CHAPTER |

INTRODUCTION

1.1 DESCRIPTION OF DISSERTATION

Chiral molecules are constituents of a large proportion of therapeutic agents.
In nature, the chirality of a molecule is often as important as its chemical makeup.
Biomolecules are mostly chiral molecules, for example, drugs, enzymes, proteins,
hormones, nutrients, sugars, fats, and many others. Chiral molecules draw highly
attention as they have two enantiomeric forms with identical molecular formula but
different structural arrangement forms and non-superimposable mirror images. In the
pharmacological viewpoint, it is necessary to mark the difference between the two
enantiomers. The enantiomeric drug exhibits different pharmacological and
toxicological activities which the human body can recognize. Hence, the enantiomeric
separation is of great interest for the pharmaceutical industry since more than half of
the pharmaceutically active ingredients are chiral molecules. Current perspective
separation  techniques such as crystallization, kinetic ~ resolution, chiral
chromatography, capillary electrophoresis, and membrane technology can
successfully separate pure enantiomeric drugs [1, 2], Recently, liquid membrane,
especially the hollow fiber supported liquid membrane (HFSLM) becomes a
promissing technique in the selective enantioseparation as it has high selectivity and
efficiency of separation and uses less extractant (chiral selector) and organic solvent
than the conventional solvent separation processes. It is practical for industrial
applications in terms of scaling up [3],

This dissertation is devided into 8 chapters. CHAPTER | provides brief
introduction. All chapters except CHAPTERS V are the research papers on the
selective enantioseparation of ( )-amlodipine from chemical synthesis-based
pharmaceutical wastewater as a feed solution by using a single-module HFSLM
[4-10], The feed and stripping solutions at equal flow rates flowed counter-currently
in a batch operation. The overall concepts of the research originated from the state-of-
the-art HFSLM technology for enantiomeric separation in a single unit operation.
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The focus of this research is to find the possibility of using the HFSLM in selective
enantioseparation of ( )-amlodipine. The various parameters on (. )-amlodipine
extraction and recovery include the pH and the concentration of racemic amlodipine
in the feed solution, types and concentrations of the extractants or carriers (chiral (+)-
DBTA, achiral extractants D2EHPA and the synergistic extractant of (+)-DBTA and
D2EHPA), types of the organic solvents, types and concentrations of the stripping
solutions (benzenesulfonic acid and /j-cyclodextrin), and the flow rates of feed and
stripping solutions. The results demonstrate that HFSLM has high potential in the
enantioseparation and the recovery of a relatively low concentration of ( )-amlodipine
from pharmaceutical wastewater. In addition, the influence of temperature on mass
transfer was studied because it was one of the variables that affected the
enantioselectivity of ( )-amlodipine. The mathematical model to estimate the
concentration of ( )-amlodipine in the feed solution with time was presented and
verified with the experimental results. The publications in this dissertation are listed:

CHAPTER Il Enantioselective separation of racemic amlodipine by
two-phase chiral extraction containing 0, 0"-dibenzoyl-(2 ,3 )-tartaric acid as a chiral
selector. Sep. Sci. Technol. (in-press) [4];

CHAPTER 1lI: The modeling and the experimental verification of selective
separation of ( )-amlodipine via hollow fiber supported liquid membrane. Chem. Eng.
T 180 (2012) 299-308. [5];

CHAPTER IV: The synergistic effect of selective separation of
( )-amlodipine via hollow fiber supported liquid membrane. Chem. Eng. J. 209
(2012) . 201-214. [6];

CHAPTER V: The solubility and thermodynamic model of organic
compound in aqueous and several organic solvents at different temperature solutions.
This chapter is the summary of the contents that presented in APPENDIX A
(Determination and modeling of aqueous solubility of 4-position substituented
benzoic acid compounds in a high-temperature solution. Fluid Phase Equilib. 338
(2013) . 217-223 [7]) and APPENDIX B (Thermodynamics of the solubility of
4-acetylbenzoic acid in different solvents from 303.15 to 473.15 K. J. Mol. Ligq. 180
(2013): 252-259 [8]);
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CHAPTER VI: The effects of thermodynamic parameters on mass transfer of
selective separation of ( )-amlodipine via hollow fiber supported liquid membrane.
Sep. Purif. Technol 102 (2013): 50-61. [9]; and

CHAPTER VII: Enantioseparation of ( )-amlodipine from pharmaceutical
industry wastewater by stripping phase recovery via HFSLM: polarity of diluent and
membrane stability investigation. Sep. Purif. Technol. (in-press) [10].

