the mass fraction of cyclopentanol in the aqueous-rich
phase except in the case of n-butanol. This was because more water was present in
the organic-rich phase [9]. The small increase in the separation factor with regard to
n-butanol is similar to that reported by Gilani et al. [25] who studied the LLE system

for phenol separation using cyclohexanone as the organic solvent.
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Table 4.4 Distribution coefficients (D) and separation factors (S) for the ternary

systems of (water (1) + cyclopentanol (2) + organic solvents (3)) at T = 298.2 K.

Ternary system Wiy D, D, S
Water + Cyclopentanol + MIBK 0.0300 0.0401 5.0267 125.2953
0.0359 0.0447 5.0641 113.3842
0.0639 0.0725 5.2504 72.3720
0.0686 0.0803 5.4665 68.0858
0.0765 0.1036 6.1137 59.0306
0.0806 0.1110 6.2605 56.3945
0.0836 0.1204 6.3684 52.8742
0.0932 0.1421 6.8723 48.3683
Water + Cyclopentanol + Ethyl acetate 0.0149 0.0540 5.4832 101.5237
0.0279 0.0655 5.4480 83.1886
0.0358 0.0797 6.6648 83.6130
0.0463 0.0986 6.8596 69.5361
0.0559 0.1114 8.0716 72.4818
0.0593 0.1250 8.9595 71.6923
0.0710 0.1335 8.7310 65.3944
0.0783 0.1430 8.4981 59.4337
0.0756 0.1515 10.0040 66.0379
Water + Cyclopentanol + Furfural 0.0210 0.0894 4.2048 47.0289
0.0371 0.1389 5.3801 38.7241
0.0463 0.1761 6.3542 36.0751
0.0545 0.2022 6.5596 32.4348
0.0603 0.2238 7.6219 34.0624
0.0700 0.2310 7.6643 33.1845
0.0726 0.2177 9.0014 41.3494
Water + Cyclopentanol + n-Butanol 0.0095 0.1754 8.1579 46.5165
0.0170 0.1672 8.4471 50.5083
0.0279 0.1710 8.5950 50.2526
0.0359 0.1726 8.9192 51.6777
0.0417 0.1741 9.3237 53.5416
0.0559 0.1752 9.5027 54.2452
0.0620 0.1796 10.0258 55.8238

0.0710 0.1811 10.0479 55.4831
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Figure 4.6 Separation factors plotted against the mass fraction of cyclopentanol in
aqueous-rich phase (w,) at T = 298.2 K and atmospheric pressure; (o) MIBK,

(0) ethyl acetate, (a) furfural and (0) n-butanol.

The percentage separation (E) of cyclopentanol highlights the capability of
the selected organic solvents. This indicates the amount of cyclopentanol that can
dissolve in the organic-rich phase when compared with its total quantity in a ternary
system. For all investigated systems, the percentage separations of cyclopentanol are
calculated from Eq. (4.4) and reported together with the total mass values of water

(M1 1ota) @and organic solvents (Ms o) @s shown in Table 4.5.

Wos

E= x 100 (4.4)

W) total

Where w,, is the mass fraction of cyclopentanol in the organic-rich phase and

23

W, iotal 1S the total mass fraction of cyclopentanol in the ternary system which is

obtained by the combination of mass fractions of cyclopentanol in aqueous-rich and

organic-rich phases.
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From Table 4.5, the percentage separations of cyclopentanol for selected organic

solvents have analogous values which vary between 81% and 91%. In order to

determine the suitable solvent for cyclopentanol separation, both the separation

factor and the percentage separation of each organic solvent were considered.

The percentage separations of MIBK are similar to those of the three solvents, but its

separation factors have higher values. Thus, MIBK was selected as a suitable solvent.

Table 4.5 Total mass (M) and percentage separation (E) of cyclopentanol for

the ternary systems of (water (1) + cyclopentanol (2) + organic solvents (3))

at T =298.2K
Ternary system M toral (8) M3 otal (8) Was W2 total E (%)
Water + Cyclopentanol + MIBK 1.3033 1.5819 0.1508 0.1808 83.41
1.8333 1.5269 0.1818 02177 83.51
2.1545 1.1750 03355 03994 84.00
2.8751 1.0907 03750 0.4436 84.54
1.4612 1.3586 04677 0.5442 85.94
3.9605 0.7977 0.5046 0.5852 86.23
4.7659 0.7177 05324 0.6160 86.43
5.6985 0.4749 0.6405 0.7337 87.30
Water + Cyclopentanol + Ethyl acetate 23875 1.7953 0.0817 0.0966 84.58
2.8843 1.6090 0.1520 0.1799 84.49
3.5401 1.4682 0.2386 0.2744 86.95
4.0925 1.3024 03176 03639 87.28
4.6675 1.0616 04512 05071 88.98
4.5250 0.9087 05313 0.5906 89.96
4.6803 0.7329 0.6199 0.6909 89.72
5.0242 0.5598 0.6654 0.7437 89.47
5.2826 0.3185 0.7563 0.8319 90.91
Water + Cyclopentanol + Furfural 23115 2.1746 0.0883 0.1093 80.79
3.1196 1.9192 0.1996 0.2367 84.33
3.7696 1.5911 0.2942 0.3405 86.40
4.2578 1.3200 03575 0.4120 86.77
49133 1.0177 0.4596 05199 88.40
5.0499 0.8037 0.5365 0.6065 88.46
5.0010 0.4731 0.6535 0.7261 90.00
4.9736 0.2418 0.7624 0.8386 90.91
Water + Cyclopentanol + n-Butanol 2.4264 1.6015 0.0775 0.0870 89.08
3.3934 1.4612 0.1436 0.1606 89.42
3.8184 1.2978 0.2398 02677 89.58
4.5061 1.1487 03202 0.3561 89.92
4.8589 1.0387 0.3888 0.4305 90.31
5.6461 0.8776 05312 05871 90.48
6.3651 0.6468 0.6216 0.6836 90.93
6.3066 0.4367 07134 0.7844 90.95
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4.4.3 NRTL model correlation

The relationship of the experimental tie-line data obtained at T = 298.2 K for
each investigated ternary system can be represented by the NRTL model. In this
model, the basic relationship for any component i in the aqueous-rich and organic-
rich phases at equilibrium is as follows:

X|7i| = XI 7| (4'5)

ZX: =>x =1 (4.6)

T [
where x;, x;, 7, and y, are the mole fractions and activity coefficients of

component i in the aqueous-rich (I) and organic-rich (Il) phases, respectively.

The activity coefficient (y,) in the NRTL model is expressed as [26]:

3 3
Z':l r.G.x. 3 X.G. Zk:l X, TGy

lny, = J3 ) y — VT Lo (@.7)
2 GeX R 2 GigXy 2 GigX

where x; is the mole fraction of component i, the parameters T Tiis Ty GU.,GJ.i,

G, and ij are the adjustable parameters for each binary pair in the NRTL model

and i, j, k are the indices for all components.

These adjustable parameters can be calculated as follows:
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G; = expl-ay7;) (4.10)

where ay, bU, G and e are the NRTL coefficients for the binary interaction

parameters and @ and a; are the non-randomness parameters.

In this work, the value of the non-randomness parameter () of the NRTL model
was determined and the appropriate value was taken to be 0.2. The binary
interaction parameters (bij and bji) of the NRTL model for each ternary system were

obtained by the experimental LLE data and are listed in Table 4.6.

Table 4.6 NRTL binary interaction parameters for the ternary systems of (water (1)

+ cyclopentanol (2) + organic solvents (3)) at T = 298.2 K.

Ternary system i NRTL (e = 0.2)

Water + Cyclopentanol + MIBK 1-2 1,597.6421 106.5873
153 995.7328 2,082.3649
2-3 208.1647 764.3885

Water + Cyclopentanol + Ethyl 1-2 1,253.7319 103.5937

acetate 1-3 1,076.3541 582.9651
2-3 -105.9862 176.2452

Water + Cyclopentanol + Furfural 1-2 720.8762 876.1347
1-3 -1,538.1642 -5,721.9643
2-3 693.6751 42.1937

Water + Cyclopentanol + n-Butanol 1-2 826.3927 103.6429
1-3 -1,280.1368 -5,782.9226
2-3 -62.9875 584.9872

The modeling results were correlated with the experimental tie-line data of each
ternary system as shown in Table 4.7 and Figures 4.2 to 4.5. The correlation of both

results in terms of root-mean square deviation (rmsd) is also listed in Table 4.7.
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The rmsd value was calculated by the difference between the experimental and

modeling mass fractions as follows:

n 2 3 expt cal 12
Zkzlzjzlzizl(wijk - Wik )

6N

rmsd = 100

(4.11)

expt. cal. .
P and w are the experimental and

where n is the number of tie-lines, w
modeling mass fractions, respectively. Subscript i is the component, j is the phase

and k = 1, 2,..., n is the number of tie-lines.

As can be seen in Table 4.7, the modeling results of the NRTL model provide
a good correlation with the experimental results of all investigated ternary systems.
Low rmsd values for the NRTL model confirm its ability to predict the LLE data

obtained in this work.
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Table 4.7 Modeling of the NRTL tie-line values in mass fractions for the ternary

systems of (water (1) + cyclopentanol (2) + organic solvents (3)) at T = 298.2 K.

Aqueous-rich phase Organic-rich phase rmsd

Wiy Wa1 Wis Was3 (%)

Expt. NRTL Expt. NRTL Expt. NRTL Expt. NRTL
Water + Cyclopentanol + MIBK
0.9447 0.9449 0.0300 0.0342 0.0379 0.0397 0.1508 0.1571 2.50
0.9359 0.9360 0.0359 0.0448 0.0418 0.0429 0.1818 0.1885
0.9194 0.9213 0.0639 0.0591 0.0667 0.0668 0.3355 0.3301
0.9167 0.9170 0.0686 0.0771 0.0736 0.0747 0.3750 0.3813
0.9163 0.9168 0.0765 0.0747 0.0949 0.0948 0.4677 0.4617
0.9098 0.9100 0.0806 0.0872 0.1010 0.1015 0.5046 0.5099
0.9083 0.9088 0.0836 0.0916 0.1094 0.1097 0.5324 0.5368
0.9044 0.9049 0.0932 0.0957 0.1285 0.1292 0.6405 0.6453
Water + Cyclopentanol + Ethyl acetate
0.9054 0.9036 0.0149 0.0207 0.0489 0.0498 0.0817 0.0885 3.44
0.9009 0.8985 0.0279 0.0332 0.0590 0.0597 0.1520 0.1585
0.8970 0.8941 0.0358 0.0418 0.0715 0.0724 0.2386 0.2456
0.8951 0.8946 0.0463 0.0427 0.0883 0.0887 0.3176 0.3122
0.8935 0.8921 0.0559 0.0610 0.0995 0.1004 0.4512 0.4572
0.8930 0.8921 0.0593 0.0648 0.1116 0.1124 0.5313 0.5375
0.8913 0.8907 0.0710 0.0766 0.1190 0.1196 0.6199 0.6258
0.8987 0.8979 0.0783 0.0752 0.1285 0.1291 0.6654 0.6584
0.9037 0.9034 0.0756 0.0811 0.1369 0.1375 0.7563 0.7634
Water + Cyclopentanol + Furfural
0.8903 0.8893 0.0210 0.0258 0.0796 0.0804 0.0883 0.0934 3.08
0.8846 0.8821 0.0371 0.0417 0.1229 0.1245 0.1996 0.2058
0.8851 0.8838 0.0463 0.0511 0.1559 0.1564 0.2942 0.2997
0.8836 0.8828 0.0545 0.0592 0.1787 0.1795 0.3575 0.3632
0.8871 0.8868 0.0603 0.0648 0.1985 0.1993 0.4596 0.4657
0.8889 0.8887 0.0700 0.0749 0.2053 0.2059 0.5365 0.5421
0.8999 0.8991 0.0726 0.0698 0.1959 0.1963 0.6535 0.6473
0.9077 0.9074 0.0762 0.0813 0.1708 0.1710 0.7624 0.7686
Water + Cyclopentanol + n-Butanol

0.9300 0.9306 0.0095 0.0098 0.1631 0.1635 0.0775 0.0826 2.80
0.9286 0.9289 0.0170 0.0168 0.1553 0.1561 0.1436 0.1619
0.9232 0.9237 0.0279 0.0262 0.1579 0.1584 0.2398 0.2458
0.9224 0.9201 0.0359 0.0349 0.1592 0.1598 0.3202 0.3260
0.9188 0.9181 0.0417 0.0412 0.1600 0.1604 0.3888 0.3943
0.9162 0.9145 0.0559 0.0487 0.1605 0.1611 0.5312 0.5369
0.9087 0.9092 0.0620 0.0713 0.1632 0.1637 0.6216 0.6272
0.9089 0.9092 0.0710 0.0819 0.1646 0.1649 0.7134 0.7195
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4.5 Conclusion

The solubility and tie-line data for the ternary LLE systems of water +
cyclopentanol + organic solvents (MIBK, ethyl acetate, furfural or n-butanol) were
investigated at T = 298.2 K together with atmospheric pressure. All ternary systems
exhibited type-2 behavior of LLE. The reliability of the experimental data was
validated by the uncertainty propagation calculation. High separation factors for
the studied organic solvents, especially MIBK, confirmed their capability to separate
cyclopentanol from water. The percentage separation of cyclopentanol for
the investigated systems ranged from 81% to 91%. The modeling results of the NRTL
model (a = 0.2) provided relatively good correlations with the experimental results

as shown by the rmsd values which were less than 49%.

4.6 Nomenclature and units

ab,ce NRTL coefficients for the binary interaction parameters

D distribution coefficient

E percentage separation (%)

G NRTL parameter in Eqgs. (4.7) and (4.10)

k integer number

m mass of components (g)

n number of independent observations in Egs. (4.1) and (4.2) or number

of tie-lines in Eq. (4.11)

rmsd root-mean square deviation (%)
S separation factor

T temperature (K)

ulxy) standard uncertainty

w mass fraction

X mole fraction

X input quantity from the measurement in Egs. (4.1) and (4.2)
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Greek letters

a non-random parameter

¥ activity coefficient

T NRTL parameters in Egs. (4.7 to 4.8) and (4.10)
Superscripts

cal. modeling results

expt. experimental results

| aqueous-rich phase

I organic-rich phase

Subscripts

i, k indices for all components
1 water

2 cyclopentanol

3 organic solvents
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5.1 Abstract

The effects of organic solvents regarding the aspects of equilibrium data, kinetics
of extraction behavior and thermodynamic model are of great importance in
the extraction processes. Therefore, these effects were investigated for silver ion
extraction by a liquid-liquid extraction process using D2EHPA as an extractant. Various
organic solvents that have different dielectric constants like kerosene, cyclohexane,
chloroform and 1-octanol were selected for use in this work. The equilibrium data of
solubility and tie-lines for the ternary systems of water + D2EHPA + organic solvents
exhibited type-2 LLE behavior at a temperature of 298.2 K and atmospheric pressure.
Moreover, the uncertainty propagation calculation was determined to validate the
reliability of the data. The extraction efficiency of silver ions for each organic solvent
was also investigated; maximum extraction of 94% was obtained for 1-octanol. The
extraction behaviors of silver ion with D2EHPA in the different organic solvents were
reported as regards their reaction stoichiometry. They were also analyzed by
spectroscopic analysis. Results of the thermodynamic NRTL model were obtained
and a very good correlation with the experimental LLE data was confirmed by the

root-mean square deviation (rmsd) values of 1%.

Keywords: Solvents; Equilibrium; Kinetics; Thermodynamic; Silver ions.

5.2 Introduction

Based on the extraction processes in the chemical industry, various organic
solvents such as aliphatic/aromatic hydrocarbons, ketones and high alcohols are
used as a medium for dissolving the extractant [1]. These organic solvents can be
widely divided into two categories as polar and non-polar [2]. Moreover, they have a
significant effect on extraction efficiency by providing solvation through hydrogen
bonding and specific interaction with the extractable complexes [3]. Their

interactions increase the hydrophobicity of the extractable complexes and become
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more stable in the organic phase which results ultimately in the enhancement of
extraction [4]. The interaction efficiency of organic solvents is mainly based on their
polarity and hydrogen bonding affinity [5, 6].

Due to the important role of organic solvents in the extraction processes, studies
on the aspects of their equilibrium data, kinetics of extraction behavior and
thermodynamic model are fundamentally required in order to develop and design
extraction systems [7-9]. Liquid-liquid equilibrium (LLE) data focusing on solubility
and tie-lines for the mixture of organic solvents and extractant are also required
because the limitation of its solubility has an effect on the chemical reaction of
extraction [10]. In order to determine the equilibrium data of solubility and tie-lines,
direct measurement or cloud-point titration is normally used [11]. In the aspect of
kinetics of extraction behavior, organic solvents have a remarkable effect on the
stoichiometry of extraction reaction [12]. In addition, a thermodynamic model is key
for quantitative analysis and preliminary estimation for the extraction process under
an individual temperature system [13]. The activity coefficient model of non-random
two liquid (NRTL) is one thermodynamic model that has been reported in the
literature [14-17]. This model involves the parameter of binary interactions which can
be obtained by regression with the experimental LLE results.

Recently, the extraction of silver ions from industrial wastewater has been of
great concern due to its toxicity [18]. Silver ion concentration of 1-5 mg/L can kill
aquatic microorganisms, insects, flounder and trout [19]. The major sources of silver
ions in the environment are found in wastewater from the manufacturing of
silverware, electronics and jewelry as well as from pharmaceutical and photographic-
imaging processes [20]. For the extraction of silver ions, organic solvents like kerosene
and chloroform are frequently used along with the extractant di(2-ethyl-
hexylphosphoric acid (D2EHPA) [21-23]. The advantages of this extractant are its
good stability of chemical properties, good reaction of extraction, high loading for the
extractable ions and availability in commercial quantities [24].

This work investigated the effect of organic solvents on silver ion extraction
recarding the aspects of equilibrium data, kinetics of extraction behavior and

thermodynamic model using the extractant D2EHPA. Further, organic solvents having
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the dielectric constants such as kerosene (n/a), cyclohexane (2.02), chloroform (4.81)
and 1-octanol (10.30) were selected [12, 25]. A liquid-liquid extraction process was
used in this work because it was easy to operate and process for hydrometallurgical
extraction [26]. In order to provide the LLE data, the solubility and tie-lines for the
ternary mixtures of water + D2EHPA + organic solvents were studied at a
temperature of 298.2 K and atmospheric pressure. Results were determined by direct
measurement and their reliability was validated using the uncertainty propagation
calculation. The extraction efficiency for each organic solvent in the case of silver ion
extraction was also carried out and represented by the percentage extraction (E). The
extraction behaviors between the silver ion and D2EHPA in the different organic
solvents were reported and analyzed by spectroscopic analysis. Moreover, the NRTL
model was studied and its results correlated with the experimental LLE data. The

correlations were confirmed by the root-mean square deviation (rmsd) values.

5.3 Theory

5.3.1 Competitive complexation/solvation theory for liquid-liquid extraction

process

Competitive complexation/solvation (CCS) theory is applied in this work to
summarize the corresponding characteristics of silver ions for loading in the organic
phase. This theory is novel and explains clearly about the solvation and
complexation in the extraction system [27]. The summarizations of CCS theory for

silver ion extraction are listed as follows [28]:

1. Silver ions are considered to be a solute that is surrounded by other
molecules of solvents such as extractant, organic solvents and water. First,
the solute interacts with the solvents by hydrogen bonding that is termed
solvation. Then, it exchanges their ions through the proton/electron transfer.

Both interactions are constant at the individual temperature and pressure.
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The strong interactions are based on the physical properties of solvents, for
example, polarity, m- or n-donor capacity and hydrogen bonding affinity, etc.

2. The solvation between the solute and solvents is a process involving acid-
base action. The solute and solvents can be the electron donor or electron
acceptor depending on their acid/base property. In general, the solute in the
form of ion is considered to be acid and the solvents are acid or base
following on their functional groups and structure of the solute.

3. Based on summarization 1, free silver ions, free extractant and free silver-
extractant complexes cannot exist in the organic phase.

4. At a low concentration of solute in the organic phase, the silver-extractant
complexes interact with molecules of organic solvent by a single nucleus
aggregation. When its concentration increases, their interaction changes to
form linear or cyclic aggregation that is a stronger interaction than a single
one.

5. In the case of high solute concentration in the organic phase, the nuclei
aggregation grows in size following on its linear or cyclic form. This changes

the stoichiometry of extraction reaction.

