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Introduction

1 Introduction

1.1 Preface

The issue of pharmaceuticals in the aquatic enmert has raised increasing concern in
recent years. Human and veterinary pharmaceutizals group of “emerging” contaminants
[1], some of which are produced and used in inanghs large volume every year. The
amounts produced are reaching quantities similathtse of pesticides and other organic
pollutants. Residues of these biologically actieenpounds can enter the environment via
transport pathway-emissions during manufacturepasial of unused or expired medicines,
human and animal excretion in urine and faecesctlitischarge of aquaculture products, and
manure and slurry spreading [2].

The majority of pharmaceutical compounds enter @gusystems after ingestion and
subsequent excretion in the form of the non-metabdlparent compounds or as metabolites
via the sewage treatment network [3]. Several ingason have shown evidence that sewage
treatment plants (STPs) are not able to removestdesgs and their excretion metabolites
completely and they are discharged to different irenmental compartments at
concentrations ranging from ng/L fig/L [4]. In addition to river and sea water, recstidies
have shown they may even enter drinking water preddrom ground water [4, 5]. Many
believe that of all the emerging contaminants,aotics are the biggest concern because of
the potential for antibiotics resistance. The iasreg use of these drugs in the livestock,
poultry production, and fish farming during thetldsves decades has caused a genetic
selection of more harmful bacteria, which is a eratif great concern [6]. However, other
pharmaceuticals compounds, especially polar ong) as anti-epileptics [7], analgesic and
anti-inflammatory drugs [8] also deserve particatention.

Elimination of these pharmaceuticals in STPs wamdoto be rather low and consequently
sewage effluents are one of the main sources fesetttompounds and their recalcitrant
metabolites. Due to their physico-chemicals proeer(high water solubility and often poor
degradability) they are able to penetrate througjhnatural filtration steps and enter
groundwater as well as drinking water [B].comparison with conventional pollutants, these
substances are designed to have specific pharngacalcand physiological functions and
thus are inherently potent, often with unintendeealtn outcomes in wildlife [10].
Particularly, there is an urgent need for the aoldieti detection of metabolites as has been

demonstrated in the case of clofibrate or erythmmyin both cases the active compounds
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could not be found in water samples but their nmagtabolites [10], which may also cause
severe (eco-) toxicological effects. The lack dbrmation on the environmental fate of both
active drugs and their metabolites should be cotagléor many of the pharmaceuticals
applied. Consequently there is a necessity to raptiie input of pharmaceutical residues in
the different waterways, e.g. surface and groundryvaly means of sensitive chromatographic
methods. Hyphenated techniques such as LC-MS orMSCare preferred for the
predominantly polar compounds [11-13]. However,retieose sophisticated methods may
need efficient sample pre-treatment to minimiseatects of the sample matrix and to enrich
the analytes.

To achieve the separation of pharmaceuticals fratemsamples, adsorption techniques such
as solid phase extraction (SPE) are mostly apphiediever, the enrichment factors obtained
are not high (<100). Likewise synthetic membranesadten used but not with satisfactory
results particularly to small molecules [14]. Iningipal the liquid membrane extraction,
provide several advantages compared to other ¢xinmamethods. It offers a high selectivity
and, thus, an efficient cleanup from complex magiby achieving high enrichment factors
and reduced use of organic solvent [15, 16]. Algtoliquid membrane extraction systems
were found to be effective for the acidic and bakiogs [17, 18], no information is currently
available on liquid membrane extraction of highlpigr drugs from water samples. In the
present work attention was focused to develop icetypes of liquid membranes: bulk liquid
membranes (BLM) and supported liquid membranes (5L8bme of these systems have

been already successfully used for the separatiditiofenac and ibuprofen [20].

1.2 Aim of the study

The aim of the present study was to develop amalytnethods for the determination of
selected metabolites and the corresponding activgsdof environmental concern in water
samples. The methods will be based on enrichmasssby means of certain liquid
membrane-systems (bulk type and SLM) and liquidetatography (HPLC-UV or LC-MS).
The target metabolites were: 10,11-dihydroxycarlzepme (CBZ-DiOH), 4
hydroxydiclofenac (DCF-40H), 4-hydroxyibuprofen UJBOH), N-4-acetylsulfamethoxazol
(SFM-Ac) and sulfamethoxazol-N1-glucuronid (SFM-Gluand their parent drugs
carbamazepine (CBZ), diclofenac (DCF), lbuprofeBU) and sulfamethoxazole (SFM)
(Table-1.1). The selection of these pharmaceutisalsased on their amounts applied for

medical purposes [21], their relative high concatiins found in the aquatic environment
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[22], their occurrence in the environment [23- 28 their structural diversity (Table-1.1).
The selected metabolites CBZ-DiOH, DCF-40H, IBU-2G#M-Ac and SFM-Glu are not
commercially available; however, they are requi@gerform the membrane tests and to use
them as reference substances for the calibratidheothromatographic systems. Therefore,
the metabolites had to be synthesized. As a coeseqtthe present study is divided into three
scopes:

» Synthesis of the selected metabolites.

* Investigation of the mass transfer of these comgsun liquid membrane systems.

* Development of analytical methods by combining memb extraction and

determination by HPLC.

Table-1.1: Structure of selected pharmaceuticals

Pharmaceutical class| Compound Chemical structure
Antiepileptics Carbamazepine (CBZ2) -
OO
HoN o]
Carbamazepine metabolite: e
10,11-Dihydroxycarbamazepine
(CBZ-DiOH) O N O

o

Analgetics and anti-| Diclofenac (DCF)
inflammatories " i
Cl
o

Diclofenac metabolite:
4'-hydroxydiclofenac (DCF-40H) "o } i
Cl OH
Ibuprofen (IBU) N i:; Vb
CH—C CH
CH3/ \COOH

Ibuprofen metabolite: e D
4-Hydroxyibuprofen (IBU-20H) CHsccOCH

Antibiotics Sulfamethoxazole (SFM) 0 N,
Sulfamethoxazole metabolite: | & o N,
N-4-acetylsulfamethoxazol }" N‘@S‘Hg

(SEM-Ac)

Sulfamethoxazole metabolite: 0 @/“‘3
Sulfamethoxazol-N1-glucuronide ”ZNOi_” \N_o
(SFM-GIu) o
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1.3 Pharmaceuticals in the aquatic environment: Tharetical background

1.3.1 Pharmacokinetics and drug metabolism

A major factor determining the occurrence of pharengicals in the aquatic environment is
their pharmacokinetic behavior which describestiitnes course of a drug and metabolites in
the human body after any kind of administration][E#ug metabolism, or biotransformation,
is a major route by which drugs are eliminated frdme body [29]. The metabolism of
pharmaceuticals occurs by (phase I) and/ or cotippgéphase 1) functionalization reactions,
which usually resulted into polar, water-solubled eextractable metabolites via urine and
faeces [30].

The clinical response to a therapeutic agent stedlto the plasma concentration of the drug
and/ or its metabolism. It has been well estabdstiiat the metabolism of a drug is often a
major determinant of the duration and intensityteftclinical effects. Metabolic processes are
necessary to convert a lipophilic drug into onenmre metabolites, which are more water
soluble than the parent drug, facilitating urinascretion [30]. Drug metabolism may yield
inactive metabolites, but this is not always trda. some cases, metabolites have
pharmacological activity similar to that of paremug: well known examples are many
benzodiazepines, whose long-lived active metalsliteuse their effects to persist after the
parent drug has been eliminated, or some antideganes such as imipramine and
amitriptyline, whose antidepressant action is pHyti due to their metabolites
desmethylimipramine and nortriptyline [30]. In soma&ses, a drug referred to as pro-drug,
becomes pharmacologically active only after meiabul an example is the angiotesin-
converting enzyme inhibitor enalapril that exerts pharmacological activity through is
metabolite enalaprilat. Metabolism can alter tharptacological properties of a compound
gualitatively: for example, salicylic acid shareghwnits parent drug acetylsalicylic acid the
anti-inflammatory, but not the antiplatelet actyvitThere are also cases in which the
metabolism yields toxic compounds: an example eshthpatotoxicity of paracetamol, caused
by drug metabolising N-acetyl-p-benzoquinone imi8&]. Hence, variability in activity of
drug metabolising enzymes can lead to interindiadlifferences in drug effects, one of the
major problems in drug therapy [31].

Drug metabolism involves a wide rang of chemicalct®ns, including oxidation, reduction,

hydrolysis, hydration, conjugation, condensationd asomerization [30]. The enzymes
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involved are present in many tissues (like braingl intestine and testicle) but generally are
more concentrated in the liver. For many drugsalmgtsm occurs in two apparent phases:
Phase | reactions include oxidative, reductive lydrolytic biotransformation. The purpose
of these reactions is to introduce a polar funciaroup (e.g. -OH, -COOH, -NH-SH) into
the drug molecule. This can occur through diretiootuction of the functional group (e.g.
aromatic and aliphatic hydroxylation) or by modifgi existing functionalities (e.g. reduction
of ketone and aldehydes to alcohols; oxidationlobl®ls to acids; hydrolysis of ester and
amides to yield COOH, NHand OH groups; reduction of azo and nitro compsudgive
NH, moieties and oxidative -N, -O, -S dealkylatiorgtee -NH,, -OH and -SH groups. Phase
| products are often more reactive and sometime® moxic than the parent drugs [31].
Cytochrome P-450The most important enzyme system of phase | mesabas cytochrome
P-450, a microsomal superfamily of isoenzymes ttatisfer electrons and thereby catalyze
the oxidation of many drugs, which located in thenmbrane of the smooth endoplasmic
reticulum, mainly in the liver, but also in extralagic tissues (e.g. intestinal mucosa, lung,
kidney, brain, lymphocytes, placenta, etc.) [31lheTelectrons are supplied by NADPH-
cytochrome P-450 reductase, a flavoprotein thatsfeas electrons from NADPH (the
reduced form of nicotinamideadenine dinucleotidegpate) to cytochrome P-450 (see
Figure-1.1) [32]. Cytochrome P-450 enzymes are ggdunto 14 mammalian gene families
that share sequence identity and 17 subfamiliesyfas in the 1A, 2B, 2C, 2D and 3A are
most important in mammalian metabolism; CYP1A2, @¥B, CYP2C19, CYP2D6, and

CYP3A4 are important in human metabolism.

O,
& 2H"
Cytoch b.as Drug-H Drug-H
ochrome P-
NADPH re(tju.ctase P-450[F@4] P-4|150[F34] HZO
[oxidized] ¢ 02_
NADP" Drug-H Drug-OH
Cytochrome P-4 )
reductase P-450[F€"] P-450[Fé]
[reduced]
Drug-H
Figure-1.1: Phase | metabolism pathways (oxidation reactif8is)32]

Phase Il reactions from water-soluble conjugateddypects by reaction with polar and
ionisable endogenous compounds such as glucurom¢ sulphate, glycine and other amino
acids to the functional groups of phase | metapslitConjugated metabolites are readily
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excreted in the urine and are generally pharmaamdyg inactive and non-toxic. Other phase
Il pathways, such as methylation and acetylatiervesto terminate biological activity, while
glutathione conjugation serves to protect the bagginst chemically reactive compounds.
Drugs that already have existing functional grouqsh as OH, COOH, and NHare often
directly conjugated by reactions with phase Il eneg [30].

1- Glucuronidation: Glucuronidation is the most widespread of the ggajion reactions
probably due to the relative abundance of the tofdor the reaction, UDP-glucuronic acid.
UDP-glucuronic acid (uridine diphosphoglucuronicidac being part of intermediary
metabolism and closely related to glycogen synthesifound in all tissues of the body. The
enzymes involved are located in the cytosol. UDkxgitonic acid can be considered as an
energy-rich intermediate for the transfer of thecgronic acid moiety [30].

N-glucuronide conjugationis one of the conjugation reactions which comenftbe reaction
between amines (mainly aromatic), amides and saffodes with UDP-glucuronic acid as

shown in Figure-1.2.

w COOH

R@—NHZ . ‘OH O
OH

OH

Figure-1.2: Phase Il metabolism (N-glucuronide conjugation tiea¢ [30]

2- Acetylation acetylation reactions are typical for aromatic ra@si and sulfonamides and
require the co-factor, acetyl-CoA (Figure-1.3). Adation takes place mainly in the liver and

can be also in the reticuloendothelial cells ofghkeen, lung and gut [30].

acetyl-CoA CoA-SH
(@)
. v (”) H o
R S—NH, » R S—N
Il I
0 o)

Figure-1.3: Phase Il metabolism (acetylation reaction)[30]

1.3.2 Exposure pathway
Production and application of human and veteringlnarmaceuticals lead to a potential

environment exposure and potentially to an accutiaumain certain environmental
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compartment. After their use, pharmaceuticals aceeted uncharged and/or as metabolites in
feces and urine and hence are present in wastejd8ier

Similar to other compounds of anthropogenic origig fate of the pharmaceuticals residues
during sewage treatment can follow one or a contionaof three types of behavior:
a) biodegradation, b) sorption of the residues @etvage sludge or c) elimination [21]. The
proportion of the pharmaceutical that is retained sewage treatment either due to
biodegradation or by sorption to sludge stronglypefgls on its chemical structure and
physico-chemical properties, but also on the smeciinditions within the respective plant.
Water temperature, residence times corresponditipworates, dilutions with rainwater and
sludge age were found to have influence on elinonatfficiencies [10].

Hence, compounds that are not readily degradaler ¢he environment either with the
digested sludge or as dissolved pollutants in gweage treatment plant (STP) discharges. The
latter scenario results in the contamination of tbeeiving waters and finally, the aquatic

environment [21].

1.3.3 Occurrence and fate

Numerous studies have been conducted to investigati®us aqueous matrices for the
presence of pharmaceuticals residue, comprisingaigget compounds and metabolites. In
fact, these residues have been found to be ubigito environmental waters. The main
contributing factor for the occurrence of pharmaioals in the aquatic environment is the
elimination efficiency of the STP [34].

As described before, many pharmaceuticals are &xtr® a large extent as transformed
phase | metabolites and/or after conjugation tordphllic groups as phase Il metabolites.
Conjugates are easily cleaved in the STP, caushegf@mation of original pharmaceuticals
[34]. This might lead to higher concentration ie ®TP effluent than in the raw wastewater.
Residues of various pharmaceuticals are presemihenlow pdL rang in STP effluents.
Discharge of the STP effluent into the receivingtess leads to a dilution of the
pharmaceuticals residues which occur up to the mgfige in contaminated surface water.
Once introduced into the surface waters, pharmaadsitmay undergo biodegradation, most
likely due to co-metabolic processes. For somemheeuticals, photo induced degradation
may occur from natural solar radiation [35].

The determination of the environmental fate of ampound is a complex issue.

Transformation and distribution processes are gtyondependant on the specific



Introduction

environmental conditions, which lead to a sophaéd linkage of individual systems
parameters.
By (continuous) exposure to low concentrations oBrmaceuticals in the theory, the
following negative effects on aquatic organismsgarssible:

» Ecotoxicological effects.

» Pharmaceuticals effects.

* Resistance development of micro-organism.
It is clear that during the past few years a wealttata has become available on the levels of
pharmaceuticals in the environment and their edfect the aquatic and terrestrial organisms.
There are however, still many questions that needddress before we can eventually
determine whether residues in the environment atar@at to human and environment
health.

1.3.4 Pharmaceuticals under study

1.3.4.1 Carbamazepine (CBZ2)

Carbamazepine (CBZ) is an established drug forcthv@rol of grand and psychomotoric
epilepsy and it is also effective in the treatmehtrigeminal neuralgia. Furthermore, it is
presently used in bipolar depression. It is predamily eliminated in the liver, where it is

metabolised to 10,11-epoxycarbamazepine (CBZ-ER) eimer derivatives (Figure-1.4).

CBZ-EP seems to have antiepileptic properties dsaseCBZ itself [36, 37].

CBZ undergoes extensive hepatic metabolism by tiechrome P-450 (CPY) system.
Thirty-three metabolites of CBZ have been idendiffeom human and rate urine. The main
metabolic pathway of CBZ is oxidation to 10,11-epmarbamazepine (CBZ-EP), hydration to
10,11-dihydroxycarbamazepine (CBZ-DiOH) and 10-Rycarbamazepine (CBZ-10 OH),

then conjugation of these compounds with glucurenithe second minor distinct pathway
for the biotransformation of CBZ, catalyzed by @jtoome P-450 (CPY), involving oxidation

to 1-hydroxcarbamazepine, 2-hydroxycarbamazepind arhydroxycarbamazepine, and
subsequent conjugation glucuronide see Figure3B4[].

In human lymphocytes, CBZ is metabolized by CYPeatelant monooxygenase into CBZ-
EP, an active and toxic metabolite which is themdformed into the corresponding CBZ-
DiOH by an epoxide hydrolase (Figure-1.4). A strargl specific CYP1A inhibition was

observed from the CBZ biotransformation into reasctnetabolites [42] (Table-1.2).
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Environmental field studies have shown that the G8dne of the most frequently detected
pharmaceuticals in sewage treatment plant effluentiver water, and in seawater [43].
Investigations of influent and effluent samplesirdifferent municipal STPs have shown that
CBZ is not significantly removed (less than 10 %)idg sewage treatment (Table-1.3). Thus,
CBZ has been detected at concentrations more thagiLlin surface water [44- 46]. Also
different studies have shown that CBZ is not bialabdegradable (Table-1.3), this explains
why CBZ has been detected in a number of groundvesteples [47- 50] (Table-1.4). In
addition all five metabolites of CBZ (Figure-1.4)exe detected in the STP influent and
effluent samples. Only CBZ and CBZ-DiOH were dezddh the surface water (Table-1.4).

Glucuronid conjugate Glucuronid conjugate

N

ONHZ\ / thHz

CBZ-100H CBZ-DiOH

Glucuronid conjugate
ONH2 \
l\ / CBZ-EP
@\ /@ Glucuronid conjugafe

\\\O

/ &ONHZ \ —_ QH
g G0
N e
o|\||-|2 l d‘,ONHZ
J CBZ-30H CBZ-OH %
Glucuronid conjugate OH Glucuronid conjugatpe
cl:ONH2
CBZ-20H

J

Glucuronid conjugate

Figure-1.4: Metabolic pathways of carbamazepine

1.3.4.2 Diclofenac (DCF)
Diclofenac is a nonsteroidal anti-inflammatory d{i$AID). In pharmacologic studies, DCF
has shown anti-inflammatory, analgestic, and angiy activity. DCF is indicated for the

acute and chronic treatment of signs and symptdnesteoarthritis and rheumatoid arthritis.
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In addition, DCF is indicated for the treatment afikylosing spondylitis and for the
management of pain and primary dysmenorrheal [51].

In human, metabolism of DCF is mediated by bothcgtanidation and oxidative
biotransformation [51]. Oxidation of the aromatings is mediated by cytochromes P-450
(CYP). Hydroxylation of the dichlorophenyl ring tatalyzed specifically by CYP2C9 to
produce Z4hydroxydiclofenac (DCF-40H) as the major metalgol{62]. Another five
metabolites of DCF have been identified in humaasipla and urine [53]. The metabolites
include 3-hydroxydiclofenac (DCF-30H), 5-hydroxydiclofenacDGF-50H), 4’,5-
dihydroxydiclofenac(DCF-DIOH), 'ghydroxy-4-methoxydiclofenac (DCF-MOH), '3
methoxydiclofenac (DCF-M), and diclofenac-N-gluanid (DCF-Glu), [53] (Figure-1.5).
Approximately 65 % of the dose is excreted in thaeay and approximately 35 % in the bile.
Little Conjugates of uncharged DCF account for % Df the dose excreted in the urine and
for less than 5 % excreted in the bile. 15 % ofhamged unconjugated drug is excreted by via
urine see Table-1.3.

The DCF exerted a cytotoxic effect at 500 uM, whgchn agreement with previous results on
rat or human hepatocytes [54]. The mechanism of D@Btoxicity is not fully understood
but there is some evidence that both uncouplingidbchondrial oxidative phosphorylation
and CYP-mediated metabolism are involved in hummahrat hepatocytes acute toxicity [55].
It was observed a clear inhibition of EROD (Ethaesgrufin-O-deethylase) at 36 UM,
suggesting a specific interaction between DCFsmietabolites with this enzyme in rainbow
trout [42] (Table-1.2).

