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Abstract

In order to obtain high efficiency of microsperation in capillary electrophoreis (CE) and
micro high-performannce liquid chromatography (WHPLC), selectivity and retection in these
techniques were investigated.

Stationary phase selectivities for halogenated compounds in reversed-phase pHPLC were
compared using C18 monolithic silica capillary columns modified with poly(octadecyl
methacrylate) (ODM) and octadecyl moieties (ODS). The preferential retention of halogenated
benzenes on ODM was observed in methanol/water and acetonitrile/water mobile phases. Greater
selectivities for halogenated compounds on ODM column were obtained, due to the greater
dispersive interactions by more densely packed octadecyl groups on the ODM polymer coated
column together with the contribution of carbonyl groups in ODM side chains. The ODM column
also showed a better alternative to the ODS column for the separation of chlorophenols.

Retention index (/), rather than retention factor (k), was found to be a more reasonable
parameter for comparison of the relative affinity of disubstituted benzenes in microemulsion
elctrokinetic chromatography (MEEKC) and micellar elctrokinetic chromatography (MEKC), due
to independent of / with the surfactant concentration. MEKC and MEEKC may give similar or
different / values, depending on types of moieties. In addition, a group additive approach can be
used to predict / for disubstituted benzenes with different moieties from the average observed / for
the disubstituted benzenes with same moieties. However, electronic effects and/or intramolecular
interaction may result in the different observed / from prediction.

Equations and theoretical models for MEKC separation selectivity (ouekc) were
established to explain a change in separation and migration order of fully charged analytes, in
which avpxc is related to the dimensionless values of electrophoretic mobility (p) selectivity in
capillary zone electrophoresis (o.czg) and retention selectivity (oy) in MEKC, and where oczg and
ay are defined as the ratio of pu in CZE and the ratio of k£ in MEKC for two charged analytes,
respectively. Using four alkylparabens as test analytes, excellent agreement was found between the
observed MEKC and the proposed ouexc models of test analytes in MEKC.

According to those of MEKC, equations and theoretical models of cyclodextrin-EKC
selectivity (ocp) related to the dimensionless values of selectivities, aczg and binding selectivity
(), were also proposed in order to explain a change in ocp for two charged analytes using neutral
CD, where k are defined as the ratio of binding constant. Using substituted benzoic acids and
phenoxyacetic acid as test analytes with 3-CD, the changes in the observed acp values were found
to be in good agreement with the theoretical o.cp models.

In comparison of separation selectivities in CZE, MEKC and CD-EKC for a pair of
monochlorobenzoates/monomethylbenzoates (C/M7) or dichlorobenzoates/dimethylbenzoates
(DC/DM"), having similar p, the higher ocp than oczg and oyexe was obtained due to high x. In
addition, simultaneous separation of ten phenoxy acid herbicides, especially 2,4-DB/MCPB and
2,4-D/MCPA having the difference in chloro and methyl substituents on a benzene ring, was also
obtained using the CD-EKC buffer containing 3.0 mM DM-B-CD. Therefore, in comparison with
CZE and MEKC, CD-EKC can be used as the better alternative to separate compounds having the
different substituents only by chloro and methyl groups.

Keywords: Capillary electrophoresis, High-Performance Liquid Chromatography
Separation selectivity, Monolith, Retention
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niidszyaeedalu MEKC (a) 71 [SDS] 614 9 (b) e £, 19 9 drwispanla
o o 9 ~ 9 ~
vinmsineaa lagldaunisi 5.7 tazdoyaluasian 5.2
HUUSIADIVRIMTUNIZMIUENAI8  CD-EKC  dwmsuashiidszy  aa
o Y A 9 ' A = =
dalannaunmsi 6.2 uazdoyanien lumsei 6.1 uaz a 19 e naneds
f1 binding selectivity () @113 (A) DAUMNAY 1.2, 2.4, 3.5, 4.9 1AL 6.8
a1y, 31 (B) UAuMIAY 1.1, 1.4 uag 2.0 Mudwy waz3il (€) dm
WNY 1.25,2.3, 3.5, 4.8 1A 6.2 ATUA 1A
ad o a o
sianInsil Tsunsuveseyiiusnsau ladnuaznsatiuend Taoldiwimes
M1/52neude (A) 0 mM (CZE), (B) 2 mM itag (C) 12 mM B-CD 11 10 mM
) P A 9
vorsativmeosn pH 9.2 1azn1120u9 vod CE Y52noUAI8 uncoated fused-
[ 4
silica capillary eummﬁ’umuﬁuﬂﬂmqmﬂu 50 um AIVY1I 40.2 cm (30 cm
= A [ A o v A
191n599A57930), ATUANEUHAND 25 °C, And IWdh 15 kv, as2vTana

g1IAAY 214 nm 1ALUTITAIAIIANUTY 0.5 psi 1Turan 3 Fundi

M umEMIuenasdIe CD-EKC fildainmanaaes (fydnvel) uasiild
inmsiting (§u) dwmsumsuenasiilszedas B-cd Freanudud
0-16 mM 1 (A) K,C a1 waz (B) anuidudu B-cD aee Taosmii1dain
manneldnnmsfunadisaunsi 6.2

BidnTnsTlTsunsuvesouius benzoic acid fnnyunuiidunaelsnie
witaluusazleTames  Winmsdaneidsemaia CZE  Afl  BGE
Uszneudie 10 mM veismiiviles pH 9.2 uazliuiimsdudiiazane

a Ao
DUNTY

70

72

74

84

87

89

96



7.2

7.3

7.4
1.5

HAYDIGAZABDUNTE MeOH @D o 1ag R ¥0d C uaz M lu CZE (Al,
B1) tag MEKC (A2, B2): (Al) mobility selectivity in CZE (a,;), (B1)

resolution in CZE (R, .,;.), (A2) mobility selectivity in MEKC (o ) and

MEKC

(B2) resolution in MEKC (R ) TasBGE 1u CZE 15znouaieg 10 mM

 MEKC
vorsaivlives pH 9.2 uaz MEKC Usznoudie 40 mM SDS iag 10 mM
vorsaimles pH 9.2

m3uen C uaz M~ 90 lo Tswes lunsi@ersudiemaila CE nuuaeg:
(A) CZE YUsznoudie 10 mM vewativwles pH 9.2, (B) MEKC
U52nouAI8 40 mM SDS tay 10 mM vaisativmes pH 9.2, (C) CD-EKC
Y32ABUAIY 20 mM o-CD uaz 10 mM versainives pH 9.2, (D) CD-EKC
Ysznoudie 16 mM B-CD uaz 10 mM votsanives pH 9.2, uag (E) CD-
EKC 1/52n9UA28 5 mM DM-B-CD utaz 10 mM veisatiivles pH 9.2
RIGERT C‘/M‘; (F) CD-EKC 52n0UAI8 60 mM 0-CD 18z 10 mM UI5A
Wrlivles pH 9.2, (G) CD-EKC Uszneuals 12 mM B-CD 1ag 10 mM
voisaivlivles pH 9.2, ag (H) CD-EKC 1/52noudie 40 mM DM-B-CD
wag 10 mM veisaiivives pH 9.2 §1m51 DC/DM™ [2,3DC™ (1C), 2,4DC™
(20), 2,5DC (3C), 2,6DC (4C), 3.4DC (5C), 3,5DC (6C), 2,3DM™ (1M),
2,4ADM™ (2M), 2,5DM™ (3M), 2,6DM™ (4M), 3,4DM ™ (5M), 3,5DM ™ (6M)]
qn3 1n59519909e15nq phenoxy acid herbicides

M3UEN phenoxy acid herbicides fIOMAA CE 1UDANY (A) CZE
Usznaudie 10 mM vetsmivives pH 9.2, (B) MEKC 1/5¢noudie 40 mM
SDS uaz 10 mM veorsaiwimes pH 9.2, (C) CD-EKC 1/52noudie 2 mM a-
CD uwaz 10 mM versaiwimes pH 9.2 (D) CD-EKC 15znevudie 3

mM DM-B-CD 11a¢ 10 mM veisativivles p 9.2
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. . v 4 A
M H, o(CH,), nazanusulumsdumasumanaoun

v o Jda 1 1 { [
ANUFURUTIFUFUATITLHI9A log £ 1AL z D171 A21A homologous

series V990 anaUFU lumatin MEEKC 1az MEKC

[ A Y ) 1Y A Y4 A A
1 log K, N lannmsitinenazad1edsvesoyiusiuuduning
ununaearyly MEKC iag MEEKC

1 o o [ Jd A P
AMINAADILAT MUV log k AT DInesANUBINTzNEUAIY
NYUNUN R A130U (~OCH,, —H)
AMINAADALATNTIIUILVON log & §1%51 BADGE 11ag BADGE.HCI
d‘ 9 1 d‘ 1 w
NlsgnouAevunui R AN
AR LUVTIADINNNGBY VYDA separation selectivity T4 MEKC (Clyexc)
Mobility selectivity (Olcze), retention selectivity (o), retention factor (k7),
selectivity ratio (p), HASFHAVDIUUI A0 OUMEKC
15210 NVDIVVI1ADIVDL oLep
anvannsalumsmaouiniglwihvesansu, 10" m’ v's™), m
IUWIEMIUeN U CZE (olczg), binding constant (K, M), binding
selectivity (K), selectivity ratio (p), OATIAIUVD Moo/ K2 (B), 9518
VDI Hop, 1/ oo 2 () HASUULUDIULVUTNADY Olcp TIHTUANTNATOL

A
Y50 o

Mobilities (W), mobility selectivities (ot ) L@ retention

CZE

selectivities (o) 135U C*, M_, DC” uaz DM~ 11 CZE tiag MEKC #1 11

MEKC

imsaudiazaredunsd
Mobilities (W), binding constants (K), binding selectivities (k), mobility
selectivities NUINT 9 (o ) @150 C /M, DC /DM, 2,4-

'm, CD, max

DB/MCPBUaE 2,4-D/MCPA 11 CD-EKC
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N ox X

W

~

YKV d o 1
agyanyaasMed
ANULANANUDIAT L YDIAS
anuanlumstumasuanasuin (back pressure)
Selectivity
mobility selectivity 14 CD-EKC
mobility selectivity 14 CZE
retention selectivity
mobility selectivity 1y MEKC
methylene selectivity
mobility selectivity
BAT1AIUYDY Lot/ Hme
BATITIUVDN U,/ oo,
BATITIUVDN Lo, /Hons
CD binding selectivity
anuenusalumsnaeuinia 11 (electrophoretic mobility)

A A a g 1 o

anvannselumsinaouinme WihvesansiszneuFadoussningansiyu €D
4 1 1 a -4
anwamnsolumanasuinma ldihnanuussveslossiinlndgud (absolute
electrophoretic mobility)

d‘ d‘ A d' =
anvannselumsinaeunmae liihvesanslu cze wiea1zilaili cp
effective electrophoretic mobility

4 = adg a . .
ANuaso lumsinaouivedlan Insooa INFH (electroosmotic mobility)
micro high-performance liquid chromatography

I ad a
ANNIGI0tan Insooe Iugea

I 4
a5 ved luad

Yy 9 A 1A Aa g A
ANMduTuves CD M lumamsdsznouFdouninzauga
NG wmmam%mqyﬁ (total theoretical plates height)
FINUFUDWAN
~ o % X
SINUFULNNINDT (retention factor)
ANINUBINITNTLIY (distribution constant)
binding constant JEUINAINY CD

1 Y
AMINNITNTZIBAIVDIDDNNIUDA-11

v &
ANYIINDAVUU



2,4-D
2,4-DB
2,4,5-T
ACN
AFF
AIBN
BADGE
BFDGE
BGE
BZ

CD
CD-EKC
CE
CPR
CZE
CEKC
CMC
DB
DCB

DM-B-CD

U3z aNENNMSIENVDIE5 (efficiency 130 theoretical plates)
AunaevelszAninmueiin (peak efficiency)
ANTUINUDIATT (resolution)
latnsFulnivods EOF marker
lunsFu'lnsfvesans
YunsduIndveurlanaiifion marker
Smuau Iniveq unretained compound
ERTEATE Y (retention time) YDIFT
A5 WFUFY (linear velocity)
UTinasvesemioale
USnasveanlansdiiiion
Sumsveulumelgassvessanawuiu
2,4-dichlorophenoxyacetic acid
4-(2,4-dichlorophenoxy) butyric acid
(2,4,5-trichlorophenoxy) acetic acid
acetonitrile

acifluorfen

oL, 0'-azobis-isobutyronitrile
bisphenol-A-diglycidyl ether
bisphenol-F-diglycidyl ether

background electrolyte

alkylbenzene

cyclodextrin

cyclodextrin electrokinetic chromatography
capillary electrophoresis

clopyralid

capillary zone electrophoresis

capillary electrokinetic chromatography
critical micellar concentration
1-phenyldodecane

dicamba

dimethyl-B-cyclodextrin
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EKC
EOF
FXP
HPLC
LC
MCPA
MCPB
MEEKC
MeOH
MEKC
MOP
MCPP
MS
MTMS
ODM
ODS
ODS-Cl1
ODS-DEA
PCR
PEG
PSP
QCR
RPLC
RSD
SDS
TCP
TMOS

electrokinetic chromatography
electroosmotic flow

fluroxypyr

high-performance liquid chromatography
liquid chromatography
4-Chloro-2-methylphenoxyacetic acid
4-(2-methyl-4-chlorophenoxy) butyric acid
microemulsion electrokinetic chromatography
methanol

micellar electrokinetic chromatography
3-methacryloxypropyltrimethoxysilane
mecoprop

mass spectrometer

methyltrimethoxysilane

' '
aa aa v A ~

vouvannFanneauunliulgIRIveunanInae poly(octadecyl methacrylate)

v
~

a
uewednnFamaodniisulysiveunansfidas ODS-DEA
octadecyldimethyl-chlorosilane
octadecyldimethyl-N,,N-diethylaminosilane

picloram

poly(ethyleneglycol)

pseudo-stationary phase

quinclorac

reversed-phase liquid chromatography

AMaIU Lﬁ‘ PUUUFUNY f (relative standard deviation)

sodium dodecyl sulfate

triclopyr

tetramethoxysilane



a (v d [y
1.1 mafamsuenamslunedutivinadnszavlulasmuns (Micro-Separation Techniques)
a Y o I Y] ] 4
manamsuenas aoduivaan luszau luTaswas 195 TuTaslames
4 Ja A
WosuugandalasuInns W (micro high-performance liquid chromatography, WtHPLC) 130
a adg aa I~ § o 4
Aziaa13o1an 1nsWo3Fe (capillary electrophoresis, CE) 1ilufiaulaluilagiu iiosnin e
A A A @ 4 a @ 1 a <Y o 9 U Y =
maounrsetosuazisunaasaleaalumsinsizvives i lvaaal¥aevesaisail
a A A a 3 U FI o w =S = Aa A
antlSnavesdsnzinaru uazaalsnelumsmiaveuds Nilszansmwgalumsuen
1 F Y A @ a 4 FIEY
13 tazaIanenUmIeens I danuuLNaan Insimes (mass spectrometer, MS) 9@

[Legido-Quigley et al.: 2003]

Jd Jd da A

1.1.1 llaslamesvesinuaganialasanInnsil (Micro-High Performance Liquid
Chromatography, pHPLC) 1eInH [Skoog and Leary: 1992, Poole: 2003]

a A = . . I a A [

an3alasnInns W (liquid chromatography, LC) 1lumatianisusnaisnedoeauga

, ' v < . I~] <3
5NN EAROUN (mobile phase) (Juvounad tazansf (stationary phase) tuyeaus
A A A ' < A A A v o oA ~
WiovouradlinaeUeguUVewds  iemsnauadeud i luaeduinussyanii Tay
Y] A AA I 9 Y] o 1 a A ~ o N Y3

oo anaeunNiluveunaimuinluneaind esusazsiavzinaouiinieluneauil 1457

9 1 (% d? [ [ an 1 [ d' d‘ dl
FUANANNUIUNVOUATAINTEHINTT DU aasnuazilaindoun

b4
=

] = o Aq Ya < A 9 a A =< A 9y
apumMNadansn ivinadnaaie nlszansmmmsusnaisdvu el
a 4 @ [ A (a Y Y 1 <4 = a a Aa o 1
AwsnInszdasaedeitilsinades laedusiaiuazlilsz@nsnm mainaina
1 4 4 I A o ¥ v
Fond lamesvesinuganialasininns¥l (HPLC) Taserdviluusaauga (high pressure
4 {1 o A { I o o Ia
pump) Wudenaaoundud liluaeduinussuransivuaan Taom 'l aeduiinldly
:,' v da A Ay Aa < oy ¢
HPLC (JuApduuinandnInauauaaniounInuauuiwsige  sidurugudnananiely
v a Aa Aa A 9 A @
srAUlaamas (2-4 Taawas) nazussyaroaasiluszanluTasmas
o @ a 4 v <] a ]
Tuilogiuldiimuunaiin HPLC AlFneduivuadnuionzwaaisvuadunig
4 Y ! { v 4 4 Ja A
quinanszavlulaswasiussydiomlanst  Senn  lulaslamesWesuuganialns
nInns (micro-high performance liquid chromatography, tHPLC) 9 WHPLC Hivelaulsou

<3 { o 9 o !
ﬁ'f] 'E_Ji‘:liﬂ'lﬂ"llu'lﬂlaﬂSU’f]\3!‘V\IﬁﬂQﬁ1/]'lclﬁﬁﬂj'luﬁil'llﬁuaell@Qﬂ']ﬁﬂﬁiﬂllagaﬂﬂj'lllllﬁﬂﬁ'l\iellﬂQ\‘]

A A A v 5 . =2 o Y a
‘szEJz‘vm‘nmmimﬂaauﬂuﬂaauu (a@ eddy d1ffus10n) %\‘l‘ﬂﬂﬂlﬂﬂﬂﬁﬂigiﬂﬂﬂl@\ﬂcﬂuﬁ'ﬁ



9 1 [ 3 ~ ~ YR a A =K A 1
"ooni1  aeduiinvesasn lavdwauuazdse@ninmuesmsuenaisly  uHPLC 9@
HPLC 24
% o J 8 { a [ 4
Tuilaaiiu183d19  nano-HPLC  &9Muede  HPLC N l¥aziaaisavauiivun
Ao A A a 1 ~ £ o Y
Iulaswashisasims lnaveuranaouindumluansaowi  ¥oild  pHPLC 019
=R w d‘ d‘ (% a ] =} qﬂzl
MNeDeens1Ms laveunmadeuiluseay luTasansaouti M9 nano-HPLC uay pwHPLC
9 a ~ v JIA @ ~ 1w A A @ 1 aw dy
o ldaziaalsneauiiidediy  ewnoas1ms lvaveaamadouianady  ualuauideil
=< Aq Y A = o o Ao
UHPLC #wede HPLC #ldngiaaisaeauivina lulaswasiaziionsims lvaveuna

d’ d' 7 a A a 1 =~
wasunluszau lulasaninsoun Tuaninoui

[y d a g Y
1.1.2 AodNMNoHOAMIUBIAY [Neue: 1997]
@ PPN Y a A 1Y) P Y an a = I
apauuntionldlumatin HPLC Av Apduunussgdlseymasan oxgiun vy
d’ A 1 = 1 d‘ d' 1
YOUHAINAADVOIVUBYNIA 13801 packed column (JUN 1.1) VUIAVBWLYMANUITIYOE 11
o d o S A gy <
apduiiogluszay lulaswas szunm 3-10 um) Tumsuenaistiu seldvmaeymadnag
Aa a A ddgl =] Y o Aq Y < A A
dszaniammsuenansosdiu  d9latimsiaulaasiliioumavuadnasiosy  1ive
' o ' ~ v Y ] v o A A A
eUiulgamsuenars ualuvnz@einuaedlsuseaudunaoumandoun (pressure drop)
! oo g o N by v & dave A L ; .
gy dndudedlduanuaugs Fehimunziuilunldnumios HPLC W'l Atianwau
[ 091’ A FY A v W 1 = YA @ 9 [ 4
gagailszunm 35-40 MPa aaiiieud luilgruseassduainan 19 ldlimsiaunldaoduil
A A & Ao <l Qy = 1 A oa/' v J =~ ' 4
nulaasiitluvewdantgngutazuruRsIedoipinaoaNdnoaul  5end1 ABANY
WOUDAA (monolithic column) [Tanaka ef al. 2000] A33UN 1.1 laaussudundowla
1 v 23 1 v
wasuily HPLC as uavaunsolenuiluveunses HPLC Yndld laenszaniainlums
9 v
uenasAIe  tazsaims lwannnndndainldny HPLC YUszin packed column 341%
a 4 u’.l‘ A =1 [ 9 9 [ PR
s2eznM UM AATIZHATFUaUNoNeUNUMS 1% packed column tazasnlsnoaulnd
4
anwenung 18 dewalddsudgemsuenais Idaau
Sagidunlansiivssianuenedaluy pHPLC iv1@eonidlu 2 Yszian Ae uoueda
Uszinnweawesiiluassun3d (organic polymer-based monolith) azueusaalszIANNDA
I a s & ' aa
LiJ@iﬁLﬂuﬂ’ﬁ@uu‘ﬂ%EJ (inorganic polymer-based monolith) cdﬁamuiwﬂgmumam [Poole: 2003]
a ng = Y a = . . Y aAan a 2
voueaansaeslsznaunsamion laielunziiaats (in sin) AreUfnsemeame lsadu

a9y a A Aaa

9
vosansiady venednilszinndaniided Ae fRunioueyninfinenussqlu packed column
% aa @ ] o A v W o o {
sutlugam  Sedaudsnyilanduldielaelditmernuiumsaaudsnyilsdusoaunanan
! v o ) o a a s g a o
1 packed column #1191 1d1u HPLC dwSuneusdadsznnwedwesniluasaunidn

Y a A A a a N ¥ 9 1 Y
VDA AD TAINITDADNHUAA NG T@QW@alﬂJﬂﬁllﬂ asnu pH blﬂclu%’Nﬂ’JN



Packed column Monolithic column

3UM 1.1 MMAAYI13UB packed 11ag monolithic column: AAA9IA [Li er al.: 2004]

1.1.3 azfiaarsotanInsweSFa (Capillary Electrophoresis, CE) (il09@ [Khaledi: 1998]

Aziiaa13oanInsweSFa (Capillary Electrophoresis, CE) (HUImAIAveamsuenas

meldsninavesau vihluazfiaa s iussqasazarsdidnIns lad (background
electrolyte, BGE) foauoaunaiin CE fimite HPLC laun Tilduielddhazaredunidly
sinates liidssdemsrazaonsegasuvesnedind Idszdniammsueniiani lu
nsdifiensiaTesnsantauds mada CE awnsaldarsduiedluaedinildmely 30
S luvaszfimadia HPLC 1919a1 5-30 W

maiia CE wiseen ldidunatelszinn awna lnmsuenas 1dun

1) capillary zone electrophoresis (CZE)

2) capillary electrokinetic chromatography (CEKC) %W micellar electrokinetic
chromatography (MEKC), microemulsion electrokinetic chromatography (MEEKC)
1ae cyclodextrin electrokinetic chromatography (CD-EKC)

3) capillary electrochromatgraphy

4) capillary gel electrophoresis

5) capillary isoelectric focusing

9 9
= U

fMvsunuITeiineItestumaiin  CZE tay CEKC  lUunidsuenaimmie

k4 9
tY

=S a =
s1vazPIaveUNANANIdeIlTZInNi

1.1.3.1 Capillary Zone Electrophoresis (CZE) [Khaledi: 1998]

I a 4 { A 9 o 1 [ 9 I~
CZE Wumaia CE dsznnnilanienldiuedraunsvates lasld BGE 1ilu

o ’ o \ a o P d o
asazaeiilesiig 11/ Wi vese Weala vseezdaniivlivies nalnmsuenarsyuiy
: A4 _ . 4
ANuuanaavesnNNansa lumsmaeuinie Inihvesans (electrophoretic mobility, ) %4

v v o ' 1 @ A a A A Y I e
wilsiurudanduveslszyaovinaveslosou aegii 1.2a aziaaistonldilu fused silica

=& A 9 a = 9 ra 9 o P
GINW’JﬂWuGluéUfNﬂZWﬁﬂTiﬂizﬂf]“]Jﬂ’JEJ“ri‘iJﬁfﬁ?UE)ﬁ Tumsusnensaleaisazaretliosni



v a o ra { A a I 4 Y4
pH 11071 2 dznamsuandlvesnysaiueanminziaats mibuilszgay Wolddnd lwih
A SR a PR 1 ad a Aadg
otenas JunadsingmasinGendt oanInseod Iuda uazms lvavesdan Inseod lu
Y Y [ Y
Fa (electroosmotic flow, EOF) IneamaluauiuaIna @av) Tumsueniag 1a) 24
M) A v o & o v o Ao A dw v o v
nedunsesnsiadndudmalne aaiuasniidszguinazmaoudn lldwiua Inadae
< A4 o da A du v 2
anusr lumsiadouiivesanssmiy  EOF  enshlidszyavezmaoun lldudue Tua
Y [ 1 1
(171790) FINNANIATIHUIUAY EOF ugnaved EOF Junnnanuasalumsmasun
o . 3 ' . -
nldihwesans  JusdeuiludunTesnsindald  dalunsailiuensi bifidseqee

2

A ~ 9 o a dyd ) o A
PADUUDDNUINITBNUNY EOF Lﬂﬂuﬂﬂﬁglﬂﬂuﬂﬂl,ﬂll'lgﬁ'lﬁTUﬂ’lﬁllﬂﬂﬁ’lﬁ'ﬂMﬂigﬂllagagﬁﬂﬂ

Y

1 9
laa dauas lidivsza liinamsuoniiu

®
H - t>0

>h

b) MEKC

he
ET T T T

d) CD-EKC ‘. j (\ D Q d o

L DL dg @

3UN 1.2 msuenensveunaiin CE Uszinnenee (a) CZE, (b) MEKC, (c) MEEKC uag (d) CD-

EKC: aautlasain [Grossman and Colburn: 1992, Altria: 2000]



1.1.3.2 Capillary Electrokinetic Chromatography (CEKC) [Khaledi: 1998]
I a { a a 1 o S A o { {
CEKC Wumatanimsmavensauuaadlluivmlesimesimrhndumlansiiieoy
_ v o 4 a A duy  a _
(pseudo-stationary phase amenumansnly HPLC LWENI,!,G]Lﬂa’EJuT]]lﬂ) 1170 complexing agent
Mlvinalamsuenaisuanaienn CzE lumaila CEKC enswauuenaniuldlagnani
1 d‘ 4‘ Yy Y a 1 (% an
uanaavesnnuanIsalumsmasuima i lddremsinannuuanasvesdunsnsen
oI5 N U aAINNouNTo complexing agent HONIHLBIINAAANULANATIIINANVEINITO
[l v v 4 v
Tumsindeunnia luihvesasos degii 1.2b D9 d matialsznnainaniuen ldnemsi
=~ = a 1 1 9 a d' =) A .
ez lifilszy mada CEKC amnsowdsdes laamuriavearansiitiennie complexing

agent 1817 MEKC, MEEKC 4tag CD-EKC

1) Micellar Electrokinetic Chromatography (MEKC) [Khaledi: 1998]
Tiesves MEKC 1sznoudieansanissiaiy (surfactant) Faluanavesaisan

I Y v v

useRsrlsznoudediuiiniidszguielivafiweutit (hydrophilic head group) Hazd@IUNI

v v I Y [ v
Alutvaaa liseuin  (hydrophobic tail) etnaIsaaussderaa 11 ludSnanunnn
Aa v o 4 {
critical micellar concentration (CMC) yaausanarvzTwaINudlu luwad (micelle) (gﬂﬁ
o 9 A I A A Y] [V [ ]
1.3) sazgimihndueansiifion na'lnnsuenase1feranaULANAIIVBINITNTEAIEA
voeEssen N ansniientaemIsad (aqueous phase) tazANUaINIT0 lUMITIAADUN

= A A o Yo R A Ax L.