5.4 Experimental

5.4.1 Chemicals

D2EHPA (CiH3504P, MW 322.43 g/mol), kerosene (Co-Cis, MW =~ 170 g/mol),
cyclohexane (CgHyp, MW 84.15 g¢/mol), chloroform (CHCl;, MW 119.38 g¢/mol),
1-octanol (CgHig0, MW 130.23 g¢/mol), silver nitrate solution (AgNOs;, MW 169.87
g/mol) and nitric acid solution (HNOs;, MW 63.01 g/mol) were used in this work.
The source and important physical properties of chemicals are listed in Table 5.1.
The solubility of chemicals in water except silver nitrate and nitric acid solutions was
determined by direct measurement whereby water was continually titrated with

chemicals until it became turbid. The end point of titration was achieved when
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the mixtures remained turbid for 15 min. Thereafter, the mixtures were weighted to
determine the composition of chemicals. The normal boiling point of chemicals was
studied by the distillation method whereby the chemicals were distilled and their
condensate vapor temperatures were measured. The temperatures at constant value
were recorded to be the boiling point. All chemicals were used without further

purification and distilled water was used in all experiments.

Table 5.1 Sources and important physical properties of chemicals.

Chemical name  Source Purity/% mass  Analytical  Solubility in Normal boiling
method water (/0.1 L point (K),
H,0, 298.2 K)  Literature

D2EHPA Merck 95.0 IR 0.0844 ° 533° n/a

Kerosene Shell 99.0 n/a 0.0496° 453° > 433 >

Cyclohexane  Qrec 99.7 GC 0.0062° 355", 353.7

1-Octanol Panreac  99.0 IR 0.0541° 66", a67 "

Chloroform Analar 99.2 GC 0.7433° 335° 334 Y
Normapur

Nitric acid Merck 65.0 n/a Miscible 7 359 %7

solution

. . . [33] [33]
Silver nitrate Ajex n/a n/a 219 717(Decomp.)
solution Finechem

® are data from measurement at pressure of 0.1 MPa and their standard uncertainties are

ulm) = 0.0008 g and u(T) = 0.1 K, respectively.

5.4.2 Apparatus

A digital analytical balance (Mettler Toledo AG285, accuracy of +0.0001 g) was
used to obtain the weight of all components. The temperature of the systems was
controlled by a water jacket that was checked using a Gherardt Thermoshake (with
an accuracy of £0.1 K). The pH of the aqueous phase was measured by a BP3001
Transinstruments pH meter (with an accuracy of +0.2). The aqueous and organic

phases were mixed using a Gherardt Laboshake. In addition, the fourier transform



104

infrared spectrometer (FT-IR, Perkin Elmer, Spectrum One) and the atomic absorption

spectrometer (AAS, Varian, AA 280 FS) were used to analyze the experimental results.

5.4.3 Procedure

5.4.3.1 Solubility and tie-lines

The equilibrium solubility of organic and aqueous phases was determined in
the same manner according to Wongsawa et al. [11]. The temperature of the systems
was controlled at 298.2 K. Each experiment was measured three times.

To determine the data of tie-lines, more water was added to the homogeneous
ternary solutions until they formed a heterogeneous state. Subsequently, the
solutions were weighed and centrifuged at 200 rpm for 2 h and then left for 14 h to
complete the separation of the solutions into two layers. Thereafter, the organic
phase was cautiously withdrawn from the glass vessel using a syringe, and analyzed
by FT-IR to obtain the compositions of D2EHPA and organic solvents. The analytical
values of both organic components were calibrated via the graphs plotted between
the peak areas of FT-IR analysis and their given compositions in the standard
samples. Only the composition of water was obtained by the mass balance that
followed on the compositions of D2EHPA and organic solvents. The remaining
aqueous phase was also weighted, and the compositions of water, D2EHPA and
organic solvents in this phase were determined by the mass balance equation which
was calculated based on their compositions in the organic phase. The triangular

diagrams for all LLE ternary systems were plotted via ProSim program.

5.4.3.2 Liquid-liquid extraction

Liquid-liquid extraction of silver ions with D2EHPA in each organic solvent was
carried out in a flask containing equal volumes of organic and aqueous phases.

The organic phase was prepared by using a mixture of the extractant and organic
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solvent while the aqueous phase was synthesized using silver nitrate solution
dissolved in distilled water. Then, the operating parameters for both phases
proceeded and moved towards their optimum conditions as in the work of Gherrou
et al. [21] and as shown in Table 5.2. The pH of the aqueous phase was adjusted by
nitric acid solution. Thereafter, both phases were mixed to a homogeneous state
under the temperature of 298.2 K. Finally, the sample was centrifuged and left for 8
h to complete the separation of both phases. The aqueous solution was carefully
withdrawn from the flask and then analyzed by AAS to determine the concentration
of silver ions. Results were presented in the form of percentage extraction (E) as
calculated by Eq. (5.1). The remaining organic solution was also analyzed via FT-IR in

order to consider the extraction behaviors of silver ion and D2EHPA.

(Ag, 1 - [Ag, ]
% F = int. “aq in. “aq % 100 (5'1)

[Ag ]

int. “aq

where [AgJr 1. and [Aggn.]aq are the initial and final concentrations of silver ions in

int. “aq

the aqueous phase (mol/L), respectively.

Table 5.2 Characteristics of operating parameters for silver ion extraction using

D2EHPA [21].

Characteristic Optimum value
Volume per phase (L) 0.045

pH of aqueous phase 1.0

Initial concentration of silver ions in aqueous phase (mol/L) 0.01
Concentration of extractant in organic phase (mol/L) 0.001
Shaking frequency (min™) 120
Centrifuged revolution (rpm) 800

Extraction time (min) 60
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5.4.4 Analysis

Regarding the studies of tie-lines and liquid-liquid extraction, their organic phases
were analyzed by FT-IR. Infrared spectra were recorded with KBr liquid cell at
the resolution of 4.0 cm_1, scan range of 400-4,000 cm_1 and scan number of 16.
In the tie-line study, the quantitative determination of samples was integrated by
the Omnic Specta software and calibrated with the standard solution for each
sample giving the compositions and response factor. For the aqueous phases,
in the case of the liquid-liquid extraction, they were analyzed by AAS at a wave

length of 328.1 nm and 5-sec delay time.

5.4.5 Reliability of LLE data

The reliability of LLE data was validated in the form of the standard uncertainties
(u(x,)) as obtained by the uncertainty propagation calculation according to GUM and
NIST [34, 35]. Their values were calculated using Egs. (5.2) and (5.3) and expressed in

the footnotes of the respective tables:

1 n —\2
u(x,) = (Xik —Xi) (5.2)
nn-1).
JE— 1 n
X = =2 X, (5.3)
Nk=1

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

determined under the same conditions of measurement and k=1, 2, ..., n.
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5.5 Results and discussion

5.5.1 Experimental LLE data at equilibrium

The equilibrium solubility data in both aqueous and organic phases for the binary
systems of water + D2EHPA, water + organic solvents as well as D2EHPA + organic
solvents are reported in Table 5.3. Some solubility data from the literature [31, 36-
38] are also reported in this table. The equilibrium solubility curves for the four
ternary systems of water + D2EHPA + organic solvents at the temperature of 298.2 K
and atmospheric pressure are listed in Table 5.4. Mass fractions (w;) were used to
present all compositions in this table and the same data were also plotted in Figure
5.1. In this figure, there is only one compete soluble liquid pair (D2EHPA + organic
solvents) and two partial soluble liquid pairs (water + D2EHPA and water + organic
solvents). These exhibit type-2 LLE behavior of all termary systems [39]. The two-
phase region areas decreased in the order of organic solvents: kerosene >
cyclohexane > chloroform > 1-octanol. Results indicated that the two-phase region
area was based on the mutual solubility of organic solvents and water. Thus, type of
organic solvents is a significant factor for the two-phase region of the studied
systems. In the extraction processes, the organic solvent as resulted in the large area
of the two-phase region is required because it is less soluble in water. Organic
solvents with high solubility in water cause the loss of the organic phase into the

aqueous phase [40].
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Table 5.3 Equilibrium data of solubility for binary systems in this work together with

the literature at the temperature of 298.2 K along with pressure of 0.1 MPa.”

Binary system

Aqueous phase

Organic phase

Wi w,, Literature ws, Literature W,
Water (1) + D2EHPA (2) 0.9992 0.0008, N/A 0.0005, N/A 0.9995
Water (1) + Kerosene (2) 0.9995 0.0005, N/A 0.0006, N/A 0.9994
Water (1) + Cyclohexane (2)  0.9999 0.0001, 0.0001 " 0.0006, 0.0003°%  0.9994
Water (1) + Chloroform (2)  0.9926 0.0074, 0.0080 " 0.0002, 0.0008 *" 0.9998
Water (1) + 1-Octanol (2) 0.9995 0.0005, 0.0005 " 0.0401, 0.0442 > 0.9599

? Standard uncertainties are u(T) = 0.1 K, u(p) = 10 kPa and u(w) = 0.0008.

Table 5.4 Equilibrium data of solubility for water (1) + D2EHPA (2) + organic solvents

(3) at the temperature of 298.2 K along with pressure of 0.1 MPa.”

Kerosene Cyclohexane Chloroform 1-Octanol

Wy W, w, W, W, W, Wy W,

0.0006 0.0000 0.0006 0.0000 0.0002 0.0000 0.0401  0.0000
0.0004  0.0732 0.0005 0.0846 0.0012 0.0571 0.0385  0.0714
0.0008 0.1523 0.0012 0.1587 0.0027 0.1356 0.0400  0.1371
0.0005 0.2451 0.0019 0.2507 0.0063 0.2372 0.0409  0.2258
0.0005 0.3483 0.0067 0.3472 0.0110 0.3509 0.0372  0.3289
0.0007 0.4619 0.0082 0.4647 0.0146 0.4807 0.0341  0.4513
0.0012  0.5969 0.0100 0.5791 0.0151 0.5849 0.0308  0.5565
0.0028 0.6943 0.0122 0.6788 0.0161 0.6601 0.0293  0.6588
0.0043 0.7814 0.0128 0.7729 0.0174 0.7540 0.0271  0.7542
0.0052  0.8835 0.0122 0.8558 0.0152 0.8603 0.0244  0.8448
0.0005 0.9995 0.0005 0.9995 0.0005 0.9995 0.0005  0.9995
0.9995 0.0000 0.9999 0.0000 0.9926 0.0000 0.9995  0.0000
0.9992  0.0008 0.9992 0.0008 0.9992 0.0008 0.9992  0.0008

“ Standard uncertainties are u(T) = 0.1 K, u(p) = 10 kPa and u(w) = 0.0008.
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D2EHPA
0 1

Organic solvents 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 Water
Figure 5.1 Solubility curves for water + D2EHPA + organic solvents
at the temperature of 298.2 K and atmospheric pressure; (-e-) kerosene, (-m-)

cyclohexane, (- A-) chloroform and (-#-) 1-octanol.

The equilibrium tie-lines of the ternary systems are determined as shown in
Table 5.5 and also plotted in Figures 5.2 to 5.5. From the figures, the slopes of
the tie-lines emphasize that D2EHPA is more soluble in organic solvents than in
water. This is because of the physical property of the functional groups in
the molecule of D2EHPA. Phosphoric acid can be soluble in both organic solvents
and water but 2-ethylhexanol favors solubility only in organic solvents.
The low solubility of D2EHPA in water is a characteristic of a suitable extractant
for use in extraction processes. Moreover, other characteristics of extractant should
be considered i.e. high selectivity and rapid reaction to the target species, easy

regeneration, low toxicity, etc. [41].
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Table 5.5 Equilibrium data of tie-lines for water (1) + D2EHPA (2) + organic solvents

(3) at the temperature of 298.2 K along with pressure of 0.1 MPa.”

Aqueous phase

Organic phase

Wy W, W3 Wy W, W3
Water + D2EHPA + Kerosene
0.9979 0.0013 0.0008 0.0021 0.0871 0.9108
0.9978 0.0011 0.0011 0.0019 0.1739 0.8242
0.9981 0.0009 0.0010 0.0017 0.2473 0.7510
0.9980 0.0011 0.0009 0.0032 0.3651 0.6317
0.9978 0.0009 0.0013 0.0038 0.4480 0.5482
0.9981 0.0010 0.0009 0.0039 0.5259 0.4702
0.9980 0.0011 0.0009 0.0041 0.6285 0.3674
0.9979 0.0011 0.0010 0.0037 0.6785 0.3178
0.9981 0.0010 0.0009 0.0072 0.8233 0.1695
0.9982 0.0009 0.0009 0.0068 0.8895 0.1037
Water + D2EHPA + Cyclohexane
0.9948 0.0011 0.0041 0.0017 0.0283 0.9700
0.9949 0.0012 0.0039 0.0019 0.0896 0.9085
0.9948 0.0013 0.0039 0.0019 0.2063 0.7918
0.9950 0.0020 0.0030 0.0020 0.3078 0.6902
0.9947 0.0017 0.0036 0.0030 0.4054 0.5916
0.9948 0.0019 0.0033 0.0062 0.5458 0.4480
0.9949 0.0021 0.0030 0.0085 0.6107 0.3808
0.9951 0.0022 0.0027 0.0112 0.7227 0.2661
0.9948 0.0023 0.0029 0.0121 0.8039 0.1840
0.9952 0.0018 0.0030 0.0132 0.8847 0.1021
Water + D2EHPA + Chloroform
0.9947 0.0011 0.0042 0.0018 0.0274 0.9708
0.9948 0.0013 0.0039 0.0019 0.0542 0.9439
0.9950 0.0021 0.0029 0.0020 0.1169 0.8811
0.9951 0.0028 0.0021 0.0026 0.1754 0.8220
0.9949 0.0034 0.0017 0.0082 0.3151 0.6767
0.9938 0.0051 0.0011 0.0114 0.3704 0.6182
0.9935 0.0059 0.0006 0.0142 0.4893 0.4965
0.9924 0.0075 0.0001 0.0161 0.5611 0.4228
0.9906 0.0092 0.0002 0.0178 0.6516 0.3306
0.9884 0.0114 0.0002 0.0192 0.7578 0.2230
Water + D2EHPA + 1-Octanol

0.9932 0.0012 0.0056 0.0414 0.0412 0.9174
0.9940 0.0049 0.0021 0.0411 0.0708 0.8881
0.9935 0.0053 0.0012 0.0431 0.1742 0.7827
0.9928 0.0064 0.0008 0.0421 0.3051 0.6528
0.9919 0.0078 0.0003 0.0387 0.3879 0.5734
0.9902 0.0085 0.0013 0.0327 0.4906 0.4767
0.9900 0.0093 0.0007 0.0317 0.5596 0.4087
0.9898 0.0096 0.0006 0.0310 0.6829 0.2861
0.9945 0.0051 0.0004 0.0296 0.7721 0.1983
0.9931 0.0039 0.0030 0.0244 0.8739 0.1017

“ Standard uncertainties are u(T) = 0.1 K, u(p) = 10 kPa and u(w) = 0.0010.
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Figure 5.2 LLE ternary diagram of water (1) + D2EHPA (2) + kerosene (3)
at the temperature of 298.2 K along with atmospheric pressure; (—) solubility line

for kerosene, (—e—) experimental tie-lines and (--m--) modeling NRTL results.

D2EHPA
0 1

OO\
AN NN o
AN
AR YRy VS NN
T SN
Ei e

= = 0
01 o2 03 04 05 06 07 08 09 1 water

1L
Cyclohexane ©

Figure 5.3 LLE ternary diagram of water (1) + D2EHPA (2) + cyclohexane (3)
at the temperature of 298.2 K along with atmospheric pressure; (—) solubility line

for cyclohexane, (—e—) experimental tie-lines and (--m--) modeling NRTL results.



112

D2EHPA
0 1

AN
NN
/T AN
TN

Figure 5.4 LLE ternary diagram of water (1) + D2EHPA (2) + chloroform (3)
at the temperature of 298.2 K along with atmospheric pressure; (—) solubility line

for chloroform, (—e—) experimental tie-lines and (--m--) modeling NRTL results.
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Figure 5.5 LLE ternary diagram of water (1) + D2EHPA (2) + 1-octanol (3)
at the temperature of 298.2 K along with atmospheric pressure; (—) solubility line

for 1-octanol, (—e—) experimental tie-lines and (--m--) modeling NRTL results.
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5.5.2 Extraction efficiency for different organic solvents

The extraction efficiency of silver ions for each organic solvent was expressed in
the form of the percentage extraction (£) as shown in Figure 5.6. The percentage
extractions of silver ions with D2EHPA increased in the following order of organic
solvents: kerosene < cyclohexane < chloroform < 1-octanol. Maximum extraction of
silver ions at 94% was obtained for 1-octanol while the minimum extraction was 90%
for kerosene. From the results, it can be observed that percentage extractions of
silver ions increased when the dielectric constants of organic solvents increased.
The increase of dielectric constants affected the extent of ion-pair interaction
between the extractable complex and organic solvent [42]. It provided the additional
interacting power that allowed more extractable complexes to stay in the organic
phase [1]. Thus, this demonstrates the importance of solvent polarity on silver ion

extraction.
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Figure 5.6 Percentage extractions of silver ions by liquid-liquid extraction for different
organic solvents: aqueous pH of 1, 0.01 mol/L of silver ions, 0.001 mol/L of D2EHPA
and volume per phase of 0.045 L.
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5.5.3 Extraction behaviors in different organic solvents

In order to study the extraction behaviors of silver ion and D2EHPA in
the different organic solvents, the extractant concentrations, [D2EHPA], of
0.001-0.015 mol/L were investigated under a constant aqueous pH. In the case of all

concentrations, the distribution ratios of silver-extractant complexes (KOI A L), in
JAg

the organic phase, were calculated based on Eq. (5.4) [43]. For each organic solvent,

log Kd NCE plotted versus log [D2EHPA] as shown in Figure 5.7; the slopes of
JAg

graphs were determined and reported in Table 5.6:

[Ag - D2EHPA comptex]org
Kd Ag" - + (5.4)
’ [Ag 1

where [Ag - D2EHPA complex]

Xlorg is the concentration of silver-D2EHPA complexes in

the organic phase (mol/L) and [Ag+]aq is the final concentration of silver ions in the

aqueous phase (mol/L).
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Figure 5.7 Plot of Kd ot VErsus log [D2EHPA]: aqueous pH of 1, 0.01 mol/L of silver
Ag

ions and volume per phase of 0.045 L.

Table 5.6 Slopes of log-log plot between Kd ot and D2EHPA concentration
A8

in various oreganic solvents at aqueous pH of 1.

Organic solvent Slope
Kerosene 0.7462
Cyclohexane 0.8325
Chloroform 1.0502
1-Octanol 1.1787

In Table 5.6, the slopes of the graphs for any organic solvents had different
values and varied from 0.75 to 1.18. Thus, it was clear that the stoichiometry of the
D2EHPA molecule changed with the organic solvents. Change in the stoichiometry of
the extractant molecule is based on the aqueous acidity and the concentration of
the extractable complexes in the organic phase [12]. According to the stoichiometry
in the range of 0.75 to 1.18, it indicated that the silver ion attached with the
molecule of D2EHPA by the molar ratio of 1:0.75 to 1:1.18. This corresponded to the
results of Stankovic et al. [44] who reported the molar ratio between silver ion and

calixarene as the extractant by using dichloromethane as the organic solvent and
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operating the aqueous pH of 1. From the results, the extraction behavior of silver ion
with D2EHPA can be represented as follows:

+

Agl, + (HR), o == ASRHR) . +H,q (5.5)

where Ag;rq and H;rq are silver and hydrogen ions in the aqueous phase, and HROrg
and AgR(HR)Org are D2EHPA and silver-D2EHPA complex in the organic phase,

respectively.

5.5.4 Spectroscopic analysis for silver ion extraction

Analysis by FT-IR was also considered in this work in order to confirm
the extraction behaviors of silver ions. The IR spectra of silver-D2EHPA complex in
different organic solvents were compared with pure D2EHPA as shown in Figure 5.8.
In this figure, the in-plane bending vibration of P-O-H in D2EHPA after attaching with
silver ion shifted from 1675 cm ' to 1652 cm . This is similar to the work of
Jin et al. [45] who reported the in-plane bending vibration of P-O-H in D2EHPA
shifting from 1693 cm ' to 1631 cm ' in the case of ferric ion extraction. Results
expressed the replacement of hydrogen ion in the P-O-H functional group by the
silver ion. Thus, the silver ion in the aqueous phase was extracted by ion exchange

with the hydrogen ion in the molecule of D2EHPA for staying in the organic phase.
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Figure 5.8 IR spectra of silver-D2EHPA complex in the different organic solvents and
pure D2EHPA: (a) 1-octanol, (b) chloroform, (c) cyclohexane, (d) kerosene and

(e) pure D2EHPA.