The papers are in partial fulfilment of the requirements for the Degree of
Doctor of Engineering Program in Chemical Engineering at Chulalongkom
University.

1.2 RATIONALE OF RESEARCH PROBLEM

To date, more than 90 percent of the active pharmaceutical ingredients
(APIs) are imported in order to develop drug formulas for the finished products [11],
One of the major worldwide problems of the APIs and their intermediates are
associated with the mixture of the enantiomers, namely effectiveness or
ineffectiveness drugs [12]. In general, most drugs are used as a racemic mixture of
(R)-and ( )-enantiomers; however, the pharmacological effects of these enantiomers
might be different. One enantiomeric form may have a desired beneficial effect on
pharmacology while another is likely to cause serious or undesired side effects. Some
enantiomeric drugs have entirely different effects (desired and undesired effects),
perhaps (R)-enantiomer is undesirable [13].

As a single enantiomer of the drug plays important pharmacological activity
in the treatment and therefore many pharmaceutical firms have heen trying by
separating the chiral drugs to a single enantiomer, synthesizing pure single enantiomer
or switching (i?)-enantiomer in the racemic mixture to ( )-enantiomer. In a particular
view of pharmacological studies of such drugs, the separation of the enantiomers
contributes a major challenge from the stand point of the efficacy and safety of the
drugs [14]. Outstanding advantages of single enantiomer products are simple
structure, more selective pharmacodynamic profile, potential for an improved
therapeutic index, less complex pharmacokinetic profile, less potential for complex
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drug interactions, and less complex relationship between the plasma concentration
and effect [15].

The therapeutic groups of drugs where more advances with regard to pure
enantiomer have been described as chiral cardiovascular central nervous system,
antiviral and anticancer drugs [16]. Cardiovascular disease is the major cause of death
in Thailand and worldwide. Hypertension is the leading risk factor for cardiovascular
and renal diseases. It increases the risk of myocardial infraction, stroke and congestive
heart failure. The benefit of drug treatment of hypertension to prevent major
cardiovascular disease is consistently demonstrated in a large series of clinical trials
controlled by placebo [17]. According to the international clinical guidelines on
antihypertensive treatment by the World Health Organization (WHO) [18] and the
recent updated guidelines by the European Society of Hypertension (ESH) [19], the
long-acting calcium channel blockers are recommended to use as the first-line for
antihypertension. The calcium channel blockers are currently one of the major classes
of cardiovascular drugs, and are widely used in the treatment of hypertension and
angina [20]. They can be used together with most of the other antihypertensive drug
classes, including diuretics of highly effective blood-pressure control and of essential
for the cardiovascular protection of high-risk patients [21], Many of the calcium
channel blockers are the racemic mixtures; consequently, their pharmacological
effects may be different. The ( )-(+)- ilvadipine, for example, is about 100 times
more potent in relaxing potassium-induced contractions of isolated dog coronary
arteries than the ( )-(-)- ilvadipine [22], Amlodipine, the third-generation
dihydropyridine derivative of the calcium channel blockers used in the present study,
is demonstrated as follows,

1.2.1 Amlodipine

Amlodipine-3-ethyl-5-methyl-2-[-2-(aminoethoxymethyl)]-4-(2-chloro-
phenyl)-1, 4-dihydro-6-methyl-3, 5-pyridinedicarboxylate is used in the treatment of
hypertension and angina pectoris. Amlodipine selectively inhibits calcium ion influx
across cell membranes and therefore it affects vascular smooth muscle and cardiac
muscle cells [23, 24], Like most other calcium blocker agents of the dihydropyridine
type, amlodipine is therapeutically used as a racemic mixture. It contains