YOIAITI0Y  ATaAUTIASAIIEs0aen 19 IaNsasaaussaaEINiilszy  (onic  surfactant)

9 [ 3 Aa A 1= R a A = . . =)
ﬁ'TVii’]JLLEJﬂﬁ”I'iVNVI‘JJ‘Viﬁ’E)thiJﬂﬁzﬁ! uazmiamzsqmmm"lwﬂszég (nonionic surfactant) ¥i3®

a

. .. o o Ao = Aa Yo A
zwitterionic surfactant E‘ﬂ‘l’iimwﬂﬁ’”lﬂmﬂixi]l Tﬂﬂmiamgiqmmmu&mhmum"lmmm

MEKC A9 sodium dodecyl sulfate (SDS) Gdﬁﬂlﬂuﬁ”l’iaﬂuiﬁﬁﬁﬁ’lﬁﬁﬂ’i%i}ﬁ‘ﬂ (anionic surfactant)

Y 1 J A g A 1< Aa a = 1
maﬂﬂumfﬂ%mmﬂumﬂu C,, o390 SDS WuasnuaNUUSTansaa HIREazs1nIgn

Y ] i
Hanwawnsalumsazaenii1aa A1 cMc 1 ganduuasgegi-ddad

Rl



Hydrophobic tail

Hydrophilic
head aroup ‘/\/\/\/\

asaeg1annszaelu

Turadimeauay

RIGRLLRLG

lwad (micelle)

5U7 1.3 Twianavesdsaaussdsmay luad: dauiasan [Khaledi: 1998]

2) Microemulsion Electrokinetic Chromatography (MEEKC) [Altria: 2000]
Y
o 4 o w ]
Yrlimesvee MEEKC 1senoudieviaatingdu (19U n-octane, ethyl acetate), 813AALIT
AR (195 SDS) 1Az aATAAUTIANAITIV (co-surfactant (¥U 1-117N1UDA) TATAITAAUTIAIAD
SR a 9 3’ v W ~ g’ o =\ I
uazasaausInIms ez lldensouneminiuaegn 1.4 nemihiuezivnaduunlu
' o J o & a ' Av o . . a
wassuaznszaeeg luiiviwes anwvuziiGendn lulasdiadu (microemulsion) lumailn
:I v A Y Y =K A A A ' Aav o
MEEKC neaiiundesoudlsasaaussaaivsaienI e luTasdiadu
o A J A A 1 = o J a
(microemulsion phase) ¥vtn M wlansiienuaeiny lugsadveanaiin MEKC

= ©

Water Water

‘l.l‘ﬁ 14 WS@HWNH%&Jﬁﬁa@LLiQ@QN’Jlm‘”’fﬂiﬁml‘i\mQW’J?’HJ?HQ’EJSJTEJ‘U aautlasain

[Altria: 2000]

3) Cyclodextrin Electrokinetic Chromatography (CD-EKC) [Khaledi: 1998]
o [ = a < Jd a . A a
g w5y  cD-EKC  Imswaulslaa@ngniy  (cyclodextrin, CD) adlliieina

A o o [ 3 a . . {
aslszneuFadeuiuansdiedns Tag D 1Wuralealausalsd (cyclic oligosaccharide) N



v [
Uszneudieniiteveniga D-(+)-ngInTns1Tud (glucopyranose) NiAaz Ao NUAIBIIUTE
= 1 o ' Ao 1 Al a 1
ANTEHINAWNUL 0-(1,4) Tasls Iy 6, 7 ag 8 WiIe uazliyoiFond o-, B- uag y-CD
o w 9 [ d' a 9 09/’ [ .
aday gaslnseadeues CD waasaagli 1.5 dewld cp weniivaisiszianlasa (chiral
[ . d'l =~ = [] Y =\
compound) LAY oz 1A (achiral compound) (UDIIN CD Hanuanes v pH $31NIN UNT
A [ A Y 1 a 1 A Aa Y @
aanauuaaluggidesnn (@ Nguturianvenaauntdenlylumsasiviams) uay
A o 9 Aa A 12 [
aunsauanuiunglumsuenanslagld cp WldszanTelulidszy uazeyiusag
. 3 L . _
¥84 CD 1109910 CD Hanvaz Inseasaidu Inseidianulelas 1Win (hydrophobic cavity)
9@ W50UAA inclusion complex NUAITAIBEN TABIRMLAIITNTIWHIMLUFY TasNIQLY
= 9 1 Y dg’ "o 1 Y . .
Fuazidn logluTnse nalnmsuendisats CD-EKC Auegiunnuuan@9iiyed binding

constant (K) 1uM31AA inclusion complex tazANuaNsalumMsAdounvesases 3 ld

~ A A o
mmmmmmsaiumimaaummﬂﬂﬁwummmu

6
ZOH,C 0
/‘%
2
0X
o 0 CH,0Z

0 yo—3
OX -
ZOH,C
) 0
YO X0
o}
Yo ©
0X
o CH,0Z
oY
ZOH,C o] oY 0
X0
o CH,0Z

n

A < a I g’ ' o [ o A
51U 1.5 Iy Taaannsudiitihaia 6, 7, 8 wiio sy a-, B- ag y-CD mwday laed x, v,

Y

[ ]

I o . A o o v ' a I 9
z WU H d15 native CD 1l HYUNUNT T UDYNWUSD 1FU HYLINQ 1Wuau

1.2 Usz@nsmwnmsuen (Efficiency) N133tN4 (Retention) #azm13 111z sten (Selectivity)
ADAINSUENAS (Resolution) [Poole: 2003]

1 v o Jdo o 1
AINIUINVDIATT (Resolution, R) 11 HPLC Hanudunusnudlsaneg fe

Rsz(a_lj( ky )\/ﬁ (1.1)

o Nl+k,) 4

A < .
100 k 13]1 retention factor YBIE15



I a I o 1 [ o o
a 11y selectivity H30 separation factor U UOATIAIUVON & 1FU oL = k,/k, 411U

N aundevesllszaninmuediin  (peak efficiency) WIDIMIUNANNNNGY)

(number of theoretical plate)

v Jdo o

Tuvaz NAMsuenvea1s 1 CE Uanudunusnuaulsanee asaunms

AN An

4 u+p,

R

s

(1.2)

A < ' < . -
o Ap lumanavedp uag p_ 11U electroosmotic mobility

§ o A v o Jdo a a
Wedaglaumsn 1.2 Tdlanuduiusiumoenvelsz@nsnmnisuen, selectivity

1z mobility nd1eaaany 1y HPLC Tadsaums

(1.3)

x o[ IN (am—ﬂl b |

S T T

y I a 3 o !
1o o 11U separation selectivity W30 mobility selectivity HeuiludninaIuved
effective electrophoretic mobility ([, ) 151 et/ et 15 Olm >1
A <3 Y1 dgl @ .. < Y
INFUNIN 1.1 uag 1.3 Lﬁuhlﬂ’JTﬂWﬂTiLLfJﬂ‘ll@Q?ﬂisUuﬂ'U selectivity L‘]J’L!?i'aﬂ
Y 3 I Y] o 1 1 ) o a
uf]ﬂiﬂﬂﬁ retention LA efficiency ﬂlﬂu{l%ﬁ]ﬂﬁ?NN%W]f]?ﬂﬂﬁLlﬂﬂﬁﬁﬁWWiUmﬂuﬂﬂN HPLC

1Az CE fe

[ d X%
1.3 Jngiszasnauazve uuava 1113
P a = . L. = =
QUANTUANHUFINGBHVOI retention 1A selectivity IINDININITNMIZ A
o [ 1 { a [ 4 Aaov ]
dmSunennquansiauladiemaiin  uHPLC uaz CE  lagingiszaenueaaiuideu
I o o 1
poniilu 6 adendn laun
D Wisumeulszansmumsuen tagiinzitmzanveImsuenasnguiaullu
HPLC 11 uHPLC
= a A A 2 = L.
2) ANHINYANTTUMIIAAOUNLAZMIUINVOIANT TINDUUTIUNY selectivity UDIAT TU

F) 1Y 4 Aaa A Aa A o
UWHPLC ArgneautlsznsanuoueannUmananaenu



3) iWlseumeuazinuemssimuueds lumatia MEKC uag MEEKC
4) 7519 DUT199U0 separation selectivity g5 uasniidszylumaiin MEKC
5) #319UDVT1899UD separation selectivity A5 ua13htilszylumaiia CD-EKC

6) 1/38UN8Y separation selectivity Yo4a15 1UMANA CZE, MEKC tiag CD-EKC

o 4 Aav ~ I =i ~ A A
ﬂﬁf}ﬂﬁgﬁﬂﬂﬂlﬂﬁﬂwujﬂﬂlﬁﬂ (Unn 2) Lﬂuﬂ1§LﬂﬁEJTJWIEJ?JTJ?@ﬁTI‘ﬁﬂ”IWﬂ”IiLLEJﬂ LN
A 1 oAA o Y} Y 2 o Y Y
m’;z‘nmmzﬁummﬂ”l'maﬂmiﬂqmmaﬂymzqmimmiNﬂmﬂﬂmﬂum& HPLC Y
[ 9 [ 4 a VoA Y = = a
packed column i1 WHPLC dieneaniilszinnuousan drsnguiauls 1dun Wuenduoda
. 2 g o A 1 a A aa A J .
(phenoxy acids) ¥ ua13U5 103Ny Lmzfmﬂquuawuaam"lﬂllﬂmmamm (bisphenol-A-
. X a A aa A 4 . . .
diglycidyl ether, BADGE) talueaeilla’lnasaadimes (bisphenol-F-diglycidyl ether,
4 ¢ g g 1 av 3
BFDGE) uagoyius  Fudumsduileuluemsiussynseilos amiddeilldnSounas

¥

a A a 1Y 4 an a [ a
naaoulszansmwuesnziaalsnoaullsunndamueusaansullsanuau

a

D.

(33

° v da A yq ¥ a P o ' °
reversed-phase taziineauinmion lalduenuazinsizdiasnedoanguainan Tagiims
R - - . 4 '
USunlasumansn uazwilauazesnlsznovvearamaoun nniwalssuneumsueni 1@

[ 4 a [

Ty uHPLC Aleneduitlszinnueuean fu HPLC 728 packed column

Y] 4 Av A ~ A = a d' ~

Foniseaanaveanuidenasy (U 3) Ao ANEINDANIITUMIIAAOUNLAMILEN

=2 =) ~ .. Y v d an a A
Vo5 5IDUYToUNY selectivity Vo915 11U pHPLC daoneduddssinnganivousani
o A a ~ T @ Yy = A
YT UUTINUAWDY reversed-phase NUANANNY (TUANEINIHENVRIATUsZnoUNTLE Ty
I 4 = dyd 1 [ 1 Y
Wuesndszneudemssznoulsznmiiiasvainvaiengy uaazngulszneuaie
homologues 18 isomers ¥10118 TumsAnywazSouReum s muLag selectivity Yo3a13
Y A 9) [ 4 aan ~ [ di’ a I A [ A 1
law3sunaz Idnoauilsznngamndsvlgenum Iniinlaasiiassuauiiseaunou
Y 1 o A (w g a 1 X a o .
vl 1dun aeauindsulgeiurideny C18 dation1d1u reversed phase 1211 [Miyamoto
1 Y 1 Y
et al.: 2008] 1Az poly(octadecyl methacrylate) ¥4 Iasimn VN Tvddie Il [Nufez ef al.:
o (-7 4 =) d’ 4 4

2007]  Tag'ldiimsdsunlasusianazeinilsznovveananasunlumsuenasdromla
asiuaazdsznn  TumsandoyanlSouiion selectivity vounansiaziilidnladuas
an A a d? 1 o A 09)1 A Y I Y A Aq ¥
nsevznavussnINmInuanandiades e lmiludoyalumsdenansnnivuzay
Y] a 4 d‘ [ as a 4
AumMsanTIznasnanla lumsnauIsmMsUnTIZH

) o Ao A ~ ~ I = = o =)
TV TUNIUYTOINT W (UNN 4) !,‘IJL!ﬂTﬁ!,‘IJiEJ‘]JI,‘VIEJ‘]JLla$ﬂiu1ﬂﬂ1i‘§!ﬂuﬂl@\‘iﬁ1ﬂu

=1

a qul < 1 a Qs: @ 1 @
imAtiA MEKC taz MEEKC 1y iiin Idiumatansdesiinnuadiendaiuaenuiioandns
= < 7 Av o o [ =K =~ av 1 9 dyd'
dowilnluaadlu MEKC uagluTasdiadudmiy MEEKC SelivarsanIdenounynin
AnbezSouieungAnTTuMssMUYedE1sa1ee Tumaitin MEKC ag MEEKC 15U nQu

Y4 Y] A I 9
BADGE uageyWus [Pooutree er al.: 2007] e1s1ufagie [Song er al: 1995] Wluau
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Y
UANIINHNUITERRUNEN [Kelly ef al: 2001] l@NT1BUauMIHAITMIMUIAIT MUY

vosensilsznoune suuaniiinyunuilumaiin MEKC Tagwud a1 log k Mihueldves

=1

A Ax ] ~ g 4 9 v A Y
ﬁ'ﬁ‘]Ji$ﬂi’J‘1JLL’OTiLL3JG]ﬂVI'JJWi;IjLWI‘LW]ﬁi’)ﬁ‘l{iyfh’ﬁlﬂublﬂiclim’f)iiﬂiﬂﬁi”lﬂﬂuﬂﬂﬂﬂ”Iﬂu Gh«l"’ll‘il&%“l/l
A Y I aw A= A = = ~ o ~
ﬂ"mhlﬂmﬂﬂ”liﬂﬂaﬂﬂllllm”lﬂu “lmm’mﬂumﬁu%mzﬁﬂm wWsumeuagiueniss

A Ao a 1 1 [ I J Y [
muvesdssznoune lsunaniiiijunuidemyuananuuaziiiule lawes Inssadiany
o o ' o ] 1
Tu MEKC oz MEEKC Tagfilsdsdumisveslo Tmues Iaseaddie vjunuiiuuiae
a { o 1 ] a 4
Tsuw@an 1dimsanm laun nayjuiia wmend uead laq wazue Tau
Au A A A ~ I A 9 a d?l (Y]
NURTeINT (Wnh 5) Wumsuenasiiilszgdiematia MEKC Juagiunim
1 1 J
HANAINYBINT partitioning YOIA33zUIN luadmaaziemisala vonmiloninawy

1 1 A ~ £ o Y . o e
LLG]ﬂG]"I\TﬂJ@QﬂTﬂ'JﬁJﬁﬁJ"IiﬂGlHfﬂilﬂﬁE]H‘V]Tn\ilh\lﬁw]@\‘]ﬁ1ﬂ@\‘] iN‘Vlﬂ‘ﬁ separation selectivity

F F
v @ Aauv A

vosenslaenllld  diefevdulumeia  czE  duiunuideiivdlddeglaumsves
v o Jdo

separation selectivity Tu MEKC THlianuduiusiu mobility selectivity 1u CZE 1ag retention

selectivity U¥94an5 11 MEKC 199 1823 19u1$1009U04 separation selectivity Yo4a15N%

Uszalumatia MEKC s2udanfSeuiiounn separation selectivity 114 MEKC #11491nns

o 9y A 9 @ an A Y

Buneuaz ldninmsnaass e ldiuuvimelumsianismsuenaisniiylsyeaie MEKC

Q

awv ay Ay ~ = a Y K o awv ay A ~ I
NUIVYFUNKT (UNN 6) UUUIAAAAYAAINVIIUIYFUNT (UNN 5) Taglumsuen

=

msfilszydadimanuansalumsmaouinilwihlu cze uanareiu dremaila CD-
9 ) ] Y Y
EKC  aaiuanuuanasvesmanyainsalumsnaeuing Iihvesensdavusuiama
Y04 binding constant 1UMFINA inclusion complex FEHINAITAU CD  LHAZHAVDIA
A A v O A pm Ao A
anvannsolumsnaounmaliihvesansies suiuion/Seudsuiumaiia CZE msuen
aslumatin  CD-EKC 01 1densii  separation selectivity Lagd1duMInonueeas
[ Y
asullld Tagluamideiildvagdaunsves separation selectivity 1u CD-EKC 14
v o Jdou o ~ 1 1 1
ANuFuRusIua I sh ltiviie 1aun mobility selectivity 14 CZE, binding selectivity,
8951891 V09A1 mobility vesanslu CZE wazeanuanmsalumsmasuinia lnihves
15152 NOUITFIFOUTENIN analyte 1Y CD, das1aIUVBIAIANNT NS0 IUMTIARRUNN
F4
TufhvesensiszneuFedouszrinmsny CD dmSua13NIa0IAI LAZNARMYO binding
constant NUANUINIUVYDY CD 1AI9INIAFUANNTUDI separation selectivity U CD-EKC
Y =KX o 9 o . .. o o A A
uda Jei ladrauuusiaesues separation selectivity dmsuarsniilszylumatia CD-EKC
= ~ 1 . A Ay v o &
wazifSeuiieua separation selectivity 14 CD-EKC #i ldanmsshinetazanmsnaaes tive
3| o a 1 a
THfunuamelumswanmimsuenasiiilszadematia CD-EKC
Y J ao A d' = = = = . ..
FonseaanveanuIdeFeanvn (Uni 7) Ao 1WTeUINEY separation selectivity YD

d’dl tﬂl ,:; Y A Y a
ﬁ'ﬁ“l/liJﬂ"lﬂ’J"lllﬁ'l‘JJ"Iiﬂcluﬂ']'ilﬂa’t’)‘L!“VI‘VINVlV‘IﬁTGlﬂaLﬂﬂﬁﬂuNWﬂﬁlumﬂuﬂ CZE, MEKC g
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Jauean lalnagnadimes (bisphenol-A-diglycidyl ether, BADGE) taviiailuoa
Aaa o { I
wo¥lla lnad@Aadines (bisphenol-F-diglycidyl ether, BFDGE) fagas Insaas1alugla 2.2 1iu
09)1 9 s = = A A 9 I = + =&
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U

51 2.2 gasTnsead19uee BADGEs ttaz BFDGEs



15

a o d' 1 Yy [y a 4 L= = a
mmfasmmum"lﬂumiwmumﬂﬂuazamiwwmﬂuﬂquWuaﬂc}maw BADGEs

Y a 1 [ = 1 dy
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4 A, 1 ] Aaaa a [
pYWUS IAna1e3s 1w wseurulgnsenleaadyu [Rodriguez er al: 2005, Pereiro et al.:
Jan Y
2004] OANDT T NAFU [Catalina et al.: 2000, Hirahara et al.: 1997, Nilsson et al.: 1998, Kuang
9
et al: 2006] W3ouoanaTY [Rimmer et al: 1996] MlATuasugenuazldszoznaiu
A = A .Y 1 dyd Iy [ an a oI = a 9 a
LWE]’ViﬁﬂmENTJiUUWHWa1Hﬁ]\‘]Ilﬂ3Jﬂ15W@J‘LlTJ‘ﬁﬂ'liL!,EJﬂLm$'JLﬂi'lgﬁwuﬁ]ﬂclﬂlﬂ"ﬁﬂﬂﬁﬂlﬂﬂuﬂ
a 4 1 dyal a a 9 [ 4 1]
HPLC uag CE 114ﬂ'l§3lﬂ§'l$1’iﬁ1ﬁﬂQ?JUﬂ”JEJWIﬂ‘L!ﬂ HPLC uflll‘l"]fﬂ’ilﬁlluuﬂﬂﬁ'lﬁlﬂu C18 uay
4 ) [ [] a 4 :j
THeaaeunaes m iy oxd 1a'lulasd-vin [Cappiello e al.: 19971, wmuea-niavleaile

a

51 [Rosales-Conrado ef al.: 2002], IN14oa-1o) 1NN FIA0 [Wu e al.: 2005] 15 udu 1az
$inToansaniatsziandien 18un g3-3dda [Rosales-Conrado er al.: 2002, Wu et al.: 2005
nazuyaalnInsim3 [Takino ef al.: 2001, Cappiello ef al.: 1997] waz@MIUMIAATILH NS
dramaila CE laumaiunaila CE Uszianaeg nl¥dmsumsueniluendueda ldun
maiinaziiaals laudianTnsWe3Fe (capillary zone electrophoresis, CZE) Tagldaiulinlosn
Usznoudae 35 mM versmiines-60 mM Woalatiuilosd pH 6.5 ATMsAN 2 mM wita
aua ls Taafndnsu [Kruaysawat ez al.: 2001] wenvIN dalTenuveamaiia luwans
gianIns laiin s Tnsns il (micellar electrokinetic chromatography, MEKC) Taoly
Tllesisznoudio 39 mM Weamatiiosi pH 7, 42 mM SDS, 1670 mM gi38 1ag
22.2 %(v/v) 1WMUoa u,mzﬁmﬁm'Ji]"iﬂéfaam%amnﬁ'@ﬂammﬂgammmu% [Jung and
Brumley: 1995] fJEiNUliﬁGﬂiJ5\‘1h],ll"w‘lJﬁflﬁEJﬂumi’?Lﬂﬁwﬁﬁﬁﬂ@:uﬁlﬁlﬁﬂ WHPLC finodun]
Uszinnuenedaiiludan

dmfumsinsey  BADGEs uaz BFDGEs  dwlwflsndinsizvaiomaiia
reversed phase HPLC lagldneduililu 18 wagziinlmadouiiiuesdTa 'y Ins duauini
uaﬂ%’m?mmaﬁﬂﬂizmmiw] 1dun W@,ﬂmim@vu@f [Lintschinger and Ruater: 2000, Berger
et al.: 2001, Nerin et al.: 2002, Leepipatpiboon et al.: 2005] wazuyaadn Insung [Cottier et
al.: 1997, Garcia and Losada: 2004] fudu ad1alsnamuds idsinghiinenumsinsed

1 dyﬂl A 9 [ L4 A A g an
190U UAY LHPLC nlyneautlsznnueusandusan
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2.2 MINaaeg

A A A
2.2.1 i393udLlazaInN

= d o (Y] = v d a
1) ’mimm!axq1Jﬂsmmmmmﬂuﬂaauumuaaﬂ

fused-silica  capillary mumf’f’whug{u%mamaiu 100 uag 200 pm,
tetramethoxysilane (TMOS), methyltrimethoxysilane (MTMS), 3-
methacryloxypropyltrimethoxysilane (MOP), octadecyldimethyl-chlorosilane (ODS-CI), urea,
pyridine, poly(ethyleneglycol) (PEG, MW=10,000), octadecyl methacrylate, hexane, toluene,
acetic acid (IM), diethylamine, o,0'-azobis-isobutyronitrile (AIBN), acetonitrile (ACN),
methanol (MeOH), sodium hydroxide tt8hydrochloric acid
2) 1599 HPLC uazqﬂnmiﬁm%’umﬁmiwﬁﬁ’m conventional HPLC

s2uuR 1935121 conventional HPLC {luuequsiim Agilent Technologies U
Hewlette Packard 1100 series 152n9UA8 automatic degasser, binary pump, autosampler,

column thermostat, diode array detector

Mobile Phase

\ 4

Pump » Injector > Column Detector

Reservoirs

317 2.3 dauilszneuedeingveanied HPLC: dauilasnin [Synder er al.: 1979]

3) 1n399 HPLC nazgunsaldmiumsdngzyiae pHPLC
~Aq ¥ a A = Y I .
‘Jst‘VlGlﬁlmﬂﬁauﬂizﬁm‘ﬁmwmmﬂaauummEJJJ"lﬂL‘}Juizuu HPLC 4wy split
flow/injection Usznoudlewsiilulasily (USEM Jasco Ju 3085PU), 7725 injector (UTHN
Rheodyne) TEY splitting T-joint LQ¥ on- or off-column UV detector (U?ﬁ‘ﬂ Jasco tj:u CE-1575)
szuunlgmangimunzaulumsuenansiuszuy HPLC uuy split-flow/injection
Uszneudeily (U5EN Shimadzu 'i:u LC-10AD), 7725 injector (U3H% Rheodyne) i splitting
T-joint, UV detector (U?ﬁ‘ﬂ GL Sciences s,'u MU701) tag capillary flow cell (GL Sciences, cell

volume 6 nL)

Mobile Phase T-splitter

Injector |:| |:| Column Detector

1 2.4 dau1lszneUE 118U UATOL LHPLC LU split flow/injection

»
>

»
Ll

. Pum
Reservoirs p
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[y d . ~
2.2.2 MsmssuFamueHaannaziaaIneaN! [Miyamoto ef al.: 2008, Nufez ef al.: 2008]
a ~ Y 4 aa a = ) . . a aaa
aziaasAoavilsznganwousdaasoms o lauuy in sin Taoinalgnse
[} I Aaa a a a0 Y 1 =\ AaAa aa
FUNTLUINMNT sol-gel (TugFanueueannieluazaais laas Tagneumssuueueannga
Y
[ ¢ d o ey . v 2
maau 11 fused-silica capillary (AMNEMUsEINM 3 was) dsvamuiuiinmelulae
Y Y Y
myderdmlungiiaalsaie 1.0 M NaOH, 11, 1.0 M HCIL, 11 uazezdlan mniusa
pmiseniie ldozd Tauseon udnhnzaar llenldudaludend 40°c
~ aa aa [ E4 a ~ Y
w3snFanueueannaeaui lagthilaasazare lsaunilszasudis TMOS:MTMS
(udasran 3:1 Taedsuas) YSuag 9.0 mL asluensazarsnilsenevudis PEG 0.9000 g,

a

~ aa a IS { o A
8158 2.0250 g taz 10 mM NIARFAN U511A5 20.0 mL udmuldidhuiledernungumgi

)
Y H

Y [
0 °c nminussyasazaenauainalndt llluagiaaisnug1iluerair (water bath) @
a [ a 1 I o [V QEJI o a
gaungil 40 °C udlasslviimanaraziunailuna 24 1l ndsmmimbnziaais b
A a -4 ) A a )
inguvgi ludouuauna 80 °C 1A 10 ¥ Tus udunugungiidu 120 °C aeld 4 42 Tug
o N o A AAA Yy v Yoy <
nadInangurgias Mingiaaisnlasenuialdlsmmivealagleiluves HPLC 11y
[ 4 :Jl o a =~ ~ a I ) 9y
nat 1 dlad amiuthaziiaas lWeulumeufiguuigil 330 °C Wunat 30 2l ag'la

aa aa [ @ a ~q I Y Y
Nﬂu'ﬂaﬂﬂ“])'aﬂ’]ﬂ@alluiﬂﬂﬁﬂﬂ%WaaWiiWllﬂﬂ')’liJElTJﬂ’]iJ@lfNﬂ’li

4

Ugnsemnadulunszuumsseanailasil [Legigo-Quigley ef al.: 2003]

1) hydrolysis: Si(OCH,), + nH,0 —* Si(OH),,(OCH,),,, + n"CH,OH
CH,Si(OCH,), + nH O — CH,Si(OH) (n)(OCH3)(3>n) + nCH,OH
ii) alcohol condensation: =Si—OH + CH,0—Si= —» =Si—O0—Si==+ CH,0OH

water condensation: =—=Si—OH + HO—Si = —»=Si—O0—Si=+H,0

9
aa aa [ @ [ v d

MINWANITIAT BUNDUBANNTANINDANIHAEA5IA IO Idneduivua

] 4 1Y 4
rdurgudnans 100 um 817 40 cm 5zanas 20 ABANI LAZ 200 um 815U 30 30 40

v J o a A v
cm szanm 40 asaw udnh linadeullszd@ninmuesneduiiaie yHPLC Tavldans
3 a A4 A4 o Faa v

nasouilugnFavazmlanaeuniiy 80% wmuea MWIZABANUNIANNTIVOANAANDEY
171 8 pm HIBTWIUWAANINAT 1.25 x10” aa/auas uaasniilsza@ninmgaazeziirll

k4 [ [
Ysvilgenuimganweusaaniiansiiaie aoli
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a

(Y 4 d
2.2.3 msiSulyanudidamuenednliuaasamniailuidsala

2.2.3.1 MIA3ENADENY ODS [Motokawa ef al.: 2002]

[

o dy a an a Y A A
mMidsvlyanuivessamueueaalvimaasinilu oDS (C,) W30 AvPANY ODS

4

1@ Tagruaisazats 20% oDS-DEA Tulngdu W 1) luneuedninganmneduidieni

a

@ %) A { [ o o v oA
aunnuna luIasuil 5 bar Ngannll 60 °C Hunai 3 ¥1lus udnihneainin laundeale

U

v v Y
Tngdu uag THF ad19az 1 $2Tus mudommivea 24 $11us nmiuthaedmi lunadeu
Aa A 9 9 [ a v Aa = A A d
Usedninmaie pHPLC TasldmsnadouilugiFauazdanaudy uazmlandouingy

80% tuMuoa

SI—OH + N(Csz)z—Sl(CH3)2 C18H37 — > SI—O—SI(CH3)2 C18H37 + HN(C2H5)2

2.2.3.2 MIASENADENT ODM [Nufiez ef al.: 2007]

(l)CH3 Q
Si—OH + CH30_S|i_(CHz)3~O)‘\(
OCH, \

OCH, 0
. . +CH,0H
Si——0——Si—(CHys—, CH;0
OCH;
1) H,C=C(CH,)COOC H,,
2) AIBN
oCH 0 (leOCISHW
[ CH, —c#
Si—O0—Si—(CH,);——O | Im
CH; CH;
OCH; LS cn;
[(lj_CHz —]_n
COOC g3