5.5.5 Correlation of thermodynamic models

The activity coefficient model of NRTL was used to calculate the modeling data

of tie-lines for correlation with the experimental results at T = 298.2 K. The activity

coefficient (y;,) for the component i in the aqueous and organic phases at

equilibrium can be calculated based on the basic relationship as follows:
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where xil, xi”, 7/i| and 7i” are the mole fractions and activity coefficients of

component i in the aqueous (1) and organic (Il) phases, respectively.

The NRTL activity coefficient (y.) [46] is given by:

3 3
> t.G.x. 3 xG 21 X TGy
[m/i _ J;l JiTji7 +z ) . 1 J K (5.8)

3 J 3
2oy GyXe 1 2 G Xy 241 GgX,

where X, is the mole fraction of component i, the parameters T Tis Ty GU.,GJ.i,

G, and ij are the adjustable parameters for each binary pair in the model and i, j, k

are the indices for all components.
These adjustable parameters can be determined as follows:

b

T =a;t RN eU.LnT (5.9)
T
Gij = exp(—aijrij) (5.11)

where ay, bij, G and e are the NRTL coefficients for the parameters of binary

interactions and a; and a; are the non-randomness parameters.

The value of the non-randomness parameter (&) was obtained and its optimum
value was found to be 0.2. The binary interaction parameters (bij and bji) of the
NRTL model for the investigated ternary systems were also obtained and are listed in

Table 5.7. These parameter values were regressed by the minimum differences
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between the modeling and experimental mole fractions for each component of both

liquid phases.

Table 5.7 Binary interaction parameters for water (1) + D2EHPA (2) + organic

solvents (3) at the temperature of 298.2 K.

Ternary system i~ (a=10.2)
b; (K) b; (K)

Water + D2EHPA + Kerosene 1-2 915.0332 209.0028
1-3 912.0064 174.0033

2-3 -674.6101 251.0074

Water + D2EHPA + Cyclohexane 1-2 0.9368 -982.2647
1-3 862.1877 811.6291

2-3 -1,067.3641 910.1002

Water + D2EHPA + Chloroform 1-2 126.3042 154.2167
1-3 716.9221 -987.0658

2-3 -723.1076 126.1891

Water + D2EHPA + 1-Octanol =2 118.2178 41.2188
1-3 987.1183 827.9652

2-3 -752.8439 173.0040
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The correlations of experimental tie-line data and modeling results for all ternary
systems are presented in Table 5.8 along with Figures 5.2 to 5.5. The validity of
the correlations was evaluated by the root-mean square deviation (rmsd) as
calculated by Eq. (5.12). Their valid results are also listed in Table 5.8. From this
table, the modeling results of the ternary systems provided good correlation with
the experimental results. The low rmsd values confirmed the ability of the NRTL

model to predict the LLE data in this work:

expt. cal. 12

2 3
DD D SN (/A P Al
rmsd = 100 el e S (5.12)
6N

expt. cal. .
P and w are the mass fractions of

where n is the number of tie-lines, w
experimental and modeling results, respectively. Subscript i is the component, j is

the phase and k equals to 1, 2,..., n.
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Table 5.8 Modeling results of tie-lines for water (1) + D2EHPA (2) + organic solvents

(3) at the temperature of 298.2 K.

Aqueous phase Organic phase rmsd
Wiy Wa1 Wi3 W23 (%)
Expt. NRTL Expt. NRTL Expt. NRTL Expt. NRTL
Water + D2EHPA + Kerosene
0.9979 0.9980 0.0013 0.0053 0.0021 0.0020 0.0871 0.0937 0.36
0.9978 0.9980 0.0011 0.0039 0.0019 0.0017 0.1739 0.1789
0.9981 0.9979 0.0009 0.0044 0.0017 0.0019 0.2473 0.2526
0.9980 0.9981 0.0011 0.0054 0.0032 0.0031 0.3651 0.3705
0.9978 0.9980 0.0009 0.0045 0.0038 0.0036 0.4480 0.4534
0.9981 0.9980 0.0010 0.0046 0.0039 0.0040 0.5259 0.5315
0.9980 0.9981 0.0011 0.0048 0.0041 0.0040 0.6285 0.6344
0.9979 0.9981 0.0011 0.0041 0.0037 0.0035 0.6785 0.6837
0.9981 0.9980 0.0010 0.0043 0.0072 0.0073 0.8233 0.8286
0.9982 0.9981 0.0009 0.0050 0.0068 0.0069 0.8895 0.8954
Water + D2EHPA + Cyclohexane
0.9948 0.9944 0.0011 0.0046 0.0017 0.0021 0.0283 0.0360 0.47
0.9949 0.9946 0.0012 0.0053 0.0019 0.0021 0.0896 0.0961
0.9948 0.9945 0.0013 0.0057 0.0019 0.0022 0.2063 0.2133
0.9950 0.9951 0.0020 0.0048 0.0020 0.0019 0.3078 0.3146
0.9947 0.9949 0.0017 0.0052 0.0030 0.0035 0.4054 0.4123
0.9948 0.9946 0.0019 0.0051 0.0062 0.0074 0.5458 0.5528
0.9949 0.9947 0.0021 0.0051 0.0085 0.0092 0.6107 0.6174
0.9951 0.9948 0.0022 0.0055 0.0112 0.0124 0.7227 0.7304
0.9948 0.9947 0.0023 0.0052 0.0121 0.0128 0.8039 0.8114
0.9952 0.9957 0.0018 0.0042 0.0132 0.0134 0.8847 0.8924
Water + D2EHPA + Chloroform
0.9947 0.9945 0.0011 0.0053 0.0018 0.0020 0.0274 0.0337 0.51
0.9948 0.9940 0.0013 0.0059 0.0019 0.0021 0.0542 0.0604
0.9950 0.9937 0.0021 0.0061 0.0020 0.0020 0.1169 0.1234
0.9951 0.9931 0.0028 0.0066 0.0026 0.0029 0.1754 0.1835
0.9949 0.9926 0.0034 0.0071 0.0082 0.0086 03151 0.3231
0.9938 0.9918 0.0051 0.0081 00114 0.0116 0.3704 0.3786
0.9935 0.9893 0.0059 0.0106 0.0142 0.0146 0.4893 0.4968
0.9924 0.9875 0.0075 0.0124 0.0161 0.0163 0.5611 0.5689
0.9906 0.9848 0.0092 0.0151 0.0178 0.0182 0.6516 0.6591
0.9884 0.9819 0.0114 0.0180 0.0192 0.0197 0.7578 0.7653
Water + D2EHPA + 1-Octanol
0.9932 0.9927 0.0012 0.0052 0.0414 0.0416 0.0412 0.0489 0.55
0.9940 0.9927 0.0049 0.0062 0.0411 0.0414 0.0708 0.0778
0.9935 0.9893 0.0053 0.0095 0.0431 0.0439 0.1742 0.1811
0.9928 0.9862 0.0064 0.0113 0.0421 0.0423 0.3051 0.3124
0.9919 0.9841 0.0078 0.0136 0.0387 0.0392 0.3879 0.3949
0.9902 0.9825 0.0085 0.0158 0.0327 0.0334 0.4906 0.4978
0.9900 0.9811 0.0093 0.0181 0.0317 0.0329 0.5596 0.5661
0.9898 0.9809 0.0096 0.0197 0.0310 0.0319 0.6829 0.6891
0.9945 0.9980 0.0051 0.0018 0.0296 0.0300 0.7721 0.7797
0.9931 0.9960 0.0039 0.0039 0.0244 0.0231 0.8739 0.8827
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5.6 Conclusion

The oreganic solvents of kerosene, cyclohexane, chloroform and 1-octanol were
selected in order to study their effect on silver ion extraction. The aspects of
equilibrium data, kinetics of extraction behavior and thermodynamic model for each
organic solvent were investigated at T = 298.2 K and atmospheric pressure.
The equilibrium solubility and tie-line data of the ternary systems (water + D2EHPA +
organic solvents) exhibited type-2 LLE behavior. Their reliability was validated by the
uncertainty propagation calculation. The organic solvent as resulted in the large two-
phase region area in the triangular diagram is required for the extraction processes.
Moreover, the tie-lines of all triangular diagrams expressed the low solubility of
D2EHPA in water which is a good property of this extractant. The dielectric constants
of the organic solvents provided the additional interacting power between the
extractable complex and organic solvent that resulted in the increase in percentage
extraction of silver ions. The maximum extraction of silver ions at 94% was obtained
for 1-octanol. For the extraction behavior, the silver ion attached with D2EHPA by the
molar ratio of 1:0.75 to 1:1.18 and its result is represented by the spectroscopic
analysis. Thus, the stoichiometry of D2EHPA in the extraction reaction changed with
the organic solvents. Finally, the modeling results of the NRTL model were in good
correlation with the experimental LLE data as confirmed by the rmsd values which

were less than 1%.

5.6 Nomenclature and units

a, b ce NRTL coefficients for the binary interaction parameters
Ag+ silver ions in the aqueous phase

AgR extractable complexes in the organic phase

E percentage extraction (%)

G NRTL parameter in Egs. (5.8) and (5.11)

GC gas chromatography



rmsd

u(x;)

Greek letters

Superscripts

cal.

expt.
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hydrogen ions in the aqueous phase

extractant in the organic phase

infrared spectrometer

distribution ratio of extractable complexes in the organic phase
molecular weight of chemicals (g/mol)

number of independent observations in Egs. (5.2) and (5.3) or
number of tie-lines in Eq. (5.12)

pressure (MPa)

root-mean square deviation (%)

temperature (K)

standard uncertainty

mass fraction

mole fraction

input quantity from the measurement in Egs. (5.2) and (5.3)

non-randomness parameter
activity coefficient

NRTL parameters in Egs. (5.8 to 5.9) and (5.11)

concentration of silver ions in the aqueous phase (mol/L)
sum of parameter

average value of parameter

modeling results

experimental results
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| aqueous phase

I organic phase

Subscripts

aq aqueous phase

fin. final concentration of silver ions in the aqueous phase
i, j, k indices for all components

int. initial concentration of silver ions in the aqueous phase
org organic phase

1 water

2 D2EHPA

3 organic solvents
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6.1 Abstract

Hollow fiber supported liquid membrane (HFSLM) is a favorable method to
extract both valuable compounds and heavy metal pollutants such as chromium,
copper, and nickel at a very low concentration. In this work, the extraction of Cu(ll)
by LIX 84-I dissolved in kerosene was theoretically and experimentally investigated. A
model to estimate the percentage of extraction of copper ions from synthetic water
considering the effect of reaction flux in liquid membrane phase of the HFSLM was
studied. H,SO,4 solution was used as the stripping solution. The facilitated transport
mechanism of the chemical reaction at the feed-membrane interface was taken into
account in the model equations. The percentage of copper ion extraction was
plotted against its initial concentration in feed and also feed flow rate. Subsequently,
the separation time and separation cycle were determined in accordance with
the simulated values of copper ion concentration and the feed flow rate from
the model. The modeled results were in good agreement with the experimental data

at the average percentage of deviation about 2%.

Keywords: Copper ions; Extraction; Flux; Hollow fiber; Mass transfer; Modeling.

6.2 Introduction

Hollow fiber supported liquid membrane (HFSLM) draws considerable interest of
many researchers due to its attractive advantages and several industrial applications
such as the separation of dilute heavy metals from industrial wastewaters to meet
the stringent environment-quality standards as well as a simple design in scaling up
for industrial applications. This technique has specific characteristics of simultaneous
extraction and recovery processes of low-concentration target species in one single
stage, non equilibrium mass transfer, high selectivity, and low organic solvent used.
Some other advantages of the hollow fiber supported liquid membrane over

the traditional separation techniques include lower capital and operating costs, lower
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energy consumption, and higher fluxes [1-4]. Using HFSLM in industrial, biomedical,
and analytical fields have been reported in many articles [5-8].

In order to apply the hollow fiber supported liquid membrane to the industries,
the reliable mathematical models are required since they help provide a guideline of
mass transfer describing the transport mechanism of the target species through liquid
membrane phase. Two general models considering the transport mechanism through
liquid membrane phase are the diffusion and the facilitated transport mechanisms.
The facilitated transport mechanism or carrier mediated transport relates to
the reaction flux of chemical reaction between the target species and the selected
single extractant or synergistic extractant to form target-extractant complexes
[2, 9-11]. In principle, the metal ion transport through the liquid membrane phase
occurs when the metal ions react with the selected extractant at the interface
between feed or aqueous phase and organic liquid membrane phase, consequently
target-extractant complexes diffuse through the liquid membrane phase. Different
chemical interactions (reverse or irreversible) such as the formation of a new
coordinate compound, dissociation or association, and aggregation are possibly
observed [12, 13].

Since copper is used extensively in many manufacturing processes, for example,
electroplating, electronic industry, hydrometallurgy, etc., therefore, copper ions,
which are toxic and non-biodegradable, may contaminate wastewaters and cause
the environmental problems and health effects if no appropriate treatment is taken
[3, 14, 15]. In this work, a mathematical model describing the effect of reaction flux
on facilitated transport mechanism of copper ions through the liquid membrane
phase of the HFSLM system was developed. The model was verified with the
experimental extraction results of copper ions in ppm level by LIX 84-I dissolved in
kerosene. It is known that LIX-series compounds are the most selective extractants of
high selectivity and widely used for copper ions [14, 16-26]. According to the model,
the optimum conditions of the percentages of copper ion extraction as a function of
its initial concentration in feed and the feed flow rate were used to determine
the optimum separation time and cycle for the extraction of copper ions. Finally,

the results were compared with previous works.
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6.3 Theory
6.3.1 Transport mechanisms of copper ion extraction

The organic extractant or carrier is trapped in hydrophobic micro porous fibers of
the hollow fiber module. Feed phase containing copper ions and the stripping
solution are fed counter currently into tube and shell sides of hollow fibers,
respectively. The transport mechanism of copper ion in the micro porous hollow
fiber is presented schematically in Figure 6.1. The chemical reaction at the interface

between the feed phase and the organic liquid membrane phase takes place when

the extractant (%) reacts with copper ion in the feed phase (Eq. (6.1)) [26-28]. The
copper-extractant complex is formed and transported across the liquid membrane
phase to the other side. No transport of copper ion passes this interface. At the
interface between the liquid membrane phase and the stripping phase, the copper-
extractant complex reacts with the stripping solution and release copper ion to the

stripping phase.
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Figure 6.1 Schematic transport mechanism of copper ion in the liquid membrane

phase.

a5

2+ N
Can +2HR,, = CuRZOrg + 2Haq (6.1)

CUR, e is the copper-extractant complex in the liquid membrane phase.

Equation (6.1) can be simplified as follows:

ke
aA+bB —— <cC+dD (6.2)

where A is copper ion, B is LIX 84-l, C is the complex species of copper ion and

LIX 84-I, D is hydrogen ion and a, b, ¢, d are stoichiometric coefficients of A, B, C and

D, respectively.
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Thus, the reaction rate (r,) is

Ta = kaQ (x,t) (6.3)

ke is the reaction rate constant and n is the order of reaction.

The acilitated transport mechanism can be described by solute species partitioning

(dissolving), ion complexation and diffusion [13]. The detailed steps are as follows:

Step 1:

te

Step 4:

Metal ions in feed solution are transported to the interface between feed
and liquid membrane phases, subsequently reacted with the extractant to
form metal-extractant complexes.

The metal-extractant complexes diffuse to the opposite side of liquid
membrane phase by the concentration gradient.

The metal-extractant complexes react with the stripping solution at the
interface between liquid membrane and stripping phases to recover metal
ions into the stripping phase.

Metal ions are transferred into the stripping phase while the extractant
moves back to the opposite side of the liquid membrane phase by

the concentration gradient to react again with metal ions in feed phase.

6.3.2 Analysis of copper ion concentration in the feed phase

The transport of copper ions through a cylindrical hollow fiber is considered in

the axial direction or bulk flow direction and radial direction. In order to develop

the model, the following assumptions are made:

The inside diameter of a hollow fiber are very small. Thus, the radial

concentration profile of copper ions is constant.
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- Due to very small inside diameter, it is presumed that the reaction occurs
only in the axial direction of the hollow fibers. Mass flux of copper ions exists
in the axial direction.

- Only the copper-extractant complexes occurring from the reaction, not
copper ions, diffuse through the membrane phase.

- The extraction reaction is irreversible that means only the forward reaction of

Eq. (6.1) is considered.

The conservation of mass for copper ion transport in the hollow fiber is considered

as shown in Figure 6.2.

A
\ J
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Q Q : <Cp> | Q Q

Figure 6.2 Transport of copper ions in the hollow fiber.

At a small segment of Ax, the conservation of mass can be described below:

QCA (x,t) ~ QCA (x+Ax,t) ~ <rA>Vp = v (6.4)

<rA> and <CA> are the average values of the reaction rate and the concentration of
copper ions, respectively and v, is the pore volume of a hollow fiber and can

determine as follows:
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eAx
v, = —(d, -d) (6.5)
2

where € is the porosity of hollow fibers and d; and d, are the inside and outside

diameters of a hollow fiber.

Dividing Eq. (6.4) by AxA.and taking a limit Ax — 0 obtains:

_QaCA (x,t) VaCA (x,t)
- VAo (6.6)
Oox ot
€
where v=-—(d, -d)
2

6.3.2.1 At the initial condition (t = 0)

The conservation of mass in Eqg. (6.6) is considered with regard to 3 cases of

the reaction orders as follows:

Case 1:n =0
kfv
Ca (L0 = Ca 0o "L (6.7)
Q
Case 2:n=1
-kev
0 L
Ca o =€ Ca 00 (6.8)

Case3:n#0,1



138

1

i (n-Dk.v |in
1-n f
Ca o) = I:CA 00 t o Li| 6.9)

6.3.2.2 At time t (t # 0)

The conservation of mass in Eq. (6.6) in the differential form is shown.

-QOCA (xt) - VOCA (x,t)
_— \/[’A (X,t) = (610)
ox ot
Where Ca (xt) = CA (x,t) _CA (x,0)
- kfn i
FA GGt =T ) TTA (00 T Ca 0
A-yx

From Eqg. (6.10) by taking Laplace transforms for linear operation and considering

3 cases of the reaction orders, we obtain:

Case 1:n =0

EA (L) = EA 0,t-7y) X Ult - 7,) - ke (6.11)
Case 2:n=1

Ca wo=e” Ca (0,t-vzy) x ult -vy) (6.12)
Case 3:n#0,1

Cawp = ePcy Ot-vTy) X Ult -vzy) (6.13)



L
where Ty =— a= kar
Q
(kanj [;/L + ﬂ,j
= n
Qy A
(n- 1)ka 1-n
V= A= CA(o,o)

6.4 Experimental

6.4.1 Apparatus, feed and chemicals

139

A laboratory-scale hollow fiber module, Hoechst Liqui—CeL® Extra-flow 2.5 in x 8

in the membrane module was used for the experiments. The fibers were woven into

fabric and wrapped around a central tube feeder to supply the shell side fluid.

Detailed characteristics of the module are shown in Table 6.1.

Table 6.1 Properties of the hollow fiber module.

Property Description
Material Polypropylene
Module diameter 0.63 dm
Module length 2.03 dm
Number of hollow fibers 35,000
Inside diameter of a hollow fiber 0.002 dm
Outside diameter of a hollow fiber 0.003 dm
Effective length of a hollow fiber 1.5 dm
Effective surface area of a hollow fiber 140 dm’
Area per unit volume 293 dm’/dm’
Pore size 3% 10" dm
Porosity 25%
Tortuosity 2.6
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The synthetic feed solution was prepared by dissolving CuSOg4+5H,0, analytical
grade from Merck Ltd., in distilled water. The organic extractant, LIX 84-I (C;;H,7NO,),
was supplied by Henkel Thai Ltd. The chemical structure of LIX84-1 was shown in
Figure 6.3. The extractant was diluted in kerosene, commercial grade from Thai Oil
Public Co., Ltd., before feeding to the module. Sulfuric acid, analytical grade from

Analar® BHD Ltd., was dissolved in distilled water and used as the stripping solution.

HO ~ = CoHy

HO

Figure 6.3 Chemical structure of LIX 84-I.