( )-amlodipine (Figure 1.1(a)) and (&)-amlodipine (Figure 1.1(b)). ( )-amlodipine
exhibits vasodilating properties [25]. (&)-amlodipine is inactive and is likely
responsible for pedal edema observed with racemic amlodipine [26]. However, based
on the pharmacological research, it remains uncertain if only ( )-amlodipine as the
active moiety possesses therapeutic activity and fewer associated adverse effects
compared with the racemic mixtures [27, 28]. ( )-amlodipine is more potent calcium
channel blocker about 2,000 times in in vitro evaluation in the rat aorta than (R)-
amlodipine [29], In addition to its longer duration of action, ( )-amlodipine reduces
the chances of reflex tachycardia, and its clearance is subject to much less inter-
subject variation than (7?)-amlodipine [30],

(3) (b)
Figure 1.1 Structures of (a) ( )-amlodipine, (b) (£)-amlodipine [20, 23]

1.2.2 Enantioselective separation of ( )-amlodipine

The enantioselective separation of chiral compounds is a considerable
challenge to the pharmaceutical industry’. Many researchers have been trying to
separate the enantiomeric drugs to a single enantiomer [31]. In particular, various
sources from the literature and patents have reported the separation of ( )-amlodipine
from its racemic mixture. The conventional methods such as crystallization [32],
kinetic resolution [33], chromatography [34] and capillary electrophoresis [35] still
have some constraints for most racemic compounds. The most often employed
isolation of ( )-amlodipine involves selective diastereomeric salt crystallization but
this technique is time-consuming and expensive, increases the complexity of the
process, and leads to a considerable loss of products [36]. The application of Kinetic
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resolution is very costly due to its single operation and availability of
enantiomerically differentiating materials [37], In the case of chromatography and
capillary electrophoresis, they are not suitable for a large production of chiral
substances since they require a substantial amount of the solvents and high investment
cost [38]. The techniques for the enantioseparation of racemic amlodipine are

summarized in Table 1.1. Their merits and drawbacks were written elsewhere.

Table 1.1 The literature citations and patented methods for the separation of

( )-amlodipine
Author Method Chiral resolving agent  Ref.
Arrowsmith, J.E. etal.  Diastereomeric salt  Diastereotopic azide [32]
crystallization esters
Lee, H.w. etal. Chemical kinetic bis ( -mandelic acid)- [33]
resolution 3-nitrophthalate
Luksa, J. et al. Semi preparative G-cyclodextrin [34]
purification
Arrowsmith, J.E. etal.  Diastereomeric salt ~ Cinchonidine salts [39]
crystallization
Gotrane, D.M. et al. Diastereomeric salt ~ Naturally tartaric acid [40]
crystallization nitrophthalate
Goldman, . etal. Diastereomeric salt 0,0 -dibenzoyl tartaric [41]
crystallization acid
Goldman, . etal. Chromatographic (L )-camphanic acid [42]
separation and -2-methoxy-2-
phenylethanol
Zandkarimi, M. etal.  Capillary Highly sulfated [43]
electrophoresis cyclodextrins
Streel, B. et al. Chromatographic ~a-acid glycoprotein [44]
separation coated
This work Hollow fiber 0,0 -dibenzoyl tartaric
supported liquid acid andD2EHPA
membrane
HFSLM  combines  liquid-liquid  extraction and a membrane.