ﬂﬁﬂ‘?ﬂﬂqqﬁuﬁamm%mmuaﬁ@iﬁﬂﬁﬁLWﬁmﬁgﬂu ODM #3eiSonnnedaud
obM 1lddemsldfAsmeawe lsmduves opm @i ABN ilumssulFazm
(initiator) 1uGf;’luéfuﬁ'mnmﬁﬂﬁuﬁzizWiNﬂy}?muaanuﬁ;’uﬁﬁﬁﬂmauaﬁ@ﬁu MOP nou
TaghueueaindanAeauiiNUTTIAIemTazaIoneaNYes MOP: Waau (1:1 TagilSinasg)

Qy { [ ) [ o z o
uazne Aludoun 80 °c iWunan 24 T AnaeduiAlemmuea Wasniuill



19

Y] o 9 I Aa a =1 A A I
mﬁamaauuiﬂﬂﬁl%ﬁﬁ‘nﬂﬁmJnJugswmmmaﬂc}samumu wazanaoundu 80% 11

[ oA 1 o J a o o
nuoa ﬂaauuﬁ”lﬁ’ﬂﬁmuﬁvmmﬂmas (k) VOUINFAUUFY k >0.3 mmmm"lﬂm

hexylbenzene —
9
manalgazemedme lsmduludude 1l uad1dm &, e < 0.3 T lHmada
Y 9 9 '
WuBzAU MOP $19nas5e dmSudumsinalfnsemeame lsmduves ODM Fu91NU55Y
< v Y g a o .
mMsaza1eNilsznounIs ODM taz AIBN (AMUANTY 20 mg/mL Tulngdu) ludasiain
a [ Y4 3 Qy a aaa { I
1:1 Taod5mas Wl lunedunl Mop udrasina A liinalgnseludeun 8o °«c iluman 3
o o v JANY Y 9 = o ¥ v 2 < o
1 Tug neauiin laudedae Tngdu 24 42 Tus drnwdlrsmmiueasn 24 42 Tug naen
u’.:’ o o oA a A I a v Aa
ihaeaninId lhinaaevlszansnmdie uHPLC Taeldesnadouilugidanazdana
= A A &
wudu vazlamdouilu 80% wmuoa
aov dydi U =3 1Y 4 =3 aAa Aaa [ s’ci [ a
Tunuideiiionandeneduil ODS wueds weusdannFanmaoaunlsulge
A9 v = aa aa v JA (o a
YoUNdnINAIY ODS-DEA HazAvdul ODM Wuwi weueanndamasauiniiuily
{ 1 -4 a
youlananaae poly(octadecyl methacrylate) Lmzszmmmﬁ’umuquﬂﬂmwmﬂzwaaﬁ
v Jd ] 4 1 4 {
ADANADNIG 1T ODS100a MueD ABANY ODS VAFUAIUFUINAN 100 um TAsi a

o_ o 4
W?’f] b wm&ﬁqamummﬂaauu

a d
2.3 HaNSNARDLAZINTR
2.3.1 naaeulszansmnvoinoan
= aAa Aaa [y 4 09/1 9 [ 9 [ 4 9) 1 4
MsuNOURANNTANAOANIAIEATIAIeRY  taz lanedulvinaduRIgUIna1
@ 4
100 um 817 40 cm 1523194 20 ABANY 1AL 200 pm 817UTZHIW 30 130 40 cm Yz 40
% ¢ o Aa A [ dY 9 I a
aoauil 1h linaaevilsz@ninmvesnoduiinie uHPLC ldasnaaeuilugsisauazie
A A g o JaaA a =2 .
wasuidly 80% WMULPA IRWIZABANUNTANVUGIVDUNAAFINGY] (total theoretical
plates height, H) H < 8 um w?aﬁ‘im’;umam%mqyﬁ (number of theoretical plates, N) N >
Aav y I [ L4 a
125 x10" waa/uas (14 u = 1.0 mm/s, u = L/, aaoanudsed ¢« iusmudulnivesgsisa
£ & . A Y] o 1A Aa a )
%uilu unretained compound Ua¥ L An ANNEMIADANY) uaaINNlszaANEMNgazii
[ P [ g a N 1

apauein 1d lluSulsenuAlanaina1en de li

o) [ ] S Aa A o 4 Aa { g

dwmsvaeduinidszaninmgaIdsvdeiiviadansiily  RPLC  ToamSow

Y 4

Aodwl ODS YNAFURIUAUINAIT 100 1Az 200 um (A9HITD 2.2.3.1) HAzADAN ODM
vnaduAuguIna 200 um (e 2232) 11 30 em nazthaediii Idmaaen
UszAnsamemlanaouiiiiu 80% wmueauas 80% ozd1alulnsd dwmsumanaaen
UszAninmuesnodnd ops msnamouiugnFarazsafamuduiiimunsuou

daua 1-6 (C1-c6) Tuvaziimanageuilszaniamussneduii opM ldmnagemilug
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a a =~ A a S 9 a o 9 o' ng 1
FauazuoanauuEu C1-C5 (Hasnnendaudulsnarinigium) Tagld u a1 daue
) v
0.2 mm/s liloudsdas lnagegaveuwii luTasilunldan1d Ao 2.0 mL/min
{ v o ' @ [
s 25 uaasnduiUIzHIN & MU« vesredld ODS100, ODS200 tay
A ~ a 4 ) 9y
oDM200 Tulanndoun 80% wmueauaz 80% oz lalulnsa (Hrurwsndeyaves 1,
(4

vosdanaudunas , vosgssalulasmninunsy (lilduaadl3lund) Tasm & awse

funalddaaums

k= (2.1)

o 4

t, Mg ¢, Ao Simusu lni (migration time) YDINTLUAL unretained compound
AUAIAL

M k vouwanauuduly reversed-phase 19v0n ldnedasiaudTnasveuransi
1 A A o~ A v o dAa 9 1
aotaiAaUN [Nufiez ef al: 2007] 3UN 2.6 LAAINTIMNANUFUNUTIFUTUATITLHIN log k

A o 4 1 v Aa = A [ F)) (Y

g z (z Ao NuIUMIVOU U e TFATIVIDARALUTY) TAsNANNFUVDUTUATUNIND

log a(CH,) 81 log a(CH,) 130 a(CH,) Hifwnnit uaasdennulalasIinveuansin

111N [Nufiez et al.: 2007]

1n3UN 2.5 naaen £ mwigdafanuFuLals WU £ vesassiamedniu

4 1
v =

I o 4 1 ]
Jun « Fuiuldewmguileeill vagilenSeuiisunedmi ops  vwaduru
gudnatedeiu fie ODS100 wag ODS200 (314 2.5.a1 wag 2.5.b1) ODS100 e k voalng
2 a A A =] ' ~ ' ~ ' =<
duLazenFaruuFuNgInInantios waza1 a(CH,) NNANI (A15199 2.1) THUBNIANN
a Y] 4 ~ U = dil Aa Ad A o [ a
1alas Tslinvesnedusl ODS100 NAAINHITDNURIVD I AAIN MDA LT ODS-DEA #
1 4 4 1 I a
N wenlJeumeumslamandoundlummueanazozdlalulnsduss ODS100 tay
~ 1 a S 1 Y [
0DS200 (31 2.5.a wag 2.5b6) WU k vesezdlalulnsaliaiooninidunasin solvent
a c’d‘ 1
strength Y9903 1o 11 158 Nunna1 [Synder et al.: 1997]
A =l =) o 4 ~
Wenlseume k U99n9au1 ODS200 tay ODM200 (qﬁjﬂ'ﬂ 2.5.a2, 2.5.a3, 2.5.b2,
Y I = a = 1 qg;l
2.5.63) TagldmsnaaouiluIngdy (a2, b2) HasMUNAUUEY (a3, b3) WU k VBIATIA
aeelunodunl ODM isuInni taieinsana «(CH,) (13199 2.1) ADdNT ODM200
[ @ :JI 4 A & a
I a(cH,) TndiRvan 0DS200 Welumadeunidlu 80% mwmusauay 80% oxFlalu
P A da a ¢ ~ 24 2 4
1038 arnvlulenaasuinily 80% azdlalulnsd msSmuvesansly ODM minvIea
< 9 A ~ ] A a 4 a . Y 1
antesiiomeuny ODS 1Wiodanezd a1y Insdszina solvation U1 ODM ldaniuumiuea
1 ' v Y
Fawamsnaaoan laaeandsaiun ldseau 3 luanadeneuniiil [Nafez er al: 2007]
{ [ 4 a o [ 4
nmsnaeaul obM  Tanulalas Idnunim ldassmuluaeduil lduin  Judenlds

o 7 ~ A vq ¥ a ' ™
ANVYINDANU ODM 1N 30 cm LWf]GlfﬁGlflf!?]aﬂuﬂﬁ')tﬂinﬂwliJUWHNWﬂuﬂ
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{ 1 a a 1 I
NNANTNN 2.1 udeesn H vesgiisanazueanauduiniudasnadouves
% o 09/’ A A g a P
Aoaull ODS tay ODM Naluaadeunilu 80% wmusauaz 80% oz lalu'lnia ¥1 4
o 9 1 d' a =\ d'd 1 4 Q' d?
A 19910 H = L/N WUNN 1 = 1.0 mm/s HoanauuFuNLaNNeae Tgas uounyy
= 9 A dg/ A = v dgl o Y a
Juua Tdyved A munvuiissnnassmuluaeanimuyuim lvinamsnszaeves Tau
4 a @ [ 4 1 [ [ 4
#151710 11N van Deemter plot (ANVANHUTILHIN H U ) Y99A0aNY ODS100
A A a o
1iag ODS200 (3UN 2.7) Tﬂmmmmwwmimaamﬁugiwa Ingduuazienisy N luma
A A g a J o o A AA I a
wasuu 80% wmuoa uaz 80% oz lalulnig dwmsumlandounntluozslalu
o d' Y a Aa = 1 (; S 9 1
1nsd (;ﬂm 2.7b) 1Adsza@nsamueansuenaIsanIuunIuea AMYAVDN H UMHDIN N
d‘! o ] d' 1 dyd' == A ] o d' =1 [
@onlUdumuan » gand1) wenaniif « wn AUy B ldnmindefeunumle
4 A g 4 4 a o 1 o
wasunndlumwnivea (U0 2.7a) iesninezdlalulnsalianunilatesninildasd
diffusion coefficient I eAdoUNA [Ishizuka er al.: 2002]
d' = = [ 4 ~ =
1en/3euMen van Deemter plot Y8dABANY ODS 1ag ODM (31 2.8) Wyl
[ Y A 9 o 1 ] 4 9 Y 1 ] o 1
anvazuun Idyveansnadieny uaneany ODS W H dssniineauy ODM (19U H
(Y o [ [ 4 o w { I
(M 8.6-8.9 um 1ag 11.1 pm SM5UABANY ODS 1ag ODM mudwy nlFesnaaeuily
d' ~ 1 @ 4 ~ =\ Yy Aa A =3 1
5 lumandsuin 80% wmusa) uaaa Aeaull ODS Nwsenlanlszansnnani
I 9 ~ av 1 9 dgl Y 1 ~ [ 4 ~ 1 [ 4
@At luvaiznauidenounihi lausenuensomssunoauyl ODM anAaul

ODS (H 11f1 13.8 um 182 12.9 um dwmsuAeauy ODS wag ODM muddy nldans

A = =

o ' { [l <
nagouilu cs Tulandoun 80% mwmuea [Nidez ef al: 2007 3Ui 3]) od1alsnam

v
Ay AaA

[ P =) FY a A A 1 d' ~ Y av 1 Y dy

aoautneIon ldluadsetilszaninwnaniuilemeusuanudtenountini
1 ] Y] 4 4 § [ P
manuanlumsTunaoumlanaoun (back pressure, AP) voInoavinesould
] ~ 3 o -4 [ ] < a
HAAIAINITIN 2.1 Faanuausziuegiuanuevenedmi L tazanus anFuduveula
d' d' [ 3 =3 = =1 [~ 1 (% 1 o 4 d‘l

PADUN « A9UIISsuMeuuAIANUAUABANNENIABANY (AP/L) NP u = 1.0 mm/s

1 [ ] d ~ 1 1 o (% % 4
WUIA1 AP/L veneauiia1ee i laegluaig 10.8-11.8 uag 10.9-13.5 MPa/m dmSunedu

o w 4 { I~
oDS tag ODM audey lulanadeunily 80% wn1uea uag 5.2-5.5 1AL 5.9-6.4 MPa/m
) o Y] 4 o w A A a S L 1oAY
f#vsunoduil oDS az ODM emuday luaaaoundly 80% ol lulng Fean'ld
Y v Y

NNNUITavandIfUNaNUIeAeI 181U TARB UMY (10.3 uag 10.4 MPa/m 151

] o o w 4 g
Aoaull ODS taz ODM mudwy lumanasunilu 80% wmiuea uag 5.2 1ag 5.7 MPa/m
o o o 4 o w A A a J o v A
f#vsunoduil obps taz ODM smudaaululaadounilu 80% ozdlalulngd dmsuna

u=1.0 mm/s [Nafiez e al.: 2007 37 4])
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4 4
o ODS200a o ODS200b A ODS100a o ODS100b al) o ODS200a @ ODS200b A ODS100a o ODSI00b bl)
34 o o o (] . ' . 34
YR -
[ I ] ] [ ] [ ] ‘
e e 04 0 . . . :
< 2 < 2
a 2 A a A
1 I B B B B
1 ]
saaaa s B * [ o o oo o a e oa a Ao
0 ‘ ‘ ‘ ‘ 0 : : : :
0 . 2 3 4 0 1 2 3 4
u (mm/s) u (mm/s)
12915 ops200 0ODS200b 4 ODM200 ODM200b| 92 06 b2
‘° aa + 2 X ‘a ) 6 ODS200a @ ODS200b 4 ODM200a % ODM200b )
10 |
08 X ¥ XX X X X % ¥ X X 04
- ] XX XX X X X X X X
2 0.6 4 5 @ B o o 8 0o 9 b4
041 8 888¢8 2 8 -4 -4 -3 02
02 |
0.0 . : T 0.0 T T T T
0 1 3 4 0 1 2 3 4
u (mm/s) u (mm/s)
5 ‘ o ODS200a o ODS200b 4 ODM200a xODMzoob‘ 3 0.6 - b2
a ) o ODS200a o ODS200b 4 ODM200a x ODM200b )
dixxXxXX X X % X X X
0.4 |
3 XX XX X X X X X X
= 5 5 @ B o 3 8 8 0o 8
38833 ? 8 8 8 3 02 |
1 4
O T T T T 0.0 . . . .
0 1 2 3 4
0 1 2 3 4
u (mm/s) u (mm/s)

4' 1A % J A S A Y 1 A A
s 2.5 ﬂTﬁLVIUG]SLILLWﬂm@iﬂl@ﬂﬁﬁﬂﬂﬁ@ﬂﬂﬂ’JWiJL‘i’JL“NLﬁu@]N‘] vounanaoun (a) 80%

wmuea uag (b) 80% oxdlalulnsa Taohlugil al uaz b1 1¥aeding ODS100 (812 40 cm)

I = v W o ] a ~
iuag ODS200 (817 30 cm) uazmimﬁamﬂuimgau (atyaﬂymiﬂﬂ) VS GRETISINETHT

(Fydnuaifiy) daugd a2, a3, b2 uaz b3 ¥nedini 0DS200 (817 40 cm) 1Az ODM200 (40

< = a ~
cm) uaxmmﬂﬁamﬂuiwgau (a2, b2) UAZINUNAUULU (a3, b3)




A ' > o A 4 A
M1319N 2.1 AN H, oc(CH2), sazaNuAU lumMsTunaowanasun
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H (um) 1 1dnnasnagevindy anweu | ApL
e . . |uracil| CI | €2 | C3 | C4 | C5 | C6 | a(CH) AP, (MPa/m)
4 ADANY
INADUN MPa)
ODS100a 6.6 7.0 7.5 7.2 7.6 8.4 8.3 1.46 5.1 12.8
ODS100b 7.1 8.0 8.0 8.1 8.5 8.6 9.4 1.46 4.2 10.5
80% | ODS200a 92186 | 88 | 90 | 95 | 89 | 98 1.42 43 10.8
MeOH | ODS200b 80|77 | 78 | 81 | 86 | 8.6 | 85 1.43 4.7 11.8
ODM200a | 102 | 9.8 | 102 | 104 | 109 | 11.1 | - 1.46 32 10.9
ODM200b | 124 [10.7 | 11.1 | 11.1 | 11.1 | 11.1 | - 1.46 4.0 135
ODS100a | 10.1 [10.9 | 102 | 100 | 9.8 | 89 | 8.8 1.38 25 6.2
ODS100b 7.8 110.0 9.4 9.8 9.1 8.5 8.3 1.38 1.7 4.2
80% | ODS200a 7.1 | 84 8.4 8.2 8.4 8.7 8.5 1.34 2.0 5.5
ACN | ODS200b 6.1 | 84 8.1 7.8 8.0 8.1 8.1 1.35 2.2 5.2
ODM200a 72 7.7 7.8 7.8 8.2 8.5 - 1.37 1.7 5.9
ODM200b | 7.8 |81 | 82 | 81 | 81 | 84 | - 1.37 1.8 6.4
a(CH,) MUININAMNFUYRINT M3 UN 2 F9lAUMIAY log a(CH,), AP 7t u = 1.0 mm/s
08 - a) 04 4 b)
06 | X
04 | X 8 [0 0Ds200a 02 4 X s  ODS200a
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- 1o x

=
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26

2.3.2 M3uen phenoxy acid herbicides 13 ¥Hn @28 HPLC uag WHPLC
). - . .
1aimsfnymganssumsmdeuvesens  LasmIAMLIMINSANYOINMIUINAT
o A L Y e Yo a
lu HPLC @28 conventional column tHogmsuenaisludesdu wieunsldimsmsen
aa aa ] 4 ] dy a ~Aq Y =® a a
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o Iy Y ° P A A ~ ~
vyoeneautnla  uaziiunlFAnEINGANTTUMTIAABUNLAZHINIL NN FUYDINITUEN

#1314 pHPLC

2.3.2.1 AMITAHINZANTHSUNISHEN phenoxy acid herbicides A8 conventional HPLC
lashimsAnymgAnssumsuenuazmin ez aud mSunena1sngu  phenoxy
4 v
acids 118 acidic herbicides 3IUNIMUA 13 ¥ila A5 InT9as WV msHAAIAI3UN 2.1 Taeih
mydsunaeusiatazonsiaiuveunamaaunuuy  gradient elution (391381919905
1 v o a S 7 =& A ~ dy I a 4
AIUNTUVDIAINIAZ OB UNT ) yurmadounlumsnaassiiiuezsias lu'lnsa:

Aana d' [ I~ A Aaa d‘ [ I~
msazarensnozsannUsuilu pH 2.5 e wmuea:a1saza1ensaozsannUsuwdu pH 2.5

=

1an1zue9 gradient elution MmNz aufigaas Insun Insunsulugli 2.9 uag 2.10 Ad1AY
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Aa a ' 1 {a o o ] a a 4 a 4
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o a a Ia
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aa Aaa @ 4 v 4 { o
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L AFF
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20 §
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15— o]
8 2,4-DB MCPB
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5
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o
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Il
-5
Q 5 10 15 20 25 miny

m Tﬂ’imj‘ﬂLLﬂ’iJJﬂTiLLEJﬂﬁ133J”IS¥l’§§1WIIEJQ phenoxy acids 1% acidic herbicides Ay
conventional HPLC Tagdidmaneuiiilu ozd1as lu'nsd:-arsazaronsaesdand pH 2.5

(B :A) 870 gradient profile 1%2919818197151 % B 4t 0-1.5 w7 (15% B), 2.0 U111 (20%

B), 8 U171 (30% B), 18 UM (35% B), 22 W11 (38% B), 25-30 111 (60% B)

A8V HPLC: 10394 HPLC Agilent 1100 series, Aoaun (i1 eclipse XDB-C8 Y1419 5 um, 4.6
mm), QMNYi 30 °C, 8A35111a 1 mL/min, 75293AA28 UV photodiode array HazIAAINATAYINEN

AdY 280 nm, T ua1sNRA 10 uL

DADT B, Sig=280.16 Ref=off (130208\FPHEDOO1 3.0
mAU |

17.5 { CPR
=
o
1 -
= | QCR
| [
| ; PCR @
125 | 2
g 2
10 | =
7.5
| |
5 |
| I
2 .
Ll S
o W -
|
25 1 |
(!
=5 ' ¥ i i % : X - . " g . .
o 5 10 15 20 25 30 mind

519 2.10 TA511 TNUATUMITUINEITUIATFIUYDY phenoxy acids 1A acidic herbicides U

%IR8 conventional HPLC Taeldinlaadonnidly wmuea: asazaensnezdani pH 2.5
v 2

(B:A) #78 gradient profile NIa91991U31U % B 38 0-2 119 (20% B), 4 U1H (40% B), 12

U (50% B), 12.1-35 U1#i (55% B) d1un1Iz0Uv09 HPLC 9931 2.9
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2.3.2.2 ANTAHNLANT IS UMSUENE15A28 WHPLC-UV detection
4 o .y [y d
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4 { a J 1 aa v
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41 CPR KPCR AFF
24D TCP b)
21 . DCB cpA F
uract
QCR
1 MCPP 24D MCPB
M A
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0 5 10 15 20 25 30 35 40

Minutes

st 2.11 TasunTnunsuvos phenoxy acid herbicides @28 WHPLC Taeldinandeniiiy
0.1% formic acid Gl,uﬁyto.l% formic acid lumnIuea (A:B) A gradient elution ﬁ\‘lﬁy a) 20-
80%B (0-40 min) 118 b) 45-44%B (0-3 min), 55%B (3-25 min), 55-60%B (25-26 min), 60%B
(26-30 min), 60-80%B (30-35 min),80%B (35-40 min) mazﬁuq . ADAWY ODS200a (817 40
cm) 1422851 1Ma 0.351 mL/min (u = 2.5 mm/s 1A split ratio U5¥a8s 75:1) uazasI el

AMULIIAAY 280 nm

45

mVolts
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124 CPR

AFF

mVolts
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] 24D i .
2 DCB QCR MCPA MCPP  2,4,5-T 2:4-DB MCPB
| e I 1 — A
it

04

.

uracil PCR b) [

F16

T T T T T T T T T T T T T T T
0.0 25 5.0 7.5 10.0 125 15.0 175 20.0 225 25.0 275 30.0 325 35.0 37.5
Minutes.

it 212 T3 IMUATHUDS phenoxy acid herbicides 876 WHPLC Taoldimlmadouiiiiy
0.1% n3aesiinTuni:0.1% nsanesinluesdTalunsd (A:B) 490 gradient elution &ail a)
20-80%B (0-40 min) iag b) 32-40%B (0-3 min), 40%B (3-18 min), 40-42%B (18-19 min),
42%B (19-25 min), 42-60%B (25-30 min) t4a¥ 60%B (30-40min) magﬁluq : ﬂﬂﬁﬂﬁ' ODS200
(17 40 cm) uazé’mﬂwa 0.369 mL/min (z = 2.5 mm/s 482 split ratio 78:1) L!ﬁ%@lii)%’?ﬂﬁ

AMNYIIAAY 280 nm

H o Ly v d [y} d
2) MIZAMINZANT M3 UMY BADGE, BFDGE #azayilu568n9au1 ODS
lafnmgAnssumsinasuitazMsLenued BADGE, BFDGE a2oyWuUtalg
° o A a Y} v 3 o A A
WHPLC-UV Tawiiineauy oDS200 nwsenlaunluiuneduinenats vazmlamasun
g; v o a 4 a A [ {
Usznoudleriazdiiazaedunid  (umuoansonzdlalulnig)  Taslsunldou
¢ A A . . 0w A dAdg 3
osndsznovvounanaouMI ULy gradient elution d@wsuandounmiurinazmm
9 A [ A ~ [ 4 1
uoa lannzimunzanlumsuenasasziin 2.13 #inves BADGE, BFDGE ttazeyusia
a Y] 4 o [ o J Y]
azaiauenoonnniu laauyseinazdmsy BFDGE  uwazoyiusunaiaunsouen o Ty
4 o Yo = Y ~ 9 a o [ kY
weseannniuldsaau I lumsiasizioenes AUMIUINAITAEY
v v ¥ v
conventional column #1l@51801u 3 Reunthil [Leepipatpiboon et al.: 2005] Wenlasule
d' d' I~ 3’ a o d‘ ~ ~ ] [
waouminh nazezdlalulngd (U0 2.14) Winvesasuieiinluamnsonenoenainin

ey sal

40.0

mVolts
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uracil
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0.0 2.5 5.0 7.5 10.0 125 15.0 17.5 20.0 225 25.0 275 30.0 325 35.0 375 40.0
Minutes

o Jd Y

517 2.13 TasunInunsuves BADGE, BFDGE tagoyius a1e uHPLC Tagldnzuendail:
aadeouiilu 1mmuea (A:B) @28 gradient elution #4H 50%B (0-25 min), 50-80%B (25-
45 min) NNIZAU : ABAVY ODS200 817 40 cm LAZEAI1IHA 0.426 ML/ (1 = 2.5 mm/s

1ag split ratio Us£anar 90:1) 11azA5I9IANAMNEIAAY 220 nm

501 50

BADGEH,0HCl

40 Fa40

BFDGE 2HC1

BFDGE HCl
BFDGE + BFDGE 2HCI + BFDGE-HCI

uracil

BFDGEH,0 + BFDGE'H,0-HCI

BFDGE 2HCl

30 30

BFDGE

BFDGEH,0 + BFDGEH,0-HCI
BADGEH,0

mVolts

20

BFDGE2H,0
BADGE2H,0
LOHCI
BADGE-2HCI

BFDGEH

BFDGEH,0

BFDGEH,0-HCl

BFDGE2H,0

BFDGE2H,0

51ft 2.14 TasainTnunsuves BADGE, BFDGE tazayiiusaie pHPLC Tasldn1nzmsuen
ot wlandoudiiu 1h-eedlaluingg (A:B) #18 gradient elution Sait 20-50%B (0-2 min),
50 (2-3 min), 50-60%B (3-5 min), 60%B (5-15 min) maz%uq - AOENI ODS200b (817 40 cm)
1azsns'lna 0344 mL/min (u = 2.5 mm/s tae split ratio szt 73:1) uazasIviafind

817AAU 220 nm

mVolts

mVolts
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3.2.2 Ml

- snadeviildlumsanems iz msienvesneduiin reversed-phase 14u

1) monoalkylbenzenes: benzene (-H), toluene (-CH,), ethylbenzene (-C,H,) and
propylbenzene (-C,H,)

2) monohalogenated benzenes: fluorobenzene (-F), chlorobenzene (-Cl), bromobenzene (-
Br) and iodobenzene (-I)

3) dialkylbenzenes: o-xylene (0-di—-CH,), m-xylene (m-di-CH,), p-xylene (p-di—-CH,), o-
diethylbenzene (o-di-C,H,), m-diethylbenzene (m-di—C,H,) 1ag p-diethylbenzene (p-di—C,H,))

4) dihalogenated benzenes: o-difluorobenzene (o-di—F), m-difluorobenzene (m-di-F), p-
difluorobenzene (p-di-F), o-dichlorobenzene (0-di—Cl), m-dichlorobenzene (m-di—Cl), p-
dichlorobenzene (p-di—Cl), o-dibromobenzene (o-di-Br), m-dibromobenzene (m-di-Br) L8 p-
dibromobenzene (p-di-Br))

5) chlorophenols: (1) 2-chlorophenol, (2) 4-chlorophenol, (3) 3-chlorophenol, (4) 2,6-
dichlorophenol, (5) 2,3-dichlorophenol, (6) 2,5-dichlorophenol, (7) 2,4-dichlorophenol, (8) 3.4-
dichlorophenol, (9) 3,5-dichlorophenol, (10) 2,3,6-trichlorophenol, (11) 2,3,4-trichlorophenol,
(12) 2,4,5-trichlorophenol, (13) 3,4,5-trichlorophenol, (14) 2,3,4,6-tetrachlorophenol, (15)