Approximately, 86 tons of the prescriptions DCF amaually sold in Germany (Table-1.3). In
long-term monitory investigations of sewage andiasi@ water samples (Table-1.4), DCF
identified as one of the most important pharmacaigi present in the water-cycle. The
removal rates which have been reported of DCF iRPsSWere between 9-75 % [56, 57]
(Table-1.3).
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DCF-30H DCF-MOH

Figure-1.5: Metabolic pathway of diclofenac[53]

1.3.4.3 Ibuprofen (IBU)

Ibuprofen (IBU) is a nonsteroidal anti-inflammatafyug (NSAID). IBU possesses analgetic
and antipyretic activities. Its mode of action,elikhat of other NSAIDs, is not completely
understood, but may be related to prostaglandithsyase inhibition. IBU is indicated for
relief of the signs and symptoms of rheumatoid rdaishand osteoarthritis. IBU is also
indicated for relief of mild to moderate pain amat the treatment of primary dysmenorrheal
[51]. It is on the most important pharmaceuticaisterm of quantities consumed seeing
Table-1.3.

Oxidative metabolism by using cytochrom P-450 is mhajor route for biotransformation of
IBU. Four oxidative metabolites have been identifie urine and plasma samples obtained
from human after oral intake of IBU [58] (Figures)l. In humans the parent drug, as well as
the metabolites, are found to be conjugated witltwlonic acid [59, 60], and glucuronidation
has in all cases taken place at the carboxyl gimoupe propionic acid side chain. Studies
have shown that following ingestion of the drug,%450 79 % of the dose was recovered in
urine within 24 hours as metabolites: 2-hydroxyitmipn (IBU-20H) 25 %, and 37 % as

11
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carboxyibuprofen (IBU-CA); the percentages of fesal conjugated ibuprofen were 1-8 %
and 14 %, respectively see Table-1.3 [51].

IBU has been shown to significantly affect the gitowf several bacterial and fungal [61-63].
Some studies suggests depending with evidencesIBlatmetabolites are non toxic for
aguatic organisms tested, and may however havetligretimulating properties [64, 65]
(Table-1.2).

Because of large amounts produced and used (Ta®lelU is an environmentally relevant
compound. In sewage water, sewage effluents, anfdcseuwater ibuprofen was detected
among other pharmaceuticals residues in the ramfgeg-oug/L [59] (Table-1.4). IBU is
degradable in the human body to its principal maitds 1-hydroxyibuprofen (IBU-OH) and
IBU-CA, which are found together with IBU in rawvgage. Some studies observed a
significant removal of IBU and especially of IBU-Cduring sewage treatment, whereas the
concentration of IBU-OH in the sewage effluents \abmost similar to those in the influents
[44]. Degradation experiment in both biofilm reastdBFR) and batch experiments with
activated sludge (BAS) reveal IBU-OH as the majetabolite of IBU under oxic conditions,
and IBU-CA under anoxic conditions. Efficient elmation (95-99 %) of all these compounds
(IBU, IBU-CA, and IBU-OH) was found in the municip8TPs [60]. Other studies indicate
that microbial biofilm and other microbial activipfay an important role in the degradation of
IBU in the surface water systems and the degradai@dhway and resultant metabolism differ
from those observed in human metabolism. Thus, @Wwas found in surface water at
much higher concentration than IBU or IBU-CA [66].

Glucuronic acid conjugate Glucuronic acid conjugate

(@)
CH,OH O
— C ?—OH OH
HO

BUOH o, 7 IBU-3OH
o
o)
HO o) < IBU ~ OH
OH \>_< >_<\
HO
o)
IBU-20H IBU-CA
Glucuronic acid conjugate Glucuronic acid conjugate

Figure-1.6: Metabolic pathway of ibuprofen [60]
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1.3.4.4. Sulfamethoxazole (SFM)

Sulfamethoxazole (SFM) is a member of the sulfon@nfi@amily of antibiotics for human and
animal. It is one of the most widely used anti-bael agents [67].

The known metabolism of SFM involves acetylationd aoxidation leading to N4-
acetylsulfamethoxazol (SFM-Ac), and N-hydroxysul&hoxazole (SFM-NOH) (Figure-9).
Hydroxylation take also place to SFM metabolism dieg to 5-methylhydroxy-
sulfamethoxazole (SFM-Me), and N4-acetyl-5-methglitoxylsulfamethoxazole (SFM-
MOH). Moreover SFM is glucuronidated leading tofaodethoxazole-N1-glucuronide (SFM-
Glu) [68] (Figure-4.4). About 50-60 % of appliedsgoin human body was excreted as the
inactive metabolite (SFM-Ac), 15 % as the conjugattabolite (SFM-GIlu), and only 15-20
% as the uncharged active compound [6] (Table-1.3).

The SFM was not cytotoxic enough to calculatgB@lues; it inhibited EROD activity right
from 125 uM (Table-1.2). In human liver microsom&;M is described as a selective
inhibitor of CYP2C8 and CYP2C9 that would looseestlity for the CYP isoforms at
concentrations higher than 500 uM [69]. As a restEM must be a selective inhibitor of
CYP1A enzymes in fish hepatocytes [42] (Table-1.2).

Most of antibiotics are metabolized only incomplgtby patients after administration and
enter municipal sewage and sewage treatment platiiey are not eliminated during sewage
treatment plants they are emitted into surface matd may reach drinking water [70].

SFM has been detected in sewage discharge at dostosm of 0.62ug/L [71], and detected
SFM in 12.5 % of surface water samples at a medantentration of 0,1ng/L [72, 73].
Also it was reported that SFM could be removed alidu% during the biological step in
municipal sewage treatment plant [44] as shownabld-1.3.
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Figure-1.7: Metabolic pathways of sulfamethoxazole [§

7]

Table-1.2: Reported effects of active parent drugs on agaaiitterrestrial organisms

Substance Reported effect Reference

Ibuprofen Stimulation of growth of cyanobacteria and inhiuitiof [62]
growth of aquatic plants

Diclofenac Inhibition of basal EROD activity in cultures ofinaow [42]

trout hepatocytes

Carbamazepine

hepatocytes.

Inhibition of emergence ahironomus riparius

Inhibition of basal EROD activity in cultures trout [42, 81]

Sulfamethoxazole

Inhibition of basal EROD activity in cultures ofimaow
trout hepatocytes

[42]
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Table-1.3: Active drugs under study: basic properties andoed@oological data

Parameter SFM CBzZ DCF IBU
Formula [74] C10H11N3038 C15H12N20 C14H110|2N02 C13H1302
Molecular
weight 253.28 236.27 296.15 206.28
(g/mol) [74]
Solubility in
water (mg/L) 610 112 242 291
[74]
Melting point 167-169°C 190-192C 156-158°C 78.87°C
[74]
Dissociation 5.81+0.5 13.94+0.2 4.18+0.2 4.41+0.2
constant (pKa) 1.39+0.1
[74]
Octanol-water | 0.887+0.419| 2.673+0.376 3.284+0.361 3.722+0.227
partition
coefficient
(Log P) [74]
Estimated 542 88, 40, 1¢, 3¢’ 86", 26’ 344, 162, 14, 34
amount used
(tonslyear)
[22]
Total removal Activated Activated Activated| Biologic | Activated | Biologic
via wastewater| sludge sludge sludge filter sludge filter
treatment [75] 67 % 7-10 % 69-75 % 9% 90-99 % 65 ¢
Predicted 895" 1460 | ... | .
environmental
concentrations
for surface
water (PECsw)
(ng/L) [74]
Environmental | High volumes|High volumes|Very high| Very high
risk indicators |detected in th{long-term prescription anq prescription an
[75] environment; |prescription; over-the-counter; |over-the-counter;
concerns ove persistent detected in th{detected in th
toxicity  and environment environment
antibacterial
resistance

dGermany in 2001

PUK in 2000

“Australia in 1998

YFrance in 1998

®Denmark in 1997/1998
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Table-1.4: Detected concentrationgd/L) for active drugs and their selected metabslite
different water sources

Substance Inflow Effluent Surface | Ground | Drinking | References
wastewater | wastewater| water water water
IBU 3.3-0.99 0.1, 0.37, 2 [21]
0.37 0.07 [54]
1.642 0.12 n.d. [77]
1.5, 0.87, 85 2.7 [2]
IBU-20H 0.92 0.34 [2]
IBU-CA 0.02 [2]
DCF 3.55-0.5 3-1.18 [77]
3.02 2.51 >1 [2]
0.81 0.15 [54]
0.359 0.194 [43]
CBz 2.410-0.55| 1.67-0.73 [77]
2.1 1.075 1.1 0.03 [2]
0.8-0.1 0.25-0.03 [46]
6.3 2.1 [78]
1.78 1.63,2.1 [21]
0.368 0.426 0.0007 [43]
CBZ-EP 0.047 0.0523 n.d. [43]
CBZz-DiOH 1.571 1.325 0.0022 [43]
CBz-20H 0.121 0.132 n.d. [43]
CBZz-30H 0.094 0.101 n.d. [43]
SFM > 1.0 0.1-0.2 0.4 [6]
0.243-0.871 0.008 0.1 [54]
0.1-1.7 0.05-0.09 6 [46]
0.41 [2]
n.d. 0.4,0.9 [21]
0.343 0.352 [25]
SFM-Ac 2.2 [79]
0.316 [80]
2.2-0.690 0.24 [70]
0.518 0.082 [25]

n.d.: not detected
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1.4 Analytical extraction techniques

In recent years, several analytical techniquesnagithods have been developed for analysis of
various pharmaceuticals and corresponding metaisolih environmental and biological
samples. Despite the achievements in analyticansei there are still challenges. One
challenge lies in determining pharmaceuticals irrious complex matrices such as
wastewaters, surface waters, sediments, and boalodiuids. Most developed analytical
methods require several steps consuming time dndrgs. In ecological risk assessment for
chemical pollutants, it is important to quantifyetltoncentrations of freely dissolved in
agueous samples for approximate characterizatidgheobioavailable fraction. The challenge
of chemical analysis, especially speciation stydasd determining the freely dissolved
pharmaceuticals in a complex sample is staggekiogeover, components of interest exist at
trace levels. These challenges have made samparpt®n become a key step in modern
chemical analysis. It is essential part of any wral procedure because of the reasons:
sample preconcentration or enrichment and remdvamaminants [82].

The most widely used sample preparation techniqoediquid-liquid extraction (LLE) [83]
and solid-phase extraction (SPE) [14]. LLE is thaditional technique for extraction of
organic analytes from aqueous solutions. The hadise partition of the dissolved analytes
between the organic phase (extraction liquid) amel dqueous solution (sample solution)
according to their partition coefficients. Furttsifting of the equilibrium toward the organic
phase brings about increased enrichment in thenmrgdnase. The technique is well known
and still widely used, although now it is less attive and is being replaced by other
techniques. This is because LLE:

* is tedious and time-consuming especially when etitrg aqueous complex samples,
which demands many steps before a clean extractiorie obtained;

» forms emulsions which at times makes it difficoltseparate the two phases;

* is environmentally unfriendly due to large volume$ organic solvents used.
However, with LLE, large enrichment factors can dstained despite the cited
drawbacks.

SPE techniques are perhaps the most popular inlesgongparation especially for organic

analysis. The principle of SPE is based on sorptibanalytes on a sorbent. The aqueous
sample solution passes the SPE column, and thgtesare first trapped on the sorbent and
then eluted with a suitable small volume of orgasotrent. Extraction and enrichment of the

analytes is thereby simultaneously achieved. Masbents are now available as disks,
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cartridges, or precolumns. Despite its simplicityacks selectivity when extracting analytes
in complex matrices such as plant extracts, fodtistand wastewater [84].

There are a number of different membrane technjqudsch have been suggested as
alternative to the SPE and LLE techniques. An ae@ying much attention by various

research groups is developing membrane-based gatraechniques that are simple, cheap,
and miniaturized [85, 86].

1.4.1 Liquid membrane extraction techniques

Generally, a membrane can be classified as a seldzrrier between two phases [15, 16].
With a driving force applied across a membrane|yées can be transferred from one phase
(feed phase) to another (strip phase). The mainbreme techniques that have been used for
analytical applications can be classified basedvbather membrane is porous or nonporous
during the extraction of the sample solution [84].

In porous membrane systems, the liquids on eitide of the membrane are physically
connected through the pores. These membranes atk imsdialysis, electrodialysis, and
filtration (Table-1.5) to separate low-moleculargsaanalytes from high-molecular-mass
matrix components, leading to an efficient cleanbup no discrimination between different
small molecules. No enrichment of the small molesuk possible; instead the analytes are
diluted since the driving force of the mass trangbeocess is a simple concentration
difference across the membrane.

Nonporous membrane is utilized in membrane extactechniques. Such a membrane is
liquid or solid (such as a polymeric) phase thaplexed between two other phases-usually
liquid but can also be gaseous [16]. A nonporousibrane may in fact have pores, but these
are usually micropores. The nonporous membranaaidn techniques include bulk liquid
membrane (BLM), supported liquid membrane (SLM)cnoporous membrane liquid-liquid
extraction, semipermeable membrane devices, polgmearembrane extraction, and
membrane extraction with a sorbent interface [&€] able-1.5.

A wide variety of membrane materials are availaBlerous synthetic membranes, such as
polypropylene, polysulphone and cellulose derivatiare most widely employed. lon-
exchange membranes and nonporous membrane are odynmed as well. The pore sizes of
the membranes vary with the technique applied.idiysis, for example, the pore sizes range
from a few nanometers to 100 nm, while in SLM frOm-10pum. Most of the applications
involve the use of a planar flat-sheet membrane, Hmllow fibre membranes are also
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available. The liqguid membrane techniques have lweepled with liquid chromatography

and gas chromatography and they have been applgaseous and liquid samples [84].

Table-1.5: Different major membrane techniques used in aitalyapplications [85]

Name Abbr.* Type Membrane Phase combinations
contents used
feed/membrane/strip
Dialysis | ... porous porous ag/membrane/aq
membrane membrane
Electrodialysis ED porous porous ag/membrane/aq
membrane membrane
Filtration porous porous ag/membrane
membrane membrane
Bulk liquid BLM nonporous | organic liquid ag/org/aq
membrane membrane
Supported liquid SLM nonporous | porous polymer ag/membrane/aq
membrane membrane soaked with
organic liquid
Microporous MMLLE nonporous | porous polymerl ag/membrane/org
membrane membrane soaked with
liquid-liquid organic solvent
extraction
Semipermeable SPMDs nonporous polymer ag/polymer/org
membrane membrane
devices
Polymeric PME nonporous polymer ag/polymer/aq,
membrane membrane org/polymer/aq,
extraction ag/polymer/org
Membrane MESI nonporous polymer gas/polymer/gas,
extraction with membrane liquid/polymer/gas
sorbent interface

Abbr.*: Abbreviation

1.4.1.1 Bulk liquid membrane (BLM)

It is a liquid phase, usually organic, interposeteen two miscible agueous solutions. At
one side of the membrane (feed phase) the materisd transported is extracted, while at the
other side (strip phase) re-extraction occurs. &ineach of the aqueous phase some specific,
and different for each of them, thermodynamic cbods exist, the extraction and re-
extraction occur simultaneously.

The BLM technique requires a simple design of tke# for the transport process to be
realized (Figure-1.8). The membrane liquid is pthedove the feed and strip solutions,

separated with a solid barrier, thus being in acntath both of these solutions [88-91].
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Figure-1.8: Bulk liquid membrane, (1) feed phase (2) memprane
(organic solvent) and (3) strip phas

There are two basic principle how the BLM oper#tigre-1.9). In the first, simple case, the
analyte, A, is transferred from the feed phase tht® membrane, because of its larger
solubility in the organic phase, and then from thembrane into the strip phase, where
conditions prevent back-extraction of the analytbgyre-1.9a), this is the so-called
“unfacilitated transport”. For the second case,citfiated transport” (Figure-1.9b), the
appropriate solubility of the analyte A in the maare phase is not required since the analyte
interacts with the carrier molecule, C, dissolvethe membrane phase. This carrier should be
totally insoluble in both feed and the strip phaaed should react and reversibly with the
analyte [88, 92, 93].

-a- -

Feed phase Membrane Strip phase Feed phase Membrane  Strip phase

A CA
A :| A >| A j(‘* A
| ‘ D CD D

Figure-1.9: Schematic representation of transport mechanidrasalyte through bul
liguid membrane (a) unfacilitated transport, (bgifitated transport [88]

==

1.4.1.2 Supported liquid membrane (SLM)

In an SLM extraction, an organic solvent is immizeitl in the pores of an inert support

material, separating the aqueous feed and the gh@ses (Figure-1.10). The analytes are
partitioned from the aqueous sample stream intodtfganic membrane and are then re-
extracted into the aqueous strip phase. The dritamge is the difference of the analyte

concentration between the feed and strip phasesrder to maintain the concentration

gradient across the two phases, the solutes muablbeto exist in two forms: in a nonionic

form on the feed side to extract into the membrame in an ionic form on the strip side in
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order to irreversibly trapped [15, 16, 82, 84, 8%his is most simply achieved by pH
adjustments in the two phases, and the methodchéefore, particularly well suited for
ionizable compounds such as medium-to-weak acidsbases [94- 97]. SLM extraction can
provide very selective enrichment. Selectivity dam fine-tuned by proper choice of the
conditions in the three phases as seen in Fig@{98]. This creates a selectivity window
such that by the time the analytes are enrichethénstrip phase, an indirect structural
recognition is achieved and only analytes belongmthe same family are generally trapped
at a time. Macromolecules are discriminated on llasis of their size while charged
compounds are too polar dissolve into the orgagigd. Natural molecules merely distribute

between the three phases without any enrichment.

A B
L. .. ]}
Feed Low pH Feed High pH
- HY + OH”
—» AH BH™——>B
Liquid Liquid
Membrane] Membrane
+
_ AH ﬂ» A~ _ B L» BH*
Strip High pH Strip Low pH
T
Figure-1.10: Principle of SLM extraction of an acidic analyteabasic analyte B [9pB]

Often, selective transport based on relative diffiees in solubility in the membrane and
trapping in the strip phase may be difficult to i@ek. In another case, the solubility of the
analyte may be too low to give efficient extractiewen when the trapping in the strip can
easily be realized. A good approach in such a isag®incorporate a mobile carrier into the
membrane that selectively binds the analytes. @ka bf incorporating a carrier also allows
SLM extraction to be a variety of compounds suclpesnanently charged chemical species
like metal ions. It also gives different versiorfscarrier-mediated transport mechanism such
as simple carrier transport (with chemical reactiothe strip), coupled co-transport [15, 99,
100], and coupled counter-transport [83]. In simpkarier transport, the carrier in the
membrane forms a complex with the analyte in theel fdhat diffuses to the strip, where the
analyte is converted to a non-extractable form.sTiype of transport was used in the
extraction of short chain aliphatic carboxylic aciéeed solution to an alkaline strip solution
with liquid membrane containing tnoctylphosphine oxide (TOPO) as a neutral carrier

[100]. Changed carriers can be used, such as tiemiardi-(2-ethylhexyl)phosphoric acid
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(D2EHPA) and octansulfonic acid (OcSA) [19, 1014.such case, dissolution of the analyte
into the membrane occurs through ionic interactiwith the charge carrier. Once the analyte
reaches the strip phase, it is exchange for a pratml converted to a non-extractable form.
The proton gradient across the membrane in this isahe driving force [102].

Stability of the membrane

The reason for SLM to become instable is the Iddmjoid phase (solvent and/or carrier) out
of the pores of the membrane. This loss can beageveral parameters, such as a pressure
difference over the membrane, solubility of membraalvent and carrier in adjacent feed and
strip solutions, wetting of membrane pores by thaeamus phases, blockage of membrane
pores by precipitation of the carrier or by watbe presence of an osmotic pressure gradient
over the membrane or the emulsion formation oflithed membrane phase in water induced
by lateral shear forces [103].

An organic solvent filling the pores of a hydropimimembrane cannot be displaced by water
due to the surface tension of water against the bneme material and the organic solvent. It
prevents the surface deformation of the water @huse penetration into the pores. The
critical displacement pressuRg for an SLM can be defined as the minimum transnramd
pressure required to displace the impregnatingbtite largest pore.

For a cylindrical capillary, this can be quantifieglthe equation of Young and Laplace:

_ 2y.cosd
r

Pc (1)

with Pc the critical displacement pressure (lowest pressageded to force water through the
pores) (Pa)y the interfacial tension (N, 0 the contact angle between water and the

membrane (dimensionless) anthe pore radius (m) [104].

Recent directions in SLM

Recently, there has been a shift towards desigeingple and easily miniaturized SLM
extraction modules. For the most part the miniaediSLM extraction designs have been a
strip-phase volume of less than (1 mL) to a fewroliters. These new designs are very much
suited for speciation studies. Many of the reportediaturized SLM extractions to this point
have been used to extract the bioavailable fracbbrorganic compounds in water or
biological fluids [105]. Most of miniaturized SLMalke been based on polypropylene fibers,

but some efforts with porous polyvinyldene diflu®i tubing have also been reported.
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Polypropylene was selected because it is highlypatilble with a broad range of organic
solvents. In addition, with a pore size of approxiely 0.2 um, polypropylene strongly
immobilizes the organic solvents used in SLM. T$tiong immobilization is important for
ensuring that the organic phase does not leak glaxtraction, as that may alter extraction
performance and the characteristics of the sysggmsson and Mathiasson introduce SLM
flat membrane extraction module as an enrichmehinigue for polar and ionisable analytes.
SLM flat membrane is based on a three phase systgth, the organic phase being
immobilized in the pores of polypropylene membraamdwiched between two aqueous
phases with 1@L volume of strip channel (Figure-1.11). This magof SLM extraction is
usually constructed as flow system (on-line), whire strip flow is directly interfaced to
HPLC [15, 106, 107].

