CHAPTER 11
THEORY AND LITERATURE REVIEW

Before 19" century, people in the world died from infectious waterborne
diseases such as dysentery, typhoid and cholera. After early that century waterborne
diseases have decreased dramatically due to the uses of chemical disinfectants in
water treatment [4]. Despite human triumph over waterborne pathogens, in 1974
Rook [58] reported the relationship betweer}m, chlorination in drinking water and
formation of disinfection by-products such as chlgfbfonn, which was probable human
carcinogen. Disinfectants have becii proven to-protect.water from microorganisms
(waterborne disease). However, an uninteflded health hazard due to their by-products
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can occur. For this rea‘sy{searchers Hxave focused on using disinfectants and

determination of disinfeetion by"'-produqts. y
In this chapter, da water treatment process, disinfectants, formation of

disinfection by-products (Dg'; and anal cal metheds of DBPs in drinking water
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2.1 Drinking water treatment prﬁééssés [591;;7"
The purpose of drinking ‘Water treaﬁnent isyto rgmove pathogens, toxic

chemical and aesthetlc < 1 = ﬁlﬁy surface water such as

'\1_

rivers, lakes and reservoir. The processes consist of coagulatlon, flocculation,

sedimentation, filtration and disinfection as illustrated in F i’ghe 2.1.
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Figure 2.1 Conventional water treatment processes [60].



Coagulation is a process to neutralize the charges on the surface particles.
Flocculation is a process to agglomerate neutralized particles by chemically joining or
bridging them together. Sedimentation is a process to remove flocculated flocs from
processed water by gravity. Filtration is a process to separate non-settable and
destabilized particles from process water using a porous medium such as sand. The
final process before distributing water into the distribution system is disinfection. This
process serves two main purposes. The primary purpose of disinfection is to kill or

inactivate pathogens. The secondary purpose is to provide a disinfectant residual in

finished water and prevent microbial régl’P yl water distribution system. Although
the majority of pathogens are ;e_';rgx:hovgd by @n, flocculation, sedimentation
and filtration, disinfection iseawcritical proéess l’é—p';:ﬂtvthe public from contracting

water borne diseases. 7 . - H\\\
._".'-

2.2 Disinfectants

Disinfectants are #Chemigal _agént sed to eradicate and inactivate the
: ,"thog‘amine, ozone and chlorine

E?iCh of those disinfectants has

efficacy, cost, stability, ease of
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application and formation of DBPs {61.62] most water treatments including in
ST T -'-'_.:l"' o .
Thailand, chlorine is the:inost wi'ﬂé‘l"y'&éed »ﬁl&;ﬁﬁt in. the water treatment process.
This might be due to that-chiorine-1s-effective-dismnfectan ipainst a wide range of

chlorine provides adequate

eﬁ? microorganisms. Mc

bacteria, virus and oth
residual throughout the ig,tribution system in order to preserve the water from
o

ar
microbial recontg;3 oﬂ[?]meﬂ jﬁsinfectant and the
desc

formation of their are ribed in the next section.
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Chlorine disinfectant is available in granular or powdered form as calcium
hypochlorite (Ca(OCl),) or in liquid form as sodium hypochlorite (NaOClI; bleach). In
water treatment plants, chlorine is used in the form of gaseous chlorine or
hypochlorite (OCI'). When added to the water, chlorine is hydrolyzed, producing
hypochlorous acid (HOCI, chlorine oxidation state: +1) and hydrochloric acids follow:

Cl, + H,O HOCI+ClI'+H" 2.1




Hydrochloric acid is a strong acid and is completely dissociated into hydrogen

and chlorine ions. Hypochlorous acid is a weak acid with a pK, of approximately 7.5
at 25 °C, and it dissociates into hydrogen ions and hypochlorite ions:

HOCI H' + OCI (2.2)

In chlorination, it is believed that chlorine(0) and chlorine(+I) compounds

work as primarily disinfecting agents by denaturing enzymes or proteins, inactivating

microorganisms, and in some cases, physical disrupting cell membranes [64].