2,3,5,6-tetrachlorophenol, (16) 2,3,4,5-tetrachlorophenol (8% (17) pentachlorophenol
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k4 ] v
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[Turowski et al.: 2001]
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ATIUANUFUIUTTZNI14 log YD methylene group selectivity (log o(CH,)) 1Hgu
A A

a a ) a I 4 ] % {
Usinaveslsmavesdiazaedunsdnlsilummaaoulusie 50-80% uaasdagili 3.4
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v Y
A o

v o 4 ] 1 1
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5.1 A1

Fafinanuudluiide 1132 lusaarssdnIns lawdinlasinInns il (micellar
electrokinetic chromatography, MEKC) futszinnwilaves CE Rfllmlefilszneudisaisan
usedein 1y s Tasazleudnilulusadduimiifdumlansfiifion [Terabe er al.:
1992, Altria et al.: 2000, Pappas et al.: 2005, ladarola et al.: 2008, Terabe et al.: 1985] MEKC
Wumainaiildesrandraviedmivuenarsii hifdszauazarsiidszadaiiseannly
39814t 1999 [Quirino and Terabe: 1999], 2002 [Molina and Silva: 2002], 2003 [Welsch and
Michalke: 2003], 2005 [Pappas et al.: 2005] é’mfi%s”‘umiLLsmﬁﬁﬁ"hjﬁﬂizﬁ;ﬂzi%’msammﬁqﬁ’;
‘ﬁ'flﬂizi} [Terabe et al.: 1992, Pappas et al.: 2005, Tadarola et al.: 2008, Terabe et al.: 1985
Quirino and Terabe: 1999, Terabe: 2009, Riekkola et al.: 1997, Ehala et al.: 2007, Gong et al.:
2006, Dubber and Kanfer: 2006] vaizii ldensaausefisinniinge lufldszqdmsvuonasiia
15 ¢9 [Terabe et al.: 1992, Pappas et al.: 2005, Iadarola et al.: 2008, Quirino and Terabe: 1999,
Terabe: 2009, Riekkola et al.: 1997, Mallampati et al.: 2005, Cesla et al.. 2006, Damic and
Nigovic: 2009] 1{19991nAUUANA1VBIMINTZMEFIveeas 1 lumaduasanuuana1e
mmmmmmmiumsmﬁauﬁmﬂﬂﬂﬁJsmgmmmiﬁﬁﬂizﬁ; (effective electrophoretic
mobility, Apt) 9813150480815 1 MEKC 18 [Altria et al.: 2000, Pappas et al.: 2005, Quirino
and Terabe: 1999, Mallampati et al.: 2005, Tadarola et al.- 2005, Tellez et al.: 2007] Tagia'lilen
M5 (resolution, R) UPIE5 U CE panaldsequn1s 5.1 [Giddings: 1969, Jogenson and

Lukacs: 1981]
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selectivity term LIQ1¥ mobility term aataaslugunsi 5.2

r [N [am—1\| b |

s 4 am }‘E—}_Meo (52)

! X A [ @ 1
110 o AID separation  selectivity ~ 13®  mobility selectivity Fatienudusasiaiuues
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a3 <4 4
ANIGIOIETHAZANNE e Tuaad (v ) Tag

Veo| > Vino| AMITAIMIUENYVOIATN T8
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9 o v . [ { .
szqausonaaaliianua@uRUS U retention term A9ANNISN 5.3 [Nielsen and Foley:

1993, Pyell: 2006]
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@ 4 1 4 {
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Tnlihvesens amsuenansanand laaeaunish 5.4 [Nielsen and Foley: 1993]
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Cesla et al.: 2006, Damic and Nigovic: 2009, Iadarola et al.: 2005, Huang et al: 2005, Nhujak et
1 Y
al.: 2005, Huertas-Perez et al.: 2006, Huang ef al.: 2003] FIHaAINA 1N UTDANADINUHNANT
v 1 Y
naaodlumsuenlnsanly dual cyclodextrins #4'1A5189710 T35 1AeUNTNI [Nhujak et

al.: 2005]
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CZE ag retention selectivity lu MEKC nazilseuieu separation selectivity 11803
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5.2.1 1A59910

1) 1nTesnziiaa13oianInivlesFa ¥ou5iM Beckman 1 MDQ

2) n30indioY (pH meter) Y94 Metrohm j:‘Ll 744

3) IA5 04 sonication VDA ultrasonic steri-cleaner

4) n309nan1il Milli Q
5.2.2 M5l

v A 9 v,
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= 4 Aa v

5) Tdenlaason lad (NaOH) ¥9aU5HN Fluka
5.2.3 MIIANTHANATDI CE

Azed CE N1Flumsimizsd dede 1l Ao (lunsainfuanaraliaintiazszy)
In504 CE : Beckman ’:i: U MDQ
AzNaals : uncoated fused silica capillary 50 pm i.d. x 40.2 cm (30 cm fATeInIINIA)
MIVITYAT 1 DAY 0.5 psi tTunan 3 Tund

M3A352939  : photodiode array %34 190-300 nm HAZATIVIAN 220 nm
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Capillary rinse : neumMInAaodaaziu arumeluaziaasalomwmuea, 0.1 M @y
14 oy v ~ @ 4 = 1 a o
laason loauaziitedisaz 15 w1f waztivies 15 Wi tazneumsIATIEH
Y
ueaznsId19dae 0.1 M Tmdew lansen loauaziivivosodnsay 2 i
gungivednziiaals :25°C
dndlvlih 15 kV
o P ~ 9 I =N
BGE : 10 mM vorsatlilesi pH 10.2 Nlszneuaie SDS Wuasanausfm
% d
5.2.4 mataaanDlives
% sAq Y 1 A ~ =\ A
Jlwlesnldlumsnaassmamanuansolumsinfouivesdsi 2 szuu Ao
o J o I
1) tiwleslu CZE Usznouaae 10 mM Na,B,0, 151 pH (i1 10.2 @78 1.0 M NaOH
o o Y
2) tvlwleslu MEKC 152noua2e 20-60 mM SDS 11 10 mM Na,B,0, pH 10.2
Y Y Y
rllesiaaesszuums ouTasldi Milli Q 91917138111 sonicate 152191 30 W19
Y o 1 1 Aa 4
1aIN3oU o HIU 0.45 pim PTFE filter NOUMIAATIEH
5.2.5 MSIABNTIINATOU
1A3 8% stock solution ANMYUYU 1000 ppm VeIE1TNATEY IAgazaleaITNATDULA
v Y
azduentumezdlalu1ngd $1u9u 5 mL intiuRenauaazasazatedenin Milli Q lu
VIA3A15H195UUIA 10 mL @115V stock solution Y94 DB 118¢ thiourea 10383 1AgALA1BA15
Y
HABZAENAUABIEMUDALAZID9199U IAANU YU 20000 ppm A1 Milli Q  a3u
ﬁWiﬁzﬁWﬂNT@]ii”luﬂi%ﬂ@Uﬁlﬁﬂ 20-60 ppm VIT1TNATOU, 30 ppm thiourea g 150 ppm DB
Y
3314 Tae? 0914 stock solution A28 1.0 mM vatsatiwmles wasmiuilynseariu 0.45

um PTFE filter AOUMIAATIEH

d
5.3 HanmsnAaeIazIaIal
o = . . . [ U d‘d
5.3.1 BUUABININE B VDN separation selectivity lu MEKC s wsvansnaisy )

A4 S o
anvasalumsnaouine lihvesasilidszqaeednlu MEKC (uyeke) Haas

AN 5.5 1182 5.6 [Nielsen and Foley: 1993]

I"LO 1 + kl“mc
ok = —] 63
MEK 1+k,
Mo, + kol j
K mekc2) = — (5.6)
1+k,
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A A A =~ v Aa Y 9

1o po e Anansalumaaaeuinie ihvesensaeldanz nlinnududuves SDS
1 o d A A A A 4 Y]

INURUINTD CZE 1ag pe Aoanuamsnlumandounini luihvesluwad marker @2

Moo 1 1az 2 ¥ueddIsaIf 1 uag 2 MUY separation selectivity 14 MEKC  (Claexc)

a I o 1 A @ Y o ~
T UIATIAIUVON e 0 &, > &, > 0 dwnsadagil lageaunisi 5.7

o k 1 (1 k)
CZE 1
a = 5.7
MEKC CZE B L1 (1 %‘1] (5.7)

130 0Lczz A® mobility selectivity 14 CZE #1300 18IUUDY o, 1HU o2/ [lo.1, O AO retention
selectivity ¥0IA1AAUTIAIET SDS FHSUAITNNUT2a096 HT0OATITINVO k, 1BU K /k,,
waz B OATIAIUVON o1/ tme 1087 ax > 1.0 178ND @1HTUAT Oleze > 1.0 HUODIRIAUMS

b

44 4 o a o
wasuiueIms¥all [u| Tu CZE uag & lu MEKC milouiu 19U &, > &, uaz|u,| > |y,

Tuvaei e < 1.0 MUEIAAUNITIAAOUNVBIATHIT | czE wag & lu MEKC
aquAY U &, > &, Tuvaiei |u,| < |u|

v
Aauv A

MNAUNIT 5.7 uazqm:msmw'mmm’sNﬂtjuu,iuﬁ'mﬁmmuﬁmmquyﬁ
VDA separation selectivity dmsumsuenlasadie dual cyclodextrins [Nhujak et al.: 2005]
ANTAUBLUVTIADIN NN Y VDI aMEKCt?m%’umiﬁﬁﬂizqamﬁﬂu MEKC 18 4 u1
Fuaaalumsedit 5.1 Taed198em T I9veent oo, o, p LazdIFUVEIAT | Tu czE vaz
k lu MEKC dw5umsiiuienved ocMEKCfc?m%’Uﬁﬁﬁﬁﬂiz@amﬁa f Biuﬁumﬁ‘ﬁ 5.7
Uszana liliauin sy 0.5 gﬂ“ﬁ' 5.1 UAAINADAVDY Olyee model Types [—IIT ALl £, 4

MmN keuson 1@ lagmsmnanududu sps ((sps)) lutiiesves MEKC

M13199 5.1 1UUTIADINNNG YT VO separation selectivity T4 MEKC (Clyexc)

Type  Orderof ju| inCZE  ocze Ok p Assumed values

and k in MEKC OLCZE Ol B
I Same Ocze>1 O > Olege > 1 p>1 1.1 1.2-3.3 0.5
I Same Ocze>1  Olegp >0y > 1 p<l 1.5 1.0-1.5 0.5
11 Reversed Oeze <1 Oy >1>Olege p>1 0.8 1.0-6.4 0.5
v Co-migration Oezp=1  Oh=0Oegp=1 p=1 — _ 0.5

[ td' t:' o 7 1 z:' 1 Y
VNVVTIADY Olyexe HUUN 1 131N 5.1a dnsua p Musivenla q endup = 1.0
1 1 S A d? = J A A A d? u’j a A d?
WU Olyeke NAVWNVYUIUNAIFIFAND £ UAUNNVYU NUUUADANINAT &k, FIVU
o [} 1 1 d! tﬂ' 1 a0 Q' d? 9 d‘ d? o [ 1 1 z:;
TIMTUAT &, ATHUL ) LUDAT o mmmmmz"lﬂm Olveke NPIVU TIHITUFINVONA £, neauls

v v 9 Y [
WUIAT Omekc qqqmzaﬂauﬁam Ok LWN%L! SRS IER N OUMEKC UV 1 uaAIaIAL
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miloufiuvesal |y Tu CZE wag & Tu MEKC voemsiiiszy uaziiion o gandnm oz
v A A ) [ Aa 1Y 9 o Y o A
WUADTMTOINY Oyexe AT UETNTIsZ9a09d2 U MEKC 18 Tumeassnudunuuuui
1 WUIMUDTIABY Clpgere BUUT 2 (0 < Oeze) TUFUN 5.1b HAAIAT ek DA1AARUTDINNAT
Y < A A @ o v o v A o o 1
k, warasliimumsueniugasvesmsniilszyaesdd dmdvadunaduiuvess |y Tu cze
o 4 . 4 4
waz & 1w MEKC vesensniszquandlugili s.ic Tunnusiand oaume HUUN 3 @9
HUUTIADITUIINAT Cyexe NTON1 1.0 (1/otyexe >1) wazidn1ngd 1.0 (m3uoni 1) 9 ,
A & ¢ A ' ad A 2, £ A "o oA
AL INTUTAIWINNIT 1.0 (MIUINATU) HOINUAT £, WINUVUNAT Olygxe AV 1.0 A k, I

AAIAUNITN 5.8

(I—0eyp)
(0t —0 )+ (o —1)/P

(5.8)

1=

A 1 =L A cg I = [ =& Y v Yy
oA ay BATeY 9 NA1 &, GaUUL IAAT ok BAWMIAD 1.0 Feeroandpanuidunsiv
: . 44 A o 4o a2 4
ANGAVDVIINDY ke MUV 3 FINAT Clyexe NNV 0.99 NAT &, 1Y dataaalugin
5.1¢ Lﬂummmmmmmmmmqm;]mm Otczs W39 Oyexe HOONI 1.0 A lumatlfiiasz fia
WY Vo nio Vonme  SOiumsituiuyei k, 0191 1 inansadudauves
A A o o w °
anwansalumsinaeuiives fhwesamsifidssyaesia 1qlu MEKC dwsuuuuiiaes
d' = 1A dld %
Olviexe MUUN 3 (ouc = 1.0 148 ocze = 1.0) mﬂfmﬂllllLﬂﬂﬂﬁuﬂﬂmmﬁﬁﬁﬁlﬂﬂNﬂi%@ﬁ@ﬂ@]’;
10319 5.1 BVUTIABINNNGHRVDI cLyeke ANNTDDTVIIMIUBNAT NN 529009
. 4 . ad o o . 4
a7 Taaiiinn oyexe VAU 1ANMIHENUBITTATY AINTUUVUTIADY Ohyexe BUDN 1 (o
> Oleze) ELIBNIEREGR Olyxe MULT 2 (o >> Oleze, OF auc>1/0Lcz;) separation selectivity Tu
MEKC 3zia1mnn11u CZE Na1 &, Mvung ey
usj a < :/l (R ] J
Tumanguriunaniaves EOF nazasINeruae ludanansenuae
& A~ J 3 ~ o J
anwawnsalumanasuini lihvesasuaz luwad sauinSmudunrninesvosansu
J A ] a 3 A ' Y Y (% 3
lwaad sl o, vaz o luslsaufianiaesnnusina 1991900 Ay
o av J o [ { g
HUUF1809 oere 1HIUIVeTHaT lgdM5U MEKC 1311 normal mode, reversed mode

% 1 A ] a < z
1A restricted mode ﬁﬁgmaz mode ﬁhlg]jl,l,ﬂ\iﬁ'lﬂﬂﬁﬂ']\i"llﬁﬂ EOF Llagﬂ')'lllﬁ'l‘ﬂﬂﬁllﬂiﬂﬂ

srwazidea ldna 131y [pyell: 2006]
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(a)
1.4 Type I
1315
N f
1.24 ¢
a
1.1
1.0 .
0 1 2 3 4 5 6 7 8
k
(b)
Mavean TT
1‘5 ] lJ‘pt: 11
1.3 1
} C
© 4
0.9 1
0.7 .
0 1 2 3 4 5 6 7 8
ky
(c)
1.4
Type 111
131 ¢
124lf .
¢ L1
5.l b
= LU
a
0.9_//7
0.8
0.7

A o = A 9 o o (% A @ o
U7 5.1 HUSIADINNNGBHVOI0Ee T IAINMTHIIBd T DI AT Tzyd09d7 Mud
Tagldaunmsd 5.7 uazdoyalumsned 5.1 s a-e uNUAIYOI oy F145 (a) 1.2, 14, 1.7,

2.2 182 3.3 Mua1au (b) 1.0, 1.2 1ag 1.5 ua1al tag (c) 1.0, 1.6, 3.2, 4.8 11a2 6.4 AMUE1AL

53.2 A Qyexe NIA0INMINARBItAzAN I InMsinnadwSuanshiidszgauly MEKC
MRz normal elution mode Jagll¥asaanssfsinilu SpS Fadiilszqan
aw A& & Y 4
Tunudseiiasnaasuiluansiszneumsnuulaun 1P, BP, PP uay EP suilunsa
99UNN HO-C,H,COOR 11 basic buffer 11 pH > pK, Y033 uuu a15dsznoumsnuy
Y
mafvzansouanda lddszgay a1 pk, Ysinguiny 8.80, 7.98, 8.00 wag 7.97 A aw
(A1919DIF IS TP W11 9.2 [Pirselova er al.: 1996] HAZ@INTUMITULUAIDU) 191111 8.4

[Wilson and Gisvold: 1998]) d15ua1 pk, Usingiiaunsom ldninmsiasianuamwnsalu
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C 3 o
manaouima Iihwesasdsing (e ) Tu cze meldtivilesndsznoudie 10 mm
{1 1 c?./} 1 3 [ Y] 4 1
Na,B,0, N1A1pH @199 Aua 7.8 19 102 9niudeuniiduasauesnnuduiusszning
l/ueffll,ale_pH ([H3O+]) HAZHIA pK, 910 log (slope/Y-intercept) [Jerez et al.: 2009] A5y
o 4 { 4 o o v 4
versmiviles pH 10.2 Mlfiedh Idasnadeunanduduilszgavedeauysaidrodnims
LANAIIAY 0.96 §115 TP 1az 0.99 SHTVIITUVUAIDUY Feansmsuanddfiiuia Taely
A 2 P AHq ¥ P A A RS Y
Wswesae q meldn1g CE Aldnaaswas lsaumsanimsuandise ldtseau3neu
Y
Wi [Nielsen and Foley: 1993]
A A o ' 9 o A o Yy ¥
MBNILAMNTONINBAIVON oyexe  ANHTVENINUUTZYA0302 11U MEKC 927093
a d 1 1 {
WITADTAIE) ADA ez W CZE 11A2A1 au, & 1 MEKC 3191 5.2 te@amstgnvodans,
9 d‘ = A d'd A d! = 1
wuTaglsn1zin 14l SDS 5o CZE itazn1eiil SDS H3e MEKC #43ia1 [SDS] @14 9 (20-60
4 - 4 ‘ 4 4
mM) 910319 5.1a Aemsuenlu CZE delinnmesvesnnuansalumanasuinig i
A A Aa 9 (9 o Ao W A A
YOIMTNUUNNU 529 UTNANNATINNAVNINADIT VD EOF NA1aUMIIAa0UNUea13 EP >

k4
[ Y

PP > BP > IP 1azif L 11101 -2.25, -2.13, -2.03 1Az -1.97 x 10 m'V s MU& 19U AU

R-

% 1 9 1

@1Auvesd |u| Aiv EP > PP > BP > IP daus |u| veq IP filiAiosndiinsnuuaus e1e
A A A o A Y 1 A A Ao 1 1
HoannnanImsuanaaNtiosniaz/vsovuiaued lalas lauinidvuialnaini

'
[ U ~

Tumangufdmsumsuendisn lifidszqlu MEKC 119180192 normal clution mode

'
a A

9 = I a A ~ dg, (Y 1
Iﬂ81"]5?”5?1&51Lliﬂﬁﬂﬂﬂﬂlﬂuﬂigﬂﬁﬂ NHANTTUNITIAADUNUVBIFITUUBYNUAN kUuD3ag
' qu’ A A ' 9 a d 1 ' I A~
INMUU ADFITNUAN klﬂﬂﬂ'J15]81“])’0?1111”1153!?1513%‘L!"I‘Llﬂ’ﬂ 681\‘1]15ﬂ§5ﬂllﬂ15l!,8ﬂﬁ15‘1/111
v v 9 3 a A 4 T
‘]Ji%i](lu MEKC malmnzmmuuu NHANTIUNTAADUNUDITTUUBYNUAT W LIAS k U9y
{a o 1 Y ) ! o o w 4 { . . .
AsnInTHuaazal M lienaensiued 1N InaeUNUeY migration time 130 pefr
=) v J o ad a 9
v939a15 14 MEKC Sinusuudnees (k) auiaainomn Insilsunsyved MEKC  uazly

AUMIN 5.9 [Tellez et al.: 2007, Nielsen and Foley: 1993, Tellez et al.: 2007]

k — HMEKC — HO (59)

Wime — Umekc

a A a 1 o § adad a
Wsiwesana q ladey Budineunthilluaumsi 5.5 uaz 5.6 nnndan nsil Isunsy
Y93 MEKC lugilii 5.2b-d, 1k (115199 5.2) dwmsuarsiszneumisnuuniidszyaudall

Y I v
APUMI00NAII BP > PP > IP > EP #4@0And0d0Ua1auv09A1aaNnsnIsa1ea19e9a13
Y

lusonniusauaziin BP > PP > EP [Poouthree et al.: 2007, Golden et al.: 2005, Tavares et al.:

2009]
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0‘00?5' fh £FL
4 {a) Cin
000504 3 i
1 = =]
?‘ 1 f a-lth'
0.0025 ]
u.uuuu:_”; ~
2 ' 3 4 5 6 1 8
Time (min)
0.0075] .
] (b) 20 mM SDS
1 £
0.0050{ 2
=) 1 =
= 17 N1
0.0025 = &
. unnn: fye=8.472
3 4T s T e T gy
Time (min)
0.0075]
1 (c) 40 mM SDS
0.0050] 5
5 1 £
< 1 E - &
0.0025] == &
0.0000 ‘\ fme = 9.660
N N Y M A
Time (min)
0.00751 (d) 60 mM SDS
0.0050 g
= B
- ] = a
] = & . &
0.0025] “@ = = &
0.00001 J “ “ “ ”:,,,,=1n.49ﬁ
3 a T 5 6 71 8

Time (min)

51/ 5.2 Bian Ins W Tsunsuveamisuuunieldn1ig (a) 0 CZE, (b) 20, (c) 40, 11ag 60 mM SDS
T 10 mM oo s N5y pH @28 1.0 M NaOH 717281 U84 CE: uncoated fused-silica
capillary 50 pm i.d. x 40.2 cm (30 cm DUIAT0IAT29IA) Qaungiinedu 25 °c, #ndlih 15
kV, 2329991 220 nm MIVTTIANTUVUSAANUA 0.5 psi 1T unan 3 Fund

1ng1i 5.2d dmSumsuenlu MEKC Atiesdszneudie 60 mM SDS wudn
o w = A & 1 o w A o 4
AAVVDY Iy IO |Uyec| AB BP > PP > IP > EP auana99na1aulu MEKC fifvlivles

U52noUA108 20 mM SDS (317 5.2b) BP > PP > EP > IP uaglu CZE (317 5.2a) EP > PP >
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' ] Y
BP > IP NQANIsuMsAaouNNA1nuHauNITaeT U188 separation selectivity models 11

@

19 5.3.1

A13197 5.2 Mobility selectivity (OLczg), retention selectivity (o), retention factor (k), selectivity

ratio (p), LA THAVDIVUINAOY Oypke

Pair  Soluel  k=alSDSI*h  acx B p oo ot
MEKC
IP/EP  EP 0.00236[SDST-0.013  0.888  kwlker 0575 po1 I
PP/IP 1P 0.00871[SDS]-0.028 1.066 kpp/kpp  0.511 p>1 1
BPPP PP 0.01004[SDS]-0.035 0953  kyplksr 0544 p= | I
BP 0.03068[SDS]-0.057 - o i

37 5.3 udaaa ok N IAINMINARBIEAZ MR IBd IS UNITIUL U MEKC
{ ' { 1 J { J v o J
Molan1giil [SDS] @19 9 (3U7 5.3a) waza £, a19 9 (U7 5.3b) wunaNuduRususnld

'
Y A

lumsnarsami [SDS] Aaunsauenaiseennnnunieminaidumsinaouivesdisine
v Ao A [ @ 4 @ 9 =~ ~ VA 9 A 9
msaauinu luvazinnuduiusnacddewiounin laninmsnaaeaazaiildain
o d‘ [ 1 d‘ 9 o d' 1 o
Mstu1eidie 1ns 11 [SDS] A1 oeke N 1ANTHIUI07 [SDS] @19 9 (6.0-60 mM) Auim Tag
Tddoyaluasnen 52 uazaums 5.7 a15199 5.2 LEAAIA dezp, O, &, p UAZLLUTIADIVDA
v A Y a Y Y dy ) [ 1 = ] [
ke 9991 10T 10 1 Anounil dmsumsuenlu MEKC ve4ga131ila 9 191 PP uag IP A1
a I 1 1 1 ] 4 1
k, Henunilu kvesensiiian kioandn 1u k, 1iie 1% [SDS] (20-60 mM) uaz@ouns sz nang
a1k, 1 1dvnmanaaesiy [SDS] vz lanslidunse dsansoldduen k, 7 [SDS] @19 9
F2 A F A ~ [ ~ 9 ~
18 ielddoyaninaianed 5.2 uazaumsi 5.7 NUNA dyee N IA0IMMINAADI UM 5.3
Y o Ay Y o Y I ' A 9 o 1
doandoanumi laanmsiine uaasldmunaunsi 5.7 awnsa1dlumsiinnent o
Tuues [SDS] Haza1 &, 419 9 14
Aad = { { 1 [

vnnndan Insillsunsulugyi 5.2 vagdoyalumsiei 5.2 wude |y Tucze

uaga1 & 1 MEKC T @ uimilouny WU oez: > 1.0 12 oypke > 1.0 43181 p> 1.0 ua
" Ay . O I

WUIAT Oyexe N 18INMIHINBLAZINNTNARDIaAAUoRaN Tt [SDS] 1A &,

A 1 A ¥ ° 3 A ~ < Y Y ) [
HB31INA1 p m"lﬂmﬂmimmmuumnﬂaﬂuuﬂmmﬂuaﬂmmu 1.032 uag 1.072 a1y

2 v
10-60 mM SDS  #a17um511/asuu1ladvean owee V03813 PP/IP 11 MEKC doananany

G

'
AAA 9

HUD§1809 e 1UUT 1 #0180 1en0unhillunsaiifia p fevq

111090 Ingan3 IP/EP uaz BP/PP 1iamsaduiituvear | lucze vazdrk Tu
MEKC 1851 oz SeTl08n 1.0 dafumsadudiduves lu| dmTugens IPEP uaz
BP/PP 71 [SDS] qauasii [SDS] i1 n5euiiiugud qeandosfuuuniaed oyme HUUA 3

d‘ 1 1w 1 1 d' 9 o d‘ S o [
DA Olmekc (NN 1.0 WUAA £, “Iflulﬂﬁ]'lﬂﬂﬁTITlﬂfJGlugﬂVI 5.3b UMYUszu 0.003 G5V
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I ' 1 Y v
BP/PP I [SDS] &19 uaziviny 0.052 dm5u IP/EP  desilaeandosnual &, 1141013
Y v v v
NAARANINY 0.064 uennTiNUINielFannsn 5.8 uazlda oy mABMIAY 3.831 sy
Aa15 IP/EP 01 6.0-60 mM SDS #I1%aA1 oiyee 1100 1.0 1de &, A'ldnnmsinneminy

0.057 Faeroandoanua k, Tz 5.3b (0.052)

1.24
(a)
BP/PP
1.16 A
PP/IP
g
1.00 x
l IP/EP
0.92 -
r s
U>84 L} T T T T
0 10 20 30 40 50 60
[SDSj
1.24
(b) BP/PP

1.16 1 /-/,J/—-* [
Y e A .