6.4.2 Procedure

A single hollow fiber module operation for the extraction of copper ions was
shown in Figure 6.4. Five liters of feed solution containing Cu(ll) of 1-200 mg/L, and
sulfuric acid solution 0.05-1.0 M were supplied counter-currently into the tube and
shell sides of the module, respectively. The equal flow rates of the feed and
stripping solutions of 70-250 mL/min were studied. The organic extractant (LIX 84-l) in
kerosene of 500 mL with concentrations of 0.5-5% (v/v) was simultaneously pumped
into the tube and shell sides of the hollow fibers for 40 min to ensure that
the extractant was entirely embedded in the micro pores of the hollow fibers. It took
about 20 min for each experimental condition. Finally, 15 mL of the outlet feed and
stripping solutions were sampled and analyzed by the atomic absorption
spectrometer (AAS: AA Spectromer Unicam 989 QZ, Unicam Ltd.) in case Cu(ll)
concentration was less than 10 mg/L, and by the atomic absorption/flame emission

spectrometer (AA 670) in case Cu(ll) concentration was higher than 10 me/L.
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The mathematical model was developed based on the aforementioned
assumptions. The optimum separation time and cycle for the extraction were
estimated. The model was verified with the experimental extraction results and

other literature.

Figure 6.4 Schematic counter-current flow diagram for a single-module operation in
the HFSLM: 1) feed reservoir, 2) gear pumps, 3) inlet pressure gauges, 4) outlet

pressure gauges, 5) hollow fiber module, 6) flow meters and 7) stripping reservoir.

6.5 Results and discussion

6.5.1 Validation of the model with the experimental results and other

literature

The highest extraction of copper ions from the experiments was observed when
using 3% (v/v) of LIX 84- and sulfuric acid solution of 0.1 M. The integral

concentrations of Cu(ll) were plotted against time, as shown in Figure 6.5,
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to determine the reaction order (n) and the reaction rate constant (k). The rate of
diffusion and/or rates of chemical changes may control transport kinetics through
liquid membrane depending on transport mechanisms.

From Figure 6.5, the reaction rate constants are 0.393 mir{1 with respect to
the first order (n = 1) and 0.708 L/mg-min with respect to the second order (n = 2).
The reaction rate constant obtained from the second order is, however, taken into
consideration for further analysis since it is reported to provide a better curve fitting
between the model and the experimental results, as shown by a better R-squared
and less deviation in Table 6.2. Our results are more consistent with the second
order. However, from previous publications [20, 29] it was reported that the reaction
changed from first order to second order as the extraction proceeded. Yang et al.
who studied the copper ion extraction via the HFSLM explained that the mass
transfer was a first-order process at high copper concentration, but a second-order
one at low copper concentration as a consequence of interfacial reaction [29]. In this
work, the reaction order of copper extraction under the facilitated transport

mechanism appears to agree with the phenomena observed by Yang et al.

5
<
E Y 5 y = 0.708x + 0.106
i
N 2
2 4 R’ = 0.9106
3 -
2 -
l -
, : : : : : : , 0 , , , , , , ‘
o 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

Time, min Time, min

Figure 6.5 The integral concentrations of Cu(ll) and separation time.
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Table 6.2 Values of R-squared and percentage of deviation for 1 and 2 orders.

Reaction order (n) ~ Reaction rate constant (k) R-squared % Deviation
1 0.393 min" 0.813 61.233
2 0.708 L/mg-min 0.911 1.453

The percentages of copper ion extraction from the experiments and the model
were calculated by Eqg. (6.14). The percentage of deviation was calculated by

Eq. (6.15).

C,. -C
% extraction = —fin__“fout 100 (6.14)
Cf,in
Zj: CE><pt. ) CTheo.
i=1 CEXpt' i
% deviation = x 100 (6.15)

J

Figure 6.6 shows the percentages of copper ion extraction obtained from
the experimental results and the model comparing to other works. The modeled
results were in good agreement with the experimental data at the average
percentage of deviation about 2%. These results imply that the transport of copper-
extractant complexes in the liquid membrane phase depends on the reaction flux.
The results were clearly seen that the highest percentage of copper extraction of
99% was attained at the initial concentration of 10 mg/L. Consequently, the
percentage of extraction slowly decreased with the concentration due to a decrease
in copper ion transport to the membrane interface. In this work, the amount of
percentage of extraction from the model, based on the facilitated transport
mechanism, was much higher than the experimental results by Ren et al. using 10%
(v/v) of LIX 984-N [30], and Kittisupakorn et al. using 5% (v/v) of D2EHPA and the

model based on diffusion transport mechanism [9].
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This can be attributed to the efficiency of the selected extractant and the
transport mechanism. Thus, it is obviously that the mathematical model based on
the facilitated transport mechanism in our work can satisfactorily describe mass
transfer of the target complex species through liquid membrane phase. Facilitated
transport accelerates the transport, for example, trialkylphosphine sulfide increases
the rate of phenol transport [31]. It is more drastic chemical changes of the solute
species with the presence of a suitable extractant or synergistic extractant in liquid
membrane phase to form new complexes (dissociated and undissociated forms) to
diffuse through the membrane phase. Consequently, the efficiency and selectivity of

transport across the liquid membrane may be markedly enhanced.
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Figure 6.6 Comparison of Cu(ll) extraction by HFSLM with different extractants

at different Cu(ll) concentrations in feed solution.

Figure 6.7 shows the comparison results of Cu(ll) extraction with feed flow rate.
The percentages of extraction from the model were in good agreement with those
from the experiments at the average percentage of deviation about 2%.
The percentage of extraction increased up to the flow rate of 100 mL/min. The
highest percentage of extraction of 99% was achieved. It is noted that the higher

feed flow rate results in lower residence time or contact time [32].
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Figure 6.7 Comparison of Cu(ll) extraction by HFSLM with different extractants

at different feed flow rates.

6.5.2 Estimation of separation time and separation cycle

The legislation concentration of copper ions in industrial wastewaters issued by
the ministry of industry of Thailand must not exceed 2 mg/L. The optimum
separation time and separation cycle to meet the permissible concentration were
calculated from the model at the best condition, i.e., Cu(ll) concentration in feed
solution of 10 mg/L, the feed flow rate of 100 mL/min and the values in Table 6.3.
From Figure 6.8 the estimated separation time was 10 min in 15 cycles. One cycle of

feed flowing through the module was about 40 sec.
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Table 6.3 The relevant parameters used in the model.

Parameter Value
n 2
L (dm) 1.5
A (L/mg) 0.1
ki (L/mg-min) 0.708
A (dm?) 45x10°
B 1.246 X 10°
z, (min) 8775 X 10"
y (dm’/mg) 3186 X 10

12 +

® Expt.
= Model

10 A
®

R’ = 0.9549

Cu(ll) concentration, mg/L
[e2]
1

Time, min

Figure 6.8 The relationship between Cu(ll) concentration and separation time.

6.6 Conclusion

The extraction of copper ions by HFSLM predicted by the reaction flux model
based on the facilitated transport mechanism in this work fitted well with the
experimental data. The average percentage of deviation was 2%. A number of

different models have been developed to foretell the effect of mass transfer as a
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function of operating parameters, membrane properties, and feed properties on the
separation efficiency. However, due to the limitations of applications, or unclear
phenomena around the membrane surface, no model so far is fully satisfactory and
universally applicable. Even though, the models can help to understand and predict
the operation as well as the separation performance. In case the separation of metal
ions by HFSLM, as there are several parameters involved, e.g., metal ions vs. type of
extractant and stripping solution, and transport mechanism, therefore this model
probably has implications for other metals but it may need some modifications
corresponding to such parameters.

In this work to attain the legislation Cu(ll) concentration of 2 mg/L, the calculated
separation time from the model was 10 min in 15 cycles. The percentage of
extraction from this reaction flux model was much higher than the results from other
works with different extractants and transport mechanisms. Types of the extractants
and their concentrations play important roles on the separation of metal ions. For
example, hard base extractant can extract both dissociated and undissociated forms
in a basic or weak acidic condition but dissociated forms are high favored. While a
neutral extractant normally reacts with undissociated forms, but in an acidic
condition it can react with dissociated forms. Our recent work reported the
synergistic extraction to enhance the simultaneous arsenic and mercury separation
from co-produced water via HFSLM [33]. It is noteworthy to be aware that not only
type of the extractant (single or synergistic), in this case LIX 84-I for Cu(ll), but also
the transport mechanism, e.g., facilitated transport mechanism (carrier-mediated

transport), attribute to the extraction efficiency.

6.7 Nomenclature and units

C concentration (mg/L)
d inside diameter of a hollow fiber (dm)
ds outside diameter of a hollow fiber (dm)

number of hollow fibers

-
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J integer number

k reaction rate constant or reaction rate coefficient (L/mg-min)
L length of a hollow fiber (dm)

n order of the reaction

Q volumetric flow rate (mL/min)

r rate of the reaction (mg/L-min)

t time (min)

Vo pore volume of a hollow fiber (mL)

v parameter in the reaction flux model

X direction of fiber axis (dm)

Greek letters

lo4 constant in Eq. (6.12)

p constant in Eq. (6.13)

Y, A parameters for

£ porosity of hollow fibers

T constant in Egs. (6.11) to (6.13)
Symbol

<> average value

A difference between exit and entry values
Subscripts

f feed solution

m hollow fiber module

S stripping solution

Expt. experimental values
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Theo. modeled values
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7.1 Abstract

Hollow fiber supported liquid membrane (HFSLM) is a favorable technique for the
pertraction of metal ions, especially at a very low concentration. In this work,
the pertraction of silver ions from pharmaceutical wastewater via HFSLM was
investigated. Pharmaceutical wastewater containing 30 mg/L of silver ions and
120 mg/L of ferric ions was subjected to HFSLM as a feed solution. LIX 84- dissolved
in kerosene together with sodium thiosulphate solution were selected for use as the
liquid membrane and stripping solutions, respectively. The influence of ferric ions on
the pertraction of silver ions was studied firstly using wastewater with normal ferric
ion concentration and secondly using wastewater with ferric ion precipitation by
phosphoric acid solution. The highest pertraction of silver ions was achieved by using
0.1 M LIX 84-I and 0.5 M of sodium thiosulphate solution at pH 3.5 of feed and 2 of
sodium thiosulphate solution. The flow rates of feed and sodium thiosulphate
solutions were 0.2 dm’/min. Silver ions of 0.6 mg/L that remained in the wastewater
was below the mandatory discharge limit. No effect of normal ferric ion
concentration in the wastewater on silver ion pertraction was observed. Crucial
parameters were defined to confirm the efficiency and reliability of the system.
Finally, the controlling transport regime of silver ion pertraction in HFSLM was

determined by the diffusion flux and reaction flux models.

Keywords: HFSLM; Silver ions; Pertraction; Pharmaceutical wastewater; Mass

transport models.
7.2 Introduction

The contamination of silver in the environment is normally found in wastewater
from the medical and photographic-imaging industry, electronics industry and
the manufacturing of silverware and jewelry. Silver ions and free ions are toxic [1, 2].
A concentration of silver ions of only 1-5 mg/L can kill aqueous organisms, insects,

trout and flounder. The accumulation of silver in plants and animals leads to
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adverse effects on their growth but in humans it leads to convulsion and an argyria
disease. This disease is an unusual illness marked by discoloration of skin, nails,
mucous tissues and organs [3, 4]. Due to its toxicity, the pertraction of silver ions
from wastewater is of paramount importance.

In compliance with the mandatory discharge limit of 1.0 mg/dm3 [5], common
techniques have been used to extract silver ions from wastewater such as
electrolysis, chemical precipitation, ion exchange and adsorption. Nevertheless, these
methods are not insufficiently effective for the extraction of silver ions. Electrolysis
requires a high current density, a long separation time and pH adjustment
approaching 90% of extraction. In addition, its extraction efficiency is lower when it
operates over extending time due to the precipitation of sulfide on the cathode.
Chemical precipitation cannot achieve the mandatory discharge limit because of the
difficult precipitation of silver compounds in the wastewater [6]. lon exchange needs
to regenerate the ion-exchange resin and consumes extra chemicals [7]. Nonselective
adsorption using common adsorbents is a main drawback and is difficult and
expensive to reuse [8].

To overcome these problems, liquid pertraction technologies have been
accomplished in order to extract and recover metal ions from such diluted solutions.
One promising technique of liquid pertraction technologies is the use of supported
liquid membrane (SLM). This technique has a lot of advantages over the common
techniques, such as low capital and processing costs, low energy consumption and
easy operation [9, 10]. The SLM technique is a three-phase system in which the liquid
membrane phase separates between the feed and stripping phases. Hollow fiber
supported liquid membrane (HFSLM) is a system based on the SLM technique.
HFSLM is found to be highly proficient in low-level metal extraction that can be
shown by some examples of previous works as in Table 7.1. Other outstanding
advantages of HFSLM are its high transport flux, very large interfacial area, no
entrainment and flooding, simultaneous extraction and recovery steps in one single
stage etc. [11-14]. However, the application of SLM technique, including HFSLM on a
large scale is still limited due to its insufficient membrane stability [15]. Many factors,

such as the characteristics of polymer support, the nature of extractants and organic
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solvents as well as processing parameters, have an effect on the membrane stability

of SLM [16].

Table 7.1 Application of HFSLM to low-level metal extraction.

Initial ion concentration (mg/L) Feed Extractant % Extraction
Cull) = 1-40 [17] Synthetic water ~ D2EHPA 95
Cu(l) = 10 [18] Synthetic water  LIX 84-I 99
Zr(IV) = 11 [19] Synthetic water 0.5 M TNOA mixed 85
with 0.5 M Aliquat 336
He(ll) = 10 [20] Synthetic water ~ n-Benzoyl-n/,n/- 100
diheptadecylthiourea
Cd(l) = (56.4-264.8)x10° [21] Sea water 1-Octanol 89
Cr(VI) = 1 [22] Synthetic water  Aliquat 336 90
Ni(ll) = 8.1 [23] Stainless steel- LIX 860-I 87
manufacturing
wastewater
Ui = 45 [24] Monazite 0.1 M Aliquat 336 99
process solution  mixed with 0.06 M TBP
He(ll) = 1.3 [25] Produced water  TOA 100
Hg(ll) = 0.3 [26] Produced water  Aliquat 336 97
As(V) = 4 [26] Produced water  0.22 M Aliquat 336 94
mixed with 0.06 M
Cyanex 471
Ta(V) = 10 [27] Synthetic water  Aliquat 336 78
Pr(Ill) = 230 [11] RE(NO,), solution  Cyanex 272 92
Cs(l) = 320 [28] Nuclear Calix[4]arene-bis-2,3- 100
wastewater naphthocrown-6

RE is rare earth.

In general, the pertraction of metal ions by HFSLM depends on the type and

concentration of a single extractant or types and concentration ratio of the

synergistic extractants; type of organic solvent to dissolve the extractant; type and

concentration of the stripping solution; concentration of metal ions in the feed

solution; pH, flow rates and flow patterns of feed and stripping solutions. As a matter
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of fact, the pertraction of metal ions across HFSLM involves diffusions - metal ions
across the feed phase, complex species from the chemical reaction between metal
ions and the extractant across the liquid membrane phase and metal ions across the
stripping phase - as well as the chemical reactions at the feed-liquid membrane
interface and at the liquid membrane-stripping interface. This indicates that the
transport of metal ions is mainly controlled by either diffusion or chemical reaction.
It is of great importance to understand the transport of metal ions as it plays an
important role on pertraction performance and separation time. An appropriate
mathematical model can explain not only the transport but also can estimate
the separation time. Mathematical models are classified into two categories
depending on the transport regimes of metal ions. The diffusion flux model describes
the diffusion transport regsime where the rate of diffusion controls the transport of
metal ions. The reaction flux model approaches the chemical reactions’ kinetic
transport regime where the rate of chemical reaction controls the transport of metal
ions [16]. The overview of the mathematical models for metal ion pertraction by
hollow fiber module based on diffusion flux and reaction flux models have been
reported in previous works [18, 29-33].
This work investicated the effects of the above mentioned variables on
the HFSLM system in order to determine the quantitative pertraction of silver ions
from the pharmaceutical wastewater. The wastewater was supplied by the
Government Pharmaceutical Organization of Thailand and contained 20-30 mg/L of
silver ions and 100-120 mg/L of ferric ions that had pH of 5.5-6. To determine the
optimum extractant and stripping solution for use in the HFSLM system, the types of
extractants and stripping solutions were studied by liquid-liquid extraction. The
extractants viz. Cyanex 923, D2EHPA and LIX 84-1 as well as the stripping solutions
viz. thiourea and sodium thiosulphate pentahydrate were selected due to their high
pertraction of precious metals [1, 34-37]. Kerosene was also selected as the organic
solvent due to its high performance in copper ion pertraction from the synthetic
water via SLM as reported in the work of Ata [38]. The effects of all variables on the
HFSLM system were studied, using only the optimum extractant and stripping

solution. The quantitative pertraction of silver ions was determined and expressed in
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terms of the extraction and pertraction efficiencies. In addition, the effect of ferric
ions on silver ion pertraction was also studied. Other crucial parameters such as
memory effect and repeatability were defined in order to confirm the efficiency and
reliability of the HFSLM system. Corresponding to the diffusion transport regime as
well as the chemical reactions’ kinetic transport regime, the present work therefore
formulated two relevant models - diffusion flux and reaction flux - in order to seek

the controlling transport regime of silver ion pertraction in HFSLM.

7.3 Theory

7.3.1 Pertraction of silver ions in the HFSLM system

The extractant that dissolves in the organic solvent is immobilized in the pores of
the hydrophobic polymer fibers by capillary force. The feed solution containing silver
ions together with the stripping solution are fed into the tube and shell sides of
the hollow fibers. The transport of silver ions - from the feed phase across the liquid
membrane phase into the stripping phase - occurs by extraction and recovery steps.
These have chemical potential gradients as driving forces. Thus, the combination of
extraction and recovery steps that are carried out simultaneously is called
the pertraction process [39].

In order to determine the quantitative pertraction of silver ions via HFSLM,
the extraction and pertraction efficiencies are proposed. The extraction efficiency ()
is the parameter that indicates how much of the silver ions are extracted from the
feed phase into the liquid membrane phase. The pertraction efficiency (P) is the
parameter that indicates how much of the silver ions are recovered in the stripping

phase. Both parameters can be defined as follows [16]:
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p=—" (7.2)

where ng, n are the amounts of silver ions in both feed and stripping phases,

respectively and n,, is the amount of silver ions remaining in the wastewater after

contact with the liquid membrane phase.

Furthermore, one parameter corresponding to the quantitative pertraction of
silver ions is the memory effect (M). This indicates how much of the complex species
are captured in the liquid membrane phase after finishing the pertraction process.
This parameter can be defined based on the extraction and pertraction efficiencies of

silver ions as shown in Eq. (7.3) [40, 41]:

Where F=1-E.

7.3.2 Reliability of the HFSLM system

Repeatability is an acceptable parameter for showing the reliability of the HFSLM
system. It refers to the variation of results which are obtained by the same
experimental condition for each processing system. Thus, repeatability can be

defined by Eq. (7.4) [42] as:

Repeatability = 2.83x SD (7.4)
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Since SD in Eq. (7.4) is the standard deviation and defines as:

<Ag+> x RSD

SD=
100
TIAg] 05logiAg"
Where <Ag+>: s and RSD=O.67(2)(1 0stedhe D pased on the work of Boyer
p
et al. [43].

7.3.3 Facilitated coupled counter-transport of silver ions across the HFSLM

The pertraction of silver ions using LIX 84-1 as extractant involved facilitated
coupled counter-transport across HFSLM as shown in Figure 7.1 and is described by

the following steps:

Step 1: Silver ions in the feed phase are transported to the interface between the

feed and liquid membrane phases. Then, it reacts with the extractant (HR)

to form the silver-extractant complex (AgR) as shown in Eqg. (7.5) and
releases hydrogen ion into the feed phase.

Step 2: The silver-extractant complex diffuses to the interface between the liquid
membrane and stripping phases by its concentration gradient.

Step 3: The silver-extractant complex reacts with the hydrogen ion and stripping

solution ((5203)27) as shown in Eq. (7.6) to recover silver ion into
the stripping phase while the extractant transports back to the opposite
side and reacts again with the silver ion in the feed phase. Thus, both silver

and hydrogen ions are counter-transported across HFSLM.

In short, when the diffusion steps in the facilitated transport are slower than

the chemical reaction steps, the transport is described as the diffusion transport
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resime. On the other hand, when the chemical reaction steps are slower, it is
described as the chemical reactions’ kinetic transport regime.