The on-line coupling of SLM extraction units to fi@al instruments poses the problem of
controlling memory effects. In order to avoid th@oblem, Pedersen-Bjergaard and
Rasmussen established a liquid-phase microextractehnique (LPME) based on a
disposable porous polypropylene hollow fibre [1B8JL The fibre is impregnated with an
organic phase, filled with a (1- 28.) volume of strip phase solution and place in akm
volume of biological or environmental samples withi (4 mL) vial (Figure-1.12). The device
is agitated and the extract is finally transfertedan autosmapler vial. No memory effects
occur, as each membrane is used only for onceaé&iidn is carried out off-line, but, because
of the simplicity of the extraction devices, highngle throughput can be achieved by
performing many extractions in parallel. Similarvide have been described by Lee et al.
[109], Mdller et al. [110], and Hauser et al [11This method has been used successfully to
trap and enrich of various types of organic pohttsuch as acidic drugs like DCF and IBU,
basic drugs and metabolites from water sampleistasllin Table-1.6.

The technique of SL-bag membrane (SL-BM) was inioedl by Kurtulus et al. [112]. It is
base of a three phase liquid membrane with a bag-tyembrane geometry separating the
agueous sample (feed phase) with a volume 500 mhig¢gher) from the strip phase with a
volume of 300- 40Q.L. This technique was successfully applied to exteand enrich DCF
and IBU from real water samples [112]. Efficienteponcentration was achieved by
immobilizing dihexyl ether (DHE) loaded with octaf®nic acid (OcSA) inside the pores of
polypropylene membrane, resulting in enrichmentdiscof up to 1100 [112]. Like LPME,
the SL-BM technique is carried out within a vialdaoff-line system. Despit the many
advantages of SL-BM, the technique failed to extG8Z and SFM from real water samples.

23



Introduction

Different ways can be used to overcome this problencase of acidic and basic compounds
the enrichment can be achieved by adjusting thefpiHe feed and strip phase to appropriate
values [94, 95]. In order to extract highly polaampounds (like target metabolites), it is

necessary to use a carrier incorporated into thmbrene organic phase. Of great importance
is the specific of carrier-analyte interaction®wafing highly selective separations. The choice
of the carrier will be made, therefore, considetiing analyte to be transported, as well as the
experimental conditions [19, 100]. This techniquayntherefore be of vital important in the

current situation where much attention has beemusied on the presence of selected

pharmaceuticals that also tend to contaminatedhatec environment.
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Figure-1.11: On-line SLM flat membrane module with 1Q volume of strip
channel [106]
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Figure-1.12: Off-line liquid-phase microextraction (LPME) wifty 100uL of
strip phase[108]
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Table-1.6: Applications of SLM to the determination of trgoalutants in natural water

Type of analyte Enrichment Liquid membrane Detection | Ref.
factor Organic solvent | Carrier | method
Acidic Pharmaceuticals:
Piroxicam
Ketorolac
Clofibric acid 38- 234 l-octanol | ... LC-MS- [ 113
Naproxen MS
Bezafibrate
Fenoprofen
Ibuprofen
Diclofenac
Indomethacin
Ibuprofen
2-(4-chlorophenoxy)-2- 15000 l-octanol | ... LC-UV [109
methylpropionic acid
Ibuprofen
Naproxen 100 DHE | ... CE 115
Ketoprofen
Basic pharmaceuticals:
2-amino-1-phenylethanol
Norephedrine 34-79 1-octanol CE 115
Pindolol 19- 55 DHE CE
Atenolol
Haloacetic acids 60 DHE 5% LC-UV
(Wiw) 113
TOPO
3000 DHE DEHP LC-UV
Fungicides 67 DHE 15%| LC-UV [113
(W/iw)
TOPO
Phenols 400 l-octanol | ... LC-UV
100 hexane | ... LC-UV
300 heptane-toluend ... Lc-uv |113
(1:1)
Phenoxy herbicides 490 l-octanol | ..., LC-U 113
Aromatic amines 6000 benzyl alchohol{ ..... LC-UV
ethyl acetate (8:2
500 DHE | .... LC-UV
250 DHE | .. LC-uv | 113
Triazine herbicides 390 DHE | ... LC-UV| 113
Trihalomethanes 62 l-octanol | ... GC-E]JD 116
Dinitrophenols 300 undecane- | ..... HPLC- | 113
toluene(1:1) DAD

Ref.: References
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2. Results and discussion

2.1. Methodical approach

This study is divided into three steps:

At first metabolites were synthesized and charasdraccording to the methods described in
literature. In the second part the mass transfanefabolites and active drugs in the liquid
membrane systems was investigated. In the thirdgmalytical methods were developed by
combining membrane extraction and HPLC-UV to deteenmetabolites and active drugs in

surface water.

Synthesis of metabolites

The metabolites 10,11-dihydroxycarbamazei@®Z-DiOH), 4 -hydroxydiclofenac (DCF-
40H), 4-hydroxyibuprofen (IBU-20H), N-4-acetylsulfamethoxazole(SFM-Ac), and
SulfamethoxazeN1-glucuronide (SFM-Glu) are not commercially asble. They were

synthesized and identified according to commontspgcopic methods (see section 3.1)

Mass transfer of metabolites and active dugs inuiid membrane systems

The mass transfer of metabolites through the liqun&mbrane systems was carried out in a
three-compartment transport cell and supporteddiguembrane-chambers which have been
developed at the University of Paderborn [17-21].

The different liquid membrane systems consist ofagneous (acidified or alkaline) feed
solution containing the analytes, a bulk (orgaretvent with and/or without a dissolved
mobile carrier) and an aqueous stripping solutiery. mineral acids or alkalis. For the
preliminary experiment further solvent systems wested as organic bulk phase. Organic
solvent and mixtures were varied systematicallyntrease transport efficiency. Acidic or
neutral carriers (such as OcSA and TOPO) were aslhinia the organic phase to support the
forward and back-extraction. pH-gradients betwden dqueous feed and strip phase were
optimized to increase the effectiveness of trartgpacesses.

Optimal combinations of liquid phases were transféto the SLM technique. The supported
flat-membrane impregnated with certain selectecemiamiscible organic phase is mounted
between two PTFE-chambers of equal size. Moreadieect influences on the extraction
efficiencies of the metabolites like concentratiminselected analytes, extraction time and

concentration of carrier in liquid membrane arepniarportant to investigate.
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Finally miniaturized SL-BMs were prepared and ergptb as enrichment devices for
metabolites and their parent drugs. The followitegps were carried out:

* Optimization of SL-BM extraction conditions

» Development of enrichment procedures for metalsohtad active drugs

e Comparison of enrichment and clean up propertiésB®8 and SPE (Solid Phase

Extraction)

Development of analytical methods by combining mearte extraction and determination
by HPLC-UV

The final stage of this study the enrichment SLMides was tested for the analysis of real
water samples: tap water and surface water. Feipilripose the extraction procedure adjusted
and modified to chromatographic conditions of tHeLig-UV or LC-MS system.

The surface water was sampled from the river Rytthb Institut fir Wasserforschung (IFW)

Dortmund. The water quality is affected by effluienf a sewage treatment plant (STP).

27



Results and discussion

2.2 Three liquid membrane extraction systems

a) Extraction principles
The enrichment principle of three phase liquid menb systems is depending on the liquid
extraction and back extraction of the analytes flagitating aqueous feed phase, through a
hydrophilic or hydrophobic liquid membrane, intostagnant aqueous phase. By careful
choice of solvent for the liquid membrane, combimeth a proper composition of feed and
strip phases, a selective preconcentration andetti clean-up of the sample can be achieved
simultaneously. The organic solvent has to sattsfyfollowing variety of requirements:
1) its water solubility and also volatility should b@w in order to separate it from the
aqueous phases (feed and strip) and also to pregbkmnt loss during extraction;
2) it should have a low tendency to dissolve or tagenterferences existing in the feed
phase;
3) it should low viscosity because this promotes hmyalyte fluxes through the
membrane;
4) and finally it is better that the solvent have lxicity due to occupational health and
safety[130].
Considering the extraction of acidic and basic coomas, the selectivity in the process is
achieved by adjusting the pH of the two phasedabthe uncharged species pass the liquid
membrane by diffusion and are trapped by ionizatipa stagnant acceptor phase [131]. In
case of highly polar compounds like selected mdiigscand some of active drugs, molecules
are charged over the pH range and thus, are nedtljirextractable. As a consequence, it is
necessary to use carrier dissolved in the memhpaase to facilitate the analyte transport.
Typically, for polar analytes, diffusion throughetlorganic membrane can be enhanced by
doping the organic solvent with several carriefisug; tri-n-octylphosphine oxide (TOPO), a
strong H-bonding carrier [130, 131], has been usg@tomote the extractability of polar acids
[131], bases [94] and some of fungicide metabol{se®e Table-1.6). 1-octanesulfonic acid
sodium salt monohydrate (OcSA) as an ion-pair eagan also be employed for extraction of
polar compounds [19, 132, 133]. The ion pairs fatraee extracted into the organic interface
and broken by selecting the appropriate pH in ting solution, which releases the free

analytes. In Table-2.1, some physical and toxidokdglata of TOPO and OcSA are listed.
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Table-2.1: Physical properties and toxicological data of OcB® TOPO [74]

Carrier | Molecular Melting | pKa Log P Toxicological data
weight point (°C) (Octanol/water)
OcSA 19429 | ... 1.84 1.829+0.394 Not available
TOPO 386.63 51.0-51.p 9.398+0.552 ORAL (LD50): >10000

mg/kg [Rat]
DERMAL (LD50): 2830
mg/kg [Rabbit]

Carrier transport model:The transport model of carrier in three liquid neames is based
on five different steps which can be identifiedidgrthe extraction of analyte [134]:
1) Diffusion of analyte through the feed side boundiyer to reach the feed- liquid
membrane interface;
2) complexation reaction between the analyte and #ngec as a carrier present in the
liquid membrane at feed-membrane interface to fararrier-analyte complex;
3) diffusion of the carrier-analyte complex throughulid membrane;
4) de-complexation reaction between the carrier-aaatgimplex and the strip agent at
the strip-membrane interface and release of analyte
5) diffusion of analyte through the strip side bourydarer to reach the bulk of the strip

phase.

Anionic carrier OcSA

With OcSA as an anion carrier solved in liquid meam a proton gradient between the strip
and feed phase is the driving force for the maassfer of polar analytes in three liquid

membranes as shown in Figure-2.1. This type ofierars associated with counter-ions to

maintain electroneutrality in the polar membranageh[19, 132, 133].

Feed phase M embrane phase Strip phace
® o e
M + OcSAT—™ OcSA M o
]]
®
/\/\/\/\s-
M ® S OH \ M
o)
OcSA
/\/\/\/\”o_ IS ‘j
H® S-OM H®
o]
Complex
ocsh M® + H—  ocsa +M
Figure-2.1: Mechanisum transport of polar compounds (M) acrasgjuid membrang
containing OcSA as carrier
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Neutral carrier TOPO

TOPO is known as an efficient carrier for polar gmunds [16], owing to the two lone
electron pairs on the oxygen atom. TOPO has tHayato form hydrogen-bond complexes of
various compositions [131, 136]. Therefore, it @stularly useful in the extraction of acidic
and basics, especially highly polar. Moreover, TORBQery stable when used in a liquid
membrane, as it is soluble in organic solventsibsobluble in water (see Table-2.1). The

whole reaction scheme for polar acidic and basigslby TOPO can be presented as follows:

Extraction of acidic drug[130]:

- +
A +H (aq) HA(aq) (2)

HA (ag)* TOPO(org)

[TOPO..HAY) (3)

[TOPO..HA] grg) + OH(qqy == Aaq+ TOPO(yg + H,O (4)

Feed phase Membrane phase Strip phase
(aqueous) (organic) (aqueous)

o T SSP=0
HO — Drug| _</ o /' TOPO
o — —

(0] (0]
O _</ —I|D \_/
HO—Drug—</ HO — Drug ~ O < )
O—H O
o~H : Base
Acid ZEP=0
Complex

Figure-2.2 Mechanisum transport of polar acidic drug acrbgaid membrane
containing TOPO as carrier

Extraction of basic drug131]:

BH" +OH (g = B (ag) ()
B (ag)* TOPOorg) [TOPO..Bly (6)
[TOPO..B](org) + H'(aq) = BHaq*+ TOPOy+ HO  (7)
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Feed phase Membrane phase Strip phase
(aqueous) (organic) (aqueous)
A

® / TOPO
P v i _

OH—[Drug|-nh, ' — HO—Drug‘-NH3®

Base ToP=0 Acid

Complex

Figure-2.3:Mechamisum transport of polar basic drug acrosgiignembrane
containing TOPO as carrier

b) Development of HPLC-UV methods

In order to monitor the transport of the metabslitand active drugs through the membrane
systems, aliquots were taken from the liquid ph&sesl and strip) in intervals by means of a
micro-liter syringe which is introduced throughfsgbsing seals (bulk liquid membrane) or
directly from the open SLM-chambers and then aredyzy HPLC.

The samples are introduced into the chromatograpystems by an autosampler and an
isocratic or gradient pump. UV-Vis-PAD-Detector wamnected with a chromato-integrator.

RP 18 analytical column was used (details seemest2.1).

2.2.1 Bulk liquid membrane (BLM)

The equipments used are based on earlier develdprfief:20]. As shown schematically in
Figure-2.4, the three-phase system was establishachome-made glass cell equipped with
an agitator (PTFE) which allows extraction and bextaction in one unit. The cell consists
of two concentric chambers dividing it into separabmpartments. Thus, the feed is allowed
to contact the bulk membrane and the strip solutocontact the membrane. The whole cell

covered by a fitting glass lid in order to minimipss of solvent by evaporation.
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Figure-2.4: Three-phase liquid bulk membrane system (1: gingse, total volume:25 mL,
2: feed phase 32 mL, 3: membrane phase 20 n8l) [1

The efficiency and selectivity of membranes willibBuenced by the composition of organic
phase. Therefore, we used common water-immiscitgaric solvents of different polarities
as shown in Table-2.2. The different combinatiohfeed and strip phases, which were used

in the BLM systems, are summarized in Table-2.3.

Table-2.2: Physical properties of organic solvents usedqaedimembrane [74]

Solvent Log P Density
(octanol/water) (g/mL)
1-pentanol 1.407+0.176 0.811+0.06
DHE 5.232+0.206 0.799+0.06
Undecane 6.600+0.166 0.743+0.06
Decane 6.069+0.166 0.734+0.06
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Table-2.3: Composition of three-phase membrane system used

Feed phase Membrane phase Carrier Strip phase
Volume: 32 mL volume: 20 mL volume: 25 mL
0.1 mol/L NaOH 1-pentanol - 0.1 mol/L HCI

0.1 mol/L HCI 1-pentanol - 0.1 mol/L NaOH
0.1 mol/L HCI DHE - 0.1 mol/L NaOH
0.1 mol/L HCI undecane - 0.1 mol/L NaOH
0.1 mol/L HCI decane - 0.1 mol/L NaOH
0.1 mol/L HCI DHE 0.025 g/L OcSA 0.1 mol/L NaOH
0.1 mol/L HCI DHE 1 % (w/w) TOPO 0.1 mol/L NaOH
0.1 mol/L HCI undecane 1 % (w/w) TOPO 0.1 mol/L NO
0.1 mol/L HCI decane 1 % (w/w) TOPO 0.1 mol/L NaOIH

2.2.1.1 Influence of organic solvent

By using organic solvents (Table-2.2), the disttidiu of the metabolites governs the extent
of extraction from the aqueous feed matrix into dinganic bulk phase. As can be expected
from other classes of compounds, the magnitudaeotalculated partition coefficients in the
octanol/water systems (Ldg) of the individual drugs corresponds to the exioacyields
determined (Table-2.4) [19]. Obviously the metatesliwith high LogP such as IBU-20H
and SFM-Ac lead to different extractabilities inlggoand nonpolar liquid phases. These
compounds were highly dissolved in 1-pentanol ama much lower yields in DHE and
undecane were obtained (Table-2.4).

By contrast, SFM-Glu and CBZ-DiOH with very low fiion coefficient gave drastically

much lower extraction efficiencies in polar and polar membrane as seen in Table-2.4.

Table-2.4: Extraction efficiencyE (%) of metabolites in liquid membrane phase aftbours
of extraction by using BLM (feed: 0.1 mol/L HClyigt 0.1 mol/L NaOH)

Metabolite pKa Log P E (%) after 4 hours
1-pentanol DHE Undecane
IBU-20H 4.44 1.690+0.242 ~100 19.7 19.3
SFM-Ac 5.60 1.478+0.436 ~100 40.7 45.2
SFM-Glu 2.70 (Ka) | 0.561+0.624 22.6 9.9 11.7
0.36 (Kad
CBZ-DiOH 12.62 0.132+0.405 54.8 11.8 17.6

*Dissociation constants k) and octanol-water partition coefficients (LBYyare taken from
reference [74]
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2.2.1.2 Influence of pH-gradient between feed andrgp phase

Besides the polarity of the organic bulk phaseattid-base properties of the metabolites were

utilized to facilitate their transfer from the feedto the strip phase.Ka values of the
metabolites correspond from acidic (like: SFM-GIBU-20H, and SFM-Ac) to basic
compounds (like; CBZ-DIOH) as shown in Table-2.4hc8 the analytes should be in their

neutral state in order to be extracted into theoigphase, and to trap charged analytes into

the strip phase. Different pH values of feed anip stvere used to adjust the optimum

extraction efficiency (Table-2.3) of metabolitesstrip phase. The best results were found
when the pH of the feed phase was kept at pH ~1simgu0.1 mol/L HCI and the strip at pH
~13 by using 0.1 mol/L NaOH. About 50 % of IBU-2@Hd ~35 % of SFM-Ac are released
into the strip solution after 4 hours of extract{digure-2.6).

Feed phase
70
60 -
__ 50 —
g
c 40
)
3]
© 30
X
i
20
10
0
2 3 4
Time (hour)
O SFM-Glu O CBZ-DiOH
M IBU-20H B SFM-Ac
a)

Strip phase
100
90
80 -
—~ 70 1
S
— 60 -
2 50 -
&
5 40 A
X
w30 |
20
10 -
0
1 Tiﬁ’]e (hour)3 4
O SFM-Glu O CBZz-DiOH
H IBU-20H H SFM-Ac
b)

Figure-2.5: Transport of metabolite mixtures in BLM, by usibgsic feed phase and acig
strip phase, a) Forward-extraction, b) back-exiwacf(Extraction conditions: feed 1 mg/L
metabolites in 32 mL of 0.1 mol/L NaOH, strip: 25.nof 0.1 mol/L HCI, and liquid

membrane: 1-pentanol)

ic
Df
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Feed phase
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100 +
g 801
5
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Q
s
R 40
20 +
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1 2 3 4
Time (hour)
O SFM-Glu O CBZ-DiOH
N IBU-20H B SFM-Ac

a)

Figure-2.6: Transport of metabolite mixtures in BLM by usingdic feed phase and bag
strip phase, a) Forward-extraction, b) back-exiwacf(Extraction conditions: feed 1 mg/L
metabolites in 32 mL of 0.1 mol/L HCI, strip: 25 maf 0.1 mol/L NaOH and liquig

membrane: 1-pentanol)

Strip phase
60
50
g 40
c
2 30 -
[8]
o
X201
lo 7 L
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1 2 3
Time (hour)
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M IBU-20H B SFM-Ac
b)
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2.2.1.3 Influence of extraction time

The influence of extraction time on the transpdrin@tabolites was investigated, 2, 4, and 6
hours were applied. Complete extraction of IBU-2@Hd SFM-Ac from feed solution
achieved within 2 hours. The extracted amount &j-BBDOH and SFM-Ac in the strip phase

increased with increasing extraction time and mammrextraction was found after 4 hours

(Figure 2.7). After then the extraction efficiergieere slightly decreased as some of the

analytes re-entered to the membrane phase, theraftime interval of 4 h was chosen for

further experiments.
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Feed phase Strip phase
120 60
100 A A50 1 Y R A
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—&— SFM-Glu — - — CBZ-DIOH ——SFM-Glu — 1 — CBZ-DiOH
---A-- BU-20H —3g— SFM-AC - -4 --IBU-20H —%—SFM-Ac
a) b)
Figure-2.7: Transport of metabolite mixtures in BLM with difémt extraction times, g)
Forward-extraction, b) back-extraction (Extractmonditions: feed 1 mg/L of metabolites |in
32 mL of 0.1 mol/L HCI, strip: 25 mL of 0.1 mol/LaDH, and liquid membrane: 1-pentangl)

2.2.1.4 Influence of carrier in liquid membrane

Since all the metabolites are polar (Table-2.4) amedless extractable by DHE, undecane and
decane as expected [130]. OcSA dissolved in DHE alt@smdy successfully used as liquid
membrane to extract active drugs (IBU and DCF) fraater samples [19]. In another
application, TOPO was used as a carrier to incrdeselissolution into the liquid membrane
of DHE and undecane in the extraction of polar iacahd basic compounds [94, 131]. In
order to enhance the dissolution into the liquidmheane and thus the extraction efficiency,
the added amounts of 0.025 g/L of OcSA or 1 % (Wolv)TOPO as carrier were applied
(Table-2.3). Generally, the results indicate a ifigant increase of extraction efficiency for
IBU-20H and SFM-Ac. OcSA with DHE as a liquid merabe was not able to extract the
metabolites into the strip phase (see Figure-2.9).