2.4 Disinfection by-products (DBPQ‘?: , /
Disinfection by-prod escribe a group of organic and

inorganic compounds forme : wa*r dfﬁu Disinfection by-products are
formed by the reaction Si] c@n@al organic matters (NOM)
and/or inorganic subs in} v r.wation of DBPs can be

expressed as follow:

(2.3)

In addition, whe Y nation can also produce a

variety of brominated byspr ized by chlorine(I) to give

bromine(I). This reaction is i

2.4)

Thus, bromm;aﬂon reactlﬁﬂ‘ﬁ“aboﬁﬁ : .. ation. In this fashion, a

mixture of brominatéd;chiormate brot mated by-products are formed
during disinfection: j ~ ' m

NOM + HOCl + HOBr — Dlsmfectlon by-products (2.5)

The spe ttw m W]:ﬂﬁ affected by several
parameters and ﬂeatmﬂ conmons including cﬂnne dosage, concentration of
ch]orme orine contact
time, p t:ﬁwl ﬂﬁnmmmtﬁmmﬁﬂ] Nowadays
approxlmately 500 DBPs have been reported [66]. The distribution of halogenated by-

products proportional to the total organic halogen (TOX) in chlorinated drinking

water was shown in Figure 2.2.
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As indicated in Ei 2, trih hanes and haloacetic acids are two major
-produ

ct ﬂldentlﬁed in chlorinated water. Several

Table 2.1 Status of heali

Compound 7 Cancer group” D" trimental effects
Chloroform ) B2 Cancer, liver, kidney and reproductive effect
Bromodichloromethédne B2 €anter, liver, kidney-and reproductive effect
Nervous system, liver kidney and
Chlorodibromomethane C )
reproductive effect
Cancer, nervous-system, liver and kidney
Bromoform B2
effect
Cancer, reproductive and developmental
Dichloroacetic acid B2
effects
) Liver, kidney, spleen and developmental
Trichloroacetic acid C

effects

* B2: Probable human carcinogen (sufficient evidence from animal studies), C: Possible human

carcinogen (limited evidence from animal studies and inadequate or no data in human).



2.4.1 Trihalomethanes (THMs)

Trihalomethanes (THMs) are organic compounds based on methane (CHy)
that three hydrogen atoms are substituted by halogen atoms. Substituted atoms may be
fluorine, chlorine, bromine, iodine or combination thereof. These compounds are
formed in drinking water primarily as a result of chlorination of organic matter
present naturally in raw water supplies. The THMs that are most commonly present in
drinking water are chloroform (CHCls), bromodichloromethane (CHCLBr),
chlorodibromomethane (CHCIBr;) and bromoform (CHBr3) [67]. Their structures,

Table 2.2 Structure, names, ¢ acronyms of four THMs.
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Table 2.3 Trihalomethanes and some property [68].

Property CHCl, CHCL,Br CHCIBr; CHBr3
Molecular weigh (g/mol) 119.38 163.8 208.3 252.77
Melting point (°C) -64 -55 <-20 6-7
Boiling point (°C) 62 90 116-122 149
Density (g/cm?) 1.49 at 20°C 1.97 at 2.38 2.9 at
25/25°C 20/4°C
Vapor pressure (mm) 160 (20°C) - 5.6 (25°C)
245 Q\g" ////
Solubility (mg/L) - 3190 (30°C)
Henry’s law constant at 25 0.047
°C (kn/kPa m*mol™) [69
Log P’ [70] 2.38
Respond of ®Ni ECD
Counts (g x 107 [47] 3
* P is n-octanol/water partition coefficie
THMs are classified as v ds because the Henry’s law constant
at 25 °C lies betweenjo > lO‘gJ'é't;ﬁ‘"m%fnb 01.32 a.= 1 atm) [71]. Therefore,
gas chromatography [i§-the=suitable=instrumentation=for ¢ paration and analysis of

THMs. D m

242 H q

Haloace?;]tﬁﬁg m:ﬂ ? m ?'(Jme oﬂi hydrogen atoms are
replace to e carboxylic
group). dﬂyﬁ ﬁﬁgnﬁﬂiﬁﬂﬁﬁﬁﬁmﬁ{ mbmatlon of
them. HAAs are colourless and fairly stable. There are nine species of HAAs that are
most commonly present in drinking water [67]. Five HAAs (HAAS) i.e., mono-, di-,
trichloroacetic acid and mono-, and dibromoacetic acids are regulated under the
disinfectants/disinfection by-products by the US EPA. The maximum contamination
level (MCL) of HAAS in drinking water has been set at 60 pg/L [12]. Six HAAs

(HAA®6), including HAAS and bromochloroacetic acid, are also regulated under
information collection rule (ICR) by the US EPA that applied to water distribution
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systems serving more than 100,000 people [72]. Their structures, names, chemical

formula, common acronyms, log P and pK, of nine HAAs were shown in Table 2.4.

