CHAPTER 1V
RESULTS AND DISCUSSION
4.1 Gas chromatographic conditions

The standard solution of 200 pg/L THMs in 1-octanol was injected according to
the GC condition in Table 3.4. The chromatogram and resolution of standard THMs were

shown in Figure 4.1 and Table 4.1, respectivel
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Figure 4.1 The chromalogram-of standard FHiMsunder &€ Sofdition in Table 3.4.

Table 4.1 Retention time an??solution of standard THMs uﬁer GC condition in Table
=

u 1
- AUHINAUNINEING
Analyte q ‘ etention time (min) ~~ Resolution

e I AND I NN L

Chlorodibromomethane (CHCIBr,) 7.18 29.33
Bromoform (CHBr3) 10.34 28.14
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The standard solution of 200-2000 pg/L. haloacetic methyl ester in dodecane was
injected according to the GC condition in Table 3.5. The chromatogram and resolution of

standard HAAs were shown in Figure 4.2 and Table 4.2, respectively.
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Figure 4.2 The chromatogr.
Table 3.5.

ster under GC condition in

Analyte = —Retention-hin > i Resolution

Monochloroacetic acid (M

Monobromoacetic acid (MBA;}) 12.89

le:hloroacetlf: acid @H))EJ lg V] EJ ﬂ j‘ w fUJ q ﬂ ﬁ 2.16

Trichloroacetic acid 13.64
Bromochlor pi m ,ﬁ 8.22
Bromodlchl(ﬁtﬁ a j m u w w El ’] a E] 17.09
Dibromoacetic ac1d (DBAA) 14.42 3.73
Chlorodibromoacetic acid (CDBAA) 16.03 16.24
Tribromoacetic acid (TBAA) 17.59 15.34

The GC condition in Table 3.4 and Table 3.5 can be used to separate all of the
THMs and HAAs, respectively, because the resolution of each peak in Table 4.1 and
Table 4.2 are graters than 1.5.
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4.2 Determination of immobilized organic solvent volume

The results of the immobilized organic solvent volume in the pores of hollow fiber

membrane were shown in Table 4.3.

Table 4.3 Volume of 1-octanol in the pore of polypropylene and polysulfone hollow fiber

membrane.

Volume of 1-octanol in the pores (nL)

Polypro i};lene* (n=37) Polysulfone* (n=31)

Mean ¥ \\ @ 23.9
Standard deviation 3.1

Relative standard deviation (%)'—' b 4 2 , 13
* The length of PP and PS were 8.5 cm '
The results indicate that res of PP and PS hollow

13 %. This shows that the

preparation of hollow fiber W ta \ ity. The RSD of PS was
relatively higher than that of PP, ay' t iue to'that fiber to fiber variations of PS is

higher than PP. In order to comp S5 ion efficiency of hollow fiber membrane, total
o
volume of organic solvent of PP shou]'ﬁ-ﬁc:sxmx arity to PS, the volume of organic solvent

bl
[1D€! T
s ﬁtraction

4.3.1 Type o

The hollow ﬂm empgg'.e?]naw E\Jo:l f' Elrophoblc as well as
compatible lﬁ' ollow fiber
membrane u‘gﬁpﬁa {ﬁm m:ﬂ:ﬂﬁ {Ecompatible

with a broad range of organic solvent [50,52]. In this study, another type of hollow fiber

fiber membrane were consi

in the pores was calculatedlﬂo set lengfh ofhoHo in Section 4.3.1.

‘T-r

4.3 Liquid-phase microextﬁtio’n

membrane, i.e., polysulfone hollow fiber membrane, which was locally available for
water purification system was explored, in order to compare the extraction performance
with the commonly used polypropylene membrane. The extraction performance was

shown in Figure 4.3.
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solvent should not only be able to extract analyte, but also should be compatible with the
fiber, low solQilﬁiMf&@%Ws&dﬁ%ﬂ ﬂo,glem&u,s}@eﬂw volatility
to prevent evgporation during extraction and separated from the analyte peak in
chromatogram. In this study, three solvents such as dodecane, 1-octanol and dihexyl ether
were examined. The results presented in Figure 4.4 indicated that dodecane exhibited the
worst extraction efficiency while the extraction efficiencies using dihexyl ether and 1-
octanol were better and satisfactory. However, the chromatographic peaks of THMs in
dihexyl ether were poor showing shoulders (Figure 4.5). So 1-octanol was selected as the

extraction solvent for all subsequent experiments.
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4.3.3 Extraction mode