TOPO has a good but not unlimited solubility in amg solvents as in some cases

precipitations were observed in liguid membranea abncentration higher than 1 % (w/w)
after 2 h of extraction.
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Figure-2.8: Transport of metabolite mixtures in BLM using DHIS liquid membrane, §
Forward-extraction, b) back-extraction (Extractmmnditions: feed 1 mg/L of metabolites|in
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32 mL of 0.1 mol/L HCI, strip: 25 mL of 0.1 mol/LaDOH)
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Figure-2.9: Transport of metabolite mixtures in BLM using Dhi#&th 0.025 g/L OcSA a$
liquid membrane, a) Forward-extraction, b) backaotion (Extraction conditions: sge

Figure-2.8)
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Figure-2.10: Transport of metabolite mixtures in BLM using DKiEh 1 % (w/w) TOPO a$
Liguid membrane, a) Forward-extraction, b) backastion (Extraction conditions: sge

Figure-2.8)
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Figure-2.11: Transport of metabolite mixtures in BLM using undee as liquid membran
a) Forward-extraction, b) back-extraction (Extrantconditions: see Figure-2.8)
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Figure-2.12: Transport of metabolite mixtures in BLM using uodee with 1 % (w/w
TOPO as liquid membrane, a) Forward-extractiorhdmk-extraction (Extraction condition

see Figure-2.8)
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Figure-2.13: Transport of metabolite mixtures in BLM using deeas liquid membrane,
Forward-extraction, b) back-extraction (Extractmmditions: see Figure-2.8)
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Feed phase Strip phase
120 35
100 A 30
g 80 S
c c 20
2 60 S
g g 15|
G40 B 10
20 5
0 0 =
1 2 3 4 1 2 3 4
Time (hour) Time (hour)
‘EISFM—GIU OCBZ-DiOH EIBU-20H B SFM-Ac ‘DSFM-GIU OCBZ-DiOH EIBU-20H B SFM-Ac
a) b)
Figure-2.14: Transport of metabolite mixtures in BLM using deeawith 1 % (w/w) of
TOPO as liquid membrane, a) Forward-extractiorhdmk-extraction (Extraction conditionp:
see Figure-2.8)

2.2.2 Supported liquid flat-membrane (SL-FM) system

This SLM technique is base on a polypropylene (RRjnbrane (pore size Ogm, total
thickness 90um). It is impregnated with a water-immiscible orgasolvent (e.g. DHE,
undecane or decane) containing the carrier (e.d?a)Owhich is held by capillary forces
placed between two aqueous phases, feed and strip.

The supported liquid flat-membrane (SL-FM) systef®:150 (v/v) (Figure-2.15) has been
used to extract the metabolites. Certain membrased for the bulk liquid membrane were

selected to test their applicability in the SL-Fistem, applying different concentrations of
TOPO as a carrier.

o

Figure-2.15:SL-FM device, 1 strip-chamber, 5 feed-chamberynad of both
chambers 150 mL), 2 contact windowiixi®ig plants, 4 membrane [19]
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2.2.2.1 Theoretical approach

SLM-transport of compounds is based on two processetraction of an analyte from the

feed phase into an organic solvent situated in nnan@pores, and a simultaneous back-
extraction from the organic phase into an aqueddgpsg phase, where the analyte is
converted to a non-extractable form and thus trdppe

The schematic transport mechanism of an analyta &no bulk agitating aqueous feed phase
to a bulk stagnant strip phase (Figure-2.16) (whbee volume of both phases is equal)
through an organic phase in the microporous poliamaembrane is shown in Figure-2.17

[137].

1
Feed Strip
1 2
IL:1)4

he M hs

Figure-2.16: SLM device , (1) feed phase, (2) strip phase nf@mbrane, (4

~—
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Figure-2.17:Schematic transport of analyte inSLM[137]
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Overall mass transfer

The overall mass transfer under steady-state dondiconsist of three mass transfer
processes: the mass transfer in feed phase, meéh#brane phase and in the strip phase.

To obtain an expression for mass transfer coefficle Fick’s first law and definition of mass
transfer coefficients are applied [138]:

-39S . — et -
J—Dax_ K[Coft) - C] (8)

WhereJ = mass flux of analyte per unit area per unit time
D = diffusion coefficient
Co(t) = analyte concentration &t 0

_ 1]
C—EJ;Cdx

dC/dx= spatial concentration gradient along the axiaa¥ path
Assuming equilibrium at feed-membrane interfacel between the active and inactive forms
of analytes, the mass transfer in feed phase withes as following equation (Eq.) [139]:
F =kear (G- —Cr i) 9)

Jr=Kr(L-a)(C-—Cr.) 0j1
Where,Js and J'r are the mass transfer of the analyte in active iaadtive form in feed
phase respectivelyar is the fraction of total analyte that is in actieem in the feed phase,
i.e., in such a form that it may transverse the lrame(0 < ar < 1) . It is assumed that the
conditions are such that+ is constant throughout the feed phase, also invitiaity of
membrane surface.

The mass transfer coefficient for active form ire tleed phasekf) is derived from the

ke = | 3D+ (11)
2TIX

Where,Dk is the diffusion coefficient of analyte in actif@m in feed phase, anfd, is the

penetration theory as [138]:

linear flow velocity in feed phase.
The fluxes of membrangy) and strip phasel§) can be written analogously to Eg. (9), noting
that no inactive form of the analyte exists in thembrane phase:

Iv = kv (KrarCem — KsasCuws) (12)
Js = ksas(Cs,i — Cs) (13)
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J's=k's(L—as)(Cs,i —Cs) (14)
The distributions constanKr and Ks are the partition coefficient of feed and stripapbs

respectivelyasis assumed to be constant throughout the stripepleagen at high degree of

enrichment.

For the mass transfer in the membrane phlgk the film theory for mass transfer gives

[139]:

_ Dwme
fhm

Where,Dy is the diffusion coefficient for active form of dgte in membrane phase,, the

Ku

(15)

membrane porosity anél is the membrane tortuosity.
An expression of the mass transfer coefficientm stagnant strip phasks) can be derived
from the film theory as [139]:

Ds
ks=— 16

Where,Ds is the diffusion coefficient for active form of @gte in strip phase, ants is the
thickness of strip phase.

The total flux of analyte from bulk of feed phasébulk of the stripping phasé)(is described
by [139]:

J =k(arCr - a's% Cs) 17]
F

Where, k is the overall mass transfer coefficient.
Implicit in this equation is zero flux) = 0) between all bulks at equilibrium. Thus, at steady
state transfer it holed that:

J=F+Jr=dvu=J+J5 (18)
From Eqgs. (8), (9), (12), (13), (17), and (1&8) expression for the overall mass transfer
coefficient can be derived [140]:

1 or 1 asKs
="+ +

kK~ k kuKe  keKr
, Where K is the partition coefficient between the membrane the feed, an#s is the

19]

partition coefficient between the membrane andsthip [140].
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Mass balance equations
With the agitating feed phase, the mass balancatequn the feed phase is:

9C _ 96 _K o —acy
dt dx W
And for the stagnant stripping phase, the massbalaquation in the strip phase as following

[139]:

(20)

dG = K (arCr — asCs)
dt Vs

152
The rate of mass transfer

The rate of mass transfer across the liquid menebrarproportional to the concentration
difference AC of neutral extractable analyte between feed drnd phase, which can be

written as [141]:

AC = arCrKr — asCsKs (22)
In most applications of supported liquid membrathe, conditions as shown in Figure-2.18

are set so that the second term in Eq. (22) iggibtg (as ~ 0) andar is closed to 1.

Feed (aq) M embrane (org) Strip (aq)
RCOO@ pH = pK, - 2 pH = pK, + 3.;
(A) RCOOH o RCOO
acid base
RNH? ®
(B) é> RNH, > RNH3
bas acid
pPH = pKa + 2 pH = pK, - 3.3
ap=~1 |~ XlogP{~4 a5 =~0
AC
Figure-2.18 The optimum extraction conditions of an acidiakte (A)
and basic analyte (B) by SLM41]

2.2.2.2 Influence of the composition of liquid memiane

The certain liquid membranes which have been usd2LM systems were also tested in an
SL-FM system. As shown in Table-2.5, the extractdiiciencies of metabolites in SL-FM

membrane phase were approximately the same as M Bystems. By increasing the
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concentration of TOPO from 1 to 10 % (w/w) as ariin DHE, undecane and decane

(Table-2.6) gave a quantitative separation of IBDFH2and SFM-Ac as can see in Figures-
2.19, 2.20, and 2.21.

Table-2.5: Extraction efficiency g, (%) of the metabolites after 8 hours by using 3ML-F
system (with feed: 0.1 mol/L HCI, and strip: 0.1lfadNaOH)

E (%) after 8 hours
1-pentanol DHE with Undecane with Decane with
Metabolite 1 % (w/w) of 1 % (w/w) of 1 % (w/w) of
TOPO TOPO TOPO
IBU-20H ~100 ~100 ~100 ~100
SFM-Ac ~100 ~100 ~100 ~100
SFM-Glu ~0 ~0 ~0 ~0
CBZ-DiOH 33.4 ~0 ~0 ~0

Table-2.6: Compositions of liquid membranes in SL-FM systems

Membrane Carrier ( w/w)
l-pentanol |
DHE 1,3,5,and 10 % of TOPO
Undecane 1,3,5,and 10 % of TOPO
Decane 1,3,5,and 10 % of TOPO
Feed phase Strip phase

120

100

100 A

80

60

Extraction (%)

40 A

2 B B B B 20 | L
0 0 L ‘ ‘ ==
2 4 6

Extraction (%)

2 4 6 8 8
Time (hour) Time (hour)
OSFM-Glu OCBZ-DiOH -
B BU-20H BSFM-Ac ‘DSFM-GM OCBZ-DiOH EIBU-20H B SFM-Ac
a) b)

Figure-2.19: Transport of metabolite mixtures in SL-FM, DHE wit0 % (w/w) of TOPO a
liquid membrane, a) Forward-extraction, b) backamtion (Extraction conditions, feed:|1
mg/L of metabolites in 150 mL of 0.1 mol/L HCI, asttip: 150 mL of 0.1 mol/L NaOH)

U7
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Feed phase Strip phase
120 100
100 | 60 |
S 80| g
~ 60 .
5 S
35 601 g
8 S 40
X 401 5
20 1
20 |
0 ol — B
2 4 6 8 2 _4 6 8
Time (hour) Time (hour)
|OSFM-GIu CICBZ-DIOH MIBU-20H BISFM-Ac |C1SFM-Glu [ CBZ-DIOH M IBU-20H B SFVHAC |
a) b)

Figure-2.20: Transport of metabolite mixtures in SL-FM, undexamith 10 % (w/w) of

TOPO as liquid membrane, a) Forward-extraction dgkkextraction (Extraction condition:
see Figure-2.19)

Feed phase Strip phase

120 100

100 - 80
S 80 S
. = 60
= 60 4 s
9 S 40
¥ 401 o

20
20 |
o | | ol HE ‘
2 4 6 8 2 4 6 8
Time (hour) Time (hour)
‘D SFM-Glu [ CBZ-DIOH m IBU-20H [ SFM-Ac ‘ ‘EI SFM-Glu [] CBZ-DIOH M IBU-20H B SFM-Ac ‘
a) b)

Figure-2.21: Transport of metabolite mixtures in SL-FM, decanth 10 % (w/w) of TOPO

as liguid membrane, a) Forward-extraction b) badkaetion (Extraction conditions: sge
Figure-2.19)

2.2.2.3 Influence of extraction time
SL-FM is a three-phase extraction system with tigaitl-membrane interfaces; as a result,
the metabolite molecules need time to diffuse thhoaach phase and cross all interfaces to

get into strip phase. Hence, the influence of exima time on the extraction efficiency of the
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metabolites in SL-FM was studied. SFM-Glu and CB®B remain in the membrane phase
as shown in (Figure-2.2a and b), while IBU-20H and SFM-Ac were simultaneously
extracted from the feed and back-extracted intcsthp phase see (Figure-2-22andd) and
the extracted amounts of both compounds increask @itended extraction time. The
maximum extraction efficiencies of IBU-20H and S\-were obtained 8 hours and was
chosen for further experiments. The extraction timéhis regard is relatively long, but it is

possible (as the membrane is more stable) to aehievbest extraction efficiency.

SFM-Glu CBZ-DiOH

Extraction (%)
Extraction (%)

Feed phase Feed phase

Strip phase 4 Strip phase

Time (hour) s Time (hour)
a b
IBU-20H SFM-Ac

Extraction (%)
Extraction (%)

Feed phase Feed phase

Strip phase 4 Strip phase

Time (hour) Time (hour)

C d

Figure-2.22: Time effect on the extraction efficiencies of nietlites by using SL-FM
system and DHE with 5 % (w/w) of TOPO as liquid nieame, a) SFM-Glu, b) CBZ-DiOl
c) IBU-20H, d) SFM-Ac (Extraction conditions: seiglire-2.19)

—
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2.2.2.4 Influence of TOPO concentration on the stpping process

The effect of the TOPO concentration in the memérnahase (DHE, undecane and decane)
on the re/ back-extraction/ stripping of IBU-20Hda8FM-Ac can be seen in Figures-2.23
and 2.24. For a low carrier concentratisi@ % w/w) the extraction efficiency of IBU-20H
and SFM-Ac increase with increase of TOPO concgatran the liquid membrane. These
observations are the result of the influence of factors on the mass transfer of analyte
through the liquid membrane, namely the concewtnatyradient of the analyte-carrier
complex and the viscosity of the organic liquid niieame phase. If it is assumed, that the flux
of the compound through the membraneJig) (related to the concentration gradiedi())

and the membrane thicknesky) through Fick’s first law, whereDy is the diffusion

coefficient

v = % x AC (23)

M

In this case, high fluxes can be achieved wherhtglk diffusion coefficient is maintained.

From the other side, the diffusion is dependenthenviscosity of the organic phase)(and

the radius ) of the species according to the Stokes-Einstdationship [142]:
Du = 62

Therefore, as an increase of the carrier concéotrgenerally increases the driving force as

well as the viscosity of the liquid membrane (sebl&s-2.1 and 2.2).

(24)

Extraction (%)

DHE

Undecane

Decane

10

TOPO % (w/w)

Figure-2.23: Stripping of IBU-OH as a function of TOPO concetita in DHE, undecan
and decane (Extraction conditions: see Figure-2.19)

U
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Decane

10

TOPO % (w/w)

Figure-2.24: Stripping of SFM-Ac as a function of TOPO concetira in DHE, undecan
and decane (Extraction conditions: see Figure-2.19)

U

2.2.3 Conclusion

The metabolites 10,11-dihydroxycarbamazepine (CBZH), 4-hydroxyibuprofen (IBU-
20H), N-4-acetylsulfamethoxazole (SFM-Ac) and sulfametdmnt-N1-glucuronide (SFM-
Glu) were synthesized and characterized by'HR, *C-NMR and mass spectroscopy see
section 3.1. The synthesis steps of 4’ -hydroxyticlac (DCF-40H) have faced problems,
leading at the end to incapability to synthesize tompound (section 3.1.2).

In order to carry out experiments with BLM and SMBystems a HPLC-UV method was
developed and validated as shown in section 3.2.2.

The mass transfer of the drug metabolites throbghiguid membranes was carried out in a
three-compartment transport cell and supporteddiguembrane-chamber. The three-phase
bulk liquid membrane system (BLM) consisted of ajueous feed solution, an organic
solvent (1-pentanol, DHE, undecane, and decane) waitd without a dissolved tn-
octylphosphine oxide as a liquid bulk membrane améqueous stripping solution. The BLM
employed offers a tool to separate selectively affetiently various metabolites from
aqueous solution. It extracts most efficiently IROH and SFM-Ac by combining TOPO as
carrier, the appropriate solvent and a pH-gradletiveen feed and strip. In general the
extractability of SFM-Glu and CBZ-DiOH by the lighimembrane is lower. Maximum

extraction yield were obtained with 1-pentanol gokar membrane.
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The supported liquid flat-membrane (SL-FM) systeB0:150 (v/v) based on a porous
polypropylene (PP) membrane (pore size |0, total thickness 9@im) was impregnated
with an appropriate water-immiscible organic memirahase. It contained the solvent with
or without a dissolved carrier held by capillarydes placed between two aqueous phases,
feed and strip.
Certain three-phase compositions were tested ifrM8LDifferent factors have been studied
to find the best extraction conditions for thesdahelites:

» strip phase: adjusted to pH >13 by using 0.1 mhIAOH;

* liquid membrane: DHE with 10 % (w/w) TOPO or undeeavith 10% (w/w) TOPO,

and decane with 10 % (w/w) TOPO;

* Time of extraction: 8 hours.
This condition gave ~ 90 % of IBU-20H and ~ 85 %S#M-Ac transported from the feed
into the strip solution at a concentration of 1 img/
By contrast, SFM-Glu and CBZ-DiOH which have a vienyer partition coefficient (octanol/
water) value can not be transported to the stripsphby using both BLM and SL-FM
systems.
High enrichment factors are possible by employiagain SLM-cells, so that even traces of
metabolites residues or drugs can be separatedraiathed. Therefore, the investigations are
continued to develop particular SLM devices whibbidd be suitable for trace analysis.
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2.3 Supported liquid bag membrane (SL-BM) systems

In SLM extractions, a high enrichment is a resdlthmh solubility of the analytes in the
membrane and complete trapping into the strippihgsp. Theoretically infinitely high
enrichment factors can be obtained. In practicevaver, enrichment factors are limited by
several factors such as the processing time, thestatdle volume ratio of sample and strip
phase, and affectivity of extraction and stripping.

The objectives of the present experiments are tha-fThe first one is to develop a method
to extract drug traces from water samples. Thergstome is to compare the efficiency and
applicability of this method with common solid-plasxtraction.

The original version of SL-bag membrane was dewsdopt the University of Paderborn
[112]. Special polypropylene-bags (PP-bags) wemdpeed from PP-sheets by a special
technique used as a support for the liquid membrahe method provides high enrichment
factors (up to 1100) for a limited number of anatyemploying a DHE/ OcSA-based SLM-
system [112].

The SL-BM device is shown in Figure-2.25. The PB-baaked with the liquid membrane
and filled with 0.3 - 0.6 mL of 0.1 mol/L NaOH dset strip phase was placed in 500 mL of
the aqueous, acidified (pH 1) sample, containing d@nalytes of drug traces dissolved. A
magnetic stir bar was used to agitate the samplegico during the extraction. At the end of
the extraction process (4 h), the strip solutiors weawn into a syringe and transferred into a
vial insert for HPLC-UV or LC-MS analysis.

SL-BM loaded
with strip phase

Feed phase=—T>

Stir bar

Figure-2.25:Schematic diagram of SL-BM; A represents the aealy
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2.3.1 Extraction efficiency and enrichment factor:Theoretical approach

As shown in Figure-2.26, the analytes (IBU-20H, SAM IBU and DCF) in their
undissociated form first diffuse from the bulk fegolution to the surface of the membrane
and then partitioned into the membrane liquid. Aftagration across the membrane, they
were extracted into the strip via deprotonationthia ionized form they can not re-enter the
membrane. The two processes occurred simultangoasty the overall extraction can be
highly efficient [143].