Enantioseparation through liquid memhbranes was first reported in the 1970°s [45],
Recently, enantioselection by membrane-supported liquid-liquid extraction has been a
technology of interest for chemical engineers in a wide range of fields such as fine
chemicals, pharmaceuticals and foods [46],



1.2.3 Enantioselective liquid-liquid extraction

Enantioselective liquid-liquid extraction (ELLE) is a promising technology
to separate the two enantiomers of a racemate using a chiral extractant. Although the
technique is already known since the late 1960" [47, 48], the ELLE is an attractive
alternative for chromatography and crystallization. As far as we are aware, the ELLE
has not been commercialized to date. Most previous studies in the literature deal with
exploratory chemistry research and only a few engineering studies have been reported
[49-51]. The ELLE combines the concepts of solvent extraction [52] and enantiomeric
recognition in a single technique [53], The principles of ELLE with the extractant in
the organic phase and the racemate in the water phase are schematically displayed in
Figure 1.2. The solute or quest transfers from the aqueous phase to the organic phase
and interacts with an extractant or host in the organic phase. In this example, the
interaction of the host with the ( )-enantiomer is favorable over the interaction with
the (i?)-enantiomer. As a result, the organic phase and the aqueous phase are enriched
by the ( )-enantiomer and the (i?)-enantiomer, respectively. The ELLE is an essential
fundamental of HFSLM which has been developed to manage the limitation of liquid-
liquid extraction and membrane separation. HFSLM is a simultaneous extraction and
recovery of the target species at a dilute concentration in one single stage.
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1.2.4 Chiral and achiral selectors

The extractant or selector is the most important chemical for the HFSLM
system. The dominant of the selector In enantiomeric drug separation is the chiral
selector. There are many types of chiral selectors such as crown ether [54], metal
complexes [55], tartaric acid derivatives [56] and cyclodextrin derivatives [43],
According to the literature reporting the acvantages of the tartaric acid derivative
chiral selectors [57-59], they are acidic compound containing two carboxylic acid
groups. The enantiomeric complex is formed 12 molar ratio of the tartaric acid
derivatives and the enantiomer. The tartaric acid derivatives are normally distributed
inthe organic solvent such as alcohol, alkyl halide and hexane. The partitioning of the
tartaric acid derivatives does not depend on the pH of the organic solvent because
they are distributed predominantly only in the organic solvent [60], Among the
tartaric acid derivatives, the 0,0'-dibenzoyl-(2iS’35)-tartaric acid ((+)-DBTA) isthe
most suitable chiral selector for enantioseparetion. Hence, in the present work we
used 0,0'-dibenzoyl-(25,3i5)-tartaric acid ((+)-DBTA).

Inthe case of achiral selector, it is devided into three categories according to
the functional groups in its structure [61]. The compounds such as di (2-ethylhexyl)
phosphoric acid (D2EHPA) and LIX families are acidic extractant. The basic
extractant, e.g, Aliquat 336 and TOA contains amine group. For the neutral
extractant, TBP is widely used. The D2EHPA, an achiral extractant, has been studied
and known for over 50 years. It is extensively used for racemic mixture as an achiral
liquid-liquid extraction of metal cations [62] and amino acids [63]. D2EHPA s able
to extract the amino acids as well as albeit even though it does not has
enantioselectivity feature. D2EHPA with the addition of the tartaric acid derivatives
becomes enantioselective extractant because of the synergy of the two extractants.
The extracting species (+)-DBTA-D2EHPA is a complex between the chiral selector,
((+)-DBTA), and the achiral selector, D2EHPA.

1.2.5 Synergistic separation

The word “synergism” literally means “working together”. It is a matter of
fact that the two types of extractants or more are more successful in extraction when
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they work together than when they work separately. Synergistic separation is the
phenomenon in which mostly two extractants together extract a target species [64-66],
By using a mixture of the selected extractants with a particular chemical structure, the
extracting power of the mixture exceeds the sum of the extracting power of the
individual extractant. In synergism, one of the two extractants is a ligand or an
organic acid which neutralizes the charge on the target species and the other solvating
molecule. The synergistic extractant replaces the water molecule from the
coordination sphere for less hydrophilic species. One of the most thoroughly
Investigated synergistic mixtures of the extractants is the ratio of the extractants and
the synergistic coefficient [67],

1.2.6 Synergistic enantioseparation

The synergistic enantioseparation of ( )-amlodipine by a mixture of the
chiral selector ((+)-DBTA) and the achiral selector (D2EHPA) occurred by two
extraction reactions in the system. The first reaction is the reaction between a chiral
selector ((+)-DBTA) and achiral selector (D2EHPA) to form the extractant complex
(+)-DBTA-D2EHPA [68], The second reaction is the reaction hetween the extractant
complex and ( )-amlodipine. The latter reaction takes place in the presence of proton
transfer-chiral interactions, i.e., (+)-DBTA-D2EHPA, and produces the derivative
complex, namely ( )-amlodipine-(+)-DBTA-D2EHPA.