Olyiexc
=
=
—
=}

1.00 4

0.92 1

0.84 T T T v T
0.00 0.10 0.20 0.30 0.40 0.50 0.60

k
a Ay v v < o ¥ = 0w A
3'1]7] 5.3 OLMEKCVIllﬂ“'lnﬂﬂ1§‘ﬂﬂﬁ@\‘l (ﬁiy,aﬂym) 1aZINNIINIUIY (LTUND) f‘ﬂﬁﬁll?ﬁi‘ﬂllﬂigill

#0982 11 MEKC (a) 11 [SDS] @14 9 (b) e £, 819 9 dwsuan laninmsined i Tag

Tdaunsi 5.7 nazdoyalumsiad 5.2
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5.4 agdwamsnaasy
Ao A Y Y I = . .. 9 3
el lavaasldmuinmaasuuilasves separation selectivity 1u MEKC 451
A A o = 9 9 J 1 a o
’ﬁﬁ‘1/]11ﬂ‘i%ﬂﬁﬂﬁﬁ’ﬂuﬂTJZﬂﬂ’ﬂiJl"UiJGUuGUm SDS a1 £ @14 €] @150 5 V1UENIUY
2 . .. o o Jdo o
T@ﬂal%)anmmammumammmqyfwm separation selectivity 14 MEKC NdunusAUA s

Syora . . . . 4 pa A
M laitivineues mobility selectivity 11 CZE 1a retention selectivity lu MEKC iionfFeumey

De

' = . . { v Y Y
U CZE WU MEKC dnsoiiunsoan separation select1v1ty“ll’f]ﬂﬁ’ﬁﬁﬁﬂi%}ﬁ@ﬂ@’ﬂﬂ

A3

[

2 1
] 1 o 1 . .. Y
Uog ‘]JLLG]EI%LL“U'U%'IﬁE)\W]N“V]QBf] uﬂﬂi]'lﬂﬁW‘]J’ﬂ separation selectivity ‘ﬁulﬂiﬂﬂfﬂi‘ﬂﬂﬁﬁlx‘lﬁ

2D,

anudeanasInumN lwanmsiiuneTaslduuusaosneangeives MEKC Tuniziini

[WNYUUDY SDS HAA k A4 9

Y a
®NA1ID DY
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7 o a 7Y a A Y ™ s
vlﬂi“lﬂll’é]i NMNMIAATITHANAUA CZE Ny BGE ﬂ‘igﬂﬁlﬂ@nﬂ 10 mM “lJ’OL‘iG]‘]J’V\lL‘V\IfJi pH 9.2
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) 11aY retention selectivities

(o) WF0 €, M7, DC 1ag DM~ 11 CZE naz MEKC # hitimaidudaiazaiedunsd

CZE MEKC"
Analytes [T [V
10°m’v's" ez 10°m’v's™" P MEKC e
2- C,M -2.83,-2.78 1.02 -2.63,-2.59 1.02 1.03
3- C,M -2.86, -2.79 1.03 -2.66, -2.59 1.03 1.06
4- C,M -2.82,-2.76 1.02 -2.63, -2.56 1.03 1.05
2,3- DC ,DM -2.74, -2.67 1.03 -2.47,-2.40 1.03 1.05
2,4- DC ,DM -2.67,-2.62 1.02 -2.41,-2.36 1.02 1.04
2,5~ DC ,DM -2.73,-2.65 1.03 -2.48,-2.40 1.03 1.05
2,6- DC ,DM -2.70, -2.62 1.03 -2.45,-2.37 1.04 1.06
34- DC,DM -2.75,-2.65 1.04 -2.52,-2.41 1.05 1.10
3,5 DC,DM -2.72,-2.62 1.04 -2.47,-2.39 1.04 1.10

*BGE U32naudie 10 mM vetsatiimles pH 9.2

b. y o J
BGE 152n0U@A28 40 mM SDS tag 10 mM Uoisatiwines pH 9.2
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103 - 62 A3- o4 ‘ Al) 5 o2 A3 o4 | A2)
4 . A a :
1.02 - ° o o 5| a o
o A
3 o S < # o
1.01 - 1+ o ©
1.00 T T T 1 0 , , ; .
0 5 10 15 20 0 5 10 15 20
MeOH (% V/v) MeOH (%v/v)
103 o 2- A3 0 4- ‘ B1) . o 2- A3 o4 | B2)
o A A a A
o o o o
3 A
1.02 o o
2 2 | a
2 ¢ o %A
3 o x O <o
1.01 3
1 °
1;00 T T T 1 0 T T T 1
0 5 10 15 20 0 5 10 15 20
MeOH (% V/v) MeOH (%viv)

51 7.2 waveadaiaza108un3d MeOH Ao a 1Az R ¥3 C 1Az M~ 1u CZE (A1, BI) uag

MEKC (A2, B2): (A1) mobility selectivity in CZE (Q..,;), (B1) resolution in CZE (R,, .,;), (A2)

mobility selectivity in MEKC (0 .) and (B2) resolution in MEKC (R, ) 1aeBGE lu CZE

> MEKC

Yszaauale 10 mM veisainivles pH 9.2 wag MEKC Ysznauale 40 mM SDS uag 10 mM

o o 1 A v o 9 A
vosatWies pH 9.2 @aun12aUs A9riIveN 7.2.3

7.3.2 MEKC 50 C /M naz DC /DM umazq
msuenasnagetlumaila MEKC 19 BGE 1/5¢neudie 40 mM SDS tag 10 mM
o /A 2 Aa o o a -4 Qszl s
vorsmivllesn pH 9.2 uaz hifimaaudnihazaedunis neluwaaniilszyaunazans
A A A y o A A 3 Y1 o
nadountlszgaumdoudn luneamdnauluagill EOF anansein 7.1 wiulandeu
Y] o w I _ — _ —
M1399nY09a13 14 MEKC tmilouny CZE Ao Ua1auved |y 1w ¢> M~ uag DC> DM
Y
na'lamsuenarslumaila MEKC JUAUANUANAIYOINS partitioning VBE1ITLHIN
micelle 11 aqueous phase HAZANUUANANVOI 1L VOIA1TNTU52q
awv ~ Yy Y o 1 o ) o A
vinadseluund 5 ldafuuusiassvesmdumnzmsuendmivasiddszylu

MEKC (a0 tHoldoTuieman)asumlasvesmdumzmsteniazdvunsoonvosas
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MEKC 1]

= ~ @ Aq Yo [ Y o
wseuneunylu CZE Tagaumsnlsdmsvas 1 uuuinasives o

v o Jdo [V 1 v o [ {
Tfianuduiusn o, (Gasraruvesaiamusulu MEKC) 1ag o, A9eumsf 5.xx

CZE

M3 7.1 1aa9a w i CZE 1ag MEKC, O o Oeyy 18T 0 (BR10IUUDIATINY
suly MEKC) dwSuans ¢, M, DC uaz DM~ weonlseusumsusnansly MEKC fu

< Y1 o = 1 = 3 9 1 09.1} A = Y o Y
CzE wiulanm o, Mg o, desantdeomniy ieswnasil o, toonld

8ATIAIVBN 0/ Oty WAIOY BGTUFIT 1.013 T3 1.063 (FuMIN 7.2) H30NA1I081981071

CZE
{ o a o X .. . . o o T a
a1sNhmsuns1zvidaiilszgay partitioning 19711110 micelles Tdwos fuithli liseeina

H Ed
ANUUANANVBIAT 1 HAZIINUVUTIADIVO Oy N IR0 PBnounthil a1 o, 1049

MEKC MEKC
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A _ _ar A2 4 3 v Y 9 £ Y
913 C /M 1ag DC /DM UAUNVUUINYUANUDULUBDINUANUIUVUUUUDI SDS HITADANQDI

=

o . 4 4 do
NUHUDT10091U520N0 1 01 aieze > 1.0 and oy > aeze 1AENEATIAIUUDY 0/ 0lyp T

V9
ALY
A’ | = % U — — — — dd?} =)
WworlSeumeumsuenny CZE NIILYINVDNT C /M tag DC /DM GL‘L! MEKC @QUUIN

3 Y A ~ 3 Y e A
@NUDY IUBDIN A INYUANUDY LAZINONUDY mobility b11& MEKC da1

MEKC

INN Oy

wnnnluvazi N wee i msuenvesg C /M~ uaz DC/ DM d18 MEKC dalngld

A J — A 1 == _ — A 1 =2
msueniauysel Tae C/M™ 8 R lure 1.59 89 1.77 uaz DC/DM & R Tugis 1.73 D9
2.67 ontAu 2C/2M™ (R,=1.09) 11ag 2,4DC /2,4DM (R = 1.25).

Y
uenani Iamsfnywavesnududuves SDS (29 20-80 mM) f0 o, WU

AN Oy V099815 C/M ™ az DC/DM™ inlasuwilasldernuanududuves sps 317

MEKC

7.2B1 1/ag 7.2B2 U@AIHAYDI MeOH Ao o
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wexe MAT R ANAIAY dMTUMIIen C uag M-

G

A 1 §y A Yy 9 v o a s 9
ﬂ'lﬂgﬂ‘ﬂ 7.2B NUN LﬁammmmmlmmmmmmazmaaumElmwaslw o

E4

~ LK o ~ % Y o 1 o
(;s,ﬂ‘ﬂ 7.2B1) HARIMITHENANTNA VAV (;s,ﬂ‘ﬂ 7.2B2) Fau Iudanar o Ui uNaveIns

3 9
ke AABNIANYDY

a ) a ~ X v A 9 1 Y v 9
mummazmﬂaumﬂﬁlu CZE mm”l@ﬂanmua'ﬂumma 7.3.1

7.3.3 CD-EKC §1%5U C/M ™ 1az DC/ DM usiazg
1@dnmmsuenatsly 10 mM versatlives pH 9.2 iy D 14U a-CD (2 §3 60
mM), B-CD (2 4 16 mM) 48z DM-B-CD (2 13 50 mM) Taefi B-CD 16 mM ilunnudududi
mﬂ‘ﬁqwﬁ B-CD azmmﬁ?ﬂé’, 0-CD 60 mM tHiganedwsunengas C /M~ waz DC/ DM
udd i R, > 2.4 onAu 2,6DC /2,6 DM 131@g2U DM-B-CD 50 mM AifieaneadnisuLeng
@15 C/M 1ag DC/DM ud1 §i R > 4.5 sndu 2C/2M™ uag 2,6DC /2,6 DM~
vnedseluundi 6 1dadranusiaesvesdisumemsuendmsumsitlszgly

4 Yy a { 1 o o w
CD-EKC (o Lﬁ@Glﬁ]ff]‘ﬁﬂ'lflﬂ'li!ﬂafluuﬂa\‘lellﬂﬂﬂ'm1&W13ﬂ1§uﬂﬂua$ﬁ1@‘ﬂﬂ?if)ﬁ]ﬂﬂl'ﬂ\‘lﬁﬁi

CD)

@ {q ¥ o o 9y o Yo 9.
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v o Jdo @ v o @ !
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A IS = a ' ] a o Yy _ a Y
nlivyununduaaelsinnulalas TWdnunnimywinai i ¢ waz DC 1Ha complex M

U

Y dyw I~ 1 A A 1 1 [l )] _

cp 1aa wenvniidsorndurnaninanungnzveanmiiannnniviynasls dwwald M
- A Y Y 9 4 = ~ 1 — — _ —

ez DM 1na complex N1 CD ldtiosas uaziiionlSouiiong /M uag DC/ DM voslo
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- A = =1 ] 4 1 1 A1 Y
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[ o ] o’ogjl Y A [ a { 1
M B-cD  dmSunnlo TpwesnatiitiosnnHareInuNznzyormNa gAY DY
AN Y Y] <3 1 4
991059 DM-B-CD tazwaminaaoi ldarulvadunamiuil a-CD uag DM-B-CD 14 «
] 1 I ! ) o _ —
11NN B-CD UdAII a-CD wag DM-B-CD 1w CD ivangaudmsumsuen C /M~ uaz
_ _ Aa J 1 AN YA ' 1 Y 3 1 = Y 1 o 1
DC/DM™ #an1 uaza « A ladmedlurianin dwe 1.0 89 21.2 ugasliimundumis
VOIHPUNUNVUIVVUTUTHAADNTINA complex TEUINAITNU CD

] v v Y k4
iomuaNuduTuYes CD dewalim o, MNTLILTAgIgAINTuADe, anad

[ v
=YY= =

40, dMINMInaaesiiimqefigaiinndudu cp due dwmsumsusnudasgaisves
C/M ™ uag DC/ DM uaasdsas i 7.2 Mauuuiiaesves o, Tuunii 6 iilenfSeuifiey
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nnwamanaaesii1d daulngudr cp-Eke Wamsuendmsy ¢ /M waz DC/
DM fifn31 CZE 1188 MEKC (0l > Oy e > Oy) 10814 0-CD 2-60 mM, B-CD 2-16 mM
iaz DM-B-CD 2-50 mM @nsauensg C /M~ uaz DC/DM™ laauysalondu2c/2M uaz
2,6DC7/ 2,6DM™ 11 B-CD %30 DM-B-CD Taoli R, vos C /M lusia 1.51 9 15.8 uaz
DC /DM~ 1u%13 1.66 94 28.5
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7.3.4 Msuen C /M uag DC/ DM ynlelsmeslunsiudaiu

gﬂ‘ﬁ 7.3 uaaamsuen C/M uag DC/ DM a'le Tanwes lunsiadenfiudae CZE,
MEKC 1ag CD-EKC dm3umsusnans i CZE @16 10 mM veisativinles U 7.34) nuh
/M i 3 ToTamosaufinfufu ifiesnn u AlndiFesiuvesasudas loTawes uaziile
W53 uenas 1y MEKC @8 40 mM SDS (gﬂﬁ 7.3B) WUIMILENYBd C /M™ 713 o

P I A ' A , A
I‘ﬂf!ll@iﬂﬂlutaﬂu@fJ‘VNULUENFﬂ']ﬂWﬁSU@Q o, NUINNIT A UaztuaienNa1Tn1g CD-EKC (gﬂlﬂ

CZE

73C-E) WU eumMsennved ¢ uay M- aauiuly CZE uay MEKC sanuaasludidn

TnsWTsunsu s a-CD 20 mM (31/#1 7.3C), B-CD 16 mM (317 7.3D) 1tag DM-B-CD 5 mM

(317 7.3E) ondu 2¢/2M™ 11 @-CD 20 mM wag DM-B-CD 5 mM #idhusuiiiiosninms

1iA binding ¥04 C~ 7 CD 1halduInna M~ Ay CD dawal¥ |y vesensuaz complex Vo4

13171 CD anad Wonlseuisunsuenaisli CD-EKC 71 CZE uag MEKC W91 CD-EKC

Temsuen ¢/M yn'le Tawesnioudulddniuilesnin a,, Iannnd Taedield o-cD

[ [} [] ~ _ — s 9 [ 9

15-60 mM §298191%1 0-CD 20 mM (317 7.3C) awnsouen C/M™ 9 lo Taweswiouiula
o
Auysol

Y — — ~ Jd 9 (% Y 1

CD-EKC 1¥misuen DC /DM (307 7.3F-H) 9n'lo Tanmesniounu 1adna1 CZE uag

MEKC wuifenny ¢ /M~ Taailold DM-B-CD 40 mM (307 7.3H) awnsouen DC /DM

nn'le Tmwoswiouduldauysaiondu  23DC/2,5DM™ way  2,6DC/2,6DM™  Tago1n

Ysulgamsuen /DM 9nleTawes Tuasudeanuldaiemsidudiazarsdunsd,

nlasurtiauazanuduiuyee CD 158 1¥ CD wiouiu
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0.025

A) CZE _ 20H3CHC
2M+3M +4¥ /
IM +3M +H4M™
EOF 3¢
c \ 20+4C
0.020 | B) MEK EOF DB
C) CD-EKC |
1 Q L b
EOF QT Z& 2
0.015 I =
D) CD-EKC g\g TP
EOF \
2 R
E) CD-EKC BB
0.010 ) Qs E/ ~ "
S - S |
6C+2
F) CD-EKC EOF 55 3¢ 2M3M | IM+4CHM
6M M
Q
NM| OR1IM
0.005- G) CD-EKC SCNN T /M —4c
H) CD-EKC =
5C <
6COYQ = ~
EOF M ST Ta g2 |7
0.000
0 | 1 | 2 | 3 | 4 | 5 6

Minutes

gﬂﬁ 73 msuen ¢ uay M- ynleTmueswioududomailn CE uuu@es: (A) CZE
Yszaeudle 10 mM veismivies pH 9.2, (B) MEKC U3zneuads 40 mM SDS t1ag 10 mM
vosativlives pH 9.2, (C) CD-EKC 1/52n0uf28 20 mM o-CD iag 10 mM vatsaiwimes
pH 9.2, (D) CD-EKC 15¢neud1e 16 mM B-CD tay 10 mM vetsaiivivles pH 9.2, 1ag (E)
CD-EKC 152naua18 5 mM DM-B-CD uag 10 mM vaisativmes pH 9.2 dwsu /M (F)
CD-EKC 132n9U@28 60 mM a-CD taz 10 mM veisatiwmes pH 9.2, (G) CD-EKC
Ys¢noudie 12 mM B-CD uaz 10 mM vaisatiwimles pH 9.2, g (H) CD-EKC Ysznoudoe
40 mM DM-B-CD uaz 10 mM veotsavivles pH 9.2 150 DC/DM™ [2,3DC™ (1C), 2,4DC™
(20), 2,5DC” (3C), 2,6DC” (4C), 3,4DC” (5C), 3,5DC” (6C), 2,3DM~ (IM), 2,4DM~ (2M),

2,5DM™ (3M), 2,6DM™ (4M), 3.4DM™ (5M), 3,5DM™ (6M)] 12U 1aadtiavedn 7.2.3
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d o v
7.3.5 mﬁﬂ‘;zqﬂmmmummﬂn phenoxy acid herbicides
L a 1 o [ 1 %
llﬁjﬂizﬁmﬁcl%}wlﬂuﬂ CE HUUaNe dMrIuNsiana1sngdl phenoxy acid herbicides 9
[ A = 1
gaslnssadnasuaanegli 7.4 1ingas Inseas1ezmiun Tuanaves 2,4-DB uag MCPB
1 v oA o [ A ' Y ] a a = Y
uanANfNesd vl sfsunyaae Isfurmnauuiae lsuuan  5uReINy  2,4-D
A Y =K = Qs’l |dy|

oz MCPA Tuaouisuaudsaulafinuiansisdesgiinon

510 7.5 naaINIsLENa15NGN phenoxy acids ArenAiin CE A1 laun CZE, MEKC
1ag CD-EKC WUNNAUD 2,4-DB/MCPB 118% 2,4-D/MCPA Fouiiuniuiiiedini1zyiaie CZE

A o A { 4 @ 1 A
Tu BGE flsznouade 10 mM veisativivlesn pH 9.2 (317 7.54) ilesninansasnaiial u
~ 3 9
Weganiloy

= o a o o a J 1 1
Tndifesiumnn  uazmaduihazaredunsdadlllu BGE dmade o,

g A a Y A Y o Ia
NNUWLRINTAATIZHAY MEKC N52nouaIe 40 mM SDS 1az 10 mM usisatinesn
pH 92 (3Uf 7.5B) wuh finvesansdndouiiuiuey tioaudiazaedundisidiu
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Stationary phase selectivities for halogenated compounds in reversed-phase HPLC were compared
using C18 monolithic silica capillary columns modified with poly(octadecyl methacrylate) (ODM) and
octadecyl moieties (ODS). The preferential retention of halogenated benzenes on ODM was observed in
methanol/water and acetonitrile/water mobile phases. In selectivity comparison of selected analytes on
ODM and ODS, greater selectivities for halogenated compounds were obtained with respect to alkyl-
benzenes on an ODM column, while similar selectivities were observed with a homologous series of

Keywords: alkylbenzenes on ODM and ODS columns. These data can be explained by greater dispersive interactions
Halogenated compounds .
Selectivity by more densely packed octadecyl groups on the ODM polymer coated column together with the con-

tribution of carbonyl groups in ODM side chains. For the positional isomeric separation of dihalogenated
benzenes (ortho-, meta-, para-), the ODM column also provided better separation of these isomers for the
adjacently eluted isomers that cannot be completely separated on an ODS column in the same mobile
phase. These results imply that the ODM column can be used as a better alternative to the ODS column
for the separation of other halogenated compounds.

Reversed-phase HPLC
Monolithic silica capillary columns

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Monolithic capillary columns are viable alternative to conven-
tional particle packed columns for high efficiency HPLC separations
at similar pressure drop because of small-sized skeletons and
relatively large through pores [1-5]. In previous work, hybrid
monolithic silica capillary columns were prepared from a mix-
ture of tetramethoxysilane (TMOS) and methyltrimethoxysilane
(MTMS) [3]. The surface of monolithic silica capillary column can
be modified to obtain various stationary phases in different chro-
matographic modes such as reversed-phase [1-4], ion-exchange [6]
and hydrophilic interaction [7] by following a monomeric or poly-
meric procedure, for achieving desired solute selectivities in HPLC.
Column characteristics and selectivities have been studied so that
chromatographers can choose suitable stationary phases for par-
ticular separations, and these properties are very useful in method
development [8-12].

C18 monolithic silica capillary columns for reversed-phase HPLC
can be obtained by chemical modification with octadecyl moieties

* Corresponding author. Tel.: +66 2 218 7609; fax: +66 2 218 7598.
E-mail address: thumnoon.n@chula.ac.th (T. Nhujak).

0021-9673/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.chroma.2009.06.030

(ODS column) [13] or coating with poly(octadecyl methacrylate)
(ODM column) [14]. Recently, the different performance of ODM
and ODS monolithic silica capillary columns was reported for sep-
arating some polar and non-polar compounds such as benzene
and naphthalene derivatives, polycyclic aromatic hydrocarbons,
steroids and alkyl phthalates, and tocopherol homologues [15]. The
ODM column had a preference for the compounds with aromatic
characters, rigid and planar structures and lower length-to-breadth
ratios. The polymeric ODM stationary phase also showed differ-
encesin selectivity against the ODS column. Better separations were
observed for some compounds on ODM versus ODS columns under
the same condition. In addition, poly(octadecyl acrylate) (ODA)
grafted onto silica, which is similar structure of side chains with
an ODM stationary phase, has been reported for conventional HPLC
columns [21-23]. In comparison with an ODS phase, the comb-
shaped polymer phase showed greater selectivity for polycyclic
aromatic hydrocarbons. Selectivity in the ODA phase is enhanced
by the molecular ordering of the long-chain octadecyl groups and
interactions between the carbonyl groups of the polymer and -
containing compounds.

Halogenated compounds, a class of molecules of high envi-
ronmental concern, can be generated in many industrial and
natural processes [16,17]. These include a number of compound
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groups such as chlorophenols, polychlorinated biphenyls (PCBs),
halogenated dibenzo-p-dioxins, which contain various homo-
logues and isomers in each compound group. The development
of methods to separate and analyze these compounds is needed.
The separation selectivity of common halogenated organic sol-
vents between a typical C18 stationary phase and polymer-based
packing materials including poly(methyl methacrylate-ethylene
dimethacrylate) beads and poly(styrene-divinylbenzene) beads
was previously compared [18]. In general, these polymeric sta-
tionary phases demonstrate preferential retention of halogenated
compounds than a conventional silica-based C18 stationary phase
although the polymer packing materials have shown low column
efficiency. Therefore, it is interesting to extend previous work
[15,18] to study differences in retention and selectivity of ODM
and ODS stationary phases for halogenated compounds, using
halogenated benzene derivatives as test analytes relative to alkyl-
benzenes.

This work investigates the retention of halogenated and alkyl
substituted benzenes and compares the selectivity of these test
analytes on ODM and ODS monolithic silica capillary columns
in reversed phase HPLC. In addition to halogenated benzenes,
chlorophenols were separated on both ODM and ODS columns. The
chromatographic performance of these compounds was studied
using either methanol or acetonitrile mobile phase systems.

5869
2. Experimental
2.1. Chemicals and materials

All reagents were of analytical grade. Tetramethoxysi-
lane (TMOS), methyltrimethoxysilane (MTMS), 3-methacryl-
oxypropyltrimethoxysilane (MOP) and octadecyldimethylchlorosi-
lane (ODS-Cl) were purchased from ShinEtsu Chemicals (Tokyo,
Japan). Acetonitrile, urea, and pyridine were obtained from Wako
Pure (Osaka, Japan); poly(ethyleneglycol) (PEG, MW =10,000) from
Sigma-Aldrich (Steinheim, Germany); octadecyl methacrylate
from TCI (Tokyo, Japan). Methanol, hexane, toluene, acetic acid
(1 M), diethylamine and «,a’-azobis-isobutyronitrile (AIBN) were
obtained from Nacalai Tesque (Kyoto, Japan). Methanol, acetonitrile
and toluene were distilled before further use. Purified water (Arium
611 UV system, Sartorius, Goettingen, Germany) was used. Fused
silica capillaries of 200 wm L.D. and 375 wm O.D. were purchased
from Polymicro Technologies (Phoenix, AZ, USA).

Test analytes were purchased from Nacalai Tesque, TCI,
Sigma-Aldrich and Wako Pure. The following solution mix-
tures were used in this study: monoalkylbenzenes (benzene
(-H), toluene (-CHj), ethylbenzene (-Cy;Hs) and propylben-
zene (-CsHy)); monohalogenated benzenes (fluorobenzene (-F),
chlorobenzene (-Cl), bromobenzene (-Br) and iodobenzene

(a) -H+-F
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25 |
20 «JL—J"
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(2]
3 151 ODS 15 £
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-H + -F E
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Minutes
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@ 20 ODS 120
© 2
= ©°
E 151 -HA+-F || .C,H; +-1 15 2
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Fig. 1. Chromatograms of mixtures of monohalogenated benzenes and monoalkylbenzenes on ODM and ODS columns using (a) 70% (v/v) methanol and (b) 70% (v/v)

acetonitrile. Uracil was used as an unretained marker.
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Fig. 2. Retention factor (k) of toluene and chlorobenzenes on ODM and ODS columns
in awide range of organic modifier concentrations: (a) methanol and (b) acetonitrile.

(-1)); dialkylbenzenes (o-xylene (o-di-CH3), m-xylene (m-
di-CHs3), p-xylene (p-di-CHs3), o-diethylbenzene (o-di-C,Hs),
m-diethylbenzene (m-di-C;Hs) and p-diethylbenzene (p-
di-C,Hs)); dihalogenated benzenes (o-difluorobenzene (o-di-F),
m-difluorobenzene (m-di-F), p-difluorobenzene (p-di-F), o-
dichlorobenzene (o0-di-Cl), m-dichlorobenzene (m-di-Cl),
p-dichlorobenzene (p-di-Cl), o-dibromobenzene (o-di-Br), m-
dibromobenzene (m-di-Br) and p-dibromobenzene (p-di-Br));
chlorophenols ((1) 2-chlorophenol, (2) 4-chlorophenol, (3) 3-
chlorophenol, (4) 2,6-dichlorophenol, (5) 2,3-dichlorophenol,
(6) 2,5-dichlorophenol, (7) 2,4-dichlorophenol, (8) 3,4-
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Fig. 3. Plots of log k of monosubstituted benzenes on an ODM column against those
on an ODS column using (a) 70% (v/v) methanol and (b) 70% (v/v) acetonitrile as
mobile phases.
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Fig. 4. Comparison of log«(CH,) on ODM and ODS columns using acetonitrile and
methanol mobile phases.

dichlorophenol, (9) 3,5-dichlorophenol, (10) 2,3,6-trichlorophenol,
(11) 2,3,4-trichlorophenol, (12) 2,4,5-trichlorophenol, (13)
3,4,5-trichlorophenol, (14) 2,3,4,6-tetrachlorophenol, (15)
2,3,5,6-tetrachlorophenol, (16) 2,3,4,5-tetrachlorophenol and
(17) pentachlorophenol).
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Fig. 5. The selectivity ratio on ODM:0DS columns for monosubstituted benzenes
against selected reference analytes using (a) 50-80% (v/v) methanol and (b) 50-80%
(v/v) acetonitrile as mobile phases.
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2.2. Instrumentation

Chromatographic measurements were performed using a split-
injection/flow HPLC system which consisted of pumps (Jasco X-LC
3185PU, Jasco, Tokyo, Japan), an MU 701 UV-vis detector (GL
Sciences Inc., Tokyo, Japan) and an injection valve (model 7725,
Rheodyne, CA, USA) fitted with a T-union (as a splitter) with one
end connected to the capillary column and another end to a flow
restrictor (a stainless steel tubing 0.1 mm LD., 1/16 in. O.D.). The
temperature of all systems was controlled in an air-circulating oven
at 30°C. UV detection was monitoring at 214 nm. Linear velocity
(u) was set at 1.0 mmy/s. All chromatographic data were collected
in duplicate runs using version 2.8.3 EZChrom Elite Client/Server
software.

2.3. Preparation and chemical modification of monolithic
columns

Hybrid type monolithic silica capillary columns were pre-
pared from a mixture of TMOS and MTMS in 200 wm LD. fused
silica capillaries, as previously reported [1]. The surface mod-
ification of ODM columns was obtained similar to previously
reported procedures by free radical polymerization of octade-
cyl methacrylate using an AIBN initiator [14]. Briefly, monolithic
silica capillary columns were washed with methanol for 24h.

5871

Then, MOP bonding was carried out by rinsing columns with
a solution of MOP:pyridine 1:1 for 48 h at 80°C, followed by a
methanol wash. MOP bonded columns were rinsed with toluene
for 3h and a polymerization reaction solution (250 pL of octade-
cyl methacrylate monomer and 250 L of a 38 mg/mL AIBN
solution in toluene) was flushed into columns and allowed
to react at 80°C for 3h. For ODS column preparation, mono-
lithic silica capillary columns were washed with THF and then
toluene. ODS columns were obtained using octadecyldimethyl-
N,N-diethylaminosilane (ODS-DEA prepared from ODS-Cl and
diethylamine with a molar ratio 1:2.5 in toluene). The on-column
bonding reaction was carried out as previously reported [13], by
continuously feeding the columns with 20% (v/v) ODS-DEA solu-
tion in toluene at 0.8 MPa and allowing it to react for 3h at
60 °C, followed by washes with toluene, THF and methanol, respec-
tively.