P @)

(2)

Figure-2.26: SL-BM device; (1) bag membrane filled with stripgse 0.3 - 0.6 mL; (2
sample solution with 500 mL of feed phase; (3) Isair [112]

At equilibrium, the mass balance in the SL-BM sgst@an be written as [144]:

CrVE = Cr.iVF + CwVu + CsVs 5§2
Ck is the initial analyte concentration in the fedthge,Cr; , Cy, andCs are the equilibrium
analyte concentrations in the feed, membrane, & respectivelyVg, Vi, andVs are the
volumes of the feed, membrane, and strip, respagtiv
Ke is the partition coefficient between the membrand the feed, an#s is the partition
coefficient between the membrane and the strip]f143

Cwm

Kr = 26

" Crar (26)

Ks = (27)
Csas

The extraction efficiencyE, is defined as the fraction of the analytes exédcand is given

as:
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E= CsVs
CrVE

The enrichment factok,, is defined as the ratio of the analyte conceionan the strip and

(28)

to that in feed phase:

_Cs_ gV
Ee= E(VS) (29)

Cr
When {&/Vs) is fixed, according to Eq. (29 is proportional tde. Combining Egs. (25) -
(29), theE at equilibrium can be written as:

1
E=
(asVeKs)/(arVsKe) + (asKsVm)/Vs+1

(30)

Combining Egs. (25)- (27) and (29), tBgat equilibrium can be written as:

_ 1
== (asKs/(arKr) + (asKsVm) /VF +Vs/VE

(31)

Becausenr is approximately 1, and Ks andKg are assumed to be similar, Egs. (30) and (31)

can be simplified to calculate maximum enrichmiggty) and extraction efficienclemaxas:

1
E (max) = 32
e (asVF) Vs + (asKsVm) Vs + 1 (32)
1
Ee(max) = (33)

as + (asKsVm) /VE +Vs/VE

Eqg. (32) indicates that in order to achieve a highasshould be low. Theoretically the
maximum possiblé€ is 1 corresponding to an extraction yield of 100 A6cording to Eg.
(33), a smalbrsis also necessary for a high-value. E; decreases with increase &, and
increase with the increaseV. The maximum possiblg. can be calculated by:

VE
Eemay = — 34
e = (34)

S
A high Ee-valueis desired to obtain lower detection limits. In €ad the SL-BM used the

theoretically highedEe-value is 1250, in case of quantitative extrac{iBmax= 1)

2.3.2 Extraction of the metabolites IBU-20H and SFMAc

For the efficient enrichment of metabolites, fasttiat control the transfer of the analytes
from the feed phase to the strip phase acrossdgentembrane and the entrapment of the
analytes to the strip phase were optimized. Foeféinient enrichment analytes in the feed

phase need to be non-ionic or in an uncharged fwfore they diffuse across the membrane.

The partition coefficienKg (see Eq.26) of the analyte molecules between thanoz solvent
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and the aqueous feed phase has to be as high siblpdsr the target molecules IBU-20H
and SFM-Ac. For the interfering compounds it hadeolow. Also an efficient trapping or
conversion of analytes into the inactive form whiohturn prevents back-diffusion into the
feed phase, should take place from the strippirgs@hTherefore, a number of parameters

were optimized in order to achieve the objectiveftiCient trapping of the analyte.
2.3.2.1 Influence of composition of the liquid memiane
The compositions (solvent/carrier) used in the $L-(Section 2.2.2) which provided best

extraction results (see Table-2.7) were selectédstotheir applicability in SL-BM systems.

Table-2.7: Composition of liquid membranes used for SL-BMteyss

Solvent Carrier
DHE 1, 3,5and 10 % (w/w) of TOPO
Undecane 1, 3,5and 10 % (w/w) of TOPO
Decane 1, 3,5and 10 % (w/w) of TOPO

Liquid membranes consisting of undecane or decadénmgher concentrations of TOPO were
not stable; the bag membrane leaked the strip isalumto the feed phase after 1 hour of
extraction. By contrast, DHE with concentratiortlie range of 1- 10 % (w/w) of TOPO was
more stable. Consequently, DHE with dissolved TO&COcarrier was qualified for further
experiments with the SL-BM system.

The low drug concentrations< (1 mg/L) chosen, do not allow the determinationtiod
extraction yield from the feed into the SL-BM. Thafare, the judgment of the membrane
performance is exclusively based on the deternunadif the trapped pharmaceuticals in the

strip.

2.3.2.2 Influence of TOPO concentration

The influence of the carrier on the extraction aéfincy for metabolites was studied by
varying the TOPO concentration in DHE from 1 to%5w/w). As demonstrated in Figure-
2.27, the re-extraction for both compounds incréaséh increasing TOPO-concentration
and reaches a maximum at 10 % (w/w). At a highelieraconcentration, the higher stripping
yield determined could be attributed to an incrda®emation of aggregate complexes with
low diffusion constants [145]. As a consequenca, further experiment, the TOPO

concentration in the membrane was adjusted to 1@/%).
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Extraction (%)

1 3 5 10 15

TOPO (w/w) concentration

| EMIBU-20H  OSFM-Ac |

Figure-2.27: Stripping of IBU-20H and SFM-Ac as a function of PO concentration in
DHE (Extraction conditions: feed 0.01 mg/L of medhtes in 500 mL of 0.1 mol/L HCI,
strip: 0.4 mL of 0.1 mol/L NaOH, 4 h of extraction)

2.3.2.3 Influence of extraction time

Figure-2.28 shows effect of time on the strippimggess. Stripped amounts increased over a
period of 4 h and then they declined. This effealyrbe attributed to the influence of the pH
on the stripping reaction. As IBU-20H and SFM-Amtinue to be trapped, the pH value
adjusted decreased slightly from pH 13 to pH llrmduthe process and this may cause the
analyte to back extract. In comparison to SL-FMteys, the pH of the strip phase is more
stable (as the volume is comparatively bigger) thie analyte is continuously trapped into

the strip phase and the extraction efficiency iaseel with increasing time.
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Extraction (%)

1 2 3 4 5

Time (hour)

| MIBU20H  OSFM-Ac |

Figure-2.28: Stripping of IBU-20H and SFM-Ac as a function of tection time
(Extraction conditions: see Figure-2.27)

2.3.2.4 Influence of the pH of the strip phase

The pH of the strip phase also plays an importaiié ron the extraction efficiency.

Theoretically, for a nearly complete trapping ofJ2OH and SFM-Ac, the pH on the strip
side should be at least 3.3 pH units higher thang, of these compounds (Figure-2.18).
Different buffer solutions (Figure-2.29) and di#et concentrations of NaOH in the strip
phase (Figure-2.30) were used. Figure-2.30 showas dptimal stripping of IBU-20H and

SFM-Ac occurred at pH ~ 13 by using 0.1 mol/L NaOH.
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Figure-2.29: Stripping of IBU-20H and SFM-Ac as a function dff pf buffer in strip
phase, (Extraction conditions: see Figure-2.27)
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Extraction (%)

0,01 0,1 1
Concentration of NaOH in
strip phase (mol/L)

| WIBU-20H OSFM-Ac |

Figure-2.30: Stripping of IBU-20H and SFM-Ac as a function dfet concentration df
NaOH in strip phase, (Extraction conditions: seguFe-2.27)

2.3.2.5 Influence of strip phase volume

In the present work, the volume of the strip phases varied in the range of 0.3- 0.6 mL,
while the concentration of metabolites in the fpbdse was kept at 0.01 mg/L. The volume
of the feed phase was 500 mL. The results showthieatnaximum extraction efficiencies for

IBU-20H and SFM-Ac were obtained at a strip phasl@ewme of 0.4 mL (Figure-2.31).
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Figure-2.31: Stripping of IBU-20H and SFM-Ac as a function betvolume of strip phage
(0.1 mol/L NaOH), (Extraction conditions: see Fign#.27)

2.3.2.6 Influence of metabolites concentration

Three concentrations 1, 10, and 13§)L of metabolites were investigated. In this ramge

concentration the effect on the extraction efficiems negligible for IBU-20H and SFM-Ac
(Table-2.8).

Table-2.8: Extraction efficiency of SL-BM for IBU-20H and SFMc as function of
concentration (Extraction conditions: feed phase &l of 0.1 mol/L HCIl; membrane: DHE
with 10 % (w/w) TOPO; strip phase 0.4 mL 0.1 maNBOH; n = 3)

Metabolite | Concentration of feed Cs E Ee
(no/L) (mg/L) (%) (Ee(max)=1250)

1 0.228 18.3 228.7
IBU-20H 10 2.325 18.6 2325
100 23.875 19.1 238.8
1 0.212 16.96 212.5
SFM-Ac 10 2.105 16.84 210.0
100 22.050 17.64 220.5

2.3.3 Extraction ability of the active drugs CBZ, OCF, IBU and SFM

The SL-BM system was also employed to extract tiweadrugs SFM, CBZ, DCF, and IBU
from spiked water samples. Different liquid memtasnvith and without carrier, e.g. DHE,
DHE with 0.025 g/L OcSA, and DHE with 10 % (w/w) PO were tested. As shown in
Table-2.9, the maximum extraction yield for DCFG4.3 %) and for IBU (~ 70.1 %) were
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obtained by using DHE with OcSA as liquid membranbereas SFM and CBZ remain not

extractable.

Table-2.9: Extraction efficiency of SL-BM for DCF and IBU #&snction of liquid membrane
composition, (Extraction conditions: feed phaselhty/L of active drugs in 500 mL of 0.1
mol/L HCI; strip phase 0.4 mL 0.1 mol/L NaOH; n ¥ 3

Active drug Membrane Cs E Ee
(mg/L) | (%) | (Eemay=1250)

DHE 5.10 40.8 510
DCF DHE with 0.025 g/L OcSA 8.03 64.3 803
DHE with 10 % (w/w) of TOPO 3.425| 27.4 342

DHE 5.71 45.7 571
IBU DHE with 0.025 g/L OcSA 8.76 70.1 876
DHE with 10 % (w/w) of TOPO 5.812 46.5 581

2.3.4 Comparison between the extractability of acte drugs and metabolites by using
SL-BM systems

The extraction of active drugs and metabolites wewmpared to find out the different
behaviour of these compounds in SL-BM extractiostays. For this purpose the same
extraction conditions with three different liquidembrane systems (DHE, DHE with 0.025
g/L OcSA and DHE with 10 % (w/w) TOPO) were appliach SL-BM cell.

As shown in Figure-2.32, a co-relation between éxdraction efficiency and partition
coefficient of theacidic compoundss obvious. DHE as a liquid membrane gave a satisfy
extraction efficiency only for the compounds withigh partition coefficient like DCF and
IBU. By using DHE admixed with OcSA, the extraction efficiencyr fBCF and IBU
increased, however, the membrane is not able taaxthe compounds with lower partition
coefficient. DHE with TOPO as a carrier extracts BD@BU and to some extend, also the
compounds having lower partition coefficients sasHBU-20H and SFM-Ac. It is to assume
that TOPO forms hydrogen—bonded associates witledh®oxyl and/or hydroxyl substituents
of DCF, IBU, IBU-20H and SFM-Ac, thus enhancing tealyte-DHE interactions so that
transport of these compounds across the liquid mameboccurred. On the other hand, adding
of TOPO to DHE facilitates the transport into thembrane (see Table-2.1). However, the
release of these compounds (DCF, IBU, IBU-20H, &#kM-Ac) into the strip phase is
negligible. Therefore, the overall extraction afiecy is low. A similar behavior was found
for SFM-Glu and SFM which can not be extractedlat a
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Also thebasic compound€BZ and CBZ-DiOH were not transported into thepsphase of
the different liquid membranes employed.

Furthermore, the extraction of active drugs andain@ites depend in a different way on the
pH of the feed phase. For the metabolites, theaetitm efficiency of IBU-20H and SFM-Ac
decrease with a decreasing acidity of the feedglrashe range from acidic (pH ~1, by 0.1

mol/L HCI) to neutral water sample. The pH valuetloé feed phase has no effect on the
extraction efficiency of the active drugs DCF aBdlI

80

Extraction (%)

Partition coefficient (Log P)

Figure-2.32: Stripping of SFM-Glu, SFM, SFM-Ac, IBU-20H, DCFna@ IBU as a
function of the extraction efficiency with LoB of these compounds, membrane: DHIE,
DHE with 0.025 g/L OcSA, and DHE with 10 % (w/w) PO, (Extraction conditions: feqd

0.01 mg/L of selected pharmaceuticals in 500 ml0.af mol/L HCI, strip: 0.4 mL of 0.1
mol/L NaOH, and 4 hours of extraction)
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2.3.5 Extraction of IBU-20H, SFM-Ac, DCF and IBU by using a SL-4-bag membrane
(SL-4-BM) system

In order to improve the extraction yields and tixération efficiencies, the number of bag
membranes in the same extraction device was rais&hs found that a higher number of
bags in the same extraction device increased theotion efficiencies markedly. As
presented by the data in Table-2.10: ~ 44 % of EBMH, ~ 58 % of SFM-Ac, ~ 30 % of DCF
and ~ 52 % of IBU were trapped in to the strip ghhy using four bags as SLM-support
(Figure-2.33).

(1)

(2)

Figure-2.33: SL-4-BM device; (1) bag membrane filled with stghase with volume 0.3
0.6 mL for every bag; (2) sample solution with voki 500 mL of feed phase; (3) stir bar

Table-2.10: Extraction efficiency of SL-BM systems as a fuoatiof number of bag
membranes (Feed phase: 0.01 mg/L of IBU-20H, SFMBCF, and IBU in 500 mL of 0.1
mol/L HCI; strip phase: 0.4 mL of 0.1 mol/L NaOHrfevery bag; liquid membrane: DHE
with 10 % TOPO (w/w); n = 3)

Number of IBU-20H SFM-Ac DCF IBU
bags Cs E Cs E Cs E Cs E
(mg/L) | (%) [ (mg/ll) | (%) [(mg/ll) | (%) | (mg/L) | (%)
1 2.28 18.3 2.1 16.8 0.71 5.7 1.83 14|7
2 3.46 27.7 2.9 23.2 1.08 8.7 2.81 2215
3 4.98 39.9 4.82 38.6 2.38 19.1 4.54 365
4 5.58 44.7 7.27 58.2 3.8 30.4 6.5 52|12

The data of table Table-2.10 clearly reveal that iticreased number of bags increases the

overall extraction yield drastically.
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2.3.5.1 Reproducibility of extraction with the SL-4BM system

The reproducibility of the SL-4-BM system was telstey a series of tests under the same
conditions. The total relative standard deviati{fs) were found to range from 0.3 to 1.2 for
IBU-20H, SFM-Ac, DCF, and IBU as listed in Tabled-2 -2.14. The methods show

reasonable reproducibility of the extraction of loancentration of analytes (0.01 mg/L).

Table-2.11:Reproducibility for SL-4-BM system for extractioh IBU-20H

4 Bags Bag | Bag Il Bag Il Bag IV Total
number
Cs(mg/L) 1.17 1.65 1.13 1.72 5.67
E (%) 9.4 13.2 9.1 13.8 45.5
Cs(mg/L) 1.0 1.5 1.47 1.61 5.58
E (%) 8.0 12.0 11.8 12.9 44.7
Cs(mg/L) 1.08 1.56 1.43 1.53 5.6
E (%) 8.7 12.5 11.5 12.3 45
Cs(mg/L) 0.88 1.58 1.4 1.86 5.72
E (%) 7.1 12.7 11.2 14.9 45.9
Cs(mg/L) 0.9 1.61 1.3 1.8 5.61
E (%) 7.2 12.9 10.4 14.4 44.9
Seel 0.9 0.4 1.0 1.0 0.5

Feed phase 0.01 mg/L of IBU-20H in 500 mL of 0.1/néiCl, strip phase: (4 x 0.4 mL) of
0.1 mol/L NaOH, liquid membrane: DHE with 10 % (WAVOPO, extraction time: 4 hours, n
= 5,Ser standard deviation.

Table-2.12: Reproducibility for SL-4-BM system for extractioof SFM-Ac (extraction
conditions see Table-2.11)

4 Bags Bag | Bag Il Bag Il Bag IV Total
number
Cs(mg/L) 1.7 2.02 1.53 2.15 7.41
E (%) 13.6 16.2 12.3 17.2 59.3
Cs(mg/L) 1.71 2.11 1.3 2.15 7.27
E (%) 13.7 16.9 10.4 17.2 58.2
Cs(mg/L) 1.73 2.11 1.46 2.15 7.45
E (%) 13.9 16.9 11.7 15.8 58.3
Cs(mg/L) 1.78 2.03 1.48 1.97 7.26
E (%) 14.3 16.3 11.9 16.5 59
Cs(mg/L) 1.68 2.01 1.45 2.13 7.27
E (%) 13.5 16.1 11.6 17.1 58.3
Seel 0.3 0.3 0.7 0.6 0.5
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Table-2.13: Reproducibility for SL-4-BM system for extractioof DCF (extraction
conditions see Table-2.11)

4 Bags Bag | Bag Il Bag Il Bag IV Total
number
Cs(mg/L) 1.0 1.08 0.8 0.71 3.59
E (%) 8.0 8.7 6.4 5.7 28.8
Cs(mg/L) 0.93 1.07 0.82 0.73 3.55
E (%) 7.5 8.6 6.6 5.9 28.9
Cs(mg/L) 1.08 1.02 0.87 0.72 3.69
E (%) 8.7 8.2 7.0 5.8 29.7
Cs(mg/L) 1.03 1.02 0.85 0.72 3.62
E (%) 8.3 8.2 6.8 5.8 29.1
Cs(mg/L) 0.97 1.11 0.76 0.77 3.61
E (%) 7.8 8.9 6.1 6.2 29
Seel 0.4 0.3 0.3 0.1 0.3

Table-2.14:Reproducibility for SL-4-BM system for extractiah IBU (extraction conditions

see Table-2.11)

4 Bags Bag | Bag Il Bag Bag IV Total
number
Cs(mg/L) 1.61 2.81 0.47 1.83 6.72
E (%) 12.9 22.5 3.8 14.7 53.9
Cs(mg/L) 1.36 2.72 0.55 1.81 6.44
E (%) 10.9 21.8 4.4 14.5 51.6
Cs(mg/L) 1.46 2.56 0.77 1.72 6.51
E (%) 11.7 20.5 6.2 13.8 52.2
Cs(mg/L) 1.26 2.82 0.52 1.83 6.43
E (%) 10.1 22.6 4.2 14.7 51.6
Cs(mg/L) 1.56 2.65 0.7 1.83 6.74
E (%) 12.5 21.2 5.6 14.7 54
Seel 1.1 0.8 1.0 0.3 1.2

It is remarkable, that the overall standard dewra{Se) of the extraction data of the SL-4-
BM system were found to be relatively lower (IBU4¥or at a similar level compared to the
individual bags (DCF, IBU and SFM-Ac).

2.3.5.2 Influence of humic acids
Humic substances are widespread in the aquaticamaent, i. e., natural waters, lakes and
sediments, in both soluble and insoluble forms.sEhmacromolecular substances are formed

as a product of chemical and biological transforamst of animal and plant residues. The
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concentration of humic acids in groundwater is e range of 10 ng/L -10Qg/L. The
principal properties of humic acids and their sgjosat potential application depend strongly
on their origin and the isolation procedure [146].

Humic acids are considered natural polyelectrolgtganic compounds of complex structures
including condensed aromatic rings with a large benof attached carboxylic and hydroxyl
groups. The structure of these biopolymers is st clearly defined. Humic acids are
organic ligands and play a crucial role in speoigtitransport and deposition of a variety of
compounds ranging from metal ions to lipophilic gmunds [147].

It is very common that surface waters contain huagals. Therefore, the effect of the
presence of humic acids on the extraction effigreoicIBU-20H, SFM-Ac, DCF, and IBU
were studied by adding 18 mg/L of humic acids (H&&ndard Hohlohsee 13) [112] to the
sample solution (feed phase). Figure-2.34 shove, ttie extraction efficiency of IBU-20H
and SFM-Ac were slightly increased in present ahlwacid in the feed phase. By contrast,
the extraction efficiency of DCF and IBU decreaaéiér adding 18 mg/L humic acids in feed

phase as shown in Figure-2.34.