Based on the literature expressing the extraction reaction of LIX 84-1 with metal
ions [35, 44, 45], the extraction reaction of LIX 84-I with silver ion can be concluded
as follows:

Ag" +HR = AgR+H" (7.5)

The recovery reaction of silver ion with the hydrogen ion and sodium thiosulphate

solution was considered based on the work of Altin et al. [1] as follows:

AR +H" +(5,0,)" = Ag5,0,) +HR (7.6)

The over bar denotes the species in the liquid membrane phase.

Liquid membrans

Stripping phase

phase

Figure 7.1 Facilitated coupled counter-transport of silver ions across HFSLM.



162

The reaction rate of silver ion extraction can be described by Eq. (7.7):

r o008 =k [Ag (x, ] (7.7)
-Ag

where x is any distance along the axis of hollow fibers (dm, 0 < x < L), t is

the separation time (min), k. is the reaction rate constant, [Ag+(x,t)] is the
concentration of silver ions as a function of x and t (mg/L) and n is the reaction

order.

Since the transport of silver ions from the feed phase to the liquid membrane
phase corresponds to the reaction that take places at the interface, it can be
presumed that only the silver-extractant complexes, not silver ions, diffuse across
the liquid membrane phase. Thus, the equilibrium constant (K.) of silver ion

extraction by LIX 84-| is determined using Eq. (7.5).

[AGRIH" ]
_tAagndn ] (7.8)

(A JIHR]

ex

Diffusion flux model for silver ion concentration in feed solution

This section shows the analysis of the diffusion flux model in order to estimate
the outlet concentration of silver ions in the feed solution after reacting with LIX 84-I.
The flux of silver ions in the feed phase (J) and the flux of silver-extractant

complexes across the liquid membrane phase (J,,) are considered as follows:

JR. = A", - [AGRI, (7.9)

J R =[AgRI. -[AgR], (7.10)
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where R; and R,, represent the mass transfer resistance in the feed and liquid

membrane phases, respectively. Ry is equal to 1/k; (min/dm) where k¢ is the mass

transfer coefficient in the feed phase. [Ag+]f is the silver ion concentration in the
feed phase. R, is equal to 1/k., (min/dm) where k, is the mass transfer coefficient of
the silver-extractant complexes in the liquid membrane phase. The flux of the silver-

extractant complexes correlates with the concentration of silver-extractant

complexes at the feed-liquid membrane interface ([AgRl.) and the liquid

membrane-stripping interface ([AgR].).

In Eq. (7.10), [AgR]. can be neglected as regards the assumption of instantaneous
reaction between the silver-extractant complexes and the stripping solution.
This assumption specifies a rapid change in the silver-extractant complexes to

the extractant at the interface between the liquid membrane and stripping phases.

Due to the instantaneous reaction of the silver ions and extractant to form

the silver-extractant complexes, this reaction reaches equilibrium at the interface

between the feed and liquid membrane phases. Thus, [AgR]. is related to the
equilibrium constant in Eq. (7.8) and then substituted in Eq. (7.10) as follows:

—  J R [H]
[AgR], = ——r (7.11)
K_ [HR]

From Egs. (7.9) and (7.11), with the assumption of high driving forces in the liquid
membrane phase, the diffusion of the silver-extractant complexes across the liquid
membrane phase is fast. Thus, the flux of the silver-extractant complexes is based
on the flux of silver ions in the feed phase. As a result, the equation of flux for silver

ions can be written as:

K_ THRIAG ']
Je = — (7.12)
RK_ [HRI+R [H']
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The extractant thereby reacts totally with the silver ions to form the silver-extractant
complexes when they are at low concentration. Consequently, the concentration of

the silver-extractant complexes is equal to the initial extractant concentration

([H_R]O) and determined by Egs. (7.8) and (7.9) as follows:

—  [HRI,[H]
[HR) = ———— (7.13)
Kex [Ag ]ﬁ

Substituting Eq. (7.13) in Eq. (7.12), the flux of silver ions in the feed phase can be

rewritten and set in the form as follows:

2
R _[Ag" ). +R[HR], + \/(Rm A, + Rf[HR]O) -4R.R_[FR],[Ag"],
Jp = (7.14)
2R.R

fiim

Considering Eq. (7.14), we have

2
\/(Rm (A" ] + Rf[HR]O) -4RR_[AR] AT I <<R_[Ag I +R.IHR],

2
Thus, the term of \/(Rm [Ag+]f R, [HR]O) _4Rme[@]o[A§+]f is neglected and the flux

of silver ions becomes

(Ac*l.  [HR]
Jp =t 0 (7.15)
2R 2R

f m

In determining the outlet concentration of silver ions in the feed solution at time t,
the flux of silver ions is considered by the mass balance of silver ions in the feed

phase following on the work of Lin and Juang [46] that accounted for a small
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amount of copper ions which was extracted every time as the feed solution flowed
through the hollow fiber module.
Combining and integrating Eqg. (7.15) with the mass balance of silver ions at

an initial condition and time t, the outlet concentration of silver ions in the feed

solution, [Ag+] is obtained as follows:

fout’

At the initial condition (t = 0);

(A 1 = IAg' ], (7.16)

fout —
[A9+]o is the initial concentration of silver ions in the feed solution (mg/L);

At time t (t > 0);

R, [HR], .. RIHR] A
[Ag ] = - +| [Ag 1, + xexp| —t (7.17)
R 2RR_V,

m m

To calculate Eq. (7.17), the mass transfer coefficients in the feed phase (kg and liquid

membrane phase (k) were determined by the equations below.
In principle, the flow of feed solution through the tube side of the hollow fibers

is laminar. Hence, the mass transfer coefficient in the feed phase can be determined

based on the Sherwood-Graetz correlation as [47]:

Sh=mGz" = —— (7.18)

where Gz=
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where Sh and Gz are Sherwood number and Graetz number, d; is the inside diameter
of the hollow fiber, ¢ is the diffusion coefficient of silver ions in the feed phase as
calculated by Eq. (7.19), v is the linear velocity of the feed solution and both m and
b are constant values. For the mass diffusion with fast chemical reaction, m and b

are equal to 1.62 and 0.33, respectively.

The diffusion coefficient of silver ions in the feed phase, which is the wastewater, can

be calculated by the Wilke—Chang equation [48] as follows:

8 05
74x10 (oM )T
o o,

~f - 08
M gt

(7.19)

where ¢ is the association factor of water (equal to 2.6), M, is the molecular weight

of water, T is the temperature of the HFSLM system (equal to 303 K), 7 is
W

the viscosity of water and v, + is the molar volume of silver ions at normal boiling
S

point.

The individual mass transfer coefficient of silver-extractant complexes in the liquid

membrane phase can be determined by Eq. (7.20) [27, 49, 501

kK =——™m (7.20)

where & and T are the porosity and tortuosity of the micro pores of the hollow
fibers, r; and r, are the inside and outside radii of the hollow fiber and &m is the
diffusion coefficient of silver-extractant complexes in the liquid membrane phase as

calculated based on Eq. (7.19) that ¢ is equal to 1 for non-associated solvent.
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7.3.4 Reaction flux model for silver ion concentration in feed solution

The reaction flux model is considered based on the model of Pancharoen et al.
[18] in order to estimate the outlet concentration of silver ions in the feed solution.
The model is developed by the mass balance of silver ion transport through the

hollow fibers as shown in Eq. (7.21):

~00lAg” (x, )] volAg' (x,1)]
—_—vr (X t)=—— (7.21)
Oox A8 ot

where Q is the volumetric flow rate of feed solution (dm3/min), [Ag+(x,t)] is
the concentration of silver ions in the distance along the axis of hollow fibers at time

t and v is determined as follows:

£
v=—(d_-d)

[¢] |

where € is the porosity of hollow fibers and d; and d, are the inside and outside

diameters of a hollow fiber and 0 < x < L which L is the length of the hollow fiber.

The mass balance in Eq. (7.21) is considered at the initial condition and time t. For
the case of the reaction orders (n) is equal to 1, then, the solution of the equation

can be expressed as follows:

-kev
—X

[Ag (x,0]=e @ [Ag"(0,0)] (7.22-a)

[AgJr (x,t)] = e ¢ [AgJr Ot -vr )l xult -vr,) (7.22-b)
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since [Ag' (x,0)] is the concentration of silver ions in the distance along the axis of

hollow fibers at initial time, [Ag+(0, 0)] is the concentration of silver ions in the initial

distance at initial time, u(t -vz,) is the shifting unit step function at lag time (1),

and

[Ag” (x, )] =[Ag" (x,t)]-[Ag" (x,0)] (7.22-0)
X

where Ty =", a = vk 1,
Q

7.4 Experimental

7.4.1 Pharmaceutical wastewater pretreatment

The feed solution was the wastewater from the pharmaceutical processing and
was taken from the quantitative analysis of active-pharmaceutical ingredients like
sodium chloride by silver nitrate solution. The feed solution contained 20-30 mg/L of
silver ions and 100-120 mg/L of ferric ions. The initial pH of the feed solution was 6.
Ferric ions were precipitated by phosphoric acid solution. Then, 0.35 mg/dm3 of ferric

ions remained in the feed solution. The pH of feed solution was about 4.

7.4.2 Chemicals

Cyanex 923 ((CH5(CH,);)sPO, MW = 348 g/mol), D2EHPA (Ci4H3504P, MW = 322.42
g/mol) and LIX 84-l (C;7H,7NO,, MW = 277.40 ¢/mol) were used as extractants. The
liquid membrane solution was prepared by dissolving the extractant in kerosene.
Thiourea (CH4N,S, MW = 76.12 g¢/mol) and sodium thiosulphate pentahydrate
(Na,S,05°5H,0, MW = 248.18 ¢/mol) dissolved in the distilled water was used as
stripping solutions. Stock solution of 1,000 mg/L silver ions was used for the standard

solution in the analytical process. In addition, both the pH of feed and stripping
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solutions were adjusted by nitric acid solution. All chemicals were of analytical grade
and were used without any further purification. The source and mass fraction purity

of chemicals are listed in Table 7.2.

Table 7.2 Sources and mass fraction purity of chemicals.

Chemical name Source Purity (%)
Cyanex 923 Henkel Thai Ltd. 93
D2EHPA Cytec Industries Inc. 95

LIX 84-| Dai-Hachi Chemical Industries Ltd. 100
Thiourea BrishtChem Sdn. Bhd. 99
Sodium thiosulphate pentahydrate BrightChem Sdn. Bhd. 99.5

Stock solution of silver ions Ajax Finechem Pty Ltd. 100

Nitric acid solution BrishtChem Sdn. Bhd. 65

7.4.3 Apparatus

A laboratory-scale hollow fiber module (I_iqui—CeL® Extra-flow 2.5 in x 8 in) from

Hoechst Celanese was used. The module consisted of micro-porous hydrophobic
polypropylene fibers that were woven into fabric and wrapped around
a central-tube feeder to supply the stripping solution in the shell side. The
properties of the hollow fiber module are shown in Table 7.3. The concentration of
silver ions in both feed and stripping solutions were analyzed by the atomic
absorption spectrometer (AAS; model AA280FS, Varian, Walnut Creek CA). The pH of

the solutions was measured by a BP3001 pH meter (Trans-Instruments, Singapore).
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Table 7.3 Properties of the hollow fiber module.

Property Description
Material Polypropylene
Module diameter 0.63 dm
Module length 2.03 dm
Number of hollow fibers 35,000
Inside diameter of a hollow fiber 0.002 dm
Outside diameter of a hollow fiber 0.003 dm
Effective length of a hollow fiber 1.5dm
Effective surface area of a hollow fiber 140 dm’
Area per unit volume 293 dm’/dm’
Pore size 3x 10" dm
Porosity 25%
Tortuosity 2.6

7.4.4 Procedure

The separation time and the different types of solutions including extractants and
stripping solutions were applied by liquid-liquid extraction in order to select their
optimum condition for use in the HFSLM system. The single-module HFSLM
operation is shown in Figure 7.2. The liquid membrane solution of 0.5 dm’ was
simultaneously pumped into the tube and shell sides of the module for 40 min
to ensure that it was entirely impregnated in the micro pores of the hollow fibers
[51]. The excess liquid membrane solution was rinsed lightly by distilled water.
Subsequently, the feed and stripping solutions were fed into the tube and shell
sides, respectively. The effects of variables on the pertraction of silver ions were
investicated and the effect of ferric ions was also studied. The feed and stripping
samples of each experimental condition were kept at 30 min. The concentration of
silver ions was analyzed by an atomic absorption spectrometer. The quantitative
pertraction of silver ions was determined by the extraction and pertraction

efficiencies as shown in Egs. (7.1) and (7.2). To confirm the efficiency and reliability,
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the memory effect reproducibility and repeatability were defined by accurate
equations.

In order to determine the controlling transport regime of silver ion pertraction
across HFSLM, the mass transfer coefficients in the feed and liquid membrane
phases, the reaction order and reaction rate constant were evaluated for use in
the diffusion flux and reaction flux models. Results were validated by
the experimental results as shown by the percent deviation in Eqg. (7.23). Optimal

separation time for the appropriate model was estimated.

+ +
Zj: [Ag ]Expt. -[Ag ]Theo.

. +
=1 [AS Jeior :
% Deviation = x 100 (7.23)
J

[Ag+]EXpt.and [Ag+]Theo_ are the concentration of silver ions in the feed solution that

were obtained from the experiments and models, respectively; i and j are integer

numbers.
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Figure 7.2 Schematic diagram of a single hollow-fiber module with counter-current
circulating flow patterns of feed and stripping solutions: 1) feed reservoir
2) gear pumps 3) gate valves 4) flow meters 5) inlet pressure gauges 6) hollow-fiber

module 7) outlet pressure gauges and 8) stripping reservoir.

7.5 Results and discussion

7.5.1 Effects of extractant types for silver ion extraction

Three extractants including Cyanex 923, D2EHPA and LIX 84-I, which were
dissolved in kerosene, were studied by liquid-liquid extraction in order to analyze
their effects on silver ion extraction as shown in Figure 7.3. Each extractant of 0.1 M
concentration was examined. Results indicated that LIX 84-I was the most suitable
extractant. This resulted from the different chemical structures of each extractant for
complexation with silver ions.

Based on the chemical reaction of silver ion extraction by LIX 84-1 as shown in
Eq. (7.5), the nitrogen atom in the molecule of LIX 84-I has a great affinity towards
silver ion for bonding with hydrogen atom in its molecule [52]. Thus, LIX 84-1 was

selected as the extractant for future parameters.
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Figure 7.3 Silver ion extraction (E) by liquid-liquid extraction: Cyanex 923, D2EHPA

and LIX 84-I dissolving in kerosene at the concentration of each 0.1 M.

7.5.2 Effects of stripping types for silver ion recovery

Thiourea (CHgN,S) and sodium thiosulphate solutions (Na,S,03) were also studied
by liquid-liquid extraction in order to analyze their effects on silver ion recovery. The
stripping solution of each 0.1 M was examined. Results as shown in Figure 7.4
indicated that sodium thiosulphate solution was the most suitable stripping solution.
This corresponded to the results of Altin et al. [1] where sodium thiosulphate
solution was used for silver ion recovery due to providing the rapid de-complexation
of silver-extractant complex at the liquid membrane-stripping interface. On the other
hand, the kinetics of silver ion with thiourea showed a black film which had
a negative effect. This resulted in no efficiency for silver ion recovery. Thus, sodium

thiosulphate solution was selected as the stripping solution for future parameters.
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Figure 7.4 Silver ion pertraction (P) by liquid-liquid extraction: CH4N,S and Na,S,0;

solutions with each concentration 0.1 M.

7.5.3 Effect of pH feed solution

The pH of feed solution plays an important role in the reaction ability of
hydrogen atom in the molecule of an acidic extractant because the acidity of feed
solution has a direct effect on the acidity of the extractant. The acidity of an
extractant can be expressed by the value pKa. In addition, the acidity gradient
between both feed and stripping solutions is required in order to enhance the driving
force of hydrogen ions for counter-transport with silver ions across HFSLM.
Accordingly, the pH of feed solution was studied as shown in Figure 7.5. The results
indicated that the extraction efficiency (E) and the pertraction efficiency (P) increased
when pH of feed solution was increased up to 3.5. However, both efficiencies
remained constant when pH of feed solution was higher than 3.5 due to the
equilibrium reaction of the extractant with the silver ions at the feed-liquid

membrane interface.
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Figure 7.5 Extraction (E) and pertraction (P) of silver ions by HFSLM in
counter-current circulating flow patterns against pH of feed solution: pH sodium
thiosulphate solution of 2; 0.1 M of LIX 84-I concentration; 0.5 M of sodium
thiosulphate concentration; equal flow rates of feed and sodium thiosulphate

solutions at 0.2 dm3/min.

7.5.4 Effect of pH stripping solution

The effect of pH stripping solution was studied as shown in Figure 7.6.
The extraction (E) and pertraction (P) efficiencies were constant at pH of 1-2.
Thereafter, the results decreased due to a decrease in the hydrogen driving force.
In order to select the optimum pH of stripping solution, the pH value of 2 was

chosen in order to prevent hard acid corrosion in the HFSLM system.
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Figure 7.6 Extraction (F) and pertraction (P) of silver ions by HFSLM in
counter-current circulating flow patterns against pH of sodium thiosulphate solution:
pH feed solution of 3.5; 0.1 M of LIX 84-I concentration; 0.5 M of sodium thiosulphate
concentration; equal flow rates of feed and sodium thiosulphate solutions at

0.2 dm3/min.

7.5.5 Effect of extractant concentration

In Figure 7.7, the effect of LIX 84-I on silver ion pertraction was studied by varying
its concentration. The results indicated that the extraction (E) and pertraction (P)
efficiencies increased when the concentration of LIX 84-l was increased up to
0.1 M. This resulted in an increase of reaction rate of silver ion extraction. However,
both efficiencies slightly decreased when the concentration was higher than 0.1 M.
This was due to an increase of extractant boundary at the interfaces and/or an

increase of the viscosity of the liquid membrane phase.
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Figure 7.7 Extraction (E) and pertraction (P) of silver ions by HFSLM in
counter-current circulating flow patterns against the concentration of LIX 84-I:
pH feed and pH sodium thiosulphate solutions of 3.5 and 2, respectively; 0.5 M
of sodium thiosulphate concentration; equal flow rates of feed and sodium

thiosulphate solutions at 0.2 dm’/min.

7.5.6 Effect of stripping concentration

The effect of sodium thiosulphate concentration in the range of 0.1-2 M was
studied as shown in Figure 7.8. The extraction (E) and pertraction (P) efficiencies
increased when the concentration was increased to 0.5 M. Thereafter, results proved
constant. This implied that maximum concentration of sodium thiosulphate solution

for reaction with the silver-extractant complex was 0.5 M.
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Figure 7.8 Extraction (F) and pertraction (P) of silver ions by HFSLM in
counter-current circulating flow patterns against the concentration of sodium
thiosulphate solution: pH feed and pH sodium thiosulphate solutions of 3.5 and 2,
respectively; 0.1 M of LIX 84-I concentration; equal flow rates of feed and sodium

thiosulphate solutions at 0.2 dm’/min.

7.5.7 Effects of flow rates of feed and stripping solutions

The effects of feed and stripping flow rates were studied in the range of
0.2-1 dm’/min as shown in Figure 7.9. The extraction (E) and pertraction (P)
efficiencies decreased rapidly when the flow rates were increased to 1 dm’/min.
The increase of flow rates yielded less resident time for reactions in the hollow fiber
module. Where flow rates were lower than 0.2 dm3/min, Altin et al. [1] reported that
their effects yielded low extraction of silver ions in a flat-sheet supported liquid

membrane.



179

0.8 1

0.6
Q - ¢
W - P

0.4 4

0.2 1

0 T T T T T 1
0 0.2 0.4 0.6 0.8 1 1.2

Flow rates of feed and sodium thiosulphate solutions (dms/min)

Figure 7.9 Extraction (E) and pertraction (P) of silver ions by HFSLM in
counter-current circulating flow patterns against the flow rates of feed and sodium
thiosulphate solutions: pH feed and pH sodium thiosulphate solutions of 3.5 and 2,
respectively; 0.1 M of LIX 84-I concentration; 0.5 M of sodium thiosulphate

concentration.