1.2.7 Diluent or organic solvent selection

The organic phase contains only the extractant or the extractant dissolved in
a suitable diluent. It is worth to note the criteria to select the organic phase, i, it
should be stable and immiscible with the aqueous phase [69], A difference in densities
of the contacting phases (feed phase and membrane phase) is important and should be
as high as possible. Dissolution of the extractant(s) in low viscous diluent modifies
the viscosity of the diluent itself to a high favourable degree [70], Furthermore, the
diluent should not be corrosive to common materials of construction for least
equipment cost. The diluent should have low toxicity, high boiling point and flash
point. It must avoid environmental pollution and fire hazards [71]. The desirable
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properties of the diluent such as density, selectivity, recoverability and interfacial
tension are essential to the extraction and must be considered.

1.2.8 Stripping solution selection

Another parameter that plays a significant role on the transport of the target
species is type and concentration of the stripping solution. Since the extraction and the
stripping reactions in the HFSLM system are simultaneously, it is significant
to enhance the effective transport of the target species by driving the efficient
stripping reaction at the interface between liguid membrane and the stripping solution
[71]. The stripping solutions that were investigated in this work are benzenesulfonic
acid (achiral molecule) and /Tcyclodextrin (chiral molecule). /1-cyclodextrin exhibited
higher stripping results by creating a complex with ( )-enantiomer by various
electrostatic forces and hydrogen bondings. The complex formation depends largely
on the size, shape and polarity of ( )-enantiomer [72], That means the configuration
of ( )-amlodipine should compatible well with the cavity of /1-cyclodextrin, and the
stability of the generated complex is subject to shape, polarity and side groups of
()-amlodipine.

1.2.9 Solubility

The solubility is the most fundamental physico-chemical properties. The
solubility data of the substances are useful in the separation and a variety of
applications in chemical manufacturing processes and product design, for example, in
the biological, chemical and environmental industries [73, 74]. To achieve high
extraction and high recovery by the HFSLM separation, the mass transport i
attributed to the solubilities of all species in the HFSLM. Hence, it is necessary that
the target species dissolve in the feed phase (mostly aqueous phase), the extractant in
the organic solvent as well as its complex species with the target species dissolve in
liquid membrane phase, and the complex species of the stripping solution dissolve in
the stripping phase (mostly aqueous phase). The target species in feed phase must not
dissolve in the selected organic solvent. The feed phase is insoluble in the liquid
membrane phase. Likewise, the liquid membrane phase and the stripping phase are In
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insoluble. In the present study, ( )-amlodipine is the target species; (+)-DBTA-
D2EHPA s the synergistic extractant; /Tcyclodextrin is the stripping solution; ( )-
amlodipine-(+)-DBTA-D2EHPA and ( )-amlodipine-/?-cyclodextrin are the complex
species at the feed-liquid membrane interface and the liquid membrane-stripping
phase interface, respectively.