Extraction(%)

with humic acids

without humic acids

Figure-2.34: Stripping of IBU-OH , SFM-Ac, DCF, and IBU in SLBM as a functiorn
with humic acids adding in feed phase, [Extracttmmditions: feed: 0.01 mg/L of druTs

with or without 18 mg/L humic acids (HUS-Standar@éhbhsee 13) in 500 mL of 0j1
mol/L HCI, liquid membrane: DHE with 10 % (w/w) T@R 4 bag membranes filled with
(4 x 0.4 mL) 0.1 mol/L NaOH as strip phase, aftdrours of extraction]

As pointed out in section 2.4, the second objet¢b isompare the analytical applicability of
SL-4-BM with another standard method such as SREfloved to be useful to extract the
selected analytes from water samples.
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2.3.6 Solid phase extraction (SPE)

Solid-phase extraction (SPE) is widely used in de¢ermination of pharmaceuticals from
environmental water samples [148, 149]. SPE isngisdly a three-step process. A sample is
initially passed through the sorbent bed, and deslpresent in the sample are exhaustively
extracted from the sample matrix to the solid sotbln the second step, unwanted analytes
or matrix components are selectively desorbed fthm solid sorbent by washing with a
solution or appropriate solvent. In the final stap,eluting solvent is able to desorb analytes
of interest. The resulting eluent may then be cotraéed by evaporation to the desired
volume [150, 151]. Depending on the choice of sotpba wide range in polarity and chemical
class may be covered. For the extraction of higarpanalytes SPE with polymeric sorbents
often proved to be superior to alkyl-bonded silfeay., octadecasilane). A variety of hyper-
crosslinked sorbents are commercially availabl#exding in the degree of linkage, porosity
and surface area. They are either co-polymerisatesyrene or a polar component (e.g.,
methacrylate or N-vinylpyrrolidone) or the functiogroups are introduced after
polymerization (e.g., by sulfonation). This functadisation results in mainly two effects:
improved wetting characteristics for better masmdfer and additional possibilities for
interaction with functional groups of the analysewl thus a higher degree of retention.

At the first stage of this study, a variety of calges were investigated such as polystyrol-
DVE-copolymer (Isolute ENV) [152, 153], octadecas# (Bakerbond C-18) [152, 153],
[poly(divinylbenzene-co-N-vinylpyrrolidone)] (OasislLB) [152, 153] and C18-material
endcapped (Strata C18-E) [154] with the extractwacedure presented schematically in
Figure-2.35.

Table-2.15 shows the results of a comparative stmmlythe recovery efficiencies of the
analytes in question obtained by means of the fmatridges applied to prepared water
samples. At sample volume 500 mL with 0.01 mg/L ¢bacentration of analytes, the higher

recoveries were obtained with Oasis-HLB cartridge.
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Table-2.15: Analyte recoveries obtained with various SPE wgés (sample volume: 500
mL, concentration of analytes: 1@/L, n = 3)

SPE-Material Recovery (%)
IBU-20H SFM-Ac DCF IBU
Bakerbond 56.7 % 60.7 % 92.8 % 80.3 %
Isolute ~0 % ~0% 5.2 % 23.7 %
Strata 73.5 % 71.4 % 76.3 % 80.0 %
Oasis 74.6 % 77.4 % 76.6 % 82.4 %

The Oasis-HLB cartridge is classified as a mixedl@jat features two retention mechanism
mainly strong cation exchange and reversed-phdsenmiost attractive features of Oasis-HLB
cartridge are its hydrophilic-lipophilic-balanceangposition that is responsible for both
strong reversed-phase retention and water-wetablht addition, these sorbent are stable
from pH 1 to 14 due to the use of pH wash systel5][ Therefore Oasis-HLB cartridge was

finally chosen as the best cartridge for extractibeelected analytes.

500 mL sample volume (140y/L analytes in
distilled water)

-

[ Filtration: 0.45um Nylon-Filter ]

-

4 )

Solid phase Extraction:
Conditioning: 5 mL MeOH, 5 mL distilled water
Loading: at 5 mL/min
Washing:10 mL 5% (v/v) MeOH
Drying: for 10 min under water vacuum
Elution: 0.8 mL MeOH

- J

g

>

[ Addition of MeOH to

final volume (1 mL)]

g

>

[ HPLC a

nalysis ]

Figure-2.35: SPE extraction procedure

66



Results and discussion

2.3.7 Comparative study of SL-4-BM and SPE extraatin techniques

The comparison between Oasis-HLB of SPE cartridggufe-2.35) and SL-4-BM system
(Figure-2.36) in extraction of IBU-20H, SFM-Ac, DCGind IBU compounds from prepared
water samples has the following results:

» Recovery: the recovery obtained with SPE (70% for IBU-20H,7P%6 for SFM-Ac,
75.1% for DCF and 81.5% for IBU) were higher thahwSL-4-BM (44.7 for IBU-
20H, 58.2 % for SFM-Ac, 30.6 % for DCF and 52.7 & BU) as listed in Table-
2.16.

* Enrichment factor: the enrichment factor obtained with SL-4-BM (558 1BU-
20H, 727 for SFM-Ac, 383 for DCF and 658 for IBUeke higher than with SPE
(350 for IBU-20H, 355 for SFM-Ac, 375 for DCF an@#for IBU) (see Table-2.16).

* Solvent consumption:SL-4-BM has a very low consumption of organic soit/(only
organic solvent needed is used to fill the poreparbus support) comparing to SPE
(more than 15 mL); as a result the former is morgrenmentally friendly.

» Extraction time: the extraction time for SL-4-BM is 4 hours, whi#®E need more
than 6 hours.

» Clean up: SL-BM gave a considerably more efficient cleanthgn SPE [112].

» Selectivity: there are mangxamples of analytical applications to aquatic yvnent
system which show nearly complete selectivity oMSsystems. For example, triazine
herbicides were extracted from spiked river wahlwith SLM and with SPE [14].
The results show that in SLM extract virtually ortlye expected compounds are
found, while a typical “humic hump” from humic asidlbgether with disturbing from

unknown compounds is seen in the SPE extract.

Table-2.16: Comparison of performance between SL-4-BM and SgBncentration of
metabolites: Jig/L, and n = 3)

IBU-20H SFM-Ac DCF IBU Ee(max)
Extraction R Cs | Ee| R Cs | Ee | R Cs | Ee | R Cs | Ee
technique | (%) | pg/L (%) | ng/L (%) | po/l (%) | po/l
SPE 70 | 350| 35971.7| 355 | 355| 75.1| 375 | 375/ 81.5| 407 | 407 500
SL-4-BM | 44.7| 558.1 558| 58.2| 727.5| 727 30.6| 383.7| 383| 52.7| 658.7| 658| 1250
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Step-1

Preparation of SLM-systera

-

4 bag membranes (PP)

~d b

N
Washing: 3 times with
water

J

~d b

N
Drying: for 30 min at
room temperature
J

-

.

~N
Soaking: 2 hin liquid

membrane (dihexyl ether

with 10 % (w/w) TOPO)

J

Il

Filling: 0.4 mL (0.1
mol/L NaOH) every bag

Step-2

s N
500 mL water acidified

with 6.5 mL of
25% HCI

N 7

-
Filtration: 0.45um

J

\.
r —=
Mounting of 4 bag
membranes to holding
\.

Nylon-Filter

device 7
Y,
Step-3 1

Extraction

. Dipping of SL-4-BM device
in feed at room temperature

. Stirrer setting:at 360 rpm

. Extraction time: 4 h

i

\

Neutralizing the strip phase of ever
bag with 0.4 mL of 0.1 mol/L HCI

HPLC analysis
of each strip

Figure-2.36: Extraction procedure with the SL-4-BM system
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2.3.8 Conclusion

SLM bag membrane systems were developed as a sampbdhment device to extract and
enrich metabolites and drugs from spiked water $asnfhe liquid membrane used to trap
these compounds consisted of DHE with TOPO and QasSéarrier.

Several factors affecting the extraction efficierdiyring SL-BM enrichment were studied.
These factors can Istructureor operator dependent

In the first case, it can be assumed that the pahsof all investigated compounds is
influenced by its acid-base Kp pKyp) properties and partition coefficient (octanol/ert
Log P.

In the second case, it can be concluded that fimenobtained results, the most effective
conditions for membrane transport are: 10 % (Ww/M@PD as carrier dissolved in DHE, low
pH of the feed phase (0.1 mol/L HCI), high pH oé @trip phase (0.1 mol/L NaOH), a 4-bag
membrane system, and 4 hours of extraction to €raalriving force of the process which
sufficient by produces a high mass transfer of IBQH and SFM-Ac.

SL-4-BM system was used to enrich and determinetainget metabolites from prepared
water sample by means of HPLC-UV. High enrichmeawtdrs were achieved for both acidic
metabolites IBU-20H and SFM-Ac (Table-2.16). Extiawc efficiency was 44 % for IBU-
20H and 58 % for SFM-Ac.

DCF and IBU were also separated and enriched uth@esame conditions. The extraction
efficiency of these compounds was 27 % for DCF &M@ for IBU.

Solid phase extraction (SPE) was used to extractalget drug metabolites from prepared
water samples. The achieved recoveries with SPE488U-20H, 71 % SFM-Ac, 96.8 %
DCF, and 91.5 % IBU) were higher than SL-4-BM (44IBJ-20H, 58 % SFM-Ac, 27 %
DCF, and 50 % IBU), but the novel SL-4-BM offer moadvantages due to higher

enrichment factors, low consume of organic solvant time.
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2.4 Application: determination of drug traces in water by means of SL-4-BM system
and HPLC-UV

2.4.1 Influence of analyte concentration and matrix

To judge to what extent the developed method caaffeeted by parameters having direct

influence on the extraction recoveries and sigesbonse, e.g. sample concentration and

matrix effects were studied.

Three sample concentrations (300, 500, and 100Q)nglkere chosen to study the

concentration effects at a constant sample volun®® mL. To insure the robustness of the

developed method, spiked tap water of PaderbomTable-3.14) was analyzed.

The percentage recovery of the analytes spikedeabh type of tested sample was calculated

as follows:

AS-0C
Q

~

R(%) = 100 I35

WhereASis the peak area of spiked sami; is the peak area of unspiked sample &gl
the peak area of non enriched standard [160, 161].
Recoveries obtained by varying the sample conceorisain spiked distilled water and tap

water showed no significant differences (Table-2atd 2.18).

Table-2.17:Extraction recoverieR) of selected analytes frodistilled water

Compound Concentration Cs Ce R Seel

Spiked pg/L ng/L (%)

0.3ug/L 155.2 0.124 40.6 8.1

IBU-20H 0.5ug/L 269.3 0.215 43.1 6.1

1 g/l 528.7 0.422 42.3 6.5

0.3ug/L 199.5 0.159 53.2 7.7

SFM-Ac 0.5ug/L 343.7 0.274 55.0 6.5

1 ug/L 718.7 0.574 57.5 6.8

0.3ug/L 96 0.076 25.6 4.5

DCF 0.5ug/L 185 0.148 29.6 2.5

1 pg/L 392 0.313 31.4 4.5

0.3ug/L 177.3 0.141 47.3 7.1

IBU 0.5ug/L 323.1 0.258 51.7 8.7

1 pg/L 685 0.548 54.8 8.0
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Table-2.18:Extraction recoverieR) of selected analytes frotap water (city of Paderborn)

Compound Concentration Cs Ce R Seel

spiked ng/L ng/L (%)

0.5ug/L 266.8 0.213 42.7 4.2

IBU-20H 1 pg/L 543.7 0.434 43.5 6.2

1.5ug/L 860.6 0.688 45.9 5.2

0.5ug/L 341.8 0.272 54.7 7.2

SFM-Ac 1 pg/L 692.5 0.554 55.4 6.9

1.5ug/L 1038.7 0.830 55.4 6.6

0.5ug/L 183.1 0.146 29.3 2.5

DCF 1 pg/L 380 0.304 30.4 4.1

1.5ug/L 613.1 0.490 32.7 2.9

0.5ug/L 309.3 0.247 49.5 8.9

IBU 1 pg/L 632.5 0.506 50.6 6.2

1.5ug/L 997.5 0.798 53.2 5.8

2.4.2 Application of the developed method for readurface water samples

The developed methods were tested for applicaliityeal water samples by analyzing the
surface water from river Ruhr affected by efflu&itP. The water samples were spiked and
non-spiked with the metabolites synthesized andpiw@nt drugs to determine recoveries.
The samples were treated by the developed sepanatozedure. The strip phase contained
the enriched analytes separated from the surfater weatrix.

For trace analysis of real samples the extractioacqrure was modified and the
chromatographic conditions were adjusted to HPLC-aihalysis. The method detection
limits (MDLs) were determined by spiking the anal/into 500 mL of surface water in the
concentration range 0.3-iig/L. MDLs are distributed between 0.071- 0.18§/L.
Recoveries obtained by varying the sample concgoriain surface water and distilled water
showed no significant differences (Table-2.17 arid®P As a result, no target analytes were
found in the surface water sample and the waterewaently not polluted.
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Table-2.19: Extraction recoveriesR) of selected analytes frogurface water(river Ruhr)

Compound ocC* Concentration Cs Ce R MDL
spiked pg/L ng/L (%) pg/L
0.3ug/L 171.6 0.137 44.8
IBU-20H | <0.001 0.5ug/L 261.1 0.208 41.7 0.185
1 ng/L 484.1 0.387 38.7
0.3ug/L 202 0.161 53.8
SFM-Ac | <0.001 0.5ug/L 355.4 0.284 56.8 0.094
1 ug/L 591.4 0.473 47.3
0.3ug/L 125 0.100 33.3
DCF <0.001 0.5ug/L 190 0.152 30.4 0.071
1 pg/L 335 0.268 26.8
0.3ug/L 197.4 0.157 52.6
IBU <0.001 0.5ug/L 304.2 0.243 48.6 0.122
1pug/L 640.2 0.512 51.2

OC*: the peak area of unspiked surface water sample
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2.5 Development method based on LC/MS

Mass spectrometry (MS) is widely used detectiorhnéque that provides quantitative and
qualitative information about the components in tomig. In qualitative analysis it is very
important to determine the molecular weight of aknown compound and MS is a technique
capable for that. MS is also generally more seresitian an UV-detector for quantification.
An MS detector consist of three main parts: thezation source (interface) where the ions
are generated, the mass analyzer (separation) hvgaparates the ions according to their
mass-to-charge ration (m/z), and the electron ipligti (detector). There are several types of
ion sources, which utilize different ionization eeques for creating species.
Three popular ionization techniques are: elect@gponization (ESI), atmospheric pressure
chemical ionization (APCI) and matrix-assisted fadesorption (MALDI). Electrospray is
the most widely used ionization technique whengrenfng LC-MS, and has proved to be a
most versatile tool for soft ionization of a langariety of analytes [156, 157].
Common mass analyzers that are commercially availate: quadrupole, ion-trap, time-of-
flight (TOF) and magnetic sector analyzers. lopthAS is especially useful for advanced
qualitative analysis due to the ability of techrége provide scans up to the M@nge. The
power of ion trap MS stems from the fact, that salvgenerations of daughter ions can be
generated providing MSspectra. This capability provides a rich source stiuctural
information [157].
Previously published methods for analysis of phasenécals in natural water samples
commonly used gas chromatography coupled to masstrsmetry (GC-MS). However,
recently, the application of liquid chromatographgss spectrometry (LC-MS) rapid growth,
in part due to the instrumental developments a#droh this field. With the development of
atmospheric-pressure ionization techniques, thebamation of liquid chromatography and
tandem mass spectrometry (LC-MS/MS) has become nteéhod of choice for high-
sensitivity quantitative analysis of drugs and rheties in water samples. This because LC-
MS/MS with ESI and APCI offers [158]:

» versatility: most drugs and metabolites can becéiffely analyzed by LC-MS/MS;

» specificity: the combination of liquid chromatoghgpand tandem mass spectrometric

detection can provide unparalleled specificity;

» sensitivity: ESI and APCI often permit accurate suwgament of analyte at sub-ng/L;

73



Results and discussion

» rapid analysis: no derivatisation of analyte isuiegd, and run times are often a few
minutes long;

e (uantitative accuracy and precision: by the usatable isotope-labeled analogs as
internal standards one can avoid problems resuitorg differences in extraction and
chromatographic behavior between the analyte aedirternal standard, and can
correct for analyte losses due to chemical instgbil

» Ease of operation: LC-MS/MS analyses are ofteneedsi set up and perform than
GC-MS analysis.

Therefore, LC-MS was chosen for this study. The-M&/MS system used was a LCQ
Advantage in ESI-mode (Thermo Finnigan, electragelgbach, Germany), connected with a

gradient pump (Spectra SYSTEM P4000) was employed.

2.5.1 Mass spectrometer parameters

Several mass spectrometric parameters must be igptimn order to obtain the highest
possible abundance of the analytes in MS.

Electrospray operationelectrospray operation parameters were optimizedifgct infusion

of the analytes by means of a syringe pump at flat® of 10ug/min into the ESI source.
Nitrogen was used as sheath gas at a flow ratpprbaimately 47.0 L/min, the spray voltage
was set to 5 kV in the positive ionization mode &md.5 kV in the negative ionization mode,
and the transfer capillary was set to 260

Capillary voltage:the properties of the functional groups define ith@zation mode; IBU-
20H, DCF and IBU contain carboxylic acid groups,tkey will favor the negative mode
while, SFM-Ac prefer the positive mode becausetsfamine functionality. The capillary
voltage, ion optics parameters were optimized flbrcampounds based on mass peak
intensity. The optimal collision energy was betw&eamnd 10 V in negative ion mode.

Analyte fragmentation patternall analytes were measured in full scan mode uMRiMS
conditions. The chemical structure and typical mgggsctra of the analytes are shown in
(Figures-2.37- 2.40) and the selected ions aredist Table-2.20.
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Table-2.20:LC-ESI-MS/MS parameters for analysis of the seléarugs

Analyte Mode Collision Normalized collision Fragment ion
energy energy (m/z)
[V] [%]
IBU-20H -ve 5 30 221/177
SFM-Ac +ve 10 35 296/197.9
DCF -ve 5 30 293.8/250
IBU -ve 5 28 204.9/159
CHjs
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Figure-2.37: (a) LC-ESI/MS spectrum of IBU and (b) the MS/MS g¢uot ion spectrum o
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Figure-2.38: (a) LC-ESI/MS spectrum of DCF and (b) the MS/MSdarct ion spectrum of
the [M-H] at m/z 294 (Concentration of analyte: 1 mg/L irtma@ol)
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Figure-2.39: (a) LC-ESI/MS spectrum of SFM-Ac and (b) the MS/M®duct ion spectrum
of the [M+H]" at m/z 296 (Concentration of analyte: 1 mg/L irtima@ol)
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Figure-2.40: (a) LC-ESI/MS spectrum of IBU and the MS/MS prodignt spectrum of thg
[M-H] “at m/z 221 (Concentration of analyte: 1 mg/L irtma@&ol)

14

The extraction steps by SL-4-BM end up in a solutd 0.1 mol/L NaCl. NaCl is reported
potentially to cause signal suppression duringgd8éprocess [159]. It was experienced that a
salt film built up quickly on the spray needle atuttain plate, resulting in a decrease in
signal intensity and stability of the mass specivaen the analyte sample contained NacCl.
Therefore, it was decided to avoid NaCl (see se@i@.5.3).

Mobile phase in HPLC, the pH-value of the samples or the nmipihases can have a great
influence in the retention time for the analytesihg an acidic group (IBU-OH, SFM-Ac,
DCF and IBU). In all cases, a comparison has tamaele between the improvement of
separation and deterioration of the ionization pssc Therefore, many mobile phase
compositions with different pH values were studiesachieve suitable chromatographic
separation and a stable ionization spray. Meth@anal better protic solvent and generally
produces more ions than acetonitrile. Whereaspaitét lead to better HPLC separation and
a lower column back pressure. Initially, both aodtde and methanol were tested as organic
mobile phase for LC separation. Different methodsehbeen tested to find out the better
separation and resolution of IBU-20H, SFM-Ac, DOk dBU. Due to the widely varying

properties of these pharmaceuticals, no single ogetias capable of measuring all of these
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compounds. Hence, further work is needed to opgrtiie mass spectrometer parameters and

to acquire best separation and resolution of tlectsasl analytes by LC-ESI-MS.

2.6 Conclusions and outlook

Residues of pharmaceutical products reaches wastewaatment plants via human and
veterinary urinary or fecal excretion and from phaceutical manufacturing discharges.
Wastewater treatment plants influent constituematgehto face a complex mixture of various
organic and inorganic substances and detailed ndbon on potential wastewater
composition are often scarce. Pharmaceutical congw@are not totally eliminated in the
wastewater treatment plants and due to this faiable concentrations of pharmaceutical
drugs and their metabolites can reach surfacengrawater and exceptionally drinking water
The concentrations of drugs and metabolites, whidve been detected in aquatic
environment, are in the range from ng tdlugnd this level would be sufficient to induce
estrogenic response and cause reproductive andlogevent effects in wildlife.
Consequently, there is an urgent need to improsegthniques for water and wastewater and
to develop sensitive analytical methods for momigrthe drugs and metabolites input into
the aquatic environment. The analytical techniquesally used such as HPLC-UV-MS or
GC-MS still afford an efficient sample pretreatmémienrich and separate the analytes from
complex matrix. The aim of this study was to inigetie the applicability of certain types of
liquid membranes to extract efficiently selectedgdr of environmental concern and some of
their metabolites from water samples.

For this purpose certain types of liquid membramese used such as: bulk liquid membranes
(BLM) and supported liquid membranes (SLM).