Since THMs are volatile as well as soluble in water, two modes of LPME
extraction can be performed; direct extraction and headspace extraction. This study, two
modes of LPME were employed and compared extraction efficiencies. The results

obtained for each THMs with different extraction modes were shown in Figure 4.6.
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Figure 4.6 Extraction efficie

(THMs: 10 pg/L, extraction ti

analytes was diffused directly thie - '.f': . ple in \blej:xtracting solvent. In the
headspace mode, LPME a th e analytes need to be
transported through the barrier of efore the extracting phase. Although
the mass transfer of the analytes in tbb!_'hﬂdsp pically a fast process because the
diffusion coefficient in the gas ph&sé;%{ab | 10" times greater than the diffusion
coefficient in liquid media={93], the result in Figure 4.6 shi owed that the amounts of
analytes absorbed in the ' dspace extractl, Esj than direct extraction

mode. It is probably due t that the mass extracted dependsdpon the temperature that
limited mass transfer ﬁl adspace. To test this
hypothesis, extractloﬁﬁ ﬁﬁﬂﬁ iﬁfﬂn 'ﬁﬁ om 35 °C 1065 ¢,
It can be seen from Flgure 4.7 that the sensitivity of the-method increased with elevating
oo, ) 1D 5,03 4 b b . o oo
pressure of the' analytes in the headspace are increased; consequently the amounts of
analytes in the headspace were increased. Despite the fact that at 65 °C the extraction
efficiency was the highest, many water droplets were formed on the outer surface of the
hollow fiber, which could affect the extraction reproducibility. At 50 °C the sensitivity

was slightly larger than direct extraction at 35 °C. Since the experiment was intended to

be simple, direct extraction at 35 °C was chosen in this study.
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4.3.4 Extraction tim ——
Owing to that liquid-pha. 'fcrgex;ﬁcﬁon 1s not an exhaustive extraction

aid [ ‘J'J
method, the amounts of extracted analytes are expected to increase with exposure times.

As illustrated in Figure 4.8, the extraction grad_ir_yg,uy increased with increasing exposure
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Figure 4.8 Extraction time profile for liquid-phase microextraction of THMs in water

samples (THMs: 10 pg/L, direct extraction, extraction temperature: 35 °C, n = 3).
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It seemed that chloroform had reached equilibrium after 20 min,
dichlorobromomethane and dibromochloromethane had reached equilibrium after 50 min,
and bromoform had not yet reached equilibrium after 60 min. Since it was non stirring
condition the depleting zone theory similar to non agitation SPME may be applied. As the
distance from the membrane surface increased the depleting zone surrounding the
membrane might have formed. Transport of analyte from the progressively thicker
depleted layer to the extracting solvent determines overall extraction speed. The more

analytes need to be transported to the extractm solvent, the longer the process will last

[90]. For routine analysis, it is not nece equ111br1um if constant extracting
conditions are maintained and th sen met [94]. Since the estimated
sensitivity of all analytes has Wy adnev in, the extraction time of 30

min was chosen for all subseque

experimented. As illustrated 1

was virtually unchanged res ltiﬁé"l ased er&:hment factor. A sample

volume of 10 mL was adopted.in the following, studies since lower sample volume

cnesneomenclbkabp i 4R T 1V E) 17T
AMIAN TN INYAE
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pg/L, direct extraction, extracti@ rature: 35 °C,n=35)
Table 4.4 showed exfractior fenc ent factors of THMs
obtained from LPME and LLEf Eftrdct I ciencies and enrichment factors of LLE
were calculated by Equation 2.14 ax o 15. B ccause of the large volume of the solvent
used, LLE provides high recoveries. 1 I enrichments were relatively low.
In comparison, LLE provides hig vety. where s L.PME provides high enrichment.
Table 4.4 Calculated extraction efficier z-"ée-e--—-z---—--- ”- ors of THMs in LPME

and LLE.

CHCIL,Br

cnc’ﬂr‘W’W Mﬂ‘ﬁﬁl&sﬂ‘iﬂﬂsﬂ JeR[ %l

CHBI’3

* Calculated from experiment (sample: 10 mL, direct extraction, 1-octanol volume: 0.053 mL, extraction
time: 30 min, temperature: 35 °C).