7.5.8 Effects of flow directions between feed and stripping solutions

In Figure 7.10, the effect of co-current and counter-current flows between the
feed and stripping solutions were studied. The results indicated that counter-current
flow can achieve higher extraction and recovery rates of silver ions than the co-
current flow. This was because of the higher stability of concentration gradients of
silver and hydrogen ions between the feed and stripping phases. However, the co-
current flow resulted in a reduction of silver ion transport. This was due to the
decrease of concentration gradients of silver and hydrogen ions between both

aqueous phases [53].
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Figure 7.10 Extraction (E) and pertraction (P) of silver ions by HFSLM in circulating
flow patterns against the flow direction: pH feed and pH sodium thiosulphate
solutions of 3.5 and 2, respectively; 0.1 M of LIX 84-I concentration; 0.5 M of sodium
thiosulphate concentration; equal flow rates of feed and sodium thiosulphate

solution at 0.2 dm3/min.

7.5.9 Effects of flow patterns of feed and stripping solutions

The effect of three patterns of feed and stripping flows in the HFSLM system i.e.
single-pass flows of feed and stripping solutions, circulating flows of feed and
stripping solutions as well as single-pass flow of feed solution and circulating flow of
stripping solution were studied as shown in Figure 7.11. The results indicated that
the highest extraction (E) and pertraction (P) efficiencies were achieved by
the circulating flows of both feed and stripping solutions. According to
Alizadeh et al. [54], the pertraction of precious metals by solvent extraction was
relatively the slow chemical reactions. This required long resident times. Thus,

the circulating flows of feed and stripping solutions through HFSLM were appropriate.
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Figure 7.11 Extraction (E) and pertraction (P) of silver ions by HFSLM in
counter-current flow directions against the flow pattern: pH feed and pH sodium
thiosulphate solutions of 3.5 and 2, respectively; 0.1 M of LIX 84-I concentration;
0.5 M of sodium thiosulphate concentration; equal flow rates of feed and sodium

thiosulphate solutions at 0.2 dm’/min.

7.5.10 Effect of ferric ion presence on silver ion pertraction

The effect of ferric ions on the pertraction of silver ions was studied by using
wastewater containing 100 mg/L of ferric ions. The results were compared with
the case of ferric ion precipitation as shown in Figure 7.12. The extraction (E) and
pertraction (P) efficiencies in the case of ferric ion presence were 0.96 and 0.82,
respectively. In the case of ferric ion precipitation, both values were higher viz. 0.98
and 0.85. This resulted from the small disturbance of ferric ions whereby hydrogen
ions were interchanged with both silver and ferric ions at pH of feed solution higher
than 1.5 [55]. However, the extraction of silver ions by LIX 84-I was faster than
the extraction of ferric ions because the silver ions wanted to share one electron
with LIX 84- to form eight electrons in its valence shell. For ferric ions, they wanted
to share three electrons. This corresponded to the octet rule. Furthermore, the

remaining amounts of silver ions in both cases were less than the mandatory
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discharge limit. Thus, the presence of ferric ions in the wastewater had no effect on

the silver ion pertraction.
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Figure 7.12 Effect of ferric ions in wastewater on silver ion pertraction by HFSLM:
pH of wastewater in ferric ion presence and ferric ion precipitation of 6 and 3.5;
pH sodium thiosulphate solution of 2; 0.1 M of LIX 84-I concentration; 0.5 M of
sodium thiosulphate concentration; equal flow rates of feed and sodium

thiosulphate solutions at 0.2 dm’/min.

7.5.11 Memory effect and repeatability

The memory effect was considered under optimum experimental conditions and
determined by Eq. (7.3). The proposed value was 0.13. This indicated that a small
amount of complex species remained in the liquid membrane phase. This may be
due to the fact that the strong complexation between the metal ions and extractant
resulted in the slow rate of de-complexation between the silver-extractant complex
and stripping solution [16]. The repeatability of the HFSLM system was validated by
repeating the experiments 3 times under optimum conditions. 3 analyses were
carried out on the same sample of outlet feed solution. The repeatability value of

1.02% was calculated based on Eq. (7.4) where the RSD and SD values were 1.707
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and 0.004, respectively. These results proved to be less than the standard precision

of analytical quality assurance (AQA, < 5%) [42]. Thus, it can be concluded that

HFSLM is an efficient and reliable system for the pertraction of silver ions.

7.5.12 Controlling transport regime for silver ion pertraction across the HFSLM

Reaction flux and diffusion flux models were considered in order to determine
the outlet concentration of silver ions. The reaction rate constant (k,) of 0.164 min_l,
as seen in the reaction flux model, was obtained from the first-order reaction.
This provided the best curve fitting in with the experimental data. As regards
the parameters used in the diffusion flux model, the mass transfer coefficients of
silver ions in the feed phase (kp) and across the liquid membrane phase (k.,) were
determined by Egs. (7.18) and (7.20), respectively. Their values were 0.063 and 2.179
dm/min. Other parameters are shown in Table 7.4. The results of the two above
models were compared with the experimental results as shown in Figure 7.13.
The reaction flux model was in good agreement with the experimental results
showing 2% deviation. This result was better than the diffusion flux model which
showed a deviation of 25%. This was attributed to the efficiency of the reaction flux
model. It also indicated that the rate of chemical reactions were slower than the rate
of diffusions. Thus, the transport of silver ions was controlled by the chemical
reactions at the liquid membrane interfaces. In addition, these results confirmed the
facilitated transport mechanism of silver ions. The unsatisfactory results of the
diffusion flux model occurred because of the neglectful consideration of chemical

reactions.
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Table 7.4 The relevant parameters used in the models.

Parameter Value
A (dm) 14
[Ag" (0,0)] (mg/dm’) 30
ke (dm/min) 0.063
k. (dm/min) 2.179
k. (min’) 0.164
L (dm) 1.5
n 1
Q (dm’/min) 0.2
Re  (min/dm) 15.873
R, (min/dm) 0.459
Vi (dm’) 0.5
7 (min) 1.185

®  Expt.
= = Diffusion flux

Reaction flux

Ag(l) concentration (mg/L)

0 2 4 6 8§ 10 12 14 16 18 20 22 24 26 28 30 32

Separation time (min)

Figure 7.13 Concentration of silver ions in HFSLM system with respect to diffusion
flux and reaction flux models at different separation times: counter-current flow
directions, pH feed and pH sodium thiosulphate solutions of 3.5 and 2, respectively;
0.1 M of LIX 84-I concentration; 0.5 M of sodium thiosulphate concentration; equal

flow rates of feed and sodium thiosulphate solutions at 0.2 dm’/min.
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7.5.12 Optimization of separation time

Since the mandatory discharge limit of silver ions in industrial wastewaters must
not exceed 1.0 mg/dm3, an optimal separation time was necessary to meet
the permissible concentration. From Figure 7.13, the estimated separation time of
26 min resulted in 0.6 mg/L of silver ion concentration which proved to be lower

than the mandatory discharge limit.

7.6 Conclusion

HFSLM was an efficient and reliable system for the pertraction of silver ions from
pharmaceutical wastewater at the low concentration level to meet the mandatory
discharge limit. LIX 84-1 was successful in extracting silver ions from the impurities of
ferric ions. The highest extraction and pertraction efficiencies of 0.98 and 0.85 were
achieved by pH values for both feed and stripping solutions of 3.5 and 2,
respectively with units of concentration viz. 0.1 M LIX 84- and 0.5 M sodium
thiosulphate solution at equal flow rates of 0.2 dm’/min. Again, the circulating flow
patterns of feed and stripping solutions which were fed counter-currently in the
hollow fiber module proved suitable. In conclusion, the transport of silver ions
across HFSLM was mainly controlled by the rates of slow chemical reactions as
shown by the average percent deviations of 2% (reaction flux model) and 25%
(diffusion flux model). The separation time of 26 min resulted in a lower amount of

silver ions being discharged than the mandatory limit.

7.7 Nomenclature and units

A effective surface area of the hollow fibers (dm2)
parameter in Eq. (7.18)

d inside diameter of the hollow fiber



3 X X & F

S

T O T O

RSD

outside diameter of the hollow fiber
extraction efficiency

parameter in Eq. (7.3)

Graetz number

integer numbers

flux of silver ions (mg/dmz-min)

equilibrium constant (dma/mg)

mass transfer coefficient of silver ions in the feed phase (dm/min)
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mass transfer coefficient of complex species across liquid membrane

phase (dm/min)

reaction rate constant (min_1)

length of a hollow fiber (dm)
memory effect

molecular weight of water (mg/mol)
parameter in Eq. (7.18)

reaction order of extraction reaction

silver ion amount in the feed phase (mg/dm3)

silver ion amount in the stripping phase (mg/de)

silver ion amount the wastewater after contact with the liquid

membrane phase (mg/dm3)
pertraction efficiency

number of repeated analysis

volumetric flow rate of feed solution (de/min)

mass transfer resistance (min/dm)

relative standard deviation

reaction rate of silver ion extraction (mg/dm3-min)

inside radius of the hollow fiber (dm)

outside radius of the hollow fiber (dm)

standard deviation

Sherwood number



Greek letters

&2
L
Ag+

Subscripts

+

Ag
Expt.
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temperature of the HFSLM system (K)

separation time (min)

linear velocity of the feed solution (dm/min) or the parameter in
reaction flux model

any distance along the axis of hollow fibers (dm)

a constant in Eq. (7.22-b)

porosity of the hollow fibers (%)

tortuosity of the micro pores of hollow fibers
a constant in Eq. (7.22-b)

viscosity of water (cP)

concentration

average value

species in liquid membrane phase or difference of outlet
concentrations of silver ions as considering at time t and initial time in
Egs. (7.22-b) and (7.22-c).

association factor of water

diffusion coefficient of silver ions (dm”/min)

molar volume of silver ions at normal boiling point

silver ions
experimental results

feed phase
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f, in inlet concentration of silver ions in the feed phase

f, out outlet concentration of silver ions in the feed phase

fi interface between feed and liquid membrane phases

m liquid membrane phase

ri interface between liquid membrane and stripping phases
Theo. modeling results

w water

0 initial concentration
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8.1 Abstract

The extraction and recovery of silver ions by hollow fiber supported liquid
membrane (HFSLM) was examined. Pharmaceutical wastewater containing 30 mg/L of
silver ions was used as the feed solution. LIX 84-| dissolved in kerosene, and sodium
thiosulfate solution were used as the liquid membrane and stripping solution,
respectively. The influences of several variables on the extraction and recovery of
silver ions were investigated. Fluid-flow models for greater accuracy in describing the
transport of silver ions from feed phase to stripping phase were developed. The
models were calculated by linear algebra. The investigated parameters in the models
were axial convections and axial diffusions on both sides, chemical reactions at the
feed-liquid membrane and liquid membrane-stripping interfaces as well as the
accumulation of silver ions in the system. The mass transfer coefficient in the liquid
membrane (k,) was determined for use in the models. The final predicted
concentrations of silver ions in feed and stripping phases were successfully in
agreement with the experimental data. It indicates that the fluid-flow model can
accurately estimate the transport of silver ions inside and outside the hollow fibers
corresponding to the axial convections, axial diffusions, reactions at the feed-liquid
membrane and liquid membrane-stripping interfaces. In accordance with this
investigation, the HFSLM shows a practical implication for the use in pharmaceutical

wastewater treatment.

Keywords: Fluid-flow; Linear algebra; Silver ions; Pharmaceutical wastewater;

HFSLM.

8.2 Introduction

The presence of silver ions in the environment is of great concern because silver
ions are toxic and non-biodegradable. Only 1-5 mg/L concentration of silver ions can

kill aquatic microorganisms, insects, trout and flounder [1]. It is noted that the major



197

sources of silver ions in the environment are wastewaters from the manufacturing of
electronics, silverware and jewelry as well as wastewaters from photographic-imaging
industry, particularly from the medical processes [2, 3]. In Thailand, wastewaters from
the pharmaceutical processes of the Government Pharmaceutical Organization of
Thailand about 100 L per month are generated from the quantitative analysis of
active pharmaceutical ingredients and are contaminated by 30 mg/L of silver ions.
Thus, a challenging method to extract silver ions from this wastewater to comply
with Thailand’s mandatory discharge limit of < 1 mg/L is essential [4].

Several methods have been used to separate silver ions, as shown in Table 8.1
[5-13]. The traditional methods such as chemical precipitation and electrodeposition
are energy-inefficient at a concentration less than 100 mg/L. Ultrafiltration and
membrane discs are solid membranes which are found to have lower mass-transfer
fluxes than the supported liquid membrane [14]. In case of adsorption by common
adsorbents [15] (e.g. silica gels, clays, ion-exchange resins, and activated carbons),
although it is a simple method with low-energy consumption, it is rather difficult to
recover target species and to regenerate the adsorbents. However, the adsorption by
outstanding selective surface-modified adsorbents so-called MCM-41 (LUS-type)
developed by Yeung et al. are excellent for selective adsorption of precious and
heavy metals [16-19]. So far, powdered adsorbents are inconvenient to reuse and
mostly their applications are not in continuous processes [78]. The concentration of
the contaminated ions in the effluents after the treatment is higher than the
standard water-quality regulation. In addition, traditional methods including
adsorption are always ineffective at a very low concentration of the contaminated

ions in ppm- or ppb-level [79].
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Table 8.1 Examples of the methods for the separation of silver ions.

Author Method Extractant % Extraction % Recovery  Reference
Pfrepper et al., Precipitation N/A 99.8 N/A [5]
1989
El Bachiri BLM DC18C6 50 71 [6]
et al, 1996
Aamrani et al., SLM TCBA mixed  88.9 90 [7]
1999 with TCTH
Samsipur Membrane N/A 99.9 N/A (8]
et al,, 2002 disks
Chaudry et al.,, FSSLM TEA 99 93 [9]
2008
Coruh et al,, Adsorption N/A 99 N/A [10]
2010
Tang et al,, ELM D2EHPA 99.9 99.2 [11]
2010
Sadyrbaeva, BLM and D2EHPA 90 46 [12]
2010 Electrodeposi- mixed with

tion TOA
Desai et al., Complexation  N/A 100 N/A [13]
2012 -Ultrafiltration
This work HFSLM LIX 84-| 98 85

BLM: bulk liquid membrane, SLM: supported liquid membrane, FSSLM: flat-sheet supported
liquid membrane, ELM: emulsion liquid membrane, HFSLM: hollow fiber supported liquid

membrane.

A supported liquid membrane, particularly a hollow fiber supported liquid
membrane (HFSLM) is a suitable method for simultaneous extraction and recovery of
the target species at a dilute concentration in one single stage. It can be used as
a secondary treatment to reduce a trace amount of the target species to meet
the mandatory discharge limit [22-29]. Other attractive advantages of the HFSLM
relate to high mass-transfer flux and selectivity, low extractant and high membrane

surface area per volume [30, 31]. Although the HFSLM has several advantages for
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dilute solutions, the major inherent drawbacks are membrane stability or fouling, and
chemical and physical resistances of the hollow fibers in severe atmosphere [14].
Polypropylene hollow fibers can withstand the pH of the solutions no less than 1, at
moderately high temperatures but it has less resistant to chemicals than
polytetrafluoroethylene and is sensitive to chlorine [32]. To prevent and reduce
membrane fouling, an overview of several approaches are mentioned herein [33],
e.g., by feed pretreatment and treatment of the membrane surface. One concern
issue in HFSLM operation is equal flow rates of feed and stripping solutions to
prevent liquid membrane leakage. In a study of Uheida et al. [22], palladium ions at
a concentration of 10 mg/dm3 in synthetic solution were extracted using
nonylthiourea as the extractant, and sodium chloride solution as the stripping
solution. Kumar et al. [34] extracted gold ions at a concentration of 10 mg/L using
LIX 79 as the extractant and sodium hydroxide solution as the stripping solution.
However, a few studies have been conducted on the extraction and recovery of
silver ions by HFSLM.

By using the HFSLM method for industrial applications, reliable mathematical
models are required to predict the mass transports and important parameters in
the system. Mathematical models based on the extraction and recovery processes in
hollow fiber modules can be achieved by considering the mass diffusion fluxes
across the liquid membrane at a steady-state condition. Most researchers developed
fluid-flow models relating to diffusion or reaction flux models to explain the
phenomena only at feed-liquid membrane interface by the appropriate mass-
conservation equations and the associated boundary conditions [35-39]. These
models were considered based on the assumption of the steady-state condition at
the interface by neglecting the mass diffusion in the axial direction. Zhang et al. [31]
developed the model based on diffusion flux to predict the final concentration of
Cu(ll) in synthetic feed solution after the extraction. The predicted results fit with
experimental data at the deviation less than 12%. Kandwal et al. [27] developed the
acceptable model describing the transport of Cs(l) through HFSLM based on the
facilitated diffusional transport mechanism by neglecting the chemical reaction.

Nevertheless, the mass transport phenomena at liquid membrane-stripping interface
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are also important for understanding the overall mass transport along the hollow
fibers. In our work, the extraction and recovery of silver ions from pharmaceutical
wastewater by HFSLM was examined. LIX 84-1 was used as the extractant due to a
greater transmembrane flux [40]. Sodium thiosulphate solution was used as the
stripping solution due to its high recovery of silver ions [2]. The influences of several
variables such as the pH of feed and stripping solutions, concentrations of the
extractant and stripping solution, flow directions between feed and stripping
solutions, as well as equal flow rates of feed and stripping solutions were
investigated. A new perspective was approached by the fluid-flow models describing
the transport phenomena of silver ions not only at the feed-liquid membrane
interface but also in the liquid membrane and at liquid membrane-stripping
interface. These models were executed by linear algebra in unsteady-state condition.
The mass transfer coefficient of complex species across the liquid membrane (k)
was determined based on the equation of the overall permeability coefficient (P) for
use in the model. The MATLAB software was used to solve these models by
Gaussian elimination method. The final calculated concentrations of silver ions in

feed and stripping solutions were validated with the experimental data.

8.3 Theory

8.3.1 Transport of silver ions across the liquid membrane phase

The extractant dissolved in organic solvent is trapped in the hydrophobic micro-
pores of hollow fibers as the liquid membrane phase. The feed solution containing
silver ions, and the stripping solution are generally fed counter-currently in the tube
and shell sides of the hollow fibers, respectively. The transport of silver ions across

liqguid membrane phase is presented in Figure 8.1. Extraction at the feed-liquid

membrane interface (subscript ;) takes place when the extractant (HR) reacts with

silver ion in feed phase to form silver-extractant complex (AgR) and hydrogen ion
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(H"), as shown in Eqg. (8.1). Subsequently, the silver-extractant complex diffuses
across the liquid membrane phase to the liquid membrane-stripping interface
(subscript ) due to the concentration gradient between the two interfaces. Then,
the recovery reaction, Eq. (8.2), occurs and therefore silver ion is released into
the stripping phase. Finally, silver and hydrogen ions are counter-transported across

the liquid membrane phase.

Liquid membrane phase

in micro-porous

Stripping phase

outside hollow fiber

si fi fi si

Figure 8.1 Transport of silver ion in the HFSLM system.

extraction -

Agt +HR == AR+H (8.1)

k

stripping

+ + .
AgR+H =—— Ag +HR (8.2)

The over bar denotes the species in the liquid membrane phase.
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The rates of extraction (rA +) and recovery (rA +) are described by Egs. (8.3) and
- g

g
(8.4), respectively:

m

r,Ang (x,1) = kextractionCAng,f (x,t) = r,Ang (CAg+}f) (8.3)
n

rAg+ (x,t) = kstrippingCAng,S (x,t) = rAng (CAng ]S) (8.4)

where x is the longitudinal axis of the hollow fiber, t is the extraction or recovery

and k are the reaction rate constants of extraction and

time, kextraction stripping

recovery, CA + and CA + are the concentrations of silver ions in the feed and
g ) g 7S

stripping phases as a function of longitudinal axis of the hollow fiber and time, and

m and n are the reaction orders of the extraction and recovery, respectively.

8.3.2 Fluid-flow models of silver ion transport in feed and stripping phases

The laminar transport of silver ions in feed phase corresponds to the axial
convection and diffusion. The extraction reaction is based on the facilitated coupled
counter transport [41]. Additionally, the concentrations of silver ions along the
hollow fibers vary depending on the longitudinal axis of the hollow fiber and the
extraction time corresponding to the accumulation of silver ions in the feed phase
[42]. The fluid-flow model in feed phase is made according to the following

assumptions:

- The physical properties in the feed phase such as pressure, temperature and
volume are constant;

- Based on the facilitated coupled counter-transport, the silver ions are
transported across the feed-liquid membrane interface into the liquid

membrane phase by the reaction flux;
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- Since the inside diameter of hollow fibers is very small, the concentration of
silver ions in the radial direction is constant. This means that the diffusion
fluxes of silver ions in the feed phase exist only in the axial direction;

- Only silver-extractant complexes, not silver ions, are transported across
the liquid membrane phase;

- The forward reaction is dominant.