The metabolites 10,11-dihydroxycarbamazeqi@8Z-DiOH), 4-hydroxydiclofenac (DCF-
40H), 4-hydroxyibuprofen, (IBU-20H), N-4-acetylsulfamethoxazole,(SFM-Ac),
sulfamethoxazol-N1-glucuronide (SFM-Glu) and thparent drugs carbamazepi(@BZz),
diclofenac (DCF), ibuprofen{IBU) and sulfamethoxazole (SFM) were selected ttutheir
high quantity applied in medicine and their relativigh concentrations found in the aquatic
environment in previous studies. Excephydroxydiclofenac (DCF-40H), the metabolites
could be synthesized and characterized by'#R, **C-NMR and mass spectroscopy as they
are not commercially available.

The transport of the analytes in membrane chamlasr monitored by HPLC-UV detection.

Aliquots were taken from the liquid phases (feedstoip) at intervals by means of a micro-
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liter syringe. The validation was achieved by ammlyg the detection system parameters:
linearity, sensitivity, limit of detection, and libof quantitation

The mass transfer of metabolites through the liqnembranes was carried out in a three-
compartment transport cell and various supportgdidi membrane-chambers. The three-
phase liquid bulk membrane system (BLM) consistednoaqueous feed solution, an organic
solvent like: 1-pentanol, dihexyl ether (DHE), undee and decane with and without
dissolved trin-octylphosphine oxide (TOPO) as a liquid bulk meam& and an aqueous
stripping solution. The transport of metabolitesowh some differences, which can be
attributed to their acid/basic-behavior and thairtipion coefficients Lod® (octanol/ water).

The supported liquid flat-membrane system (SL-FM}p lbeen also used to extract the
metabolites. SL-FM based on a porous polypropyleeenbrane (PP) flat sheet impregnated
with a water-immiscible organic membrane phase qulalsetween two PTFE-chambers of
equal size, one filled with feed sample solution amother filled with the strip phase. The
feed solution was stirred by a magnetic stir@ertain membrane conditions used for bulk
liquid membrane were selected to test their appiiitg in SL-FM system, with different
concentrations of TOPO as a carrier.

By means of the SL-FM-chamber 4-hydroxyibuproferflBU-20H), and N-4-
acetylsulfamethoxazole(SFM-Ac) were efficiently extracted by combining aganic
solvent (DHE, decane, undecane with TOPO as aecgrand a pH-gradient between feed
and strip phases. Maximum extraction yields (~ 900#dBU-20H and (~ 85 %) of SFM-Ac
were obtained by using DHE with 10 % (w/w) of TOPO.

A SL-bag membrane (SL-BM) has been developed asmturized sample enrichment tool
for analytical purposes. The SL-BM device consissPP-bag soaked with the liquid
membrane and filled with 0.3 - 0.6 mL of 0.1 moMaOH, as the strip phase placed in 500
mL of the aqueous, acidified sample, containing d@nalytes of drug traces dissolved. A
magnetic stir bar used to agitate the sample solufiuring the extraction. Several factors
affecting the extraction efficiency during SL-BMraanment were studied. These factors can
be structure or operator dependentt can be concluded that from the obtained resulte
most effective conditions for membrane transpost 40 % (w/w) TOPO as carrier dissolved
in DHE, low pH of the feed phase (0.1 mol/L HCl)g pH of the strip phase (0.1 mol/L
NaOH), a 4-bag membrane system, and 4 hours cdedn to create a driving force of the

process which sufficient by produces a high massster of IBU-20H and SFM-Ac.
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SL-4-BM system was used to enrich and determingaiget metabolites from water samples
by means of HPLC-UV. High enrichment factors (568 BBU-20H and 727 for SFM-Ac)
with an extraction efficiency of 45 % for IBU-20Hh@& 58 % for SFM-Ac were achieved in a
concentration range from 1-1Q@/L.

DCF and IBU were also separated and enriched mgube SL-4-BM device with DHE and
10 % (w/w) of TOPO as a liquid membrane. The exivacefficiency of these compounds
was 27 % for DCF and 46 % for IBU with an enrichmfactor of 383 for DCF and 658 for
IBU at concentration range from 1-106/L in 500 mL sample volume.

Solid phase extraction (SPE) was applied to exiB&dt20H, SFM-Ac, DCF and IBU from
water samples. The achieved recoveries with SPEABU-20H, 71 % SFM-Ac, 75 %
DCF and 81 % IBU) were higher than SL-4-BM (45 %JHROH, 58 % SFM-Ac, 30 % DCF
and 52 % IBU), but the novel SL-4-BM offer more adtages due to higher enrichment
factors, efficient clean-up-effects, low consumeanic solvents and time.

To prove if the SL-4-BM is robust against interfeces, parameterse.g. sample
concentration and matrix effect were studied. h ba recognized that neither an increasing
sample concentration nor the matrixes loaded (i@idtior tap water) had a noticeable
influence in the extraction recoveries of selecrdlytes.

Finally the SL-4-BM method was applied to real amuse samples from the river Ruhr. No
target analytes have been detected and the surktee sample was evidently not polluted.
These results are encouraging in terms of improtihiegcapability of the SL-4-BM system to
extract polar pharmaceuticals from water samplgschnosing adequate liquid membrane
and operating parameters. More work is requirefdiitg understanding the extraction process
of the analytes cross the membrane, and with thes,process may be important in future
analytical chemistry for isolation or pre-concetiblm. Especially in miniaturized analytical

systems, this new concept may have future.
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3 Experimental

3.1 Synthesis of drug metabolites

3.1.1 CBZ-DiOH

CBZ-DiOH was successfully prepared by using thedation procedure of carbamazepine with
potassium permanganate as shown in Scheme-3.1pibdeict of CBZ-DIOH purified by
column chromatography gave white crystals withd/2d % and m.p. 244-24€ [117, 118].

HO \\\OH

O N O KMnO ,, MgSO4‘ N O

N /KO MeOH > A

H,N” 0

Scheme-3.1Synthesis of CBZ-DiOH

(0.004 mole) of carbamazepine was dissolved inndeyhanol (15.2 mL). The mixture was
stirred and cooled at (-2 t0°G). A solution of KMnQ (0.003 mole), MgS®(0.5 g) and (15
mL) of water was added drop wise to the main sofutif carbamazepine with methanol. The
resulting mixture was stirred at {€) for (3 hours), then leaved to be at room tentpegaand
filtered under vacuo. The product was collectechdiiter and washed with MeOH, acetone,
and CHCI,, then dried under vacuo at (40) to constant weight. Finally the product was
purified by chromatography over silica gel elutedhwCH,Cl, MeOH (9:1). The 10,11-
dihydroxy-carbamazepine was obtained as a whiid soth yield (20 %) and m.p. (244- 246
°C) (literature data [134]: m.p. 24Q)

3.1.2 DCF-40H

The procedure was contained a multistep as show8clreme-3.2 [119]. Starting with 3,5-
dichlorophenol which treated with sodium nitrite salphuric acid gave the required nitro
compound (I) together with the-nitro product. The isomeric nitro compounds werd n
easily separate hence; the mixture was methylatddmetallic tin and then acetylated. The
regioisomeric acetanilides were readily separat@@dmatographically to give the desired
isomer of acetamide compound (IV) as a mauve solig. 179-182C, in 12% overall yield
from first compound (3,5-dichlorophenol). Coppereia¢ed N-arylation of acetamide with

bromobenzene proceeded smoothly to give, aftercblagdrolysis, an excellent yield of
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diphenylamine (VI). Acylation of amine with chlor@etyl chloride yielded crude chloroamide
(VIl) as a purple solid, which was then cyclisedthwalumimium chloride. The reaction
conditions for this cyclisation were so criticatichgave a mixture of indolone (VIIl) and ether
form (1X) together with a more polar impurity. Tiheixture was not separable. Repeating of

these steps gave the same problem; therefore weedet stop the synthesis steps for this

compound.
OH OCH
NaNO,, H,SO, Me,SO,, K,COs,
_—— >
DMF
Cl cl cl cl
| NOZ I N02
Sn
HCI
OCHj, OCH3, OCH3
\/NHCOCH 3 Ac,0, AcOH,H,S0O,
=
NHCOCH3

V4 \

OCH O\ O\
N-— o

Bromobenzene cl CICHZCOCI

_—

Cu, K,CO,
NHCOCH3

v OCH3 OCH;

\ AlCI

= N N
cl cl NaOH aq Cl
EtOH

x  OH x  OCHs Vil

Scheme-3.2Synthesis of DCF-40H [119]
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3.1.3 IBU-20H

The compound was prepared in a multistep procestaréng with IBU, which was converted
to 2-(p-(1-bromo-2-methylpropyl)-phenyl)propionic acid ({ith N-bromosuccinimide. Then
lithium bromide dissolved in dimethylformamide weesacted with (I) (see Scheme-3.3) to
achieve 2-(p-(2-methylprop-l-ene)phenyl)propionada(ll). Compound (Il) was converted
with m-chloroperbenzoic acid to p-(2-methyl-1,2-epoxypropyl)phenyl)propionic acidi)l

In the next step, product (lll) gave 2-(p-(2-metByhydroxypropyl)phenyl)propenoic acid
(IV) by the action of potassiurtert-butoxide in tetrahydrofuran under nitrogen andalffin
quenching by dilute HCI. Finally, compound (IV) wlagdrogenated in tetrahydrofuran under
50 psi of B at room temperature in the presence of 10 % (W@, yielding the final 2-(p-
(2-methyl-2-hydroxypropyl)phenyl)propionic acid (IB20H) as shown in scheme-6.3. The
solid product of IBU-20H was filtered with freshaghexane, and dried to constant weight
at 50°C in vacuo which gave white crystal with yield 45a#td m.p. 122-122C [120-122].

Br\)\ Y

NBS L|Br m-CPBA
—_—
COOH COOH COOH

OH
O t-Bu
d/C
COOH COOH COOH
VI

Scheme-3.3The syntheS|s steps of IBU-20H [12(

—_

2-(p-(1-Bromo-2-methylpropyl)-phenyl)propionic acid (ll)

A solution of (1.16 mole) of ibuprofen (1), and %2L) of CCl, was refluxed for (10 min)
under nitrogen, cooled to room temperature, and tteated with (1.06 mole) ofN-
bromosuccinimide and 300 mg of benzoyl peroxidee Whxture was refluxed for (6 hours),
stirred overnight at room temperature, and filtefBae filtrate was concentrated to a reddish-
brown oil which was diluted with (1.5 L) of hexane give crystals. The product was
collected on a filter and washed four times witbQ2nL) portions of hexane and then dried to
constant weight to afford 185 g of (I1), m.p. 1127fC.
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2-(p-(2-Methylprop-l-ene)phenyl)propionic acid (lI)

A solution of (0.35 mole) of 2pt(1-Bromo-2-methylpropyl)-phenyl)propionic Acid )JI
(0.83 mole) of lithium bromide, and (1.5 L) of DMt#as heated under nitrogen between (80-
100 °C) for (5 hours). The solution was cooled to ro@mperature, diluted with (5 L) of
water and extracted with three (1 L) portions dfeet The ether extracts were combined and
washed with two (1 L) portions of water and (500)nok brine. After the solution was dried

over MgSQ, the ether was removed in vacuo to give 73 g @0@s yellow oll.

2-(p-(2-Methyl-1,2-epoxypropy)phenyl)propionic acid (V)

To a well-stirred solution of (0.35 mole) of g-(2-Methylprop-I-ene)phenyl)propionic Acid
(1), in (750 mL) of CHCl, at room temperature under nitrogen was addedrey s¥fi (0.37
mole, 85 % quality) ofm-chloroperbenzoic acid in (700 mL) of GEl,. The reaction was
slightly exothermic and was maintained below (89 with a water bath. The mixture was
reduced to (500 mL) in vacuo. Upon dilution with @&gqual volume of hexaney
chlorobenzoic acidnf-CBA) precipitated. The solids were filtered andsivad with hexane to
dissolve any 2f-(2-Methyl-1,2-epoxypropyl)phenyl)propionic Acid\{). The filtrate was
concentrated to an oil and again diluted with (&0 of hexane. Moren-chlorobenzoic acid
was removed by filtration. The filtrate was concated to oil which was used in the next step

without further purification.

2-(p-(2-Methyl-2-hydroxypropyl )phenyl)propenoic acid (V)

To a solution of 24-(2-Methyl-1,2-epoxypropyl)phenyl)propionic Acid\), obtained in the
previous steo(0,3 mole) in (1 L) THF at (16) under nitrogen was added dropwise over (2
hours) (550 mL) of (20 %) potassiuert-butoxid in THF. As the pH became neutral, a milky
slurry resulted, and as the pH became basic angeranixture was observed. After
disappearance of starting material the reaction quesiched by the dropwise addition of (1
N) HCI over a (20 min) period at (f&). The two-phase, acidic system was diluted with(
ml) of the aqueous phase was removed. The orgdrasepwas washed twice with (1 L) of
water and once with (500 mL) of saturated sodiurtoradhe and dried over MgSOrhe
mixture was filtered, and the filtrate concentrated yellow oil. The oil was azeotroped with
(500 mL) of cyclohexane and then slurried with &eot(500 mL) of cyclohexane until
crystallization occurred. The solids were filtereéghshed twice with fresh cyclohexane, and

dried to constant weight to give (52.4 g) as & firep and (7.3 g) as a second crop. The yield
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from (lll) to (V) was (78 %). Recrystallization ¢b0 g) of (V) from acetone/cyclohexane
afforded (30.9 g) of material, m.p. (110-112).

2-(p-(2-Methyl-2-hydroxypropyl )phenyl)propionic acid (V1)

A mixture of (0.12 mole) of 2pt(2-Methyl-2-hydroxypropyl)phenyl)propenoic Acid JV
(250 mL) of THF, and (1 g) of 10 % Pd/C was plaged Parr hydrogenation apparatus and
reduced under 50 psi of,Hat room temperature for (1.5 hour). The resultimgture was
filtered through a Celite pad, and the filtrate cemtrated to yellow oil. The oil was slurried in
(400 mL) of cyclohexane for a few minutes and @akytation of a white solid was observed.
The solids were filtered, washed with fresh cychadree, and dried to constant weight at
(50 °C) in vacuo to give (27.2 g) with yield was (80 %f 2-(p-(2-Methyl-2-
hydroxypropyl)phenyl)propionic acid (VI), and m({22-124°C) (literature data [128]: m.p.
122 °C).

3.1.4 SFM-Ac

SFM was reacted with acetylchloride in pyridine a®escribed in Scheme-3.4.
Recrystallisation from acetonitrile yield the tit®empound (65 %) as a yellow amorphous
solid m.p. (205-216C) [123-125].

Q CH3 HaC
o S Acetylchlorld 3
H2N—©—(§5 NH—(N_\OI/ _©_

Pyr|d|n

@]

H3

O:(/)
Z/

Scheme-3.4Synthesis o6FM-Ac

To a stirred solution of sulfamethoxazole (0.1 male pyridine (300 mL) was added
dropwise acetylchloride (0.1 mole) at (0G). The reaction mixture was stirred for 8 hours at
room temperature; the solution was concentrateabtaut (40 mL) and poured into excessive
water. The precipitate was washed with (1 M) hyttodc acid and water successively, and
then dried to constant weight. Recrystallisatianfracetonitrile yield the title compound (65

%) as a yellow amorphous solid m.p. (205-2@) (literature data [133]: m.p. 26T).
3.1.5 SFM-Glu

Initially, SFM was coupled in a 2-phase system @amys dilute NaOH, chloroform) with

methyl-2,3,4-tri-O-acetyt-bromoglucuronate  in  presence of tetrabutylammonium
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hydrogensulfate. As shown in Scheme-3.5, the riegukulfamethoxazole-N-(methyl-tri-O-
acetyl$-D-glucuronide) was converted to the final SFM-QGby the action of sodium

methoxide and careful neutralization by means di@a dioxide [125, 126-129].

HCOOC
HO O Acetyl anhydrid HCOOG o
s > Aco%
oH ©OH Pyridine AcO OAc OAc
|
: HBr/HAC
CHC; (abs.)
H3;COOC
o -(:(CHg 3 0
S— AcO
HZN—©—§ NH O + ACO\\M/A\OA Br
0) Cc
"
CHClL
tetrabutylammoniumsulfaje
NaOH
CHj
0 —
L Ch 0 "
HzN SNTON HZN—©—§—N e
0]
COOH @)
@) MeOH (abs.) o COOCH;
O(F)|H ) OAc
NaOMe OAc
v HO IV AcO
Scheme-3.5Synthesis of SFM-Glu

B-Tetraacetylglucuronic acid methyl ester (11)

(3.2 g) of the methyl ester glucuronic acid (I) eelissolved in (12 mL) of pyridine and (8
mL) of acetic anhydride at (). The mixture was allowed to stand for (3 hoiumsce bath.
The solvent was evaporated by distillation in vacunil crystals off-tetraacetylglucuronic
acid methyl ester separated. The mixture was caol€¢d °C) and filtered. The crystals were

washed with cold absolute ethanol and ether [136].

Methyl 2,3,4-tri-O-acetyl-a-bromoglucuronate (ll)

(0.133 mole) of methyp-tetraacetylglucuronic acid methyl ester (Il) wassdlved in (200
mL) of (30 %) hydrobronic acid in acetic acid ahé mixture, after solution, allowed to stand
in the refrigerator overnight. Solvent was remowedler reduced pressure and the residue
dissolved in (100 mL) of chloroform The chlorofolayer was separated and washed twice
with aqueous sodium hydroxide (1.25 M, 3 mL) andedir(with sodium sulphate). The
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solvent was removed under reduced pressure. Raliization from ethanol yielded the
product (85 %) [137, 138].

Sulfamethoxazol-N-(methyl-tri-O-acetyl$-D-glucuronide) (1V)

By dissolving sulphamethoxazole (0.002 mole) andzpkriethylammonium bromide (1
mole) in aqueous sodium hydroxide (1.25 M, 2 mLl)eTesulting solution was added to a
solution of methyl 2,3,4-tri-O-acetyl-bromoglucuronate(0.001 mole) in chloroform (5 mL).
The resulting mixture was stirred vigorously anatied under reflux (3 hours). After cooling
water (5 mL) was added. The chloroform layer wamsted and washed twice with agueous
sodium hydroxide (1.25 M, 3 mL) and dried (with sod sulphate). The solvent was
removed vyielding a yellow amorphous solid. Rectjigetion from ethanol yielded the
product (64 %) [139].