1.2.10 Influences of the temperature and thermodynamic parameters on
the mass transfer

A few works about the effect of temperature on the transport of the
enantiomers through the HFSLM have been reported [75-77]. However, no report
involving the activation energy (€3 for the permeation of enantioseparation is
available. As a matter of fact, the temperature plays a significant role on the
separation including the enantioseparation. The partition coefficient of the target
species increases with the temperature. In other words, the distribution ratio increases
with temperature. Generally, the complexation of the target species (metal ions or
enantiomers) in the interface of the feed solution and the liquid membrane depends on
the temperature and therefore their selectivity depends on the temperature. In contrast
to the selectivity of metal ions, the enantioselectivity decreases with higher
temperature. High temperature decreases the stability of the ( )-amlodipine-(+)-
DBTA-D2EHPA complex and also decreases the activity of the chiral selector in a
way. For the separation by the HFSLM, the £3 proposed by the Arrhenius equation
[78] is the indicator to identify if the transport in the hollow fiber module is the
diffusion-limited or the chemical reaction transport because the £3has a strong effect
on the actual rate constants. The £3less than 20 kJ/imol indicate pure diffusion-limited
transport while the £3higher than 40 kd/mol indicates the chemical reaction transport
[79, 80]. From this work, the £3of the ( )-amlodipine extraction reaction is 71.10
kd/mol, which indicates that the extraction and recovery of ( )-amlodipine through the
HFSLM should be controlled by the chemical reaction. The extraction equilibrium
constant (zex(s)) °r ( )-amlodipine extraction depending on the temperature was
calculated by the slope of [( )-amlodipine-(+)-DBTA-D2EHPA] as a function of ( )-
am'odipine]2[(+)-DBTA][D2EHPA]. According to the Van't Hoff equation, the £9X)
is correlated closely to the Gibb’s free-energy change (AG) [81, 82], The Gibh’s free-
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energy change (AG) is related to the molar enthalpy and molar entropy changes (AH
and AS) through the Gibbs-Helmholtz equation. The standard enthalpy (AH) value
indicates that the process is an endothermic or exothermic system. The positive value
of AH indicates that the extraction process is an endothermic system. The value of
molar entropy (AS) and Gibhb’s free-energy change (AG) indicated the total direction
of reaction process. The thermodynamic parameters are important information for the
design the enantioseparation system and controlling of the Separation temperature.

1.2.11 Hollow fiber supported liquid membrane

According to the many literature review, HFSLM is a challenging and the
great interest as a promising system for the efficient enantioseparation and high
recovery of chiral drugs with very low concentrations from agueous solutions by the
use of a suitable extractant for the transport mechanism. HFSLM is an effective
simultaneous process to extract and recover compounds from a very dilute solution of
interested components in the feed by a single-unit operation [83-86], Great progress
has been made in such applications, as in metal ion extraction [87, 88], organic
extraction [89], pharmaceutical extraction [90], and enzymatic transformation [91].
The simultangous process of extraction and stripping in a single unit operation of
HFSLM system is very interesting. The advantages of HFSLM over traditional
separation techniques include high selectivity, lower operating costs, lower energy
consumption, and low organic diluent [92-95]. Besides some other advantages of
HFSLM over the conventional separation techniques, the high selectivity and rapid
transportation of the desired enantiomeric isomer, (iS)-amlodipine, make the HFSLM
suitable for the enantioseparation and recover of racemic amlodipine for the
pharmaceutical application. Table 1.2 exhibits the examples of using the HFSLM in
enantioseparation.



Table 1.2 The examples of using hollow fiber supported liquid membrane in enantioseparation

Year  Feed solution Extractant Or?anic solvent Strlpplng solution  Membrane material Ref.
2002 (/’)Y -lactic acid N35d|n|trobenzo¥l‘) Toluene DI water Polypropylene hollow  [96]
and RS? alanine henylalanine-octylester fiber
2003 (ibST-ofloxacin DL)- dibenzoyltartaric ~ 1-octanol DI water Polysulfone [97]
acid hollow fiber
(/hS)-terbutaline (Z% dlbenzoyl 1-octanol DI water PoI?/squone [98]
fartaric aC|d hollow fiber
2004 (RAl-propanolol V exad ec Propan-2-yl DI water Polytetraflugro [99]
droxypr me tetradecanoate ethylene hollow fiber
2005 (RYplactic acid T 35d|n|trobenzo¥l([) Toluene DI water Po Yp %Iene [100]
% e 1ylalamne octylester hollow Ti
2006 (R ) albutamol Toluene DI water Polyvinylidene [101]
_ fluoride” hollow fiber
2008 (/EYPphenylalanine Copperll Adecyl (Z)-  1-hexanal. DI water Polyvinylidene [102]
Cy [OX Pro ing 1-decanol (L:1 viv) fludride” hollow fiber
(RSO-a-cyclohexyl- 0 A-decyl-(L)-  I-octanol DI water Polyyinylidene [103]
m ndellc acid roxi/pro ine qu Ide” hollow fiber
2009 (175)-ofloxacin (L) tartarate 1,2-choroetahane DI water Polyvmylldene [104]
fluoride” hollow fiber
2011 (i?%)-ketoconazole  (L)- IPT and SBE-?-CD  l-hexanol DI water Polyvinylidene [109]
fluride” hollow fiber
2012 (&syphenylalanine (+)DBTA) +(D2EHPA)  1-octanol DI water ﬁollypro _zlene [106]
ollow tiber
This ~ (/?5)-amlodipine  0,0-Dibenzoyl-(25', 35)-  1-decanol Benzene sulfonic  Polypro _Klene
Work tartaric acid+ di(2- . acid and/>-cyclo hollow fiber