® Based on US EPA method 551.1 (sample: 50 mL, 1-octanol volume: 5 mL). Log P was shown in Table
2.3.
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4.4 Method evaluation of trihalomethanes

Calibration curves for all THMs were established in the concentration range from
0.2 to 100 pg/L. As shown in Table 4.5, the linearity for liquid-phase microextraction was
very good with correlation coefficients (R”) being greater than 0.9968 (n = 7). The
method detection limit (MDL) and the method quantification limit (MQL) based on S/N =

3 and 10 were between 0.01 to 0.2 pg/L and 0.04 to 0.7 pg/L, respectively. The MDL of
all THMs was found in low pg/L level and much lower than the MCL values of WHO,
EU and US EPA regulations. In compan ith previously reported headspace SPME

method [28] and headspace SDM @ /)L for all four targeted analytes was

obtained.

Table 4.5 Linear ranges, co d method detection limit of

,k* d 4 ined by GC-puECD.

llquld-phase microextraction i l / /

Linear range [~ "MQL  HS-SPME [28] HS-SDME [47]
Analyte \
(ng/L) ADL (ng/L) MDL (pg/L)
CHCl3 1.0-100 828 0.40

CHCLBr 0.2-100 0.15
CHCIBr, 0.2-100 0.15
CHBr3 0.2-100 0.20

The accuracy and

, xpressed in recovery and %
relative standard deviatiora%RSD 0

alyzing replicatg spiked water samples at

vanous concentrations as showmsin Table 4.6. The recoveries from spiked concentration

range from 5 to SOWJ: ’93 m %J%nﬁf;w H&ﬂeﬁ& to 130 % with %

RSD less than 7 %ﬂhe acceptable values of RSD at.concentration f;50 pg/L are not

greaterthanﬁ}Wﬁ]a\aﬂim quq Vl Elr] a E]
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Table 4.6 % Recoveries and % relative standard deviations of THMs spiked water

samples at concentration range from 1 to 50 pg/L.

Recovery (%oRSD)
Analyte 1 pg/L Spg/L 10 pg/L 50 ng/L
(n=5) (n=5) (n=3) (n=5)
CHCl3 62 (2) 98 (3) 113 (3) 98 (7)
CHCLBr 130 (5) 105 (4) 107 (2) 98 (5)
CHCIBr; 105 (5) 103.(2) 96 (6)
CHBr; 117 (6) 97 (6)

4.5.1 Effect of organ

4.5 Liquid-phase microextr? 1g‘”‘tmction
i N\

In this study, three solvent

N

dihexyl ether were used
ure 4.10.

I

MCAA ﬁu%

an ﬂ/ﬂﬂﬂa? ‘CDBAA' TBAA |

EDodecarE: 1-Octanol O Dihexyl ether

pow 410 R4l B T GubB bR DI BRE ot 50

mL, extractionQime: 60 min, extraction temperature: 50 °C, n = 3).

The experiments indicated that extraction efficiency were significantly different

for each solvent. All solvents in this experiment were not be able to extract all nine
HAAs. Five HAAs (i.e. MCAA, MBAA, DCAA, TCAA and DBAA) that are regulated
under US EPA guidelines were able to be extracted by dihexyl ether and 1-octanol.
However, when consider six HAAs (i.e. HAA5 + BCAA) that are regulated under the US
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EPA Information Collection Rule (ICR), dihexyl ether could not show BCAA. This is
because interference peak from an impurity in the dihexyl ether. Therefore, 1-octanol was
chosen as the extraction solvent in this study. The chromatogram of blank and HAAs in

octanol after extracted by LPME were presented in Figure 4.11.

16000 - 1240 - MCAA

CHBr;

DBAA

Signal (Hz)
=3
=

phase microextraction (a) blank; (b)

spiked water sample containing 90 pig/t-? , 60 pg/L MBAA, 90 ng/L DCAA, 30
\

ed in the chromatogram.

=}

It can be observed t _ |

It is reasonable to assume that decarboxylation of HAAs during extraction results in the

¢ o
formaion o orygfong B 0 epplepcpu ycitromomethae

reaction below [79]: Y

AT Ay
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4.5.2 Effect of extraction temperature

The effect of extraction temperature was examined from 40-65 °C. The results

were shown in Figure 4.12.
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Figure 4.12 Effect of extracti atur efficiency (MeOH: 1 mL,
H,S04: 1 mL, extraction time: 6Q0'min, 1= 3).