Sulfamethoxazol-N1-glucuronide (V)

(0.001 mole) of sulphamethoxazol-N-(methyl-tri-CGetyd-B-D-glucuronide) (IV) was
dissolved in dry methanol (5 mL) and sodium mettexiThe mixture stirred at room
temperature for (2 hours) and then condensed toL(l To the solution was added aqueous
sodium hydroxide (1 M, 2 mL) and the resulting ranet was stirred at room temperature for
(2 hours). The solution was adjusted to (pH 3).eAftltration, the solution was removed
yielding a pale yellow solid. Recrystallization fincethanol yielded the product (15 %) [139]
and m.p. (112-114C) (literature data [140]: m.p. 16@).
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3.1.6 Characteristic data of drug metabolites

3.1.6.1 CBZ-DiOH

1- Molecular Formula: Ci5H14N>05

NHzg O NH,
2-'H-NMR, and **C-NMR data:
Table-3.1*H-NMR (Ds-DMSO)
H-Atom cis-Diol (Lit. [01]) cis-Diol (Synthese) trans-Diol (Lit. [01])
o [ppm] o [ppm] o [ppm]

B 5.01 (d, J= 4.3Hz, 2K) 5.01 (d, J=4.8,2H) | 4.02 —5.02 (very br., 2H)
A 5.37 (d, J= 4.3Hz, 2H) 5.43 (d, J=53 2H) | 5.74 (d, J= 4.2, 2R)
G 5.73 (br, s, 2H) 5.76 (br, s, 2H) 5.81 (br, 8H)"
C-—f 7.20 — 7.60 (m, 8H) 7.32 —7.23 (m,6H| 7.15 — 7.60 (m, 8H)
7.49 (dd, 2B

~~Becomes s after exchange with®
B~Exchangeable with D
C~Resolution of the NMR-Device 0.5 Hz

Table-3.2 *C-NMR (Ds-DMSO)

C-Atom | cis-Diol 6 [ppm] ' :
1 71.06 . '
2-7 127.15-130.3 ' :
8 So difficult to detected :
o:<(152) 118.1 1283

3- IR-data:
3550 — 3200 cfi (s, OH, NH), 1690cnt (s, C=0)
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3.1.6.2 IBU-20H

1- Molecular Formula:

b
H.C
3

4HC
/
HoOOC

CGi3H1803
H.C
f & '5X oH
C
C H,
C

2-'H-NMR, and *C-NMR data:

Table- 3.3:'H-NMR and**C-NMR data:

2
1 H.C
He O T TS5 on
HC=8 2c7 Nch
[3 HY 579
HOOC

H-Atom A 6* [ppm] | Multiplicity | number C- 6 [ppm] | Number
[ppm] H Atom C

A 1.25 1.2 S 6 1 18.13 1

B 1.53 1.5 D 3 2 29.13 2

C 2.77 2.7 S 2 3 44.95 1

D 3.74 3.7 Q 1 4 49.26 1

E 7.19 7.1-7.3] d/m (4 H)Y 2 5 70.99 1

F 7.28 D 2 6 127.43 2
7 130.78 2
8 136.82 1
9 138.04 1
10 180.10 1

3- IR-data:

3402 cn' s, (OH) 2978 cm, 2923 cnt s, (C-H) 1694 cit s, (C=0)
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3.1.6.3 SFM-Ac

1- Molecular Formula:

Ci1oH13N304S

CH3
< : N/o
2- 'H-NMR, and **C-NMR data:
Table-3.4:'H-NMR data
"H-Atome 8 [ppm] J [Hz] J [Hz]* A [ppm]*
2H, d, H-Hax 7.53 Jar= 8.9 7.52 Ja= 8.8
2H, d, H-Hyp 6.76 Jar= 8.9 6.61 Ja= 8.8
1H, s, H 6.19 6.08
3H,s, H 2.40 2.39
3H, s, H 2.1 2.15
* Literature data
// 11 CH3
AR T
8 7 _0
> N
Table-3.5:°C-NMR data
C-Atome A [ppm] 3 [ppm]*
Aromat
C, 156.7 156.8
Ca 171.0 170.3
Co+Cs 130.3 129.9
C3+GCs 114.5 112.7
Isoxazol
GCo 123.7 123.7
Cio 86.6 86.9
Ci1 153.2 152.6
Cio 11.9 11.8
Acetyl
C, 158 160
Cs 24.5 27.9

* Literature data
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3.1.6.4 SFM-Glu

1- Molecular Formula: CieH19N3OgS

b_a ﬁ d\ CHj
HZNAQ—S—NW ¢
Il N—O
o . COOH
OH
€ on 9

2-'H-NMR, and *C-NMR data:

Table-3.6:'H-NMR data

'"H-Atome 5 [ppm] J [Hz] J [Hz]* 5 [ppm]*
2H, d, H-Ha 7.53 Ja= 8.9 7.52 Ja= 8.8
2H, d, H-Hp 6.76 Ja= 8.9 6.61 Ja= 8.8

1H, s, H 6.19 6.08
1H,d, H 5.25 Jhi= 9.3 5.25 Jhi= 9.2

1H,d, H 3.76 Je= 9.9 3.91 Jei= 9.4

1H, t*, Hy 3.55 Jo= 9.1, 3=9.1 3.54 Jo= 9.0, 3=9.0

1H, t*, Hy 3.36 Jo= 9.4, 1= 9.6 3.47 Jo= 9.0, J= 9.4

1H, t*, Hy 3.21 Jo= 9.1, 3= 9.1 3.21 Jor= 9.0, 3= 9.2

3H,s, H 2.37 2.39

Table-3.7:**H-NMR data
13C-Atome A [ppm] d [ppm]*
Aromat
C, 156.7 156.8
C, 171.0 170.3
Co+Cs 130.3 129.9
Cs+Cs 114.5 112.7
Isoxazol
Cx 123.7 123.7
Cs 86.6 86.9
Cy 153.2 152.6
Cs 11.9 11.8
Glucuronid
Cy» 102.5 102.3
Con 76.7 76.4
Cs» 76.1 76.3
Cy» 71.4 70.6
Cs» 69.6 69.4
Cs» 173.2 170.9

Further information by GC/MS and LC/MS data forthkkse metabolites see [80].
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3.2 Liquid membrane Extraction

3.2.1 Development of HPLC-UV method

The transport of analytes was monitored by HPLC diddetection. Aliquots were taken
from the liquid phase (feed or strip) at interviaysmeans of a micro-liter syringe. The HPLC-
UV development methods for metabolites and actinegsl are described in chromatogram
(Figure-7.1). The stock solutions of metabolited antive drugs were prepared by dissolving
an appropriate amount of the drugs in methanol. &tternal calibration curve were built
from 8 concentrations (n = 3) in a concentrationgen0.5- 10 mg/L obtained by diluting of
aliquot of appropriate stock solution with 0.1 nhaMacCl.

The analytes were introduced into the chromatogecagystem by an autosampler connected
with UV-Vis Detector. Detection was performed ab62#n. The analytical column used was
LichroCART RP 18. Deferent mobile phases were tegiadetermine the calibration curve of
metabolites. The best mobile phase was consistedxture of 8.295 mmol/L KHPOy:
acetonitrile 80:20 (v/v). The flow rate of the migbphase was 1.0 mL/min. Retention data
(R) of analytes: SFM-Glu.:3.57 min, CBZ-DiOH: 5.33miBU-20H: 17.88 min, SFM-Ac:
20.43 min.

For the active drug, the best mobile phase wasistedsa mixture of 0.6 mmol/L NaRO;:
acetonitrile 50:50 (v/v). The flow rate of the migbphase was 1.0 mL/min. Retention data
(R) of analytes: SFM: 3.55 min, CBZ: 4.60 min, DCE346min, IBU: 7.73 min.

In addition the LC-MS/MS system LCQ Advantage in[HE®de (Thermo Finnigan,
Egelsbach, Germany), connected with a gradient pBmpectraSYSTEM P4000) was
employed for metabolite trace analysis. The semaratas performed on a Nucleosil 10gC

ec-column (5um, 250x 5 mm i.d., Macherey-Nagel, Diren, Germany).
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Figure-3.1: HPLC-UV chromatogram for the drug metabolites antive drugs
a) 1. SFM-Glu, 2. CBZ-DiOH,IBU-20H and 4. SFM-Ac,
b) 1. SFM, 2. CBZ, 3. DCF ahdBU
The stock solutions of active and metabolite drugse prepared by dissolving gn
appropriate amount of the drugs in methanol. HPePasation was achieved with
LichroCART RP 18 (fm, 250 x 4 mm; Merk) column at wavelength of 225 nm

3.2.2 Validation of HPLC-UV method

Method validation has received considerable atentin literature, from industrial
committees and regulatory agencies. In recent ya@armcreasing number of laboratories have
applied for accreditation according to EN 45000ieserQuality management and quality
assurance systems according to ISO 9000ff are nexified in analytical laboratories;
therefore, the validation of HPLC-UV was based twe methods of analytical quality
assurance (AQA), which have many possible solutiorsroutine practice analysis by
providing quality data. The validation charactecstof analytical quality assurance methods
are:

e The range tested

» The coefficients of the calibration function:

* in the case of a first order calibration functignr<a + bX): axis intercept a and slop b

(characteristic of sensitivity of the analyticabpedure);
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« in the case of a second order calibration funcion@ + bx + cX): axis intercept a,
coefficient b of the linear term, as the coeffi¢cien of the quadratic term, the
sensitivity E of the analytical process determifredn the function;

» the standard deviation of the proced8ggas an absolute measure of precision for the
calibration and;

» the process variation coefficient)as a relative measure of precision.

* In addition, the general evaluation of the analftjrocess also documents the:

* Limit of detection LOD

e Limit of quantitation LOQ

1. Sample preparation

During the preparation of the standard samplesriwé to concern that:

- The precision of the balance and the volumetgigipment have been taken into account.

- No successive dilution since during the prepanadf standard samples

The stock solutions of drug metabolites (SFM-GlI8Z220H, IBU-OH, and SFM-Ac) were
prepared at 1 mg/mL in methanol. Appropriate din$ of stock were made with 0.1 mol/L
NaCl to prepare of standard solutions for calilmatat concentrations of 0.025, 0.05, 0.1, 0.5,
1,2,3,4and 5 mg/L.

2. Fundamental calibration
The preliminary first and second-degree -calibratimmctions are calculated from the

measured of these standard samples and listechiesFa.9 and 3.9.

Table-3.8: First order calibration function

Compound| Calibration function A B R S
first order
SEM-Glu 0.4446x + 0.026 0.026 0.4446 0.998¢ 0.034{L
CBZ-DiOH| 1.1363x —0.0275 - 0.0275 1.1363 0.9993 0.064p
|IBU-20H 1.0307x - 0,0358 - 0.0358 1.0307 0.9999 40M
SEM-Ac -0.0105 + 0.6806x - 0.0038 0.6806 0.9997 300
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Table-3.9: Second order calibration function

Compound | Calibration function A b C R° S,
second order
SFM-Glu | 0.0069%+ 0.4148x 4 0.0341 | 0.4149 0.0069 0.999 0.0361
0.0341
CBZ-DiOH | 0.0066x + 1.1054x 4 - 0.0179| 1.1054 0.0064 0.999 0.0680
0.0179
IBU-20H | 0.0025%+ 1.0264x 4 - 0.0309| 1.0264 0.002% 0.999 0.053p
0.0309
SFM-Ac | 0.0044%+ 0.6598x { 0.0065 | 0.6599 0.0044 0.999 0.031¢
0.0065
3. Sensitivity

The measure of sensitivity results from the changbe measured value caused by a change
in the concentration values. If the calibrationdtion for an analytical procedure is linear,
then the sensitivity is constant over the entiregeaand is equivalent to the regression
coefficientb. From the sensitivity the process of standard atem S,, and relative process

of standard deviation ) can be calculate, and the results for the drugbwdites are listed in
Table-3.10.

Table-3.10: The standard deviation and the coefficient ofatson for HPLC-UV method

SFEM-Glu CBZ-DiOH IBU-20H SFM-Ac
Seo 0.0715 0.0601 0.0523 0.0456
Vo [%] 3.650 3.07 2.67 2.33
4. Linearity

a) Mandel's fitting test:The Mandel’s fitting test is recommend for the nesmtfatical
verification of linearity. For this, the first ordeand second- order calibration function
including their respective residual standards denaS, are used. The testing value TV is
compared with the value obtained from the tablR =1, f, = N-3, P = 99%) as shown in
Table-3.11.

Table-3.11 Mandel’s fitting test for HPLC-UV method

SFM-Glu CBZ-DiOH IBU-20H SFM-Ac
(N=9) (N=19) (N=9) (N=9)
DS 1.8 x 10° 9.14 x 1¢° - 6.036 x1¢ 6.981 x10'
TV 0.1381215 0.1976643 - 0.2132711 0.699048%
F(f, =1,f, = N-3, 3.7047 3.7047 3.7047 3.7047
P = 99%)
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b) Variance homogeneity test

The linear regression calculations described assaimmenstant (homogeneous) imprecision
(variance of measured values) over the range. lolgemeity leads not only to a higher
imprecision, but also to a higher inaccuracy thtopgssible change in the linear slope. In
order to verify the homogeneity of variancass 10 standard samples of each of the lowest
($%) and the highestS\) concentrations of the preliminary range are aredyseparately.
The variances of both of measurement are checkedubfoogeneity using af-test. As listed

in Table-3.12, the TV for the metabolites are gggbr thanF , and to solve this problem we

choose narrow range of concentrations for all anggabolites from 0.5 to 5 mg/L .

Table-3.12: The homogeneity test for HPLC-UV method

SFM-Glu CBZ-DiOH IBU-20H SFM-Ac
s, 3.131789 x 10 | 3.222964 x 10 | 4.070281746 x 10| 5.725999 x 10
5N 0.01010725 0.00625666 0.0014724 0.006018844
TV 322.7315 194.1275 361.7440 105.1143
F(f, =1,f= 5.35 5.35 5.35 5.35
N-3,P =
99%)

5. The limit of detection and limit of quantitation

The limit of detection LOD is the lowest of substarconcentration that produces a response
detectable above the noise level of the system. liié of quantitation LOQ for a basic
analytical process is defined as the smaller canaton of substance that can be determined
using a given analytical precision. The values OfCLand LOQ for metabolites are listed in
Table-3.13.

Table-3.13 The capability of detection and limit of quantite for HPLC-UV method

SFM-Glu CBZ-DiOH IBU-20H SFM-Ac
LOD [mg/L] 0.13 0.11 0.09 0.08
LOQ [mg/L] 0.35 0.33 0.27 0.24
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3.2.3BLM
Extraction procedure

As shown Figure-2.4, the three-phase system wabledted in a home-made glass cell
equipped with an agitator (PTFE) which allows estiin and back-extraction in one unit.
The cell consists of two concentric chambers dngdit into separate compartments. Thus,
the feed is allowed to contact the bulk-membranelenthe strip solution contacts the
membrane. The three liquid phases stirred at aiémrecy of 60 rpm. The whole cell is covered

by a fitting glass lid in order to minimize the $osf solvent by evaporation.

3.2.4 SL-FM
Extraction procedure

The SL-FM is based on a porous polypropylene meng&(pore size 0.fum, total thickness

90 um, Membrana GmbH, Wuppertal, Germany) impregnateth \& water-immiscible
organic membrane phase containing neutral catrien-octylphosphinoxid) or acidic carrier
(octane sulfonic acid) dissolved in an approprsté/ent (1-pentanol, DHE, undecane and
decane), which is held by capillary forces placetiMeen two aqueous phases, the feed and
the strip. The SL-FM as shown in Figure-2.15 wasimed in a window between two PTFE-
chambers, one for the sample input (feed phase),fanthe permeate uptake (strip phase).
Both chambers were filled up to 150 ml. The sizengimbrane which used in every batch of
extraction was (5 x 5 cm), and the time of soakias (2 hours) in liquid membrane. The

feed solution was stirred by magnetic stirrer & 8&m.

3.2.5 SL-BM systems
3.2.5.1 Preparation of bag membrane

Bag membranes were prepared by using the procetkweloped in Paderborn University

[112]. The procedure steps are:

1- Two layers (10 x 17 cm) of polypropylene (PP) meamier (pore size 0.um, total
thickness 90um) were held between two aluminum layers which glesil to be

identical to each other and to prepare simultarlg@everal as shown in Figure-3.2.
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Figure-3.2: Two aluminum plates which used to prepare therbambrane [112]

2- The aluminum plates with PP-membrane were heatddesssed by using iron plate

sees Figure-3.3.

Figure-3.3: Heating and pressing with iron plate to preparebidng membrane

3- Heating and pressing with iron plate for at leasmnidutes, the two PP-membrane
layers will be melted, bended and take the shapalwhinum plate then the bag

membrane can be removed from the aluminum plates.

4- After checking and washing the bag membranes waakesl in the liquid membrane

for 2 hours then used for SL-BM extraction

3.2.5.2 SL-BM
Extraction procedure

Figure-2.26 illustrates th&L-BM system. The bag membrane (1) was filled withume
between 0.3- 0.6 mL of strip phase, and the bead&en (2) was filled with volume 500 ml of

feed phase. The feed solution was stirred by magsttrer at 360 rpm.
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3.2.5.3 SL-4-BM
Extraction procedure

After preparation of bag membranes (see sectiorb.3) the bags were washed 3 times by
distilled water and methanol and dried for 30 ntino@m temperature. 4 bags were soaked in
liquid membrane for 2 hours. After soaking, 0.4 woiLstrip solution 0.1 mol/L NaOH was
injected into every bag with a microlitre syringedahe bags were subsequently placed in the
sample solution (feed phase) as shown in Figuré:Z3ample solution contained the analytes
with 500 mL of 0.1 mol/L HCI or 6.5 mL of 25 % (wjwHCI in 500 mL of real water
samples: tap water from Paderborn city (see Taldlé}and surface water from river Ruhr. A
magnetic stir plate was used to agitate the sasgiigion during the extraction. After 4 hours
of extraction, the strip solution from every bagswawn separately and neutralized with the
same volume of 0.1 mol/L HCI, and then the neutealisamples were combined in one test
tub. To remove the NaCl, the sample was dried urebhrcing pressure and the solid residue
was washed with 3 mL of absolute diethyl ethereAfiecantation the sample solution was
transported to another test tub and dried undearciad pressure. The residue was dissolved
in 0.4 mL of methanol. After filtration, the filtta was transferred into a vial then injected to
HPLC-UV analysis.

Table-3.14: Tap water quality of Paderborn cifytasserwerk Aabach) [162]

Parameter Dimension Limit value Analysis value
pH-value 6.50 — 9.50 7.72
Electrical conductivity (20°C) uS/cm 2.500 315
Calcium mg/L 60.0
Magnesium mg/L 5.70
Sodium mg/L 200 5.90
Potassium mg/L 1.15
Iron mg/L 0.20 <0.01
Manganese mg/L 0.05 < 0.005
Ammonium mg/L 0.50 < 0.05
Nitrite mg/L 0.50 < 0.005
Nitrate mg/L 50.00 7.00
Chloride mg/L 250.00 10.00
Sulfate mg/L 240.00 31.00
Fluoride mg/L 1.50 <0.1
Hydrogencarbonate mg/L 160
Acid capacity up to pH 4,3 mmol/L 2.68
Carbonate hardness °dH 7.50
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Parameter Dimension Limit value Analysis value
Basic capacity up to pH 8,2 mmol/L 0.10
Free carbonic acid mg/L 4.40
Water temperature °C 13.7
Color (SAK 436) 1/m 0.50 0.07
Turbidity FTU 1.0 0.05
Oxygen mg/L 10
Oxidizability mg/L 5.00 0.90
Phosphate mg/L 6.70 <0.01
Aluminum mg/L 0.20 <0.01
Lead mg/L 0.025 < 0.001
Copper mg/L 2.00 0.01
Total organic carbon (TOC) 1.48

3.3 SPE

Extraction procedure

As shown in Figure-2.35, the SPE cartridges wemditmned with methanol (5 mL) and
distilled water (5 mL), at a flow rate of 5 mL/miB00 mL of prepare water sample was
filtrated by 0.45um (Nylon-Filter). Sample loading was also performad5 mL/min.
Afterwards the cartridge was washed with 10 mL/oifinvater containing 5 % methanol, at 5
mL/min, and dried by pumping air through the cddg for 15 min. Elution was performed
with 0.8 mL of methanol. After one fold dilution thi methanol to complete the total volume

to 1 mL, the extract was injected to HPLC-UV system

3.4 Materials, equipments and chemicals

The materials, equipments and chemicals which baea used in the present work are listed
in Tables-3.15- 3.17.

Table-3.15:Materials used in this work

Material

Polypropylene membrane (pore size @,
total thickness 9Qm)

Supplier
Membrana GmbH Wuppertal Germany

Bakerbond SPE cartridge Merck
Isolute ENV SPE cartridge Merck
Strata C18-E SPE cartridge Merck
Oasis-HLB SPE cartridge Merck
Cellulose membrane filter (0.46n) Merck
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Table-3.16:Equipments used in this work

Equipment Supplier
Autosampler GINA 50 Gynkotek/ Dionex ldsten
Isocratic pump P580 Gynkotek/ Dionex Idsten
UV-Vis Detector 655 A Merk-Hitachi
Analytical column LichroCART RP 18 (5 Merk
pm, 250 x 4 mm)
Digital-pH-Meter 766 Calimatic Knick/Berlin
Vortex-Mixer VXR IKA VIBRAX
Magnetic stirrers H+P Labortechnik AG

Table-3.17:Chemicals used in the present work

Chemical Supplier
Pyridine Aldrich
Acetic anhydride Fluka
Methyl ester glucuronic acid Fluka
Hydrochloric acide Fluka
Sodium hydroxide Fluka
Sodium sulphate Merck
Benzyltriethylammonium bromide Aldrich
Sodium methoxide Merck
Acetyl chloride Fluka
N-bromosuccinimide Fluka
Benzyl peroxide Fluka
Lithium bromide Fluka
Magnesium sulphate Fluka
m-chloroperbenzoic acid Merck
Potassiuntetr-butoxid Merck
Sodium chloride Fluka
Potassium permanganate Merck
Silica gel Aldrich
Methanol Aldrich
Chloroform Merck
Ethanol Merck
Acetone Aldrich
Carbon tetrachloride Fluka
Hexane Fluka
Dimethylformamide Fluka
Diethylether Merck
Dichloromethane Merck
Tetrahydrofuran Fluka
Cyclohexane Merck
Acetone Fluka
Heptane Fluka
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Chemical Supplier

1-pentanol Fluka

Decane Fluka

Undecane Fluka

DHE Fluka
Potassium dihydrogen phosphate Fluka

Diclofenac sodium salte Fluka
Sulfamethoxazole Fluka
Carbamazepine Fluka

Ibuprofen Fluka
Tri-n- octylphosine oxide Merck

1-octanesulfonic acid Sodium salt monohydraje Merck

Buffer solution Titrisol pH 7 Merck
Buffer solution Titrisol pH 8 Merck
Buffer solution Titrisol pH 9 Merck
Buffer solution Titrisol pH 10 Merck
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