gtcr:gl&%)%l')_{ B%sphorlc dextrin
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13 OBJECTIVES OF THE DISSERTATION

The main objective of this dissertation is the extraction and recovery of
racemic amlodipine from the chemical synthesis-based pharmaceutical wastewater via
HFSLM. The HFSLM is one of the promising methods for the enantioseparation due
to its simplicity, low energy and chemicals consumed. The specific objectives of each
chapter relating to the publication are described below:

CHAPTER |I: Enantioselective separation of racemic amlodipine by two-
phase chiral extraction containing 0,0 -dibenzoyl-(25,3S)-tartaric acid as chiral
selector [4], The two-phase chiral extraction system containing 0,0'-dibenzoyl-
(2,3 )-tartaric acid ((+)-DBTA) in 1-decanol organic phase, and the agueous phase
for the enantioselective separation of racemic was discussed. The effects of the
concentration of the chiral extractant ((+)-DBTA), the equilibrium time, and the pH of
the aqueous phase on the percentage of separation were investigated.

CHAPTER II: The modeling and experimental verification of selective
separation of ( )-amlodipine via hollow fiber supported liquid membrane [5]. The
selective enantioseparation of ( ‘)-amlodipine via the HFSLM by using 0,0-
dibenzoyl-(25,35)-tartaric acid ((+)-DBTA) as the chial extractant was studied. The
mathematical model was developed for the prediction of the concentration of ( )-
amlodipine with time.

CHAPTER IV: The synergistic effect of selective separation of
("-amlodipine via hollow fiber supported liquid membrane [6]. The novel synergistic
chiral-to-achiral extractant dissolved in 1-decanol for the selective enantioseparation
of ( )-amlodipine from chemical synthesis-based pharmaceutical wastewater by using
the HFSLM was demonstrated.

CHAPTER V. The solubilities and thermodynamic model of organic
compounds in aqueous and several organic solvents at different temperature solutions
[APPENDICES A-B], The solubility data of the solid-liquid equilibrium of the
organic compounds in the aqueous solvent and several organic solvents at different
temperature solutions were investigated. The thermodynamic correlation was
developed. The effect of temperature on the solubilities of the organic compounds
was investigated.
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CHAPTER VI: The effects of thermodynamic parameters on mass transfer of
selective separation of ( )-amlodipine via hollow fiber supported liquid membrane
[7], The effect of temperature on mass transfer in a single-module HFSLM extraction
was investigated. Van't Hoff analysis of enantioselectivity of ( )-amlodipine was
derived from variable temperatures for the thermodynamic functions. The
thermodynamic parameters, i.e., the activation energy (T, the Gibb’ free-energy
change (AG), the molar enthalpy (AH), and the molar entropy (/1S) were determined.
We can identify if the transport in the hollow fiber module is the diffusion-limited or
the chemical reaction transport from the Ta,

CHAPTER VII: Enantioseparation of ( )-amlodipine from phannaceutical
industry wastewater by stripping phase recovery via HFSLM: polarity of diluent and
membrang  stability investigation [8], The selective enantioseparation of
()-amlodipine from chemical synthesis-based pharmaceutical wastewater as a feed
solution by the HFSLM was examined. The effect of polarity index of the diluents
and the stability of the HFSLM system were investigated.