Table 2.4 Structure, names, chemical formula and common acronyms of nine HAAs.

Log P pKa
Structure Name Formula Acronyms
[73] [73]
H
cl—C—cood  Monochloroacetic CICH,COH MCAA 0.22 2.87
H
Cl
H—C—COOH Dichloro Cl DCAA 0.92 1.26
Cl
cl
Cl—C—COOH Tl‘ic 1.33 0.51
Cl
H
Br—(C—cooH  Mono 0.41 2.89
H
Br
H—C—COOH DBAA 1.693 1.47
Br
Br _ S A S
Br—C—cooH  lribfom - BrCC TBAA 3459 213
Br ﬂ
H—c—coon  Bromochloroacetic =~ BrCICHCO,H CAA 1.14 139
‘o .Y
Cl ‘
e AUEINENINEINT
cl—¢—cooy  Bremodichloroacetic BrC12CC02H BDCAA 2.31 1.09
CI_C__COOH Dibromochloroacetic Br2CICCOzH DBCAA  2.907 1.09

Br

* P is n-octanol/water partition coefficient.

The pK, values of the HAAs range from 0.5 to 2.9. Therefore, HAAs are

present in neutral water as dissociated forms which are soluble and non-volatile. As a

result, analysis by GC is more difficult. HAAs must be derivatized to their volatile
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ester derivatives (esterification). Alternative techniques such as high-performance
liquid chromatography (HPLC) [73], ion chromatography (IC) [74] and capillary
electrophoresis (CE) [75] may avoid the requirement for derivatization but are not
applicable for drinking water analysis because of their high detection limits compared

to the GC method [29,33].

2.5 Standard methods for analysis of trihalomethanes and haloacetic acids in
water sample

The US EPA method and tl@%c’* od were used for determination of
THMSs and HAAs in water : The m THMs and HAAs were listed in

Table 2.5 and Table 2.6 Fﬁ 2 sat. .
/ [ ?
Table 2.5 Standard method i

Method i __* ' .De,‘te‘ ion
US EPA 502.2 e and \ %otommzatxon-electrolytlc
1o onductivity detection
US EPA 524.2 ' and frap’ GC-MSD
Standard Method 6232C — =
US EPA 551.1 BE-or
il a1
Standard Method 62328 ane
Table 2.6 Standard methﬁis for ingjwater [76,77].
Method Qnaézncal method Y Derivatization method  Detection

US EPA 552, Stm I EL 0 GC-ECD
Method 6251B 4!

SRR BT wﬁw asiope'p| - oczCD

US EPA 552.2 LLE (MTBE) Acidic methanol GC-ECD
US EPA 552.3 LLE (MTBE or TAME) Acidic methanol GC-ECD

THMs can be isolated from the aquatic matrix by P&T and LLE methods
followed by direct analysis with GC-ECD or GC-MSD. For the determination of
HAAs with GC, derivatization prior to analysis is necessary. Methylation of HAAs is
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to convert the carboxylic group of HAAs to their methyl ester derivatives that are
more volatile, more thermally stable, more selective and more analytical response
[78]. Diazomethane and acidic methanol are two of the chemical choices in standard
methods for HAAs derivatization. In several literatures, diazomethane has been
reported for its toxicity, mutagenicity, carcinogenicity and irritancy [23,78]. For this
reason, derivatization with acidic methanol was frequently used. The mechanism of
acidic methanol derivatization involves nucleophilic acyl substitution reaction of a

carboxylic group with an alcohol to form ester. The reaction is carried out under
acidic condition, as described in Flg‘% //

H—O: H
R—C—O—CHj

:Q—H

A proton is lost at one
oxygen atomand
gained at another.

water gives a
protonated ester.