The performance of prepared ODM and ODS columns, such as
plate height (H) and permeability (K), was evaluated using a mix-
ture of uracil and alkylbenzenes in 80% methanol mobile phase
at u of 1.0mmy/s. These two types of reversed-phase columns
showed high column efficiencies and permeabilities, with Hyacjl
of 8.5 um, Hymyibenzene Of 9.1 wm and K of 8.8 x 10~ m?2 for ODS
columns, while Hyp,cij 0of 10.9 wm, Hymyibenzene Of 11.6 um and K of
8.7 x 10~ m2 for ODM columns. Retention factors of amylbenzene
on ODM and ODS were obtained to be 3.35 and 1.10, respectively,
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Fig. 6. Chromatograms of mixtures of dihalogenated benzenes and dialkylbenzenes on ODM and ODS columns using (a) 70% (v/v) methanol and (b) 70% (v/v) acetonitrile as
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with RSD of 1.2% and 1.0% (n=two columns in the same batch of
preparation).

3. Results and discussion

In this study, test analytes including halogenated benzenes and
alkylbenzenes were separated on ODM and ODS columns using
mobile phases with various concentrations of methanol or ace-
tonitrile in water. However, retention and selectivity for these
compounds on both ODM and ODS columns were relatively com-
pared with the same mobile phase composition, and therefore any
difference in retention and selectivity reflects different properties
of these two stationary phases for reversed-phase HPLC.

3.1. Monosubstituted benzenes

Fig. 1 shows an example of chromatograms of monosubsti-
tuted benzenes in 70% methanol and 70% acetonitrile mobile
phases on ODM and ODS columns. Monohalogenated benzenes
were eluted on both ODM and ODS columns with the follow-
ing retention order: -F<-Cl<-Br<-I and monoalkylbenzenes:
-H < -CH3 <-CyH;5 <-C3H5. This retention order can be expected in
the C18 reversed-phase system on the basis of the n-octanol/water
partition process (logP). Higher retention of monosubstituted
benzenes on ODM versus ODS columns was obtained in both
acetonitrile and methanol mobile phases. It can be seen from
Fig. 1a that the separation of -Cl and -CHs, and -I and -C,Hs
are achieved using the methanol mobile phase for the ODM col-
umn, but co-elution of -Cl and -CH3 and reversed order of -I
and -CyHs were obtained on the ODS column under the same
conditions. The separation of -F and -H, -Cl and -CH3, and -I
and -CyHs was also obtained with the ODM column, while these
pairs co-eluted on the ODS column in the acetonitrile mobile
phase (Fig. 1b). The difference in retention of halogenated com-
pounds on ODM and ODS stationary phases was greater with
respect to alkylbenzenes in either acetonitrile or methanol mobile
phases.

Solute retention in reversed-phase HPLC can be divided into
two processes: mobile phase and stationary phase effects. The for-
mer commonly relates to hydrophobic interactions, while the latter
includes dispersion interactions as universal interactions along
with possible contributions of dipolar interactions depending on
a stationary phase structure and an organic solvent in the chro-
matographic system. Since the analytes were separated under the
same mobile phase, the different elution behavior of halogenated
and alkyl substituted benzene pairs was presumably due to the dif-
ference in the stationary phase effect. It should be noted that ODM
at 70% methanol (Fig. 1a) and ODS at 60% methanol (not shown)
gave comparable retention times for —CH3. Baseline resolution was
obtained for -Cl and -CH3 on the ODM column, while partial sepa-
ration of these two compounds was observed on the ODS column.
However, this work compares the selectivity of a given stationary
phase using the same mobile phase, but not separation selectivity
at optimum conditions of mobile phases for each stationary phase.

In order to compare the preferential retention of alkylbenzenes
and halogenated benzenes on ODM and ODS stationary phases over
the amount of organic solvents in the mobile phase, examples of
retention factors (k) for toluene and chlorobenzene are shown in
Fig. 2. Toluene and chlorobenzene showed higher retention on the
ODM than ODS columns under the same condition. At the lower
concentration of methanol, chlorobenzene, relative to toluene, gave
stronger retention on both ODM and ODS stationary phases. The
similar tendency was also observed using the acetonitrile mobile
phase. Organic solvent effects on the retention of monohalogenated
benzenes and monoalkylbenzenes were greater on the ODM col-
umn, especially for halogenated benzenes. As can be seen using

the acetonitrile mobile phase, a slight decrease in retention of ana-
lytes was observed because of the loss of dispersion interactions in
acetonitrile, in comparison with the methanol mobile phase [14].

Fig. 3 demonstrates that, mobile phases with 70% methanol
and 70% acetonitrile, log k values of monosubstituted benzenes
on the ODM column are higher than those on the ODS column,
indicating that both monohalogenated benzenes and monoalkyl-
benzenes have preferential retention for the ODM column in either
acetonitrile or methanol mobile phase systems. From Fig. 3, alkyl-
benzenes gave a linear increase with an increase in the number
of carbon atoms in the aliphatic chain, which is common behavior
for a reversed-phase system. Halogenated benzenes also demon-
strated a linear tendency with increasing size and polarizability.
In comparison with the slope of log k for monosubstituted ben-
zenes on ODM against ODS stationary phases (Fig. 3), the slope from
monohalogenated benzenes is greater in mobile phases with either
acetonitrile or methanol because of additional interactions affect-
ing the retention behavior of halogenated benzenes on the ODM
column compared with alkylbenzenes [12].

The logarithm of the methylene group selectivity (log«(CH,))
can be obtained from the value of the slope of a linear plot between
log k of the alkylbenzenes against the number of alkyl carbons. Fig. 4
shows plots of log®(CH,) of alkylbenzenes in a range of 50-80%
(v/v) organic solvents including acetonitrile and methanol on ODM
and ODS columns. The value of «(CH, ) reflects the stationary phase
hydrophobicity. The higher the value of o(CH;), the greater the
hydrophobicity of the stationary phase. In comparison with the
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Fig. 7. Plots of log k of disubstituted benzenes on an ODM column against those on
an ODS column using (a) 70% (v/v) methanol and (b) 70% (v/v) acetonitrile as mobile
phases.
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ODS column, the ODM column shows a higher hydrophobicity using
either acetonitrile or methanol mobile phases. This is caused by the
difference in bonding density or the amount of C18 bonded to silica
support. Due to the lower preference for planar solutes on the ODS
column (the higher C18 chain density on the ODM column) [14],
the greater distance between the C18 chains on the ODS stationary
phase allows for a higher amount of organic solvent to be adsorbed
onto the ODS stationary phase than that on the ODM stationary
phase. A significant difference in log ®(CH,) or hydrophobicity on
ODM and ODS columns in Fig. 3 was observed in acetonitrile in
comparison to methanol mobile phases, probably due to the greater
amount of adsorbed acetonitrile on the reversed-phased stationary
phase [19].

Selectivity (o) is defined as the ratio of retention factors of two
analytes. In this work, the selectivity of ODM and ODS columns
for monosubstituted benzenes was compared by plotting the ratio
of the selectivity of ODM relative to ODS columns as shown in
Fig. 5. A similar selectivity, the « ratio ~ 1, on ODM and ODS
columns for homologous series of alkylbenzenes was observed.
When the « value is obtained from halogenated benzenes with
respect to toluene, the selectivity of the stationary phases for ana-
lytes is influenced by the structural fragments. The ODM column
provides a greater selectivity for monohalogenated benzenes rel-
ative to toluene in both acetonitrile and methanol mobile phases.
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An increase in the selectivity of halogenated benzenes relative to
toluene was observed with an increasing size in the halogenated
atom. The difference in the selectivity of halogenated compounds
on these two columns could involve dispersive interactions [20] to
a greater extent for a large halogen atom as a substituent than in the
case of alkylbenzenes on the ODM column. According to previous
works on selectivity of poly(octadecyl acrylate) stationary phase
grafted on silica particles in a conventional HPLC column [21-23],
it can be mentioned in our work that the contribution of car-
bonyl groups in the side chain of the ODM stationary phase can be
involved through carbonyl- interactions between the stationary
phase and solute to cause the enhanced retention of halogenated
compounds with the ODM phase.

3.2. Disubstituted benzenes

Fig. 6 shows chromatograms of disubstituted benzenes on ODM
and ODS stationary phases using 70% methanol and 70% acetonitrile
mobile phases. The general elution order of ortho, meta and para dis-
ubstituted benzenes has similar tendencies as in the case of mono-
substituted benzenes. The elution order on ODM and ODS columns
are the same. These test analytes elute in the order of the following
retention times di-F~ -H<di-CHj3 <di-Cl<di-Br<di-C;Hs. The
elution order varies systematically with a change in substituents,
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Fig. 8. Separation of 17 chlorophenols on ODM and ODS columns using (a) gradient elution of A:B with 70%B (0-8 min),70-100%B (8-18 min) and 100%B (18-23 min), where
A is water with 0.1% formic acid (FA), and B is methanol with 0.1% FA, and (b) isocratic elution of 40:60 A:B, where A is water with 0.1% FA, and B is acetonitrile with 0.1% FA.
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but it is not systematic within these groups. For dialkylbenzenes,
the elution order of each isomer is ortho < meta < para. Dichloroben-
zene and dibromobenzene isomers elute in the retention time order
of ortho < para < meta, while para < ortho < meta for diflurobenzenes
on both ODM and ODS columns. It is obvious that the ODM column
provides better separation of positional isomers of dihalogenated
benzenes for the adjacently eluted isomers that cannot be separated
under the same conditions on the ODS column.

Plots of log k values for disubstituted benzenes on the ODM
column were plotted against those on the ODS column using 70%
methanol and 70% acetonitrile mobile phases as in Fig. 7. The greater
retention of disubstituted benzenes on ODM than ODS columns was
obtained as the similar trends of monosubstituted benzenes. The
effect of the stationary phase on the retention for each positional
isomer of halogenated benzenes was greater on the ODM column
with anincreasing size of the halogen atom owing to greater disper-
sion interactions together with the contribution of carbonyl groups
on the ODM stationary phase [21-23].

3.3. Chlorophenols

The performance of ODM and ODS columns for separating halo-
genated compounds was demonstrated using chlorophenols as
test analytes. These compounds contain a number of homologues
and isomers. The separation of mono- and polychlorophenols on
ODM and ODS columns are shown in Fig. 8, using methanol and
acetonitrile mobile phases. The retention of chlorophenols was
longer with increasing the number of the chlorine atom on phe-
nol due to the higher hydrophobicity of solutes. When chlorine
was substituted on the isolated substitution, these compounds
gave higher retentions compared to the congested substitution
due to higher hydrophobic areas [24]. As can be seen in Fig. 83,
the separation of 4-chlorophenol/3-chlorophenol (2/3) and 2,4-
dichlorophenol/3,4-dichlorophenol (7/8) pairs was achieved on the
ODM column, while co-elution of these pairs was observed on the
ODS column under the same methanol mobile phase composition
with comparable times. In addition, the reversed retention order of
3,5-dichlorophenol/2,3,6-trichlorophenol (9/10) on ODM and ODS
columns was obtained. The better separation of chlorophenols on
the ODM column was also observed using the same mobile phase
as isocratic elution of 60% acetonitrile (Fig. 8b). The higher reten-
tion and better resolution of 17 chlorophenols on the ODM than
ODS columns was obtained due to greater dispersive interactions
of analytes on the ODM column. The retention is also enhanced by
the carbonyl-rr interactions on the ODM stationary phase [21-23].
It should be noted that the optimized separation of chlorophenols
with the ODM or ODS column may also be performed by appropriate
gradient elution with the mobile phase.

4. Conclusions

Monolithic silica capillary column modified with poly(octadecyl
methacrylate) (ODM) have greater preference and greater selectiv-
ity for halogenated benzenes, in comparison with the monolithic
silica capillary columns bonded using octadecyldimethyl-N,N-
diethylaminosilane (ODS). This is due to the greater contribution of

dispersive interactions on the ODM stationary phase with the con-
tribution of carbonyl groups in ODM side chains. In most cases, the
separation of adjacently eluted positional isomers of halogenated
compounds was achieved on the ODM column which cannot be
separated on the ODS column using the same mobile phase. The
ODM column also provides better separation of homologues and
isomers of chlorophenols. The results imply that the ODM column
can be used as an alternative to the conventional ODS column for
separating other halogenated compounds.
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1 Introduction

MEKC and MEEKC are widely used for CE separation of
neutral as well as charged compounds [1-4], covering
vitamins [5, 6], commercial pharmaceuticals [1, 7], bioana-
lysis [8] and natural products [9, 10]. Typically, MEKC is
performed by adding a surfactant, such as SDS, to form a
micellar phase [1, 11, 12], while MEEKC is performed by
adding oil droplets (such as octane and ethyl acetate), a
surfactant as an emulsifier (such as SDS) to stabilize the
microemulsion and to generate charged oil droplets, and a
cosurfactant (such as short chain alcohols) to lower the
interfacial tension and to enhance the stability of the
microemulsion system [3-5, 13-15]. The EKC separation
mechanism is based on the difference in the partitioning of
analytes between an aqueous phase and a pseudostationary
phase (PSP), a micellar phase in MEKC [16, 17] and a
microemulsion in MEEKC [18, 19].
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Comparison and prediction of the retention
in micellar electrokinetic chromatography
and microemulsion electrokinetic
chromatography for disubstituted benzenes

Retention index (I), rather than retention factor (k), was found to be a more reasonable
parameter for comparison of the relative affinity of disubstituted benzenes in MEEKC
and MEKC, due to independent of I with the SDS surfactant concentration. MEKC and
MEEKC may give similar or different I values, depending on types of moieties. With
known I and K., for alkylbenzenes as references in MEKC and MEEKC, the values of
K. for disubstituted benzenes can be estimated from the observed I values, where K, is
the octanol-water distribution constant. In addition, a group additive approach can be
used to predict I for disubstituted benzenes with different moieties from the average
observed I for the disubstituted benzenes with same moieties. However, electronic
effects and/or intramolecular interaction may result in the different observed I from
prediction.
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In EKC, the retention factor (k), defined as the ratio of
the total moles of analytes in PSP versus those in the
aqueous phase, is one of the characteristics that express
the retention behavior of analytes in PSP [13, 20, 21]. The
retention mechanism in EKC may be explained using
quantitative structure-relationships and quantitative struc-
ture—property relationships between the analytes and the
PSP [22-24]. Theoretically, the retention factor is related to
K and the phase ratio (Vy,/Vaq) by the equation k= K(V,,/
Vaq) [5, 25, 26], where K is the distribution constant of the
analyte between the two phases, and V,,, and V,q are the PSP
volume and the aqueous phase volume, respectively. At the
same concentration of SDS in the buffers, higher values of
log k were found in MEKC than MEEKC for six herbicides
[25], bisphenol-A diglycidyl ether and its derivatives [26].
However, in comparison with MEKC at 50 mM SDS,
MEEKC at 60 mM SDS gave a higher log k for test analytes
[27].

Typically, the relative affinity of analytes in the same
PSP and phase ratio under particular conditions can be
compared using k. The higher the retention factor, the
stronger the partitioning or the affinity of the analytes in
PSP. In the case of the different phase ratios or PSP, such as
the microemulsion and the micelle [27], it is more reason-
able to compare the relative affinity of the analytes between
two systems in terms of K rather than k, because k depends
on the phase ratio, while K is independent of the phase ratio.
However, with known k values derived experimentally, the
value of K in MEEKC cannot be calculated exactly because of
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an inexact value for the phase ratio as described in previous
work [21, 28, 29].

The retention index (I) or migration index is another
parameter to express the retention behavior of analytes, and is
compared with the reference standards, such as a homologous
series of alkylbenzenes (BZ) or alkyl aryl ketones [20, 21, 30].
The retention index is independent of the phase ratio and the
concentration of the surfactant in MEKC [20, 30] and MEEKC
[21], and, therefore, may be used for comparison of the relative
affinity of analytes in different PSP and/or phase ratios.

In previous work [31], the values of k and K for disub-
stituted benzenes in MEKC were predicted based on the
solute structure of monosubstituted benzenes using a group
additive approach. The predicted values of log k for positional
isomers (such as ortho-, meta- and para-) of disubstituted
benzenes were assumed to be equal, while the observed values
of log k for these compounds are different. Therefore, it is
interesting to extend previous work [31] so as to be able to
predict the retention behaviors of disubstituted benzenes.

Accordingly, the aims of this work are to investigate I
for comparison of the relative affinity of disubstituted
benzenes between the microemulsion in MEEKC and the
micellar in MEKC at either the same or at different SDS
concentrations, and to establish an alternative group-based
additive approach for the prediction of k and I for disub-
stituted benzenes with different moieties from those for
disubstituted benzenes with same moieties.

2 Materials and methods
2.1 Chemicals

Disodium tetraborate decahydrate (Na,B,0,.10H,0), 1-butanol
and a homologous series of benzenes (BZ), such as benzene,
toluene, ethylbenzene and propylbenzene, were obtained from
Fluka (Buchs, Switzerland); SDS was from Sigma (St. Louis,
MO, USA); ethyl acetate was from Merck (Darmstadt,
Germany); dodecylbenzene (DB) and the following disubsti-
tuted benzenes were from Sigma-Aldrich (Steinheim,
Germany): o-, m-, pxylenes (diMe); o-, m-, p-dimethoxyben-
zenes (diOMe); o-, m-, p-dibenzaldehydes (diCHO); dihaloge-
nated benzenes with same moieties (diX), such as o-, m-,
p-difluorobenzenes (diF), o-, m-, p-dichlorobenzenes (diCl) and
0-, m-, p-dibromobenzenes (diBr); dihalogenated benzenes with
different moieties (X/Y), such as o-, m-, p-chlorofluorobenzenes
(F/Cl), o-, m-, p-bromochlorobenzenes (Cl/Br) and o-, m-,
p-bromofluorobenzenes (F/Br); halogenated toluenes (Me/X),
such as o-, m-, pchlorotoluenes (Me/Cl), o-, m-, p-fluoroto-
luenes (Me/F) and o-, m-, p-bromotoluenes (Me/Br); haloge-
nated methoxybenzenes (OMe/X), such as o, m-
p-chloromethoxybenzenes (OMe/Cl), o-, m-, p-fluoromethox-
ybenzenes (OMe/F) and o-, m-, p-bromomethoxybenzenes
(OMe/Br); halogenated benzaldehydes (CHO/X), such as o-,
m-, p-chlorobenzaldehydes (CHO/CI), o-, m-, p-fluorobenzal-
deshydes (CHO/F) and o-, m-, p-bromobenzaldehydes (CHO/
Br); o-, m-, p-methoxytoluenes (Me/OMe); o-, m-, p-tolualde-
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hydes (Me/CHO); o-, m-, p-methoxybenzaldehydes (OMe/
CHO).

2.2 Preparation of buffers and analytes

The MEKC buffer contained 10 mM Na,B,O; at pH 9.2 and
50mM SDS, while MEEKC buffer contained 10 mM
NasB,0; at pH 9.2, 50 or 60mM SDS, 0.5% v/v ethyl
acetate and 1.2% v/v 1-butanol. It should be noted that oils
typically used in MEEKC include octane, heptane and ethyl
acetate. However, ethyl acetate/water has lower interfacial
tension and requires lower SDS concentration than octane/
water or heptane/water to form stable microemulsions
[4, 32]. In MEEKC with high EOF, the higher the SDS
concentration, the longer the analysis time. Therefore, ethyl
acetate with 50 and 60 mM SDS (1.4 and 1.7% w/v) was
used in this work.

All buffers were sonicated for 30 min to obtain clear
degassed solutions. Stock solutions of each analyte, thiourea
(an EOF marker) and DB (a PSP marker), were separately
prepared at a concentration of 10 000 ppm in methanol. In
MEKC, the sample mixture containing the desired analytes,
thiourea and DB at 100 ppm each, was obtained by pipetting
each stock solution and then diluting the mixture with 50 mM
SDS in water, while the sample mixture for MEEKC analysis
was diluted with the solution containing 50 mM SDS in water,
0.5% v/v ethyl acetate and 1.2%v/v 1-butanol. All buffers and
final test analytes solutions were filtered through a 0.45-pum
PTFE membrane filters prior to CE analysis.

2.3 CE conditions

All the CE separations were performed using a Beckman
Coulter MDQ-CE system equipped with a photo-DAD
scanning from 190 to 300 nm and monitoring at 214 nm.
An uncoated fused-silica capillary of 40.2cm in length
(30cm to detector) x 50 um id, thermostated at 25°C,
was used. The voltage was set at 15kV and the sample
solution was introduced by 0.5 psi pressure injection for 3 s.
Each experiment was carried out in triplicate. Between
consecutive runs, the capillary was rinsed with methanol,
0.1 M NaOH for 2min each and then with the buffer for
1 min.

3 Results and discussion

3.1 Retention and retention index in MEKC and
MEEKC

In MEKC and MEEKC, the retention index of analytes can
be estimated from the equation [20, 21]

[— 100 (log k — b)

a

(1)
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where a and b are the slope and the intercept, respectively, of
a linear Eq. (2) between log k and z:

log k=az+b (2)

where z is the number of carbon atoms of a homologous series
used as standard reference compounds. From an electropher-
ogram of MEKC and MEEKC with high EOF, k for uncharged
analytes can be calculated according to the equation:

tm — £,
k — m €0 3

teo(l - tm/tmc) ( )
where t,, tmc and t., are the migration times of an analyte, a
PSP marker (dodecylbenzene) and an EOF marker
(thiourea), respectively.

Table 1. Linear relationship between the log k and z values
obtained from a homologous series of alkylbenzenes in
MEEKC and MEKC

CE and CEC 697

Using a homologous series of BZ (C6 to C9), the linear
relationship between log k and z was obtained, as given in
Table 1. Similar methylene selectivity, where ocy, = a [29)],
indicates that the microemulsion and micellar phases have a
similar hydrophobicity [21].

Figure 1 shows a comparison of the log k and I values for
disubstituted benzenes, obtained from MEEKC and plotted
against those obtained from MEKC, where I values were
determined using BZ as standards. Comparison of I and k
values between the same and different concentrations of SDS
revealed a similar relative I for each analyte in MEEKC against
MEKC (Fig. 1B and D) and thus the independence of I with
respect to the SDS concentration, whilst a different relative log
k value (Fig. 1A and C) was observed due to the dependence of
k upon the SDS concentration. This implies that I can be used
to compare the relative affinity of solutes in different PSP or
phase ratios. Similar I values in MEKC and MEEKC were
obtained for xylenes, dihalogenated benzenes and halogenated
toluenes, while significantly smaller I values were observed in
MEEKC than in MEKC for diCHO, diOMe and OMe/CHO.
In addition, a slightly smaller I in MEEKC than in MEKC was

Mode [SDS] mM log k= az+b . . ..
g observed for disubstituted benzenes containing a methoxy
a b 2 moiety or an aldehyde moiety, such as OMe/X, Me/OMe,
CHO/X and Me/CHO. This may be explained as being due to
MEKC 50 044840011 —2695+0.085  0.9987 the dominant hydrophobic interaction of the PSP-solute in the
MEEKC 50 044240012 -2615+0087 03986 highly hydrophobic xylenes and dihalogenated benzenes
MEEKC 60 044310013 -2334100% 09984 resulting in a similar affinity of solutes in the micelles and the
Ao, i Biino
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I (MEKC) 50 mM SDS

benzenes in MEEKC against the
same in MEKC.
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microemulsion. Since the methoxy and aldehyde moieties are
more polar than the alkyl and halogenated moieties, free
1-butanol in the aqueous solution and/or 1-butanol co-
surfactant at the oil surface decreases K with different selec-
tivity, resulting in a smaller I value in MEEKC than in MEKC.
It should be noted that the retention for disubstituted
benzenes are in the order of (i) diCHO <diOMe <diMe <di-
F<diCl<diBr, and (ii) F/Cl<F/Br<Cl/Br. The I order is
similar to the log Ko, order given in Table 2.

3.2 Octanol-water distribution constant (log Ko,)
determined by MEKC and MEEKC

The value of log K, may be determined from the linear
relationship between log K, and log k [33-35] or log Ky

Electrophoresis 2010, 31, 695-701

and I [21, 28]. In our previous work, no significant
difference was found between K., values obtained from k
or I. In addition, a calibration plot of log K, against I is
simpler when known values of nominal I for BZ are used as
I standards [21] according to Eq. 4

log Kow = cI+d 4)
where ¢ and d are the slope and the intercept, respectively.

Using C6-C9 BZ as standards [21, 36], a log K,y-nominal
I calibration gives the best fit as a linear equation (log
Kow = 0.00516(+0.0001)I—0.970( & 0.080)), with an #* value of
0.9992. The observed values of log K, for the disubstituted
benzenes obtained from MEKC and MEEKC are shown in
Table 2, with the literature values of the same compounds
where available. Excellent agreement of log K, from MEKC
and MEEKC was found for xylenes, dihalogenated benzenes

Table 2. Predicted and literature values of log K,,, values for the disubstituted benzenes in MEKC and MEEKC

Disubstituted benzene log Kow

Observed? Literature [36]

MEKC MEEKC

Disubstituted benzene log Kow

Observed?® Literature [36]

MEKC MEEKC

o-diMe 3.12 3.10 3.12
m-diMe 3.18 3.17 3.20
p-diMe 3.18 3.17 3.15
o-diF 2.33 2.38 NA
m-diF 2.33 2.37 NA
p-diF 2.26 2.27 NA
o-diCl 342 345 3.38
m-diCl 3.46 348 348
p-diCl 334 334 3.38
o-diBr 3.78 3.76 NA
m-diBr 3.87 3.85 NA
p-diBr 3.74 371 NA
0-F/CI 2.87 2.91 NA
m-F/Cl 2.88 2.91 NA
p-F/CI 2.79 2.80 NA
o-F/Br 3.06 3.09 NA
m-F/Br 3.09 3.11 NA
p-F/Br 3.00 2.99 NA
0-Cl/Br 3.61 3.62 NA
m-Cl/Br 3.68 3.68 NA
p-Cl/Br 3.55 3.5 NA
o-Me/F 2.85 2.86 NA
m-Me/F 2.81 2.81 NA
p-Me/F 2.80 2.80 NA
0-Me/Cl 342 342 342
m-Me/Cl 3.38 3.38 3.28
p-Me/Cl 334 3.35 3.33
0-Me/Br 359 359 NA
m-Me/Br 3.55 3.56 NA
p-Me/Br 354 3.5 NA
0-Me/OMe 2.95 2.88 2.74
m-Me/OMe 2.87 2.78 2.66
p-Me/OMe 291 2.80 2.81

0-Me/CHO 2.68 247 2.26
m-Me/CHO 2.74 251 NA
p-Me/CHO 2.1 248 NA
0-0Me/F 2.46 2.36 NA
m-0Me/F 2.61 2.53 NA
p-OMe/F 2.54 2.4 NA
0-0Me/Cl 2.69 2.50 NA
m-0Me/Cl 2.80 2.64 NA
p-0Me/Cl 2.84 2.64 NA
0-0Me/Br 3.33 3.27 NA
m-0Me/Br 3.32 3.24 NA
p-0Me/Br 3.13 3.02 NA
0-CHO/F 2.16 1.96 NA
m-CHO/F 2.25 2.08 NA
p-CHO/F 2.26 2.08 NA
0-CHO/CI 2.95 2.86 NA
m-CHO/CI 3.17 3.12 NA
p-CHO/CI 3.14 3.08 NA
0-CHO/Br 2.87 2.66 NA
m-CHO/Br 2.99 2.80 NA
p-CHO/Br 3.03 2.82 NA
0-0Me/CHO 2.53 2.28 NA
m-0Me/CHO 2.56 2.32 NA
p-0Me/CHO 2.56 2.29 NA
o0-di0Me 2.59 2.33 NA
m-di0Me 2.72 2.54 NA
p-diOMe 2.63 242 NA
0-diCHO 1.60 1.34 NA
m-diCHO 2.09 1.80 NA
p-diCHO 2.06 1.80 NA

NA = not available.
a) SD< +0.08.
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and halogenated toluenes, while in contrast a smaller log Koy,
value was derived from MEEKC than from MEKC for the
disubstituted benzenes containing a mono- or di-substituent
of methoxy or aldehyde. This difference can be explained in a
similar way as that of the differences in I values above. In
addition, the observed log K, from MEKC and MEEKC was
found to be in good agreement with the available literature
values of some compounds, except for o-methylbenzaldehyde,
indicating that in most cases either MEKC or MEEKC can be
used for determination of log K.

3.3 Predicted and observed retention for disubsti-
tuted benzenes with different moieties

The group additive approach is based on the assumption of
additive-constitutive properties [30, 37, 38, and is applied for
calculation of log Ky [29, 39, 40], from Eq. (5)

log Kow(PR) = k(P)+ Y _x(R) (5)

where k(P) and «(R) are the values of log K, for the parent
P and substituent R, respectively.