In case the fluid-flow model of the stripping phase, the same concepts are

approached:

- The physical properties in the stripping phase are constant;

- Only silver ions from the reaction flux at the liquid membrane-stripping
interface are transported into the stripping phase;

- The diffusion fluxes of silver ions in the stripping phase exist only in the axial
direction;

- The forward reaction is dominant.

The transports of silver ions through the small segments in the feed and stripping

phases and the cross-sectional areas of the hollow fibers are shown in Figure 8.2.
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Figure 8.2 Transport of silver ions through small segments (a) in feed phase

(inside the hollow fibers) (b) in stripping phase (outside the hollow fibers).

For feed phase, the mass conservation of silver ions in each small segment (Ax)

is considered by Egs. (8.5) and (8.6):

Rate of mass transport Rate of mass transport Rate of mass transport Rate of mass Rate of mass

into the system - out of the system + through the system - extracted by = accumulation (8 5)
by convection by convection by diffusion extraction reaction within the system

. . A.D v [ .

J J of F (- J J 1

- + - -vir =—\C (-C 8.6
OCZfl,f QCZ,f Cz,f szl,f CJ z,f z,f ( )
z,f At
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where Q is the volumetric flow rate of feed solution, z is the number of small
segments in feed phase, Agls inside cross-sectional area of the hollow fibers, 7 is

the diffusion coefficient of silver ions in feed phase as calculated by the Wilke-Chang

equation in Appendix A, jand j-1 are the sequence of space times jand j-1, Ci

is the concentration of silver ions as a function of z and j, <er > is the average rate
z

of the extraction as a function of silver ion concentration at segment z and sequence
J, At is the space time for the feed solution flowing inside the hollow fibers and v is

determined as follows:

&
V= —(c/O —c/i)
2

where € is the porosity of hollow fibers and d; and d, are the inside and outside

diameters of a hollow fiber and 0 < x < L which L is the length of the hollow fiber.

Solving Eq. (8.6) by linear algebra and obtain Eq. (8.7)
[AlIC] = [Y] (8.7)

where [A] is the matrix of the constants in feed phase; [C] and [Y] are the matrices of
silver ion concentrations in feed phase at the sequence of space times j and j-1.
These matrices are described detail in Appendix A.

At the stripping phase by a counter-current flow, the mass conservation of silver

ions at the segment z' can be described in the respective equation:

. . AD [ . v
J j cs”s [ -] J ) j1
Qcl,, -QC, + —(CZ.,S -Cl, ) + v<rcj > = A—t( Y- CZ.YS) (8.8)

z'.s

where 7' is the number of small segments in the stripping phase, A_. is the outside

cross-sectional area of the hollow fibers, and ¢/ is the diffusion coefficient of silver
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ions in the stripping phase which is equal to that in the feed phase of the same

aqueous solution. Solving Eq. (8.8) by linear algebra and obtain Eq. (8.9)
[AICT=1[Y] (8.9)

where [A] is the matrix of the constants in stripping phase; [C'] and [Y'] denote
the matrices of silver ion concentrations in stripping phase at the sequence of space

times j and j-1. These matrices are described detail in Appendix A.

8.3.3 Mass transfer coefficient of silver-extractant complexes across the

liquid membrane phase

The mass transfer coefficient of silver-extractant complexes across the liquid
membrane phase (k) is determined based on the overall permeability coefficient (P)
of silver ion transport in a radial direction from feed phase to stripping phase.

The overall mass transfer coefficient of silver ions represents the mass-transfer
resistances in feed phase, liquid membrane phase and stripping phase. The reciprocal

of the overall mass transfer coefficient is [43]

S I Wl (8.10)

where k; and k_ are the mass transfer coefficients of silver ions in feed and stripping
phases, respectively, I 1S the log-mean radius of a hollow fiber, and P, is
the permeability coefficient of silver-extractant complexes in liquid membrane
phase.

The mass transfer resistance of silver ions in the stripping phase in Eq. (8.10) can

be neglected due to the high mass transfer coefficient in this phase. Thus,
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1 1 (S
S N (8.11)
P kf ’Im 'Dm

In this work, it is assumed that the mass transport across the liquid membrane
phase is controlled by the extraction reaction at the feed-liquid membrane interface.
Therefore, the overall mass transfer coefficient of silver ions can be determined by
the permeability coefficient of silver ions in the feed phase as described by Danesi

[441:

J.

Cz,f 0
Vdn| == |= AP—t (8.12)

c’ 0+1

0,f
q
and 0=
PLgﬁNrm

(8.13)

where V; is the volume of feed solution, Ay, L and & represent the effective surface

area, length and porosity of the hollow fibers. The plot of —\/fln(Cif /Céf) as

a function of time t from Eq. (8.12) gives the slope of APO/6+1). Subsequently,
P is obtained from Eq. (8.13).

The permeability coefficient of complex species in liquid membrane phase in
Eq. (8.11) is correlated by the relation between the distribution ratio of silver ions (D)
and the mass transfer coefficient of the silver-extractant complexes across the liquid

membrane phase (k) as shown in Eq. (8.14) [45].

P =Dk_ (8.14)
[AR]
Where D= " (8.15)
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As it is not possible to measure the concentration of complex species in the
liquid membrane phase, so the distribution ratio of silver ions can be derived by the
relation with the extraction equilibrium constant of silver ions (K.,) based on Eq. (8.1)

and obtain Eq. (8.16).

K AR Y (8.16)
¥ g IR |

From Eq. (8.16), the distribution ratio of silver ions can be rewritten as follows:

(8.17)

Subsequently Eq. (8.17) into Eqg. (8.14) for the permeability coefficient of complex

species in liquid membrane phase in Eq. (8.11) then,

S (L A S (8.18)

According to the slope of the graph plotted between 1/ P and [H+]f / [HR]Sn from
Eqg. (8.18), the mass transfer coefficient of the complex species across the liquid

membrane phase is attained.
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8.4 Experimental

8.4.1 Chemicals

Pharmaceutical wastewater from a pharmaceutical plant of the Government
Pharmaceutical Organization consisting of 30 me/L silver ions and 120 mg/L ferric ions
was used as the feed solution. To avoid the interference of ferric ions to
the extraction of silver ions, ferric ions were precipitated by phosphoric acid solution
to 0.35 mg/de. The initial pH and other properties of this wastewater are listed in
Table 8.2. Sodium thiosulfate pentahydrate (Na,S,05.5H,0) (BrightChem Sdn. Bhd.,,
Selangor, Malaysia) dissolved in distilled water was used as the stripping solution;
its pH was about 6. Hydrophobic liquid membrane solution was prepared by
embedding LIX 84-1 (Henkel Thai Ltd., Bangkok) and kerosene in the micro-porous
hollow fibers. LIX 84-1 was selected in regards to the literature review, LIX series is
favorable to the extraction of metal ions. The chemical structure of LIX 84-I is shown
in Figure 8.3. Nitric acid solution (BrightChem) was used to adjust the pH of feed and
stripping solutions. All chemicals used in this experiment were analytical grades.

Aqueous solutions were prepared using !\/\itli—Q® deionized water (Millipore®, USA).

Table 8.2 Properties of pharmaceutical wastewater.

Property Value
Ac(l) (me/dm’) 30
Fe(lll) (mg/dm”) 120
Temperature (K) 303.2
pH 6.0
Viscosity (Pa-s) 0.0010
Density (g/mL) 1.0015
TSS (mg/L) 730
BOD (mg/L) 1,740
COD (mg/L) 3,210

Conductivity (Ms/cm) 2,750
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HO ~ = CoHy

HO

Figure 8.3 Chemical structure of LIX 84-I.

8.4.2 Apparatus

A laboratory-scale hollow fiber module (Liqui—Cel® Extra-flow 25 in x 8 in;
Hoechst Celanese, Bridgewater NJ) was used. The key features of the hollow fiber
module are as shown in Table 8.3. The hydrophobic polypropylene hollow fibers
were woven into fabric and wrapped around a central tube of the module.
The concentrations of silver ions in feed and stripping solutions were analyzed by
the atomic absorption spectrometer (AAS) (model AA280FS; Varian, Walnut Creek CA),
and the pH of the solutions were measured by a BP3001 pH meter

(TransInstruments, Singapore).

Table 8.3 Key features of the hollow fiber module.

Property Description
Material Polypropylene
Module diameter 0.63 dm
Module length 2.03 dm
Number of hollow fibers 35,000
Inside diameter of a hollow fiber 0.002 dm
Outside diameter of a hollow fiber 0.003 dm
Effective length of a hollow fiber 1.5dm
Effective surface area of a hollow fiber 140 dm’

Area per unit volume

293 dm’/dm’

Pore size 3% 10 dm
Porosity 25%
Tortuosity 2.6
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8.4.3 Procedure

A single hollow fiber module, shown in Figure 8.4, was set up. The amount of
the liquid membrane (LIX 84-1 dissolved in kerosene) about 0.5 dm’ was
simultaneously pumped into shell and tube of the hollow fibers for 40 min to
ensure that the liquid membrane solution was entirely embedded in the micro-pores
of the hollow fibers. Wastewater as the feed solution, and the stripping solution
(0.5 dm’ each) were, respectively, supplied in the counter-current circulating mode
to tube and shell sides of the hollow fibers. The pH of feed solution was adjusted to
acidic solution. The parameters, i.e., pH of feed solution (2.0-4.0) and pH of stripping
solution (1.0-3.0), concentrations of the extractant (0.01-0.20 M) and stripping
solution (0.1-2.0 M) as well as the equal flow rates of feed and stripping solutions
(0.2-1.0 dm3/min) were investigated. One separation cycle was 30 min. The final feed
and stripping solutions were collected to analyze the amount of silver ions by AAS.
The percentages of extraction and recovery were calculated by Egs. (8.19) and (8.20).
The stability of the HFSLM system was investigated by a continuous operation for
4 hours. In practice, for applicability to a large scale separation, the estimation of
the important parameters such as separation time by a reliable model is absolutely
unavoidable. In this work, the fluid-flow models considering the reaction fluxes in
feed and stripping phases were approached. To verify the model, the model results
were certified with the experimental results of the related parameters at each
optimum condition. The samples were collected and analyzed every 2 min. The

average percentage of deviation was calculated by Eq. (8.21).

c .
% Extraction = u x 100 (8.19)
J
CO,f
c’
% Stripping = —= x 100 (8.20)
C

0,f
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Figure 8.4 Schematic diagram of a single hollow fiber module with counter-current
circulating flow patterns of feed and stripping solutions: (1) feed reservoir,
(2) gear pumps, (3) gate valves, (4) flow meters, (5) inlet pressure gauges,

(6) hollow fiber module, (7) outlet pressure gauges, and (8) stripping reservoir.
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8.5 Results and discussion

8.5.1 Experimental operation conditions for HFSLM stability

The properties of the pharmaceutical wastewater used in this work are shown in
Table 8.2. It consists of 30 mg/L of silver ions and 120 mg/L of ferric ions. According
to our previous work [46] with wastewater from stainless steel-cold rolled plate
process by using LIX series (LIX 860-I), we found that at a pH of wastewater 4 and 0.8
M, LIX 860-I is the most selective extractant to retrieve Ni(ll) compared to Fe(ll) and
Cr(lll), respectively. No chromium ions were found in the stripping solution.
For a double-module operation, the percentage of recovery of nickel ions was 87%.
However, to avoid the interference from other ions in the pharmaceutical wastewater
to the extraction and recovery of silver ions, the pharmaceutical wastewater was
pretreated by precipitation method before the experiments. Ferric ions were
precipitated by phosphoric acid solution and therefore a trace amount of ferric ions

of 0.35 mg/L was observed in the feed solution.

8.5.2 Influences of pH of feed and stripping solutions

It is known that LIX series has good performance for the extraction of metal
cations from the acidic and dilute aqueous solutions. Thus, the pH of the wastewater
was adjusted from pH of 6 to be acidic (2.0-4.0) for a good driving force of hydrogen
ions. In Figure 8.5(a), the percentages of extraction and recovery increased rapidly
with the pH of the feed solution to 3.5 because of an increase in driving force. It is
likely to be constant when pH is greater than 4.0 due to the equilibrium reaction at
the feed-liquid membrane interface. In Figure 8.5(b), the percentages were rather
constant at pH of 1.0-2.0 and decreased at a pH higher than 2.0 due to less driving
force. To select the optimum pH of feed and stripping solutions, we do not take
account of the stripping solution of pH lower than 2.0 in order to prevent a strong

acid atmosphere to polypropylene hollow fibers and its module. Thus, we consider
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the optimum pH of feed solution of 3.5 for highly extracted silver ions, and 2 for

the stripping solution.

(a)
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Figure 8.5 Extraction and recovery of silver ions via the HFSLM by counter-current
flow against (a) pH of feed solution and (b) pH of stripping solution ( 0.1 M LIX 84|,
0.5 M Na,S,05, and equal flow rates of feed and stripping solutions at 0.2 dm’/min).
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8.5.3 Influence of extractant concentration

The influence of the concentration of LIX 84-1 was demonstrated in Figure 8.6.
Generally, the reaction rate increases with the concentration of the extractant. From
Figure 8.6, the percentages of extraction and recovery increased with the
concentration of the extractant up to 0.1 M. Nevertheless, the extraction and
recovery of silver ions decreased at the concentration higher than 0.1 M due to
an increase in liquid membrane viscosity that obstructed mass transfer in the liquid
membrane phase corresponding to our previous works [14, 26]. Thus, the optimum

concentration of the extractant is 0.1 M.

100 -
90 A

80_/\‘\‘
70

60 -
50 A

—@— Extraction
—— Recovery

40 +

30 A
20 ~

Percentages of silver ions (%)

10 A

0 T T T T 1
0 0.05 0.1 0.15 0.2 0.25
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Figure 8.6 Extraction and recovery of silver ions via the HFSLM by counter-current
flow against concentration of the extractant (pH of feed and stripping solutions at 3.5
and 2, 0.5 M Na,5,0s, and equal flow rates of feed and stripping solutions
at 0.2 dm’/min).
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8.5.4 Influence of stripping concentration

In the case of the concentration of stripping solution in Figure 8.7, the
percentages of extraction and recovery increased up to 0.5 M then remained
constant from the concentration higher than 0.5 M (excess stripping solution). It
indicated that the amount of silver ions in the stripping solution was limited up on
the amount of complex species that reacted with the stripping solution at the liquid
membrane-stripping interface. Thus, the optimum stripping solution concentration is

0.5 M.

100

80 4

70

—— Extraction

40 —k— FRecovery

30 ~

20

Percentages of silver ions (%)

10

D T T T T 1
0 0.5 1 1.5 2 2.5

Stripping concentration (M)

Figure 8.7 Extraction and recovery of silver ions via the HFSLM by counter-current
flow against concentration of the stripping solution (pH of feed and stripping
solutions at 3.5 and 2, 0.1 M LIX 84-l, and equal flow rates of feed and stripping

solutions at 0.2 de/min).
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8.5.5 Influences of flow rates of feed and stripping solutions

Equal flow rates of feed and stripping solutions were studied, as shown in
Fisure 8.8. The percentages of extraction and recovery decreased rapidly from
the flow rates of 0.2 dm /min (200 mL/min). The maximum extraction and recovery
at 0.2 dm’/min were 98 and 85%. From our experience in some cases the maximum
extraction and recovery were attained at 0.1 dm’/min. Altin et al. [2] studied
the extraction of silver ions by a flat-sheet supported liquid membrane using the
flow rates of 0.05 dm’/min (lower than we used in this study) and vyielded the
maximum extraction and recovery at this flow rate. This is because the silver-
extractant complexes formed slowly in the feed-liquid membrane interface and
released at the liquid membrane-stripping interface rapidly. As per these
observations, it is worth to note that not only types of the extractants and the pH in
feed solution but also flow rates of feed and stripping solutions relate to a greater or
lesser ion complexation in the HFSLM system. The chemical structure of LIX 84-I
consists of acetophenone oxime which contains nitrogen coordination sites that

generates a great affinity towards silver ions [47].
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Figure 8.8 Extraction and recovery of silver ions via the HFSLM by counter-current
flow against flow rates of feed and stripping solutions (pH of feed and stripping

solutions at 3.5 and 2, 0.1 M of LIX 84-l, and 0.5 M Na,S,05).
8.5.6 Mass transfer parameters in the HFSLM
8.5.6.1 Extraction equilibrium constant and distribution ratio

The extraction equilibrium constant and the distribution ratio of silver ion
extraction were estimated under the optimum conditions from the experiment.

A high extraction equilibrium constant about 95.29 dm3/mg was obtained from the

slope of the graph between [Ag+]f[HR]§q and [AgR]m[H+]f in Figure 8.9. The
distribution ratio of silver ions was calculated by Eq. (8.18) and found to be 3.24. It is
confirmed that the forward reaction of Eq. (8.1) controlled the extraction reaction of

silver ions.
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Figure 8.9 Plot of [AgR]m[H+]fagainst [Ag+]f[HR]§nfor the extraction equilibrium
constant of silver ion extraction via the HFSLM at the optimum conditions (pH of
feed and stripping solutions at 3.5 and 2, 0.1 M LIX 84-I, 0.5 M Na,S,0;, and equal

flow rates of feed and stripping solutions at 0.2 dm3/min).

8.5.6.2 Permeability coefficient

In case of the permeability coefficient of silver ions in the feed phase, it was

estimated from the slope of the graph between —\/fln(Cif / Céf) and t in Eq. (8.12),
as shown in Figure 8.10. A low permeability coefficient of 5.71 x 10° dm/min was
obtained suggesting that the radial diffusion flux is not significant on the radial

transport of silver ions in the feed phase.
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Figure 8.10 Plot of —\/fln(Cif / C(j)f) against t for the permeability coefficient of silver
ions in the feed phase at the optimum conditions (pH of feed and stripping solutions
at 3.5 and 2, 0.1 M LIX 84-I, 0.5 M Na,S,0s, and equal flow rates of feed and stripping

solutions at 0.2 dm3/min).
8.5.6.3 Mass transfer coefficients of the complex species

The mass transfer coefficients of silver ions in feed solution (ky) and in liquid

membrane (k.,) depend on the extractant concentration and the pH in feed solution,

and were determined from the intercept and slope of [H+]f / [H_R]iﬂ plotting against
1/P in Eqg. (8.18), as shown in Figure 8.11. Consequently, the mass transfer
coefficients in feed solution and in liquid membrane were found to be 0.06 and 2.18
dm/min, respectively. High mass transfer coefficient in liquid membrane designated
the rapid diffusion of complex species across the liquid membrane phase and

therefore led to a positive effect on silver ion recovery of 85%.
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Figure 8.11 Plot of 1/ P against [HJr]]c / [HR]rZn for mass transfer coefficient of silver
ions in feed solution and in liquid membrane at the optimum experimental
conditions (pH of feed and stripping solutions at 3.5 and 2, 0.5 M Na,S,0s, and equal

flow rates of feed and stripping solutions at 0.2 dm’/min).

8.5.7 Analysis of fluid-flow models in feed and stripping phases

8.5.7.1 Parameters in the models

As shown in Table 8.4, the highest R’ denoted the first order reactions.
)

The reaction rate constants of the extraction (k ) and recovery (k

extraction stripping
were determined from the slopes of the integral concentration of silver ions plotting
against time and found to be 0.164 min" and 0.094 min_l, respectively. Other

relevant parameters for the models are listed in Table 8.5.
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Table 8.4 Reaction orders and reaction-rate constants of extraction and recovery of

silver ions.
2 2
m,n Plot R Kitripping R
Feed phase Stripping phase
0 Ci and t Cé and ¢ 0.562 mg/dm’*min 0798 1094 mg/dm’*min  0.985

t

1/Ci and t

n(cy /Cl) and  In(c) /¢l and

t

1/Cé and t

0.164 min" 0984  0.094 min’ 0.992

0.040 L/mg-min 0.802  0.009 L/mg-min 0.922

Table 8.5 Relevant parameters used in the fluid-flow models.