Figure 2.3 Mechanism for the reaction of acid-catalyzed esterification [79].

AUBINYNINEINT

Methyl esfu's of haloacetic acids are more &)latlle than fr%acids, giving a

s YR 4 L PR o

symmetrical GC peak and low adsorption on difference parts of the equipment.

2.6 Gas chromatography-electron capture detector (GC-ECD) [80]

Gas chromatography (GC) is a separation method according to the partition of
sample components between a stationary phase and a gas phase. The sample
components are vaporized in the injection port and carried by the carrier gas through

the separation column contained in the thermostat-controlled oven. The separation is
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accomplished based on their vapor pressures and solubility in the stationary phase
under programmed temperature. At the end of the column, the carrier gas and the
separated components are transferred through a detector, where the signals are
generated and the quantities of the components are determined. The schematic of gas

chromatographic system is illustrated in Figure 2.4.

Sample injection
syringe
Injection port

_+—» Computer

Detector

! \
matograph [81].

usec in gas chromatography. Different
. The electron capture detector (ECD)

Figure 2.4 Schemati

There are many d
detectors will give differe

is one of many detectors in G __:-f ective to co pounds containing atom with

(beta radiation) is generate = radioactive ®Ni to ionize some of the carrier gas
(typical nitrogen) produ of electrodes, as shown in
Equation 2.6 and Equation 2.7. When organic molecules Eat contain atom with high
electronegative pﬁs by the’detector, the emittéd electrons are c%tured and the current

SETEAR HAR SN &) in]d shagston in the baseline

current. The ch ge in current prevides the signal for the glectron-capturing

~oror@ WIRANTI I URINYINY

measured betwe

Ni —> f (2.6)
B+N, —> 2¢+N;" (2.7)
A+e —> A (2.8)

The mathematical relationship of this process is similar to Beer’s Law. Thus,
the extent of the absorption or capture is proportional to the concentration of the

analyte. A schematic of a typical ECD was shown in Figure 2.5.
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Figure 2.5 Schematic of a typical electron capture detector [81].

2.7 Development of sample preg\ra\h\)x uﬂ i; for THMs and HAAs

Since the detection OLM@UOH by in chlorinated drinking water,

aration me ods termination of disinfection by-

iqyid-iiq\ld.:&ractxon (LLE) is one of the

considered high consumption of ,—t_ QxXic. or

multistage operation and often tl.reg,qmp q%of emulsions [34-36]. Driven by

e LA

the need to overcomeT;h'bse drawbacks, new sample Mfin techniques have been

developed.
Analysis of THI\Q by direct ection (DJAI) has been developed by
Grob [82]. In this techniqué, the sample is dirgetly injected into the GC column. The

stvantsge ot tifRp LY 9 B S5 P A scnpt without any

pretreatment step%'I except filtration J‘f necessary. ] However, it Uulres frequent
G AR TRIANA TN 44 R e
performances. Moreover, contamination of the injector and the GC column with
sample matrix due to non-volatile compounds and salts are also disadvantage.
Furthermore, attaining a stable baseline is often difficult to attain [37,38].

Headspace extraction (HS) is the common technique for quantitative and
qualitative analysis of volatile organic compounds from a variety of matrices. This
technique has existed since the late 1950s [83] and is still actively used. A typical

headspace analysis involves the partition of volatile analytes between the liquid or
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solid sample and the headspace in a temperature controlled sealed vial. Once the
concentration in the headspace of the vial reaches equilibrium with the concentration
of the analyte in the sample matrix, a portion of gas phase is transferred into the GC
for analysis. HS does not require complicated instrumentation. It is relatively
inexpensive, solvent free method and can be automated. HS has been applied to the
analysis of THMs in water samples [21,22]. Considerable efforts have been devoted
to analysis of polar compounds such as HAAs [23,24]. However, it is relatively low

sensitive compared to LLE [39,40]. As a result, HS may be suitable for analysis of
samples with higher contents of volatlfes;, )l'n rder to overcome this disadvantage,
purge and trap (P&T) has been developed Ll@)&T relies on the volatility of the
analysis to achieve extractnoa—ﬁmn the ‘matrix. An—-mert gas is purged through the

sample and the volatiles arc t ¢d,t0 an absorbent trap. The trap is then heated

and the volatiles are theri d d transferred (0 the GC for analysis. This

technique enables lowe its thau HS and is possible to determine solutes
with lower vapor press T s most frequently used technique for volatile
3 :;‘»C 1s used. It has been approved by US
EPA as standard method for d ei‘nﬂn‘;_itloii.df THMs R76] However, P&T requires

enq{'}x}hen-&‘paxed' to LLE, P&T requires longer
Nk eeida

analysis time. Moreover, leaking and:earry om-ﬁ'ay occur in the system [41,42].