It can be observed that the am&umiof ; xtracted into the extracting solvent
increases with increasing tETperatu'f'é"'ffff?&; 66'3 - explained by the fact that
higher temperature may ,‘..;,_________________;__;__;__;___;__ 181 and also increase the

i
amounts of analytes in the headspace resulting dextr cted amounts of analytes.

Above 60 °C, the extraction cu(,)uld not be achie\;ej. This was possibly caused by high
vapor pressure of m i ﬂs ?ﬁﬂdﬂlﬂto 1-octanol in the
membrane. Consequmﬁ n ﬂ He h ¢ methanol out of the
hollow fiber .at p..of 1 ﬁij W le or optimum
temperature aiﬁtﬁﬁ\iﬁﬁ ’ ﬁiﬁhﬂﬁ x%ieas slightly
increased. !

4.5.3 Effect of methanol volume on in-situ derivatization

As it can be seen from Figure 4.13, the peak areas of HAAs increased with
increasing methanol volumes up to 1 mL. This can be explained by the fact that methanol
may shift the equilibrium of the esterification reaction towards ester in in-situ

derivatization of HAA in water. However, the peak areas of analytes decreased by further
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increasing methanol volumes from 1 to 1.25 mL. This may be due to that ester derivatives
can be dissolved in methanol; consequently, volatilization of the ester derivatives from

aqueous solution to the headspace was decreased. Hence, the optimum volume of

methanol was 1 mL.
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Figure 4.13 Effect of volumegof methanol ¢ ]

extraction time: 60 min, extractio

4.5.4 Extraction tim

The extraction ti "‘,. les were mve ' ing the mass extracted

a.ﬁex : g Ams with different extraction

times were shown in Figure 4.14

ﬂ‘HH"WIﬂ'V]?WE']ﬂ‘i
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with exposure time. The m.
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Figure 4.14 Extraction time \pwr by in-situ methylation
(MeOH: 1 mL, HSO: 1 emperature: 55 °C, n'=3).
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‘dd

reached equilibrium after 90 min. wacver BCAA
reached equilibrium state ff(er 18(5' mn‘f & Altﬁou e (?s of some analytes were

not attalned aﬁer 180 m] ‘p:-'"?_“f_'—?'—f‘:':':':::', 4 tlat CquUlIoTT aS reaChed fOI‘ most Of

e of 60 min was selected

long time. MCAA, MBAA and T AA__ifﬁ re‘_ 1 equilibrium after 60 min, DCAA had

the compounds studied aﬁexl" 0 min therefor
in order to avoid excessively a,long analysis tlmes because quantification was possible

before equlhbratlonﬁ 63 w(ﬁj W?wm [fti]ﬂ‘lence extraction 60

min conditions were ﬂll subsequent experlments

~ABARID TN INYAE

Figure 4.15 shows the influence of Na,SO, addition on the extraction efficiency of
HAAs. It is evident that the addition of Na,SO4 from 0-20 % w/v (saturated Na;SOy)
promotes transport of the analytes to the headspace, hence the amounts of analytes
extracted were increased. This can be explained by the engagement of water molecules in
the hydration spheres around the ionic salt. These hydration spheres reduce the

concentration of dissolved analyte molecules in water. Hence, it is expected that this will
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drive additional analytes into the headspace phase [97]. Base on the experiment, 20 %

Na,SO4 w/v content was used for all subsequent extractions.
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AT R Rl .. .
According to the statistic:a_liy using the Student’s r-test, % ignificant difference between

non stirring and stirring --~--—--—--;_:.-..; ______ confidence-level (significant difference
between procedures for Pv@.\ ) bec: ; ' | analytes are greater than
0.05 (data was shown in APPENDIX B). This may be due to that ester derivatives were

‘o Q/
high volatility, con lm ﬁﬂnﬁ ﬂsl derivatives volatile
rapidly into headspa ‘Hs . Therefore, Simil em btained for non stirring
TS AT TR
9
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Table 4.7 Linear ranges othod detection limit of

liquid-phase microextraction ¢ d by GC-pECD
Linear range X ' HS method [23]

Analyte (ng/ ;v A MDL (@) | MQL (ug/L) MDL (ug/L)