APPENDIX A: Determination and modeling of aqueous solubility of
4-position substituented benzoic acid compounds in a high-temperature solution [9].
The aqueous solubility of the organic compounds in a high-temperature solution and
the temperature effect dependence of the agueous solubility were investigated. The
correlations of the aqueous solubilities of the organic compounds were established.

APPENDIX B: Thermodynamics of the solubility of 4-acetylbenzoic acid in
different solvents from 303.15 to 473.15 K [10]. The solubility data of the solid-
liquid equilibrium of the organic compounds in different organic solvents and the
influence of temperature were investigated. Thermodynamic model of the solubility
data of 4-acetylbenzoic acid was developed.
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14 SCOPE OF THE DISSERTATION

This dissertation reports on the exploration of the new and efficient HFSLM
In enantioseparation and pharmaceutical wastewater treatment. The scope of this
dissertation is hased on each research chapter as follows:

1 Optimization of parameters affecting the selective chiral resolution method
for ( )-amlodipine by using the two-phase chiral extraction system containing
0,0-dibenzoyl-(2S',35)-tartaric acid ((+)-DBTA) in 1-decanol organic phase and
aqueous phase. The effects of extractant concentration, equilibrium time and pH of
the aqueous phase on the performance of (S)-amlodipine extraction were investigated.

2. Investigation of parameters affecting the selective enantioseparation
method for (Iamlodipine by using HFSLM system based on 0,0'-dibenzoyl-
(25* 3S)artaric acid ((+)-DBTA) as chiral extractant and validation of the proposed
method based on acceptable performance criteria for further applications. The
mathematical model of the HFSLM system was presented in order to predict the
concentration of ( )-amlodipine at different times,

3. Development of the novel synergistic enantioseparation of ( )-amlodipine
from racemic amlodipine from pharmaceutical wastewater by using the mixture of
chiral selective extractant, 0,0"-dibenzoyl-(2S’35)-tartaric acid ((+)-DBTA) and
achiral extractant, di (2-ethylnexyl) phosphoric acid (D2EHPA). The new
enantioseparation system was investigated.

4. Evaluation of the effect of temperature on mass transfer in a single
HFSLM extraction. Van't Hoff equation of enantioselective Separation was derived
from variable temperatures to assess thermodynamic functions of enantioselective
separation. The derived Van't Hoff equation was validated for possible routine
applications,

5. Application of HFSLM process for amlodipine pharmaceutical wastewater
pretreatment and ( )-amlodipine recover). The effect of polarity index of diluents was
investigated. The polarity of the diluents is the main factor influencing the Separation
performance and the stability of HFSLM system.

6. Measurement of the aqueous solubility of ( *-amlodipine in a high-
temperature solution. The temperature effect on the agueous solubility of ( )-
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amlodipine was investigated. The correlation between temperature and the agueous
solubility of ( )-amlodipine was proposed.

T Determination and thermodynamic model of ( )-amlodipine solubility in
different solvents. The influence of temperature on molar solubility was investigated.

15 EXPECTED RESULTS

Due to the drawbacks of the traditional enatioseparation processes, this study
aimed to assess the applicability of HFSLM system in enantioseparation and pharma-
ceutical wastewater treatment. The HFSLM system has many beneficial features in
simultaneous extraction and stripping processes of low concentration of target
species. The advantages of the HFSLM system over traditional separation techniques
include high selectivity, lower capital and operating costs, lower energy consumption
and low organic diluent. A more effective overall approach was established to achieve
the highest enantioseparation and industrial needs with acceptable results in
reasonable time and cost. Other expected results are listed as follows:

1 Asimple and effective system for enantioseparation and pharmaceutical
wastewater treatment is established.

2. The simultaneous and low cost system for enantioseparation and pharma-
ceutical wastewater treatment is demonstrated.

3. The HFSLM system and the mathematical model of the HFSLM system
were presented in order to predict the concentration of ( )-amlodipine at different
times.
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