In 1990, Arthurland Paw‘Iiszyn [84] fﬂvﬁ aevelopefi the sample preparation

E). 1i 5 technique successfully
redresses the llmltatlonij.hat are mherent in the n'adltloﬂ'hl LLE method due to its
solvent free sample preparatlon technique. In SPME, a thin fused silica fiber coated
with a statnonary phiase fis exPosed 19 thie sample or| the 4ieadspace and the target
analytes partltlomng from the samplé matrlx in to thé fiber coatmg After extraction,
the ﬁber can, be dlrectly transfened to the, heated- lnjCGtIQH port. o‘f GC where the
analytes aﬂe thermafly desorbed for subsequent analySIL “This techmque has been
applied to analysis THMs [27,28] and HAAs [29-32]. An important feature of SPME
is that sampling, extraction, preconcentration and sample introduction are
incorporated into single step [84]. Although this method offers many advantages,
SPME fiber is relatively fragile, expensive and having limited lifetime; moreover,
several studies have shown that carryover of analytes on the fiber between analyses is
possible [43-45]. To overcome these shortcomings, novel sample preparation

techniques have been quested and developed.
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In the last few years, solvent microextraction involving the miniaturization of
the LLE has been developed and shown to be an alternative sample preparation
[49,56,57]. The general idea behind this technique is the great reduction in the
volumetric ration of the sample and extracting phase resulting that high enrichment
factor can be achieved. There are two main methodologies that evolved from the
solvent microextraction. The first methodology is solvent microextraction based on
hanging droplets or single-drop microextraction (SDME) that is a SPME related
concepts. SDME involves the extraction of analytes into a microdrop of organic
solvent immiscible with water, which 1s on a teflon rod [85] or a tip of
microsyringe [86]. Unlike SPME fibers, dro renewed for each extraction. It
is an elegant method that overcomes the ﬂ'mntatlonﬁbercoatmg availability as a wide
wents can be used. SDME is simple for analytes

variety of solvents and tra
extraction and/or preconce t,_ ihexpensive, effective and virtually solvent
lowever, probleins with drop stability and lack
5 SIT

rol;ﬁst é:)-mat for SDME, solvent microextraction
' o‘llcm“" fi bé’;*membrane has been developed. The
membrane is served as an ini rthee l":etwe_en_-l"ﬁ; organic solvent (acceptor solution)

.r.!.rj.-l
and the sample (donor solutlon) Where them(v)tes are extracted from the aqueous
sample through the thn:s‘I filmi'of orgamc solvefft fi;z;t is mgfegnated in the pores into

free sample pretreatment te
of sensitivity have been i€
In order to develop a

based on the use of por

grane Using pores of the

the organic solvent i mm i _
polymeric membrane as j support for organic solvent can ¢ £vercome the instability of
drop in SDME. In addition, because the pores of the hollow fiber membrane are so
small, it shows same select1v11ty for large molecules that hay“Be extracted with the
organic solvent. So, this technique can be used to extract analytes from complex and
dirty matnces sneh as blolegmal ﬂmds mxxtures of, soil jand wal;er (slurry), for
examples [52- 57] ; ' ' .