Parameter Value
a 0 0.32
A; (dm?) 0.16
A, (dm) 0.07
b () 150 X 10°
c O 0
Cg (mg/dma) %0
d () 1.82 x 10"
;. (dm’/min) 4.65% 10°
. (dm’/min) 6% 10"
J; (dm’/min) 4.65 % 10°
e () 597 X 10"
VO] 0
k., (dm/min) 2.18
L (dm) 1.5
Q  (dm’/min) 0.2
At (min) 0.5
Ax  (dm) 115 % 10"
z 13,000
z' 13,000
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8.5.7.2 Stability of HFSLM operation and validation of the fluid-flow models

In order to investicate the stability of the HFSLM operation, a series of
experiments at each optimum condition were carried in a single hollow fiber module
for 4 hours. The pharmaceutical wastewater flowed counter-currently through the
tube side of the hollow fiber module while the stripping solution flowed through the
shell side. Equal flow rates of feed and stripping phases were controlled to maintain
a positive pressure on the tube side with respect to the shell side of the module to
prevent the leak between the two sides. From Figure 8.12, the extraction and
recovery reaction reached the equilibrium in 30 min and maintained a consistently
high stability as long as the operating time. The extraction and recovery results
showed that our proposed fluid-flow models have high accuracy as the calculated
values were in line with the experimental results at the deviation of about 2%. We
can state that the transport of silver ions in the feed and stripping phases
corresponded to the axial convections, the axial diffusions and the chemical
reactions of silver ions at the interfaces as in our assumptions. It is in accordance
with the explanation of mass transport convection and diffusion of fluid stream by

Geankoplis [48].



224

30 1

27 4 4
1
1
1
24 If
'
1
214 4
|
A
]
1

18 1

Expt. of feed phase

15 4 A Expt. of stripping phase

Model of feed phase

———— Model of stripping phase

12 4

Concentration of silver ions in feed and stripping solutions (mg/L)

0 30 60 90 120 150 180 210 240

Extraction or recovery time (min)

Figure 8.12 Stability of HFSLM for extraction and recovery of silver ions and
the validation of fluid-flow models at the optimum conditions (pH of feed and
stripping solutions at 3.5 and 2, 0.1 M LIX 84-I, 0.5 M Na,S,05, and equal flow rates of

feed and stripping solutions at 0.2 dm’/min).

8.5.7.3 Silver ion extraction: experimental and model results by fluid-flow

model and other models and adaptability of fluid-flow model

Again, Figure 8.13 illustrates the excellent agreement of our experimental and
model results by fluid-flow model. Since most of the models applied either
the diffusion flux model or reaction flux model to explain the phenomena of metal
transport at feed-liquid membrane interface, thus the results in Figure 8.13 were
plotted in feed phase only. By comparing the extraction results of silver ions with
the values predicted by the fluid-flow model which considered axial convection,
the reaction fluxes in feed and stripping phases, axial diffusion and accumulation of

silver ions in feed phase and from the experiments, and the values predicted by
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the reaction flux model from our previous work with the extraction of copper ions
[49], we can see that the plot of silver extraction in this work predicted by
the proposed fluid-flow model had the similar trend with that predicted by
the reaction flux model. Nevertheless, the fluid-flow model is more accurate. It is
likely that by integration of the axial diffusion into the model make the model more
precise. On the contrary, the plot of silver extraction applied to the mass transfer
model, which was derived by Lin et al. [50] and considered only the diffusion flux,
did not correspond to the plot of silver extraction predicted by the fluid-flow model.
Moreover, we considered the applicability of the fluid-flow model to the extraction
of copper ions by the HFSLM, it can be seen that the plots of copper extraction
predicted by the reaction flux model [49] and this fluid-flow model, as well as the
plot of silver extraction applied to the reaction flux model were in good agreement.
These findings identifies that the extraction of metal ions such as silver and copper
significantly depends upon axial convection, the reaction fluxes in feed and stripping
phases, axial diffusion and the accumulation of metal ions in the feed phase. The
transport in the radial direction is controlled by the extraction reaction at the feed-
liquid membrane interface corresponding to the research by Alizadeh et al. [51] with
slow extraction reaction of precious metal in the solvent extraction system. The
transport of metal ions in the radial direction is, in principle, controlled by the slower
radial diffusion rate or the reaction at the interface [41]. However, the controlling rate
and the mechanisms of extraction of metal ions are in accordance with types and
properties of extractants, organic solvents or diluents, stripping solutions, and
operating temperature [52].

In addition to copper ions, another observation on the adaptability of the fluid-
flow model to tantalum ions [53] was illustrated. The average percent deviation of
the plot of tantalum extraction which was applied to the fluid-flow model was about

2%.
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Figure 8.13 Experimental and model results by fluid flow model compared with
other models and adaptability of fluid-flow model (FFM = fluid-flow model,

RFM = reaction flux model; MTM = mass transfer model).
8.6 Conclusion

LIX 84-I can successfully extract silver ions at a very low concentration from
pharmaceutical wastewater by the HFSLM. High stability in extraction and recovery as
high as 98% and 85% is observed. The optimum conditions for the extraction and
recovery by a counter-current flow of feed and stripping solutions are pH of feed and
stripping solutions at 3.5 and 2, respectively, 0.1 M LIX 84-I, 0.5 M Na,5S,05, and equal
flow rates of feed and stripping solutions at 0.2 dm’/min.

Corresponding to the fluid-flow models which attributes to axial convections,
the reaction fluxes in feed and stripping phases, axial diffusions and the
accumulation of silver ions, we can conclude that the transport of silver ions along
the hollow fibers is the reaction regime at the feed-liquid membrane and liquid

membrane-stripping interfaces. The transport of silver ions from feed phase across
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liquid membrane phase is facilitated coupled counter-transport. The accumulation of
silver ions exhibits the unsteady of the HFSLM system. The model is validated and

can be applied to other metal ions, e.g., copper ions and tantalum ions.

8.7 Appendix A

Mathematics and assumptions for fluid-flow models of silver ion transport

through HFSLM

Based on Eq. (8.5), mass conservation equations of silver ions in segments 1, 2,

3,..., z for feed phase are as follows:

. ! A O, . 4 v . .
j J of f j j J j-1

QCO,f —QCM + - (Cl,f 'Co,f)'v<rq'f>:;(c1,f 'Cl,f) (A-8.1)
) . A O, . ' 1% : ;
j j of 7f j J J j-1

QCLf _QCZ,f + " (Cz’]c _Clrf)_v<rcéf>:_At(C2f —Cz,f) (A-8.2)
. . A O, ) . v . .
j j of f j j J j-1

QCZ,f —QC3,1c + - (C% _Cz’f)_v<rCéf>:A_f(C3’f -C3]f) (A-8.3)
. ) A O, . . v . i
J J of 7f j j J j1

QCz—l,f h QCz,f + Ax (Cz,f B Cz—l,f ) h V<rCJ ; > = A_f( zf 7 Cz,f) (A-8.4)

z,

The diffusion coefficients of silver ions in feed phase (/;) in Eqs. (A-8.1)-(A-8.4) are
calculated by the Wilke-Chang equation [54], as shown in Eq. (A-8.5):

o Tax 10° (gM, )T

o o6
Sy Agt

(A-8.5)
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where ¢ is the association factor of water (¢ = 2.6), M, is the molecular weight of

water, T is the temperature of feed phase in Kelvin,  is the viscosity of water,
w

and Voot is the molar volume of silver ions at normal boiling point.
g

By linearization the rate of extraction in Egs. (A-8.1)-(A-8.4) using Taylor series for

any reaction order (m), the rate of extraction becomes:

ry =acl +p (A-8.6)
Cz,f ’

i m-1 j m
where @ = _mkextraction (CO,f ) ’ p=(m- 1)kex‘craction (Co,f )

Céf is the concentration of silver ions in feed phase at z = 0, and represents an

individual value of each sequence of the space time j.

Dividing the mass conservation equations (Egs. (A-8.1)-(A-8.4)) by the volumetric

flow rate of feed phase (Q) and deriving in matrix, therefore

[AIIC] = [Y] (A-8.7)
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where
[ (1-a+b+d) 0 0 0 0 i
(1-a) (1-a+b+d) 0 0 0
0 1-a (1-a+b+d) 0 0
[A] =
0 (1-a) -1-a+b+d)
L —ZXz
cl. c-(1-a)C), -dC);
c-ac]
Cé,f 14y dC;fl
[C]= , [Y]=
J j-1
_Cz’f—le L €- dCZ’f dzx1
A O va vp v
7
where g=— , b=—, c=—o, d=——
QAx Q Q QAt

In case of the stripping phase, the mass conservation equations of silver ions are
considered in the opposite direction of those in the feed phase due to a counter-
current flow. The mass conservation equations in each small segment are expressed

as follows:

(A-8.8)
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AT v
oc/, -ac) +—=— (Cés -st)+v<rj >= —(Cés _cgs) (A-8.9)
’ ’ Ax ’ ’ C2s INA ’
A O v
Qcé,s - Qcé,s + —— (C;’S i Cé’s ) v er - _(C;,S h Cé,s ) (A-8.10)
Ax 35 At
. A G v
J J ¢S s J J j j-1
15 : P S i =— o -C A-8.11
QCz—l,s QCZ,S t Ax (Cz,s Cz—l,s ) tv <rCJZ',s > At (Cz,s Cz,s ) ( )

The outside cross-sectional area of the hollow fibers(A_.), as shown in Figure

8.2(b), is calculated by Eq. (A-8.12).

A =N|d’ -2 (A-8.12)

where N is the number of hollow fibers, and dO is outside diameter of a hollow fiber.

To linearize the rate of recovery (rCJ- ) in Egs. ((A-8.8)-(A-8.11)), the Taylor series

z's
is applied:
ry = yCi,s +A (A-8.13)
Cz',s ’
i n-1 i n
where 7= nkstripping (CO,S ) ’ A=(1- n)kstripping (CO,S )

C(J),5 is the concentration of silver ions in stripping phase at z' = 0, and represents an

individual value for each sequence of space time j.
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The mass conservation equations of silver ions Eqgs. ((A-8.8)-(A-8.11)) are divided

by the volumetric flow rate of stripping phase (Q), and deriving in matrix, as shown

below:
[ATICT = Y] (A-8.14)
where
[(-e-f+d) 0 0 0 0 ]
(1-e) (1-e- f+d) 0 0 0
0 l-e (1-e- f+d) 0 0
E
L 0 .. (1-e) —(1—e-f+d)_z,xz,
i c/, ] _—g -(f<a)eg -dclj::_
Chs -g-dCy,
Cs g-dc),
[c1-= ’ Y] =
o, | geach |,
L 2.5 d7'x1 L ’ dz'x1
A D vy vA
when e=—"" f=—), g=—
QAt Q Q

The concentration of silver ions in the stripping phase depends on the
concentration of complex species at the liquid membrane-stripping interface which is

estimated from the diffusion flux by Eq. (A-8.15).
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I
J =k (Cz,ﬂ -C

m Z.,si ) (A-8.15)
where J_is the diffusion flux of complex species across liquid membrane phase,

k., is the mass transfer coefficient of complex species across the liquid membrane

phase, C;ﬁ is the concentration of complex species at segment z of the feed-liquid

. J
membrane interface, and C

. is the concentration of complex species at segment

Z' of the liquid membrane-stripping interface.

~ g Is calculated based on the concentration difference of silver ions in feed phase

between segment z -1 and sesment z, as follows:

o= .

26 Sz f Tz f

(A-8.16)

By substituting Eq. (A-8.16) into Eq. (A-8.15), the diffusion flux of complex species

across liquid membrane phase becomes:

Jm = km (Ci—l,f - Ci,f - Ci‘,si ) (A-8.17)

With respect to the assumption of high driving force (concentration gradient) in
liguid membrane phase, the diffusion of complex species across the liquid
membrane phase (J,,) is relatively fast. Thus, the mass flux in this phase depends on
the reaction flux across the feed-liquid membrane interface (J ), which can be

defined as follows:

J =k ok ok ok .-l (A-8.18)

r extraction = z,f ~ Nextraction—z,fi ~ "extraction" z,f ~ “extraction ‘- z-1,f = ~z,f
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Substituting the reaction flux in Eq. (A-8.18) into Eq. (A-8.17), the concentration of
complex species at segment Zz' of the liquid membrane-stripping interface can be

determined by Eq. (A-8.19):

J J
Cj _ (km + kextraction )Cz—l,f - (km + 2kextraction )Cz,f (A-8.19)

Z'si
k

m

8.8 Nomenclature and units

a parameter in Egs. (A-8.7) and (A-8.14)

Acst effective surface area of the hollow fibers (dmz)

A inside cross-sectional area of the hollow fibers (dm”)

A outside cross-sectional area of the hollow fibers (dm’)

AigR complex species of silver ions and extractant in liquid membrane
phase

b parameter in Eq. (A-8.7)

C parameter in Eq. (A-8.7)

C concentration of silver ions (mg/L)

Cé concentration of silver ions at z = 0 representing an individual value of

each sequence of the space time j (mg/L)

c’ concentration of silver ions at segment z representing an individual

value of each sequence of the space time (mg/L)

d parameter in Egs. (A-8.7) and (A-8.14)

d inside diameter of a hollow fiber (dm)

d, outside diameter of a hollow fiber (dm)

D distribution ratio of silver ion extraction

Qﬂf‘ diffusion coefficient of silver ions in feed phase (dmz/min)
QJS‘ diffusion coefficient of silver ions in stripping phase (dmz/min)
e parameter in Eq. (A-8.14)
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extraction

k

m

-

S

stripping

X X

ex

S < 3 ™

=
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parameter in Eq. (A-8.14)

hydrogen ion

extractant in liquid membrane phase

integer number

sequence of space time for feed and stripping solutions flowing inside
and outside the hollow fibers

diffusion flux of complex species across liquid membrane phase
(mg/dm’-min)

reaction flux of silver ions at feed-liquid membrane interface
(mg/dmz-min)

mass transfer coefficient of silver ions in feed phase (dm/min)

reaction rate constant of the extraction of silver ions (min’)

mass transfer coefficient of complex species across liquid membrane
phase (dm/min)

mass transfer coefficient of silver ions in stripping phase (dm/min)
reaction rate constant of the recovery of silver ions (min_l)
equilibrium constant of silver ion extraction (dm3/mg)

length of a hollow fiber (dm)

reaction order of the extraction of silver ions

molecular weight of water (mg/mol)

reaction order of the recovery of silver ions

number of hollow fibers

overall mass transfer coefficient of silver ion transport in the HFSLM
system (dm/min)

permeability coefficient of complex species in liquid membrane phase
(dm/min)

volumetric flow rate (dm’/min) of feed and stripping phases

rate of silver ion extraction (mg/de-min)

rate of silver ion recovery (mg/de-min)
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r average rate of silver ion extraction as a function of silver ion

concentration at segment z and sequence of space time j

r inside radius of a hollow fiber (dm)

N log-mean radius of a hollow fiber (dm)

ut outside radius of a hollow fiber (dm)

t extraction or recovery time (min)

T temperature of feed phase (K)

v molar volume of silver ions at normal boiling point (dm3/mol) or
parameter in fluid-flow model

Vi volume of feed solution (dm3)

X longitudinal axis of the hollow fibers (dm)

z number of small segments in feed phase

z number of small segments in stripping phase

Greek letters

a parameter a constant in Eq. (A-8.6)

parameter a constant in Eq. (A-8.6)

N

parameter a constant in Eq. (A-8.13)

& porosity of hollow fibers (%)

M viscosity of water (cP)

0 parameter in Egs. (8.12) and (8.13)

A parameter a constant in Eq. (A-8.13)

T tortuosity of hollow fibers

Symbols

) average value of the reaction rate

A small segment of longitudinal axis of the hollow fibers

o association factor of water
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[] concentration (mg/L)

(A matrix of the constants in feed phase

A matrix of the constants in stripping phase

[C] matrix of silver ion concentrations in feed phase at sequence of space
times j

(] matrix of silver ion concentrations in stripping phase at sequence of

space times j

[Y] matrix of silver ion concentrations in feed phase at sequence of space
times j-1
\a matrix of silver ion concentrations in stripping phase at sequence of

space times j-1

Subscripts

Ag+ silver ion

Expt. experimental results

f feed phase

fi feed-liquid membrane interface

m liquid membrane phase

s stripping phase

Si liquid membrane-stripping interface
Theo. modeling results

W water
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Chapter IX

Conclusion and recommendations

9.1 Conclusion

This research has been instrumental in achieving a high rate of success in
the extraction and recovery of silver ions from pharmaceutical wastewater via
HFSLM. Percentages of extraction and recovery reached 98% and 85% respectively,
under the following conditions: feed and stripping pH of 3.5 and 2, 0.1 mol/L LIX 84-I,
0.5 mol/L sodium thiosulfate solution, feed and stripping flow rates of 200 mL/min,
separation time of 26 min and operating by counter-circulating mode. The final
concentration of silver ions in the feed solution was lower than the mandatory

discharge limit.

A study on the solubility of organic diluents (MIBK, ethyl acetate, furfural or
n-butanol) with organic compounds (furfuryl alcohol, cyclopentanone or
cyclopentanol) and water was investigated to select a suitable organic diluent for use
in the extraction processes. Tie-lines were also studied to confirm the extraction

capability of the organic diluents.

A further study on solubility was also undertaken highlighting the extraction of
silver ions wusing D2EHPA as extractant. Organic diluents such as kerosene,
cyclohexane, chloroform and 1-octanol having different dielectric constants were
used to carry out this study. Solubility increased with the polarity of organic diluents.
However, the increase in polarity led to an increase in solubility between the organic
diluent and water. In extraction processes, the solubility of organic diluents in water
can cause the loss of the organic phase into the aqueous phase. The influence of
organic diluents on silver ion extraction was investigated by liquid-liquid extraction.

The polarity of organic diluents resulted in a slight increase in extraction efficiency.
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From both studies, kerosene was found to be the most suitable organic diluent for

use in the extraction of silver ions.

The mathematical model involving convection, reaction and accumulation of
copper ions in the HFSLM was noted for its high reliability (deviation of 2%) to
predict the concentration of copper ions in the feed phase. Separation time of 10
min and 15 separation cycles were determined by the modeling results. This model
was also applied for silver ion extraction. The results were compared with another
model that considered only diffusion. The lower deviation of the first model
demonstrated its validity to describe the transport of silver ions that involved
convection, reaction and accumulation in the HFSLM. In addition, a comparison of
the results of both models indicated the influence of reaction on the transport of

silver ions through the liquid membrane phase.

The mathematical model was further developed to include diffusion of silver
ions using a matrix formation. Concentration of silver ions in the feed phase was
determined by varying the time interval. Higher reliability (deviation of 1.78%) of
the developed model changed the status of silver ion transport to involve
convection, diffusion, reaction and accumulation in the HFSLM. Thereafter, the
model was applied for silver ion recovery and other metal ion extractions i.e. copper
and tantalum ions. The model still provided high reliability for these studies as

confirmed by the deviation of 2%.

The highlights of this dissertation can be summarized as follows:

1. HFSLM is highly efficient on the extraction and recovery of metal ions at low
concentration. Thus, it is a most suitable method for treatment of industrial
wastewater containing metal ions at ppm level.

2. The study on solubility is easily carried out in order to select a suitable

organic diluent for use in the separation processes.
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3. The mathematical models involving convection, diffusion, reaction and
accumulation of metal ions in the HFSLM proved to have high reliability in
the prediction of their extraction and recovery as well as their transport
mechanisms. The modeling results were able to determine the suitable
separation time and separation cycles. In addition, they are able to use as a
case study for other metal ion extractions and recoveries.

4. The recycling of silver ions in the stripping solution can be precipitated by

operating the pH of stripping solution at a value greater than 7.

9.2 Problems and constraints

1. In the solubility experiments, turbidity of samples was observed by eyesight
but this can cause an error in measurement. Thus, repeat experiments must
be operated more than three times and the results should be validated with
other accurate data.

2. In the HFSLM, liquid membrane used was recycled three times.

3. pH of feed and stripping solutions must be lower than 1 to prevent
the corrosion of acid in the HFSLM.

4. For a mathematical model, the value of metal ion concentration at the
segment of z = Z' = 0 is determined by the different principles as based on
the flow patterns in the HFSLM. In the case of the circulating flow pattern,
the average value of metal ion concentration in the feed or stripping reservoir
is used. However, for the single-pass flow pattern the initial concentration of

metal ions is referred in the model.

9.3 Recommendations for future research

1. Pre-treatment of wastewater must be operated to prevent fouling in
the HFSLM.
2. Other wastewater sources of silver ions such as silverware, jewelry,

photography and electronics should be applied to the HFSLM.
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3. Study on the stability of the HFSLM should be undertaken for scaling up.
4. A mathematical model should be applied for other metal ion extractions and

recoveries.
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