MCAA 60-3 .990 8 - -

MBAA

poan 7| fn 8983 0 u;w']'a V]il'l ] El

TCAA 3 80 0.9967

BCAA 2-80 0.9973 0.2 0.6 -

BDCAA 6-80 0.9904 0.9 3 -

DBAA 1-80 0.9982 0.1 0.3 -

? not reported.
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The linearity were observed for the concentrations ranging from 1 to 300 pg/L
with the correlation coefficients (R?) being greater than 0.99, depending on the analytes.
The MDLs of most analytes were below 1 pg/L except DCAA and MCAA that were 2
and 18 pg/L, respectively. The MDL of MCAA was high due to that it contained the
lowest halogen content that yielded the poorest ECD response. Moreover, methylation
efficiency of MCAA was poor with acidic methanol [98,99]. Nevertheless, the MDL of
five HAAs was much lowers than the MCL values of WHO and US EPA regulation. In
orted by Wang and Wong [23], our

comparison with previously HS method that re

method exhibited lower MDLs, lower E L\ ‘ /)J r extraction temperature. As shown

in Table 4.8, the recoveries fro ' ﬁé\- co&g range from 5 to 90 pg/L,

depending on the analytes, were 97 10109 % wit % than 12 % (the acceptable
e

values of RSD at concentration of90.46/L are ne 3 %) [95].

Table 4.8 % Recoveries and % re standa sof HAAs spiked water

samples.
Analyte L) ';ﬁ%\‘ (%RSD), (n = 5)
MCAA (L 1000)°
MBAA 97 (9)
DCAA 97 (5)
TCAA " .,3
BCAA )
BDCAA 103 (7)°
DBAA ‘a5 LY 109 (12)

* based on t! replic s.

R ¢ ‘ o v/
AR TUNN NN Y
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4.7 The determination of THMs and HAAs in drinking water
The developed method has been applied for determination of THMs and HAAs in
drinking water and tap water. The concentrations of THMs and HAAs found in drinking

water and tap water were summarized in Table 4.9 and Table 4.10, respectively.

Table 4.9 THMs concentrations in drinking water from local resources and local tap

water.
Concentration (png/L)
Sample \ I ) Total THMs
bk Br, CHBn
oo @ THMs Ratio
MilliQ water ~ NI NDw  ND - -
Drinking water 1 ND 57.4 037
Drinking water 2 ND 46 0.33
Drinking water 3 ND - -
Drinking water 4 ND - -
Drinking water 4 + spiked
THMs 10 pg/L ) )
Drinking water 5 9 0.06
Mineral water 1 - -
Mineral water 2 - -
Tap water 1 I- T - \ 53 0.38
Tap water 2 60 0.44
Tap water 3 ‘SA 12 . 2 ND 71 0.51
Tap water 4 ﬂ 1 74 0.54

ND = non detected. ) 11

ARIAATUAMINYAE
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Table 4.10 HAAs concentrations in drinking water from local resources and local tap

water.
Concentration (pg/L)
Sample Sum
MCAA MBAA DCAA TCAA BCAA BDCAA DBAA

MilliQ water ND ND ND ND ND ND ND -
Drinking water 1 ND ND 20.3 0.6 ND ND ND 20.9
Drinking water 4 ND ND ND ND ND ND ND -
Drinkingwater 5 ND ~ ND 46 ' | /Nbs . ND  ND ND 4.6
Drinking water6 ND  ND . ND N@D ND ND ]
Mineral water | ~ ND  NDweeND @ND-——ND* ND  ND .
Tap water 1 ND ' 10.2 ND™ ND ND 14.0
Tap water 4 ND 0.0 ND. ND ND 15.6
Tap water 5 ND 340 WNDR * ND ND 14.7

ND = non detected. -

* Sum HAAS refer to sum concentrat M é DCAA, TCAA and DBAA.

.-'.r:.* :

rlnki‘ng waténfmd tap water were ND-57.4 and 53-74
\

j — at - ot ——
CHCI,Br > CHCIBr, > CHB#3 in all sample The range of tota%concentratlon of HAAS in
drinking water and tap water were ND-20.9 and 14.0-15.6 ug/]f, respectively. The quality

control samples from-spiked matrix with{THM, 10:ng/L: (spiked drinking water 4 in Table
4.9) showed that extraction efficiency of the method wer€ very good. Low cost drinking
water tended to show hlgher concentration of THMs.and"HAAs, whlch may, suggest that
these water be produced from tap waterywhereas 'drinking ‘'water produced from ground
water and mineral water showed lower concentration of THMs and HAAs, which may be
due to that these water contained small amount of organic matters. However, the
concentrations of THMs ratio and total HAAS in drinking water and tap water samples in
this survey were below the guided values of WHO, which are a standards of Thailand.

Moreover, there were lower than the MCL of US EPA and EU.
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