The values of log K, for disubstituted benzenes with
the same and different R-values are given by Egs. (6)—(8),
where P in this work refers to CgH,.

log Ko (PR'RY) = x(P)+2k(R') (6)
log Kow (PR?R?) = k(P)+2k(R?) (7)
log Koy (PR'R?) = k(P)+%(R!)+x(R?) (8)

It follows from Egs. (6)—(8) that

IR+ 2R2
log Kow (PRIR?) — log Kow (PR'R )Zlog Kow (PR*R?) )

Since log k and I are directly related to log Ky, it follows
from Egs. (2), (4) and (8) that
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Therefore, with a known log K.y, I and log k
for the disubstituted benzenes with the same R moieties, the
predicted values for disubstituted benzenes with a different
R can be obtained from the average value for PR'R' and
PR?R?, without having to know the values of .

Figure 2 compares the observed and predicted values of
I for different disubstituted benzenes, using I data obtained
from disubstituted benzenes with the same R. For example,
the predicted I for p-chlorofluorobenzene is obtained from
the average I for p-dichlorobenzene and p-difluorobenzene.
In general, the observed values of I were found to be
consistent with the predicted ones, and especially for halo-
genated toluenes and dihalogenated benzenes. However,
poor agreement between the observed and predicted I values
was seen for the methoxyaldehydes and tolualdehydes, and
particularly in the case of the ortho-isomers. This may be
caused by electronic effects for all positional isomers, such
as the electron withdrawing by aldehyde groups and electron
releasing by methoxy groups [41], and intramolecular
interactions of the ortho-substituents on a change in the
polarity of these compounds. This implies that the group
additive approach is suitable for the prediction of the reliable
retention rates for disubstituted benzenes with small effects
of electronic affecting groups. It should be noted that, in
previous work [31], the group additive approach was used for
prediction of the micelle-water distribution constant (Kpw)
in MEKC using a similar relationship to that of Eq. (5).
However, the known values of K, for P and R were needed
and, moreover, the predicted values of K, for o-, m- and p-
PR'R? were equal, yet the observed values of K, for these
positional isomers are in fact different.

3.4 Predicted and observed values of log k for
disubstituted aromatic compounds from our
previous work

I(PRIR?) — I(PR'R')+I(PR?R?) (10)
2 In our previous work, the retention of bisphenol-A-diglycidyl
and so ether derivatives (BADGEs) [26] and curcuminoids [42] contain-
log k(PR'R)+log k(PR?R?) ing two different moieties were observed to be good between
log k(PR'R?) = g g (11) those containing the same two moieties. Tables 3 and 4 show
2 the good agreement between the predicted and observed log k
MEKC MEEKC
10007 1000
w00 :HP OiMeome) o hé OMebMel
o U-bi AjMeCho) ~ g0 OF’# AMecHD)
T FiMex) -E Ogﬂ FM e}
:_% WiC e CHOY % # WM e S HO
S 700 i kil ‘hﬁlﬁ Somax)
SiCHOX) n . BiEHOR)
6001 e 60 o.-ﬁl &
i Figure 2. Plots of the observed and
3004 004 predicted / values obtained for disub-
500 600 TOO EOO 900 1000 500 600 70O ROD 900 1000 stituted benzenes with different

predicted
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Table 3. Observed and predicted values of log k for curcuminoids containing two different R moieties (-OCHs, —H)

Demethoxycurcumin
(R'=-0CH,, R*=—-H)

MEEKC conditions log k

Predicted® Observed”

(a) Various types and concentrations of organic co-solvents (+180 mM SDS)

25% v/v ACN 0.651 0.649
25% v/v EtOH 0.828 0.825
25% v/v 2-PrOH 0.700 0.698
30% v/v 2-PrOH 0.602 0.600
(b) Various [SDS] and 25% v/v 2-PrOH

130 mM 0.646 0.643
180 mM 0.700 0.698

The MEEKC buffer contained 50 mM phosphate at pH 2.5, 1.1% v/v n-octane, 890 mM 1-butanol plus SDS and organic co-solvents as
indicated in the table. Other CE conditions are as reported in [42].

a) Obtained from the average log k for bis-demethoxycurcumin (R" = R? = —OCHs) and curcumin (R' = R? = —H).

b) Data from previous work [42]. RSD for k<1.0%.

Table 4. Observed and predicted values of log k for BADGE and BADGE.HCI containing two different substituting groups

\\\\\

BADGE.HCI.H,0
1 O O 5 (R = 2,3-dihydroxypropyl, R? = 3-chloro-2-hydroxylpropyl)
R R BADGE.H,0
o o

(R! = 2,3-dihydroxypropyl, R? = glycidyl ether)

CE conditions log k in MEEKC log kin MEKC

BADGE.HCI.H,0 BADGE.H,0 BADGE.HCI.H,0 BADGE.H,0

Predicted Observed Predicted Observed Predicted Observed Predicted Observed

(a) Various types of organic co-solvents at 25% v/v and 180 mM SDS

ACN 0.591 0.613 0.567 0.569 1.00 1.03 0.945 0.950
EtOH 0.571 0.582 0.538 0.531 1.44 1.48 1.36 1.36
2-PrOH 0.502 0.506 0.481 0.469 0.887 0.914 0.850 0.849
(b) Various [SDS] and 25% v/v EtOH

180 mM 0.571 0.582 0.538 0.531 1.44 1.48 1.36 1.36
140 mM 0.511 0.524 0.474 0.467 1.38 1.41 1.29 1.28
100 mM 0.413 0.424 0.368 0.362 1.31 1.34 1.20 1.19

The MEKC buffer contained 50 mM phosphate at pH 2.5, plus SDS and organic co-solvents as indicated. The MEEKC buffer contained
50 mM phosphate at pH 2.5, 1.0% v/v n-octane, 890 mM 1-butanol, plus SDS and organic co-solvents as indicated. Other CE conditions
were as reported in [26]. RSD for k< 1.5%.

values obtained for the curcuminoid and bisphenol-A-diglycidyl 4 Concluding remarks
ether each containing two different moieties, which indicates

that the group additive approach can also be extended to be The values of k and I for disubstituted benzenes in MEKC and
used for prediction of the retention of disubstituted aromatic MEEKC were determined. Comparing the relative I values for
compounds with a large parent molecule. each solute in MEEKC against those in MEKC, revealed very
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similar values, and was independent of I with respect to the
SDS concentration. In contrast, under the same comparisons,
different relative k values were found. This implies that I,
rather than k, can be used as the parameter to compare the
relative affinity of compounds in MEEKC and MEKC that have
different PSP and phase ratios. A similar I value in both the
MEEKC and MEKC was observed for the disubstituted
benzenes with -CHj; and/or halogen moieties (—F, —Cl and
—Br). In contrast, the same disubstituted benzenes with
—CHO and —OCHj; moieties revealed a smaller I value being
obtained in MEEKC than in MEKC, presumably because free
1-butanol in the aqueous phase in MEEKC increases the
solubility of the solutes and thereby, reduces the affinity or I of
the solutes in the microemulsion. In addition, the predicted
log k and I values for disubstituted benzenes with different
moieties of —CH3 and halogens were found to be in excellent
agreement with the observed values, when the predicted values
were obtained from the average for disubstituted benzenes
with same moieties, according to a group additive approach.
However, a significant difference between the observed and
predicted retention was found for disubstituted benzenes with
at least one moiety of —CHO or —OCHS3, due to electronic
effects of polar moieties causing a deviation in the actual
affinity of solutes away from the predicted interactions.
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1 Introduction

203
Research Article

Theoretical models of separation selectivity
for charged compounds in micellar
electrokinetic chromatography

Equations and theoretical models for MEKC separation selectivity (ogxc) were estab-
lished to explain a change in separation and electrophoretic mobility order of fully
charged analytes, in which oygxc is related to the dimensionless values of mobility
selectivity in CZE (oczg) and retention selectivity (o) in MEKC, and where oz and oy
are defined as the ratio of electrophoretic mobility in CZE and the ratio of retention factor
(k) in MEKC for two charged analytes, respectively. Using four alkylparabens as test
analytes, excellent agreement was found between the observed oypkc and the proposed
ovexc models of test analytes in MEKC over a wide range of SDS concentrations and
values of k. For example, in comparison with CZE separation of charged analytes, MEKC
separation can enhance separation selectivity up to the maximum value when the
selectivity ratio (p) is greater than 1.0 (p = oy/0czg), while lower separation selectivity is
obtained with p<1.0 (0tczg> o> 1).
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where N is the number of theoretical plates or efficiency, p
is the effective electrophoretic mobility, Ap is the difference

MEKC is one of the modes in CE in which the MEKC buffer
contains a surfactant, such as SDS, to form micelles acting
as a pseudo-stationary phase [1-5]. MEKC is widely used for
separation of neutral and charged compounds as reported in
reviews covering the literature up to 1999 [6], 2002 [7], 2003
[8], 2005 [3], and 2009 [9]. The MEKC separation of neutral
analytes is performed using ionic surfactants [1, 3-6, 9-13],
while charged analytes are separated using ionic, or non-
ionic surfactants [1, 3, 4, 6, 9, 10, 14-16]. With different
partitioning of analytes in the micelle, neutral as well as
charged analytes show differences in effective electrophore-
tic mobility (Ap), and therefore these can be separated in
MEKC (2, 3, 6, 14, 17, 18]. Typically, the resolution, Ry, of
two analytes in CE is given by [19, 20]:
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in W, po—py, for two analytes, and ., is the electroosmotic
mobility. For two analytes with same direction of ., Eq. (1)
may be rearranged to relate to the resolution R; to the
efficiency term, the selectivity term, and the mobility term
as expressed in the following equation:

R — VN <o¢m71)‘ Ly
’ 4 Um Pt e

where o, is the separation selectivity or mobility selectivity,
which is defined as the ratio of effective electrophoretic
mobilities for two analytes such as p,/py for |pp| > |p.

In MEKC with normal elution mode, the same direction
of electroosmotic velocity (ve,), the observed velocity of
analytes and observed velocity of micelles (v, and
[Veo| > [Vimc|, the resolution equation for neutral analytes can
be expressed to relate to the retention term as follows
21, 22];

R — <\/_N> (ak - 1) (ﬁ) < 1- teo/tmc ) (3)
’ 4 o ) \1+k/) \ 1+ (teo /tme )k
where k is the retention factor, o is the retention selectivity
defined as the ratio of k such as k,/k;, and t., and t,,. are the
migration times of an EOF marker and a micelle marker,
respectively.
With the normal elution mode of the MEKC separation

of fully charged analytes due only to the difference in
micellar partitioning and not in their electrophoretic

(2)
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mobilities, the resolution equation is given as follows [21]:

v (7))

« < 1+teo/tep _teo/tmc ) (4)

1+ teo /tep + (teo/tme )k

where t., is the migration time corresponding to the elec-
trophoretic mobility of the charged analyte, and
tep = tep2 = tep1 for this case.

It can be seen in Egs. (3) and (4) that the separation
selectivity may be now referred to the retention selectivity.
In the case of analytes with a difference in their electro-
phoretic mobility (o) at zero concentration of surfactant or
CZE, the MEKC separation is based on the differences in
both k and po. In comparison with the CZE separation of
charged analytes, the addition of surfactant to the MEKC
buffer may result in improved separation for some analytes,
but lowered degree of separation for other analytes [4, 10,
13-17, 23-26]. These dual effects are similar to those seen in
chiral separation using dual cyclodextrins as reported in our
previous work [27].

In order to explain the separation selectivity and elec-
trophoretic mobility order in MEKC for charged analytes
with differences in po, the aims of this work are to establish
theoretical models of MEKC separation selectivity which is
related to the dimensionless values of mobility selectivity in
CZE and retention selectivity in MEKC, and to compare the
observed and predicted separation selectivity in MEKC. The
MEKC separation with normal elution mode was carried out
using SDS surfactant in a 10-mM disodium tetraborate
buffer at pH 10.2, and the test analytes used were alkyl-
parabens.

2 Materials and methods
2.1 Chemicals

All the test analytes were purchased from Sigma-Aldrich
(Steinheim, Germany): isomethylparaben (methyl m-hydro-
xybenzoate; IP), ethylparaben (ethyl p-hydroxybenzoate;
EP), propylparaben (propyl p-hydroxybenzoate; PP), and
butylparaben (butyl p-hydroxybenzoate; BP). Sodium
hydroxide and disodium tetraborate  decahydrate
(Na;B40,.10H,0) were supplied by Fluka (Buchs,
Switzerland), SDS from Sigma (St. Louis, MO, USA), all
organic solvents obtained from Merck (Dramstadt,
Germany), and dodecylbenzene/micellar marker (M) from
Sigma-Aldrich.

2.2 CE conditions
CE experiments were carried out with a Beckman Coulter

MDQ-CE system equipped with a photo-DAD scanning
from 190 to 300 nm and monitoring at 220 nm. The data-
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handling system comprised an IBM PC and 32 Karat
Software. The uncoated fused-silica capillary, 40.2cm in
length (30cm to detector) x 50 pm id (Polymicro Techno-
logies, AZ), was used for CZE and MEKC separations,
thermostated at 25°C. Voltage was set at 15kV. A sample
solution was introduced by 0.5 psi pressure injection for 3 s.
Prior to each daily analysis, the capillary was rinsed
sequentially for 15 min with methanol, 0.1 M NaOH, water,
and a running buffer. Between consecutive runs, the
capillary was flushed with 0.1 M NaOH and then with a
running buffer, each for 2 min. All experiment runs were
performed in duplicate.

2.3 Buffering electrolytes

The electrophoretic mobilities were determined in two
buffer systems: (1) CZE with 10 mM disodium tetraborate
buffer, adjusted to pH 10.2 with 1.0 M NaOH, and (2)
MEKC with 20 to 60 mM SDS in a pH 10.2 10 mM disodium
tetraborate buffer. All buffers were prepared using Milli-Q
water, sonicated for 30min, and then filtered through
0.45 pm PTFE filters prior to use.

2.4 Stock and standard solutions

Each test analyte was separately dissolved in 5mL of
ACN, and then each analyte solution was diluted with
Milli-Q water in a 10 mL volumetric flask to give 1000 ppm
stock solutions. Stock solutions of DB and thiourea
were also separately dissolved in ethanol, and then diluted
to 20000 ppm with Milli-Q water. A working standard
solution containing 20-60 ppm of each test analyte, 30 ppm
thiourea, and 150 ppm DB was prepared by diluting each of
the stock solutions with a 1.0mM borate buffer. All
solutions were filtered through 0.45 um PTFE filters prior
to analysis.

3 Results and discussion

3.1 Theoretical models of separation selectivity
in MEKC for charged compounds

In MEKC, effective electrophoretic mobilities of two fully
charged analytes, pyEkc, are given by [21]

_ “0,1+k1“mc 5

HMEKC,1) = W (5)
Ho, +kz“m

H(MEKC2) = (“Tkzc) (6)

where |1, is the electrophoretic mobility at zero concentra-
tion of SDS or under CZE conditions, and p, is the
electrophoretic mobility of the micelle marker. Subscripts 1
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and 2 refer to the analytes 1 and 2, respectively. The
separation selectivity in MEKC (omEkc), the ratio of pyvexc
with k,>k;>0, may Dbe rearranged to relate to the
dimensionless values as follows:

2k
OMEKC = OlCZE <B+ OlcZE 1) ((1+k1)> (7)

B+k1 ].+O(kk1

where o.cz5 is the mobility selectivity in CZE or the ratio of
Ho, €8 Ho2/Mo1, Ok is the retention selectivity of the SDS
surfactant for two analytes or the ratio of k, e.g. k,/kq, and B
is the ratio for g 1/tme. It should be noted that oy is always
>1.0. The value of aczg>1.0 refers to the same order of |y
in CZE and k in MEKC, e.g. ky>k; and |pp|>|py|, whereas
dczg < 1.0 refers to the reversed order of || in CZE and k in
MEKGC, e.g. ky>k; and |u,| <|w4l.

According to Eq. (7) and our previous work on theore-
tical models of separation selectivity of chiral separation
using dual cyclodextrins [27], the proposed theoretical
models of aygkc for two charged analytes in MEKC can be
classified into four types as listed in Table 1, based on the
ranges of oczg, %, p, and the order of |u| in CZE and k in
MEKC. In order to predict the value of oyexc for two
charged analytes, the value of B in Eq. (7) is assumed to be
equal to 0.5. Figure 1 shows plots of the aprxc model of
Types [-III over a wide range of k;. Practically, an increase
in k may be obtained by an increase in the concentration of
SDS ([SDS]) in an MEKC buffer.

According to the oiygxc model for Type I in Fig. 1A, ata
fixed value of p except in the case px 1.0, the value of oxc
increases with an increase in k; to a maximum value, and
then decreases at higher values of k;. At a fixed value of ky,
the higher the value of oy, the greater the value of oygkc.
The k; giving the maximum ogxc value decreases as the
value of oy increases. Therefore, the oygxc model of Type I
shows that, with the same order of |u| in CZE and k in
MEKC for charged analytes, higher oy than oczg can
improve oyexc of two solutes in MEKC. In contrast to Type
I, the oyprc model for Type II (oy <oczg) in Fig. 1B shows
that the value of aypre decreases with an increase in k;,
implying poorer separation for two charged analytes. For the
reversed order of |pu| in CZE and k in MEKC for charged
analytes as shown in Fig. 1C, the theoretical opgxc for the
Type III model starts from less than 1.0 (1/omexc>1) to
near 1.0 (poorer separation) with increasing k; and then
higher than 1.0 (better separation) at higher k; values. At an

Table 1. Types of theoretical models for oavexc
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omexc of 1.0, the value of k; is given by:

ky = (1 — ocze) (8)
(ocze — o)+ (o — 1) /B
The small value of oy gives a higher k; at oygxc 1.0, which is
consistent with the bottom line for agkc of 0.99 in Fig. 1C.
It should be noted that for a theoretical value of ocyzp or
oexe < 1.0, the practical separation selectivity is equal to
1/oczg or 1/oekc. Therefore, an increase in k; may result
in a reversed order of electrophoretic mobility for two
charged analytes in MEKC. The model Type IV (o = 1.0
and oczg = 1.0) indicates that no resolution is obtained for
two solutes (plot not shown).

As can be seen in Fig. 1, the theoretical model of ogxc
can be employed to describe the separation of two charged
analytes. The greater the oypxc value (04>1.0), the greater
the resolution. Better separation selectivity in MEKC over
CZE can be obtained for the oyexc Type I (u>0czg), or
Type III models (oy>> dlczp, or oy >1/0czE) at appropriate
values of k;.

It should be noted that the direction of EOF velocity and
total velocity does not affect the electrophoretic mobility of
analytes and micelles, and the retention factor of analytes in
MEKC. Owing to independence of the values of o, and oy
with the direction of these velocities, our proposed selectivity
models can be used for MEKC with normal, reversed, and
restricted modes classified by the direction of EOF and total
velocity as details given in [22].

3.2 Observed and predicted oyexc for negatively
charged compounds in MEKC with normal
elution mode and anionic SDS surfactant

In this work, parabens such as IP, BP, PP, and EP, a weak
acid with HO-C¢H,COOR, were chosen as test analytes. In a
basic buffer with pH > pK, of parabens, these parabens can
carry a negative charge. The apparent pK, values were found
to be 8.80, 7.98, 8.00, and 7.97, respectively (literature values
of 9.2 for IP [28] and 8.4 for other parabens [29]). It should
be noted that the apparent pK, values were determined by
measuring effective mobility (ueg) in CZE with a 10-mM
Na,B,O; buffer at various pH values of 7.8-10.2, and
plotting 1/peg versus 10?7 ([H;0™]) to obtain pK, from log
(slope/ Y-intercept) [30]. A pH 10.2 borate buffer was used to

Type Order of |u| in CZE and k in MEKC olcZE o p Assumed values

ez Ok B
| Same ocze>1 oy > ocze>1 p>1 1.1 1.2-33 0.5
Il Same oeze> 1 oezE =0y > 1 p<1 1.5 1.0-15 0.5
1 Reversed ocze<1 o =>1> 0z p>1 0.8 1.0-6.4 0.5
v Co-migration acze=1 o = ocze = 1 p= — — 05
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Figure 1. Predicted models of the separation selectivity (opmekc)
for two charged analytes in MEKC. Calculation using Eq. (7) and
data as listed in Table 1. a—e refer to the values of «y, for (A) 1.2,
1.4, 1.7, 2.2 and 3.3, respectively, (B) 1.0, 1.2 and 1.5,
respectively, and (C) 1.0, 1.6, 3.2, 4.8 and 6.4, respectively.

afford almost fully negatively charged analytes with degrees
of ionization of 0.96 for IP and 0.99 for other parabens,
calculated using apparent pK, determined under our CE
conditions and the equation for degrees of ionization
reported in the textbook [31].

In order to obtain the predicted value of ok for two
charged analytes in MEKC, the following parameters must
be known: the mobility selectivity in CZE, the retention
selectivity in MEKC, and the retention factor in MEKC.
Figure 2 shows the separations of parabens using an SDS-

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Electrophoresis 2011, 32, 203-209

free system (or a CZE system) and an MEKC system with
various SDS concentrations (20-60mM). From CZE
separation (Fig. 2A), in which the electrophoretic mobility
vectors of negatively charged parabens are opposite to an
EOF vector, the migration time order EP>PP>BP>IP with
the effective electrophoretic mobilities p of —2.25, —2.13,
—2.03 and —1.97 x 10" 8m?V~'s™!, respectively, indicates
the |u| order EP>PP>BP>IP, in line with the charge-to-size
ratio for homologous series EP>PP>BP. The smaller || for
IP than other parabens may be due to the smaller degree of
ionization, and/or larger hydrodynamic size of IP.

Theoretically, for MEKC separation of neutral analytes
with normal elution mode in ionic surfactant, the migration
behavior depends only on the retention factors of the
analytes. The higher the retention factor, the longer the
migration time. However, for the MEKC separation of
charged analytes with the above conditions, the migration
behavior depends on the electrophoretic mobility and
retention factor of each analyte, and therefore it is difficult to
predict the order of the migration time or the effective
electrophoretic mobility in MEKC.

The retention factor k is calculated from MEKC elec-
tropherograms using the following equation [18, 21, 32]:
i = MmERC T Ko (9)

Mme — HMEKC

where all parameters are previously defined in Egs. (5) and
(6). From the MEKC electropherograms in Fig. 2B-D, the
retention factors (Table 2) for negatively charged parabens
were obtained in the order BP>PP>IP>EP, which are
consistent with the magnitude order of octanol-water
distribution constants in this series BP>PP>EP [33-35].

As seen in Fig. 2D for MEKC separation with 60 mM
SDS, the order of t,, or |uvekc| is obtained to be BP>PP>
IP>EP, whereas different orders are obtained in MEKC at
20 mM SDS (Fig. 2B): BP>PP>EP>IP, and in CZE (Fig. 2A),
EP>PP>BP>IP. These differences in migration behavior can
be explained using the separation selectivity models in
Section 3.1.

Figure 3 shows the observed and predicted values of
onvekc for parabens in MEKC over a wide range of [SDS]
(Fig. 3A) and k; values (Fig. 3B). The former is useful to
consider the SDS concentration giving the achieve resolu-
tion of all solutes and the reversed migration, whereas the
latter is useful to compare the observed and the predicted
model without known [SDS]. The predicted values of aiyexc
at different [SDS] (6.0-60 mM) were calculated using data in
Table 2 and Eq. (7). Table 2 also lists the mobility selectivity,
retention selectivity, retention factor, selectivity ratio, and
predicted models of oygrc. As previously mentioned, for
MEKC separation of a particular analyte pair, such as PP
and IP, k, refers to the retention factor for the solute with
smaller k, such as kip. Using a wide range of [SDS]
(20-60 mM), the observed k; can be plotted against [SDS] to
derive a linear calibration plot, allowing predicted values of
kq at various [SDS] to be obtained. Using data in Table 2 and
Eq. (7), the observed values of oyexc in Fig. 3 were found to
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Figure 2. Electropherograms of parabens
using (A) 0 (CZE), (B) 20, (C) 40, and (D)
60 mM SDS in a 10-mM Na,B,0; buffer
adjusted to pH 10.2 with 1.0 M NaOH. Other
CE conditions: uncoated fused-silica capi-
llary, 50um idx40.2cm (30cm to the
detector), a temperature of 25°C, an applied
voltage of 15kV, UV detection at 220 nm,
and 0.5 psi pressure injection for 3s.

Table 2. Mobility selectivity (aczg), retention selectivity (o), retention factor (k;), selectivity ratio (p), and types of oyexc model

Pair Solute 1 ky = a[SDS]+b olcZE Ol B p Types of model for oyexe in MEKC
IP/EP EP 0.00236[SDS]—0.013 0.888 kip/ kep 0.575 p>1 1l
PP/IP IP 0.00871[SDS]—0.028 1.066 keplkip 0.511 p>1 |
BP/PP PP 0.01004[SDS]—0.035 0.953 kp/kep 0.544 p>1 1l
BP 0.03068[SDS]—0.057 — — — —
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Figure 3. Observed (symbols) and predicted (solid lines) opexc
for two charged analytes in MEKC. (A) Various concentrations of
SDS and (B) various values of k;. Predicted values are obtained
using Eq. (7) and data as listed in Table 2.

be in good agreement with the predicted values, indicating
that Eq. (7) can be used for prediction of the oyxc values
over a wide range of [SDS] and k;.

According to electropherograms in Fig. 2 and data in
Table 2, the same order of |u| in CZE and k in MEKC was
obtained, and therefore oczg>1.0 and oyexc>1.0. Although
the p value is greater than 1.0, a slight decrease in the
observed and predicted values of oygxc With an increase in
[SDS] and k; is due to small calculated values of p between
1.032 and 1.072 for 10-60 mM SDS. Therefore, a change in
amere for PP/IP in MEKC is consistent with the oygpkc
model of Type I described earlier with small values of p.

Owing to the reversed order of |u| in CZE and k in
MEKC for IP/EP and BP/PP, and the theoretical value of
aczg being less than 1.0, the reversed |u| order for IP/EP
and BP/PP at high [SDS] and at low or zero [SDS] is
consistent with the opygprc Type III model. At an ogkc
value of 1.0, the predicted values of k; in Fig. 3B are esti-
mated to be 0.003 for BP/PP at very low [SDS], and 0.052 for
IP/EP which is in good agreement with the observed k; of
0.064. It should be noted that, employing Eq. (8) with an
average oy of 3.831 for IP/EP at 6.0-60mM SDS, the
predicted values of k; of 0.057 giving oygxc of 1.0 are found
to be in good agreement with k; in Fig. 3B (0.052).

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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4 Concluding remarks

We have shown that a change in MEKC separation
selectivity for two charged analytes over a wide range of
[SDS] and k values can be explained and predicted using our
proposed equations and theoretical models of separation
selectivity, where the separation selectivity is related to the
dimensionless values of the mobility selectivity in CZE and
retention selectivity in MEKC. In comparison with CZE, the
ability of MEKC to improve or reduce separation selectivity
for two charged analytes depends on the model of separation
selectivity. In addition, excellent agreement was found
between the observed oypxc and the proposed owekc
models of test analytes in MEKC over a wide range of
[SDS] and k values.

The financial support from the following sources is gratefully
acknowledged: the Thailand Research Fund (RMU5080054) to
T. N., and the Ratchaphisek Somphot Endowment Fund, under
the National Research University Project, under the 90th
Anniversary of Chulalongkorn University (CU) Fund to C. P.
and under the Research Unit Fund to ChSRU. We also
acknowledge the Institute for the Promotion of the Teaching
Science and Technology for studentship to C. P., the Center for
Petroleum, Petrochemicals and Advanced Materials, CU, for
partial support, and the Thai Government Stimulus Package 2
(TKK255), under the Project for Establishment of Comprehen-
sive Center for Innovative Food, Health Products and Agri-
culture (PERFECTA), for CE instrument support.

The authors have declared no conflict of interest.

5 References

[1

Terabe, S., Matsubara, N., Ishihama, Y., Okada, Y.,
J. Chromatogr. 1992, 608, 23-29.

Altria, K. D., Clark, B. J., Mahuzier, P. E., Chromato-
graphia 2000, 52, 758-768.

Pappas, T. J., Gayton-Ely, M., Holland, L. A., Electro-
phoresis 2005, 26, 719-734.

ladarola, P., Ferrari, F., Fumagalli, M., Viglio, S., Elec-
trophoresis 2008, 29, 224-236.

[2

[3

[4

[5] Terabe, S., Otsuka, K., Ando, T., Anal. Chem. 1985, 57,
834-841.

[6] Quirino, J. P., Terabe, S., J. Chromatogr. A 1999, 856,
465-482.

[7]1 Molina, M., Silva, M., Electrophoresis 2002, 23,
3907-3921.

[8] Welsch, T., Michalke, D., J. Chromatogr. A 2003, 1000,
935-951.

[9] Terabe, S., Annu. Rev. Anal. Chem. 2009, 2, 99-120.