2.8 Liquid-phase microextraction (LPME)

The “Liquid-phase microextraction, LPME” technique is one set up of hollow
fiber protected solvent microextraction which was presented by Pedersen-Bjergaard
and Rasmussen in 1999 [52]. The set up of this technique was shown in Figure 2.6.
Two conventional medical syringe needles are inserted through a septum and the two

ends are connected with a piece of hollow fiber membrane. Before using hollow fiber
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membrane, the hollow fiber is immersed for several seconds in an organic solvent
(typical n-octanol or dihexyl ether) in order to immobilize the solvent in the pores.
After impregnation, the hollow fiber is immersed in the donor solution. The acceptor
solution is then injected into the lumen of the hollow fiber with the help of the
microsyringe. After the extraction is completed, the acceptor solution is collected by
either pushing the solution into the vial or withdrawing the solution into the
microsyringe for further analysis. The hollow fibers utilized are inexpensive and
disposable which eliminates all problems related to cross contamination problems

Wy,

[ —
\ Mal medical
P e

. syringe.needle

known as “carry-over effect”.

Syringe body with
plunger down

ptum lined screw cap
-

Sample solution |, impregnated and filled with

L L ) )
Figure 2.6 Schematic fgpresentaﬁ'b;i’ of ﬂfe;l%—pkn oextraction based on U-

shaped. Adapted from Pedersen-Bjergaard and Rasmussen P2

Since the volume r%tio of the organic solvent to the sample is so small, LPME
-

o/
provide very hi i t t excellent sample
ARk A

clean-up from bielogical, environmental, food and industrial analysis [52-57]. The
Advantage.o )«113 sﬁl 'c'ﬁaie Lﬁ ,'jl mﬁn‘{ sive to built
and many samples n@ rocéss gr 1 :10 m, igh El‘throughput.

In addition, LPME are environmental friendly because of small consumption of

organic solvent (microliter).

2.9 Extraction efficiency and recovery of liquid-phase microextraction [87]
LPME can be used as directly extraction or headspace extraction. In directly

extraction, the analytes are extracted from the aqueous sample solution (donor phase)
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into the organic solvent (acceptor phase) present in the pores and inside the lumen of
the hollow fibre. This process may be illustrated with the following equation:

== Aorganic solvent (2.9)
Where A represents the analyte of interest. At equilibrium, the partition

Asample (donor phase)

coefficient Kogq is:

Ceq, org
Ceq, d

Korgd = (2 1 0)

Where Ceqor is the concentration of A in the acceptor phase and Ceqq is the

ium. The initial amount of analyte, »;

concentration of A in the donor phasg
is equal to the sum of the amo: of in two phases during the whole
extraction process:
(2.11)

Where ng is the donor phase and 7 is the
amount of analyte pres rium, Equation 2.11 can
also be written as:
(2.12)

Where C; is the initi
phase volume or the sample u '-Ian‘ Vitg is the acceptor phase volume or the

organic phase volume. At equi%x‘nm : mount of analyte extracted into the
3‘1 be expr'es?e&as [

acceptor phase, 7eq org

T ams= — 2.13)

el

b f
The extraction elgciency (EE) is defined as the pucentage of the amount of

S )b ﬁi-‘l" TP
A AITIIIETIE A Y

The 'enrichment factor (EF) is defined as the ratio between the final analyte
concentration Ceqorg in the sample extraction (acceptor phase) and the initial

concentration of analyte C; in the sample, which can be expressed as:

Ceq, org V dEE Korg/d Vd
BF = = = 2.15
Ci 1 OO V org Koryd Vorg + Vd ( )

Where Ceqorg is the concentration of analyte (A) in the acceptor phase at the

end of extraction. Equation 2.14 and 2.15 can use with LLE in two-phase extraction.
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For headspace LPME mode, the amount of analytes needs to be transported
through the barrier of air before absorbed by the organic solvent. This process may be
illustrated with the following equation:

—_— Aorganic solvent (2 1 6)

If we define the gas/sample partition coefficient Kgqe/q as:

Agas phase

Asample (donor phase)

Ceq,gas

Ceq,d

K gasia = 2.17)

Where Ceqgas and Ceqq are the analyte concentration in the gas phase and the

analyte concentration in the sample, ively. I define organic solvent/gas

partition coefficient Korg/gas as:

(2.18)

The overall parii ( 1\{\\’3» on process Kygq may be
calculated by: \

(2.19)

The amount of the an ic phase can be expressed as:

(2.20)
The extraction efficiency (£! e LPME can be expressed as:
C—— <100 .
oV IR @21)

The enrichment fagtor ( an be calculated by tl@formula:
C cqlog, V EE o KowdVa

UyinBNeREATY 7

U
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