[10] Riekkola, M.-L., Wiedmer, S. K., Valko, I. E., Sirén, H.,
J. Chromatogr. A 1997, 792, 13-35.

[11] Ehala, S., Vaher, M., Kaljurand, M., J. Chromatogr. A
2007, 1161, 322-326.

www.electrophoresis-journal.com



Electrophoresis 2011, 32, 203-209

[12]

[13]

[14]

[15]

[16]

171

[18]

[19]
[20]

[21]

[22]

[23]

[24]

Gong, S., Liu, F., Li, W., Gao, F., Gao, C., Liao, Y., Liu, H.,
J. Chromatogr. A 2006, 1121, 274-279.

Dubber, M. J., Kanfer, I., J. Chromatogr. A 2006, 1122,
266-274.

Mallampati, S., Leonard, S., De Vulder, S., Hoogmar-
tens, J., Van Schepdael, A., Electrophoresis 2005, 26,
4079-4088.

Cesla, P., Blomberg, L., Hamberg, M., Jandera, P., J.
Chromatogr. A 2006, 1115, 253-259.

Damié¢, M., Nigovi¢, B., Chromatographia 2009, 71,
233-240.

ladarola, P., Cetta, G., Luisetti, M., Annovazzi, L., Casa-
do, B., Baraniuk, J., Zanone, C., Viglio, S., Electrophor-
esis 2005, 26, 752-766.

Téllez, A., Fuguet, E., Rosés, M., J. Chromatogr. A 2007,
1139, 143-151.

Giddings, J. C., Sep. Sci. 1969, 4, 181-189.
Jorgenson, J. W., Lukacs, K. D., Anal. Chem. 1981, 53,
1298-1302.

Nielsen, K. R., Foley, J. P., in: Camilleri, P. (Ed.),
Capillary Electrophoresis: Theory and Practice, CRC
Press, Inc., Boca Raton 1993, pp. 117-161.

Pyell, U., Electrokinetic Chromatography: Theory,
Instrumentation, and Application, John Wiley & Sons,
UK 2006, pp. 4-10.

Huang, H.-Y., Chiu, C.-W., Chen, Y.-C., Yeh, J.-M., Elec-
trophoresis 2005, 26, 895-902.

Nhujak, T., Srisa-art, M., Kalampakorn, K., Tolieng, V.,
Petsom, A., J. Agric. Food Chem. 2005, 53, 1884-1889.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

CE and CEC 209

Huertas-Pérez, J. F., del Olmo lIruela, M., Garcia-
Campana, A. M., Gonzalez-Casado, A., Sanchez-Navar-
ro, A., J. Chromatogr. A 2006, 1102, 280-286.

Huang, H.-Y., Lai, Y.-C., Chiu, C.-W., Yeh, J.-M.,
J. Chromatogr. A 2003, 993, 153-164.

Nhujak, T., Sastravaha, C., Palanuvej, C., Petsom, A.,
Electrophoresis 2005, 26, 3814-3823.

Pirselova, K., Balaz, S., Schultz, T. W., Arch. Environ.
Contam. Toxicol. 1996, 30, 170-177.

Wilson, C. O., Gisvold, O., Textbook of Organic Medi-
cinal and Pharmaceutical Chemistry, Lippincott-Raven,
Philadelphia 1998, pp 915-918.

Jerez, G., Kaufman, G., Prystai, M., Schenkeveld, S.,
Donkor, K. K., J. Sep. Sci. 2009, 32, 1087-1095.
Kenndler, E., in: Khaledi, M. G. (Ed.), High Performance
Capillary Electrophoresis: Theory, Techniques, and
Applications, John Wiley & Sons, New York 1998, pp.
29-30.

Téllez, A., Fuguet, E., Rosés, M., Electrophoresis 2007,
28, 3712-3721.

Poouthree, K., Leepipatpiboon, N., Petsom, A., Nhujak,
T., Electrophoresis 2007, 28, 767-778.

Golden, R., Gandy, J., Vollmer, G., Crit. Rev. Toxicol.
2005, 35, 435-458.

Tavares, R. S., Martins, F. C., Oliveira, P. J., Ramalho-

Santos, J., Peixoto, F. P., Reprod. Toxicol. 2009, 27,
1-7.

www.electrophoresis-journal.com



MANUIN 4

awv ) 1 A A J
HATUIVULATONTIANUI 1T S

HULSINRINMING B VaIMSUMIzMsuend s uasnalszy

lumatinlslnadnansudidaninslaumlasinInnni

Theoretical Models of Separation Selectivity for Charged Compounds

in Cyclodextrin Electrokinetic Chromatography



Prepared Manuscript for Submission 1

Theoretical models of separation selectivity for charged compounds in cyclodextrin electrokinetic
chromatography
Wasura Soonthorntantikul, Natchanun Leepipatpiboon, Monpichar Srisa-art, Thumnoon Nhujak™
Chromatography and Separation Research Unit (ChSRU), Department of Chemistry, Faculty of Science,
Chulalongkorn University, Bangkok, 10330, Thailand

Corresponding author: Assoc.Prof.Dr. Thumnoon Nhujak, Chromatography and Separation Research Unit,
Department of Chemistry, Faculty of Science, Chulalongkorn University, Bangkok, 10330, Thailand. E-
mail: thumnoon.n@chula.ac.th Tel.: +66-2-218-7609 Fax: +66-2-218-7598

Abstract: Simple equation and theoretical models, related to the dimensionless values of separation
selectivity (olczg) in capillary zone electrophoresis (CZE), binding selectivity (k), B,y and KC, are proposed
in order to explain a change in the separation selectivity (o.cp) in cyclodextrin electrokinetic chromatography
(CD-EKC) for two charged analytes using neutral cyclodextrin (CD), and where o and k are defined as the
ratio of effective electrophoretic mobility in CZE (1) and the ratio of binding constant (K), respectively, C
the free CD concentration, K, the weaker CD binding constant, i, the electrophoretic mobility of analyte-CD
complex, B, the po,/p., ratio and y the p, /[ ratio. Using substituted benzoic acids and phenoxyacetic
acid as test analytes with B-CD, the changes in the observed ocp values were found to be in good agreement
with the theoretical acp models over a wide range of K,C and C values. For example, in comparison with
CZE, the presence of CD in the buffer can enhance ocp up to the maximum value with the selectivity ratio (p
= K/oczg) > 1.0, while a worse ocp is obtained with p < 1.0.

Keywords: Capillary electrophoresis, Capillary zone electrophoresis, Cyclodextrin electrokinetic
chromatography, Separation selectivity

1. Introduction
Cyclodextrin electrokinetic chromatography (CD-EKC) is one of the modes in CE which is
performed by the addition of cyclodextrin (CD) in the buffer to form an inclusion complex between the
analyte and the CD. The effective electrophoretic mobility (p) of the analyte in CD-EKC is given by Eq. (1)
[1-3];
— MO + KCl’lm (1)
1+KC

where 1y and p., are the electrophoretic mobilities of the analyte and its complex at zero (capillary zone
electrophoresis, CZE) and at infinite CD concentrations, respectively, K is the binding constant of the analyte
to CD, and C is the free CD concentration at equilibrium that is assumed to (i) equal the initial CD
concentration and (ii) that it is significantly greater than the analyte concentration.

CD-EKC is widely used for the separation of enantiomers [4-12] with identical p, and p., values but
with different K values and, therefore, CD-EKC separation is based on the differences in p only that arise
from the differences in K of each isomer to CD. The resolution, R, of two analytes in CE is given by Eq. (2)
[3, 13];

RS:@. An @)
4 Hthe

where N and I are the average efficiency and electrophoretic mobility, respectively, Ap is the

electrophoretic mobility difference, and L, is the electroosmotic mobility. Generally, the resolution equation
in CE (Eq. (2)) may be rearranged to relate to the efficiency, separation selectivity and mobility terms, as in

Eq. (3) [14];
K,

R [\TJ(QOL_IJ B+ H

where a is the separation selectivity or mobility selectivity, defined as the ratio of p for two analytes: o =
W/, o >1.

In addition to chiral separation, CD-EKC can be also used for separating achiral compounds [15-22],
such as small molecules and positional isomers. Here, with a difference in L, the separation in CD-EKC is
then not only due to the difference in K but also to the difference in py. In comparison with CZE, the use of
CD may result in an enhancement of o for some analytes or a loss of o for other analytes, and
consequentially the same or a reversed migration order of analytes may be obtained between CD-EKC and
CZE [16-17, 19-20, 22]. These dual effects with the presence of a pseudo-stationary phase are similar to
those in the chiral separation of charged enantiomers with dual neutral CDs [23], and in the micellar

3)
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electrokinetic chromatographic (MEKC) separation of charged compounds [14] in our previous works. A
change in separation selectivity from dual effects can be clarified using theoretical models of separation
selectivity for charged compounds, as detailed previously [14, 23].

Therefore, the aim of this study is to develop equation and theoretical models in order to explain a
change in the neutral CD-EKC separation selectivity (ocp) and electrophoretic mobility order for charged
analytes with different p, values. According to our previous work [14, 23], the equation and theoretical
models of ocp are related to the dimensionless values. In addition, the observed and predicted acp values
were compared from various -CD concentrations, using four negatively charged analytes of substituted
benzoic acids and phenoxyacetic acid.

2. Experimental
2.1 Chemicals

All reagents were of analytical grade. Disodium tetraborate decahydrate (Na,B,0;10H,0), and
sodium hydroxide were purchased from Fluka (Buchs, Switzerland), 3-CD was from Sigma (St. Louis, MO,
USA), mesityl oxide was from Aldrich (WI, USA). The following substituted benzoic acids were obtained
from Sigma-Aldrich (Steinheim, Germany): 3-chlorobenzoic acid (3C), 4-chlorobenzoic acid (4C) and 4-
methylbenzoic acid (4M). 4-Chloro-2-methylphenoxyacetic acid (MCPA) was supplied from Riedel de Haén
(Seelze, Germany).

2.2 Preparation of running buffers and analytes

CE measurements were carried out in two buffer systems: CZE and CD-EKC. The CZE buffer
contained 10 mM Na,B,0; at pH 9.2, whilst the CD-EKC buffers are derived from this by the addition of
various concentrations of B-CD (2 to 16 mM, limited by the solubility of 3-CD of 16 mM), in the 10 mM
N32B407 at pH 9.2.

Stock solutions of each test analyte at 5.0 mM were separately dissolved in methanol and then
diluted with purified water. The sample mixtures containing each analyte at 0.1 mM and 50 ppm mesityl
oxide were obtained by pipetting each stock solution and then diluting the mixture with 1.0 mM Na,B,0,.
All sample solutions and buffers were sonicated and filtered through 0.45 pm membrane filters prior to CE
analysis.

2.3 CE conditions

All CE separations were performed on a Beckman Coulter MDQ CE system equipped with a photo-
diode array scanning from 190 to 300 nm and monitoring at 214 nm and an uncoated fused-silica column
(Polymicro Technologies, Phoenix, AZ, USA) of 40.2 cm in length (30 cm to detector) X 50 um I.D., and
thermostatted at 25 °C. The applied voltage was set at 15 kV. A sample solution was introduced by 0.5 psi
pressure injection for 3 s. Prior to analysis each day, the capillary was rinsed with 0.1 M NaOH and then the
buffer for 10 min each. Between consecutive runs, the capillary was rinsed with 0.1 M NaOH and then the
buffer for 3 min each. Each experiment was carried out in duplicate.

3. Results and discussion
3.1 Theoretical models of neutral CD-EKC separation selectivity

As can be seen in Eq. (3), the resolution mainly depends on o, and the separation selectivity in CD-
EKC (acp), instead of a in Eq. (3), is defined as the ratio of p for two analytes, e.g. 1,/p;. From Eq. (1), in
the case of charged analytes 1 and 2 to neutral CD with K, > K,, the CD-EKC separation selectivity may be
rearranged to relate to the dimensionless values of aczg, x, B,y and KC as Eq. (4);

o« —q B, +K,C 1+xK,C )
LT B, + kK, Cy | 14K, C

where oczg is the separation selectivity in CZE (defined as the ratio of i, for two analytes, e.g. po2/Mo.1), K 1S
the CD binding selectivity (defined as the ratio of K for two analytes, e.g. Ki/K,, k > 1.0), B, is the poo/ o2
ratio and y is the [, 1/ ratio. It should be noted that the stronger binding of analyte 1 than 2 to CD results
in smaller apparent |u| of analyte 1 than 2 and, therefore, the separation selectivity (oczg or ocp) was
calculated from the ratio of p for analyte 2/1, whereas k was from the ratio of K for analyte 1/2.

Using a similar concept to our previous works on the chiral separation selectivity for charged
enantiomers with dual neutral CDs [23], and the separation selectivity for charged compounds in MEKC [14],
the separation selectivity for charged compounds in neutral CD-EKC in this work can be classified into four
types, as given in Table 1, based on the selectivity ratio (p) which is defined as the k/oczg ratio, and the
orders of |u| in CZE and K in CD-EKC. The same order refers to when K; > K, and || > |Ho2|, while the
reversed order refers to when K, > K, but |y | > |to.1|- It should be noted that Eq. (4) can be also used for p
# Wop OF o1 = Moa (oicze > 1.0, < 1.0 or = 1.0), x is always > 1.0, and the practical separation selectivity is
equal to 1/oczg or 1/acp for the theoretical value of oczg or acp < 1.0. Using Eq. (4) and the data in Table 1,
with B = 3 and y= 1, Figure 1 shows the plots of acp models of Types I to III as a function of the K,C
products at various p values. At a K,C value of 0, the acp value refers to aczg.
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According to the acp model for Type I as shown in Fig.1A with k > aczg > 1, an increase in the
concentration of CD in CD-EKC enhances ocp to a maximum value at K,C = 1, and then decreases at higher
K,C values. At a given K,C, the higher the value of p, the greater the value of acp. This indicates that, in
comparison with CZE, neutral CD-EKC with the Type I acp model can improve the resolution of charged
compounds. This may simply be explained by that, for |uos| > |Hoi| in CZE (acze > 1), analyte 1 with a
stronger binding to CD (K; > K, with k > aczg) results in a much smaller || than |u,| and, therefore, a
higher acp or /1 at the appropriate K,C value,

In contrast to that observed with the Type I model, CD-EKC with the Type II acp model (oczg = K
> 1), or when the CD binding selectivity is less than the |p| selectivity (Fig. 1B), showed a gradual decrease
in the ocp over a wide range of K,C values. The smaller the p value, the smaller the ocp value. This implies
an inferior separation ability of the two analytes in CD-EKC than in CZE for the case of the Type II acp
model.

As can be seen in Fig. 1C, for the Type III acp model with k > 1 > aczg, the reversed order of || in
the CD-EKC, compared to that in CZE, results in a loss of the separation, starting from 1/o.cp > 1 (acp < 1)
to near 1 and then increases the separation (ocp > 1) at higher K,C values. From Eq. (4), it follows that the
value of K,C giving acp of 1 is given by Eq. (5);

— B(l — aCZE) (5)

Bloczpk =1 + 0ty (1-K)

With oczgk = 1 or K = 1/d.czg as shown in Fig. 1C, when k = 1.25 the same order of |y| in CD-EKC
and |yo| in CZE is observed over a wide range of K,C values, and K,C gives acp of 1 at -f, implying that a
acp of 1 occurs at an infinite K,C value. The higher the value of p, the lower the value of K,C at ocp of 1.
The K,C value that gives a maximum ap value decreases with increasing p values. In comparison with CZE,
CD-EKC with this oacp model, especially at high k values, can provide a better separation with k > 1/0czg.
With « = aczg = 1 for the Type IV acp model (Table 1), there is no separation of the charged analytes under
either the CZE or CD-EKC conditions (plot not shown).

3.2 Observed and predicted neutral CD-EKC separation selectivity for negatively charged compounds

In order to predict the theoretical models of acp for charged compounds in neutral CD-EKC, the
values of aczg, K, B and y must be known. In initial experimental work, several weak acids were used in the
CD-EKC separation. However, the substituted benzoic acids and phenoxyacetic acid, including 3C, 4C, 4M
and MCPA, were chosen here to be representatives to cover three types of o.cp models. With pK, < 4.4 for all
test analytes [24, 25], then in the pH 9.2 buffer used here, each analyte carries a fully negative charge. Figure
2 shows an example of the obtained electrophoregrams for the simultaneous separation of 3C, 4C, 4M and
MCPA in CZE buffer with 0 mM B-CD (Fig. 2A) and in the CD-EKC buffers with 2 and 12 mM B-CD (Fig.
2B and 2C, respectively). As can be seen in Fig. 2A, when using CZE the negatively charged analytes
migrate against the electroosmotic flow (EOF) with the |po| order of 3C > 4C > 4M > MCPA, depending on
the ratio of charge to hydrodynamic radius of the analytes. From the CD-EKC electropherograms, the |y|
orders of the test analytes were obtained to be 3C > 4C =~ 4M > MCPA in 2 mM B-CD (Fig. 2B), whereas 3C
> 4M > 4C > MCPA in 12 mM B-CD (Fig. 2C). In comparison with CZE, the same migration order in CD-
EKC was found for 4C/3C, 4M/3C and MCPA/4C over a wide range of CD concentrations from 2-16 mM (-
CD, while a reversed order was obtained for 4C/4M at a CD concentration above 2 mM B-CD. This different
migration behavior for these analytes can be explained by using the a.cp models in Section 3.1.

Table 2 shows the values of L, ., 0cze, K, K, p, B, ¥ and types of acp model for each pair of test
analytes. The K and ., values were determined using the CEfit Program of a nonlinear least-squares fit to the
data points of the corrected electrophoretic mobilities, with a change in the buffer viscosity, as a function of
the CD concentration [23, 26-27]. Accordingly, from the data in Table 2 and Eq. (4), the observed and
predicted acp values were evaluated and plotted for the test analytes in various K,C products (Fig. 3A) and
B-CD concentrations (0-16 mM, Fig. 3B). The former can be used to compare the observed and predicted
model without known CD concentrations, while the latter can be used to consider the CD concentrations
giving the achieved resolution of the analytes and the reversed migration orders. As can be seen in Fig. 3, the
observed values of acp were found to be in good agreement with the predicted values, indicating that Eq. (4)
can be used for the prediction of the acp values over a wide range of K,C and C values.

From the electropherograms in Fig. 2 and the data in Table 2, a reversed order of || in CZE and K
in CD-EKC was obtained for the 4C/3C, 4M/3C and MCPA/4C analyte pairs, but the same order was
observed for || in CZE and |p| in CD-EKC. In comparison with CZE, a greater acp value was obtained at a
higher K,C value and C for 4C/3C and 4M/3C with p > 1.0 and, therefore, a change in ocp for 4C/3C and
4M/3C is consistent with the Type I ocp model. In contrast to that seen for 4C/3C and 4M/3C above, at

K,C
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higher K,C and C values, smaller acp is seen for MCPA/4C with p < 1.0, which is consistent with the Type
IT o.cp model.

Due to the same order of |ug| in CZE and K in CD-EKC for 4C/4M with oczg < 1.0 and p > 1.0
(Table 2), the reversed order of || in CZE and |p| in CD-EKC was found at higher K,C and C values, as
shown in the Fig. 2. Therefore, the CD-EKC separation for 4C/4M is consistent with the Type III acp model.
The acp of 1 for a pair of 4C/4M was observed at 2 mM B-CD and K,C of 0.170, which is in good agreement
with the calculated K,C of 0.166 using Eq. (5).
4. Conclusions

The proposed equation and the theoretical models for CD-EKC separation selectivity presented
herein, which are related to the dimensionless values of a.czg, k, B,y and KC, can be used to explain and
reliably predict the change in the CD-EKC separation selectivity and electrophoretic mobility order for
charged analytes over a wide range of neutral CD concentrations and K,C products. In comparison with CZE,
the presence of CD in the buffer may improve or reduce separation selectivity for charged analytes in CD-
EKC, depending on the CD-EKC separation selectivity models. When using substituted benzoic acids and
phenoxyacetic acid as test analytes with B-CD, a good agreement was found between the observed and
predicted values of CD-EKC separation selectivity across various CD concentrations and K,C values.
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Figure 1 Predicted models of CD-EKC separation selectivity for charged analytes. Calculated using Eq. (4) and the data listed in Table 1.
a to e refer to the binding selectivity (k) values for (A) 1.2, 2.4, 3.5, 4.9 and 6.8, respectively, (B) 1.1, 1.4 and 2.0, respectively, and (C)
1.25,2.3, 3.5, 4.8, 6.2, respectively.
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Figure 2 Electropherograms of substituted benzoic acids and phenoxyacetic acid using (A) 0 mM (CZE), (B) 2 mM and (C) 12 mM B-
CD in 10 mM Na,B40; at pH 9.2. Other CE conditions were: 50 pum 1.D.X40.2 cm (30 cm to detector) uncoated fused-capillary,
temperature of 25 °C, applied voltage of 15 kV, UV detection at 214 nm and 0.5 psi pressure injection for 3 s.
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Figure 3 Observed (symbols) and predicted (solid lines) CD-EKC separation selectivity for charged compounds with 3-CD from 0-16
mM. (A) Various K,C values and (B) various B-CD concentrations (C). Predicted values are obtained using Eq. (4) and the data in Table
2.
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Abstract: CE separation selectivity for monochlorobenzoates/monomethylbenzoates (C/M") and
dichlorobenzoates/dimethylbenzoates (DC /DM"), having similar electrophoretic mobilities, were compared
in three CE modes including CZE, MEKC and cyclodextrin-EKC (CD-EKC). Small CZE separation
selectivity (o.czg) was obtained for each pair of C/M™ and DC/DM. The very slightly higher MEKC
separation selectivity (amgkc) than oczg was obtained due to the small retention selectivity. The higher CD-
EKC separation selectivity (c.cp) than oczg and oypxc was obtained for C/M™ and DC/DM, due to the great
CD binding selectivity. In addition, simultaneous separation of ten phenoxy acid herbicides, especially 2,4-
DB/MCPB and 2,4-D/MCPA having the difference in chloro and methyl substituents on a benzene ring, was
also obtained using the CD-EKC buffer containing 3.0 mM DM-B-CD. Therefore, in comparison with CZE
and MEKC, CD-EKC can be used as the better alternative to separate compounds having the different
substituents only by chloro and methyl groups.

1 Introduction

CE is a high efficiency separation technique for separating charged and neutral compounds.
Basically, the separation mechanism in CE is based on the difference in the electrophoretic mobility () of
the analytes. The resolution, R;, of two analytes in CE is given by the equation [1, 2]:
R — @ . _L (1)
4 p+p,

where N and L are the average efficiency and the average electrophoretic mobility, respectively, Ap is the

electrophoretic mobility difference, and L., is the electroosmotic mobility. Typically, the resolution (R;) in
CE (Eq. (1)) may be rearranged to relate to efficiency, separation selectivity and mobility terms, as follows

[3]:
R = \/ﬁ [0&—1\| u, | @

4 o Jatng
where o is the separation selectivity or mobility selectivity, defined as the ratio of the effective
electrophoretic mobility (u) of two analytes: o = po/py, o >1.

The separation selectivity is a characteristic that simply describes separation in CE. This parameter
shows the ability of the separation method to distinguish analytes from the others. Since the CZE separation
for charged analytes arise only from the differences in charge-to-size ratio, it is difficult to reach baseline
resolution for separating the analytes having very similar p or small o (a0 = 1.0). As a result, several methods
to improve the CZE separation have been reported. The use of the pH of the buffers close to the pK, of the
analytes [4-9] is one of the methods to obtain the difference in p for acid compounds. The optimum pH value
is theoretically calculated to be the average pK, values for two analytes [7-8]. However, this method is not
impractical use for the simultaneous separation of several pairs of analytes having different average pK,
values. Moreover, the additives, such as ionic liquids [10] and organic solvents [4-5, 11-16], may be used to
improve a because of their influence on p and .. In addition to CZE, the addition of any pseudo stationary
phases such as micelles in MEKC [11, 17-18] and CDs in CD-EKC [11, 19-23] has been reported to improve
the separation due to the interaction of the analytes and pseudo stationary phases.
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From the literature [24], chlorobenzoate (C") and methylbenzoate (M) show very similar measured
absolute electrophoretic mobility (n°, 10®* m* V™' s) of each positional isomer of C/M: -3.16/-3.07, -3.22/-
3.11 and -3.17/-3.07 for 2C7/2M", 3C7/3M™ and 4C/4M", respectively. Therefore, the calculated separation
selectivities are 1.029, 1.035 and 1.033 for 2-, 3- and 4-C/ M™ isomer, respectively, indicating low resolution
of each pair.

The aims of this study are to investigate and to compare the separation selectivity in three CE modes
for benzoic acids with chloro and methyl substituents: i) CZE with different types and concentrations of
organic solvents, ii) MEKC with different SDS concentrations, and different types and concentrations of
organic modifiers, and iii) CD-EKC with different types and concentrations of CDs. In addition, the CE
separation for acidic herbicides having the difference in a chloro- and a methyl-substituent on the aromatic
ring was also examined. In comparison with CZE, a change in separation selectivity in MEKC and CD-EKC
will be also explained using our recent works on separation selectivity models [3, 25].

2 Materials and methods
2.1 Chemicals

All reagents were of analytical grade. Disodium tetraborate decahydrate (Na,B,0,-10H,0), and
sodium hydroxide were purchased from Fluka (Buchs, Switzerland); thiourea, methanol (MeOH) and ACN
were from Merck (Darmstadt, Germany); SDS, a-CD, B-CD and dimethyl--CD (DM-f-CD) were from
Sigma (St. Louis, MO, USA); mesityl oxide was from Aldrich (WI, USA); dodecylbenzene (DB) and the
following benzoic acid derivatives with chloro and methyl groups were from Sigma-Aldrich (Steinheim,
Germany): 2-, 3-, 4-methylbenzoic acid (M); 2-, 3-, 4-chlorobenzoic acid (C); 2,3-, 2,4-, 2,5-, 2,6-, 3,4-, 3,5-
dimethylbenzoic acid (DM); 2,3-, 2,4-, 2,5-, 2,6-, 3,4-, 3,5-dichlorobenzoic acid (DC). All herbicide
standards were obtained from Riedel de Haén (Seelze, Germany) and Dr. Ehrenstorfer GmbH (Augsburg,
Germany): 4-Chloro-2-methylphenoxyacetic acid (MCPA), 4-(2-methyl-4-chlorophenoxy) butyric acid
(MCPB), 2,4-dichlorophenoxyacetic acid (2,4-D), 4-(2,4-dichlorophenoxy) butyric acid (2,4-DB), (2,4,5-
trichlorophenoxy) acetic acid (2,4,5-T), 5-(2-chloro-4-trifluoromethylphenoxy)-2-nitrobenzoic acid
(acifluorfen), 3,6-dichloro-pyridine-2-carboxylic acid (clopyralid), 2-methoxy-3,6-dichlorobenzoic acid
(dicamba), 2-(4-chlorophenoxyl)-2-methyl-propionic acid (mecroprop), and 4-amino-3,5,6-trichloro-picolinic
acid (picloram).

2.2 Preparation of running buffers and analytes

CE measurements were carried out in three buffer systems: i) CZE, ii) MEKC, and iii) CD-EKC.
BGEs used for CZE contained 10 mM Na,B40O- at pH 9.2 with or without the addition of organic modifiers (0
to 20% v/v) such as methanol (MeOH) and ACN. The MEKC buffers contained a 10 mM borate buffer at pH
9.2 and SDS (20-80 mM). The effect of organic modifiers in MEKC was studied using a 10 mM borate
buffer at pH 9.2, 40 mM SDS and various concentrations of organic modifiers (0 to 20% v/v MeOH or ACN).
For CD-EKC, BGE:s containing a-CD (2-60 mM), B-CD (2-16 mM) or DM-B-CD (2-50 mM) were prepared
at various concentrations by weighing an appropriate amount of CD and dissolving these in 10 mM Na,B,0;
at pH 9.2.

Stock solutions of each test analyte at 5.0 mM were separately dissolved in MeOH and then diluted
with purified water. The mixtures contained each analyte at 0.1 mM and mesityl oxide as EOF marker in
CZE and CD-EKC, while thiourea as EOF marker and DB as micelle marker in MEKC. All sample solutions
and buffers were filtered through 0.45 um membrane filters prior to CE analysis.

2.3 CE conditions

All CE separations were performed on a Beckman Coulter MDQ CE system equipped with a photo-
DAD scanning from 190 to 300 nm and monitoring at 214 nm. An uncoated fused-silica used (Polymicro
Technologies, Phoenix, AZ, USA) was 40.2 cm in length (30 cm to detector) X 50 um id, and thermostatted
at 25 °C. The applied voltage was set at 15 kV. A sample solution was introduced by 0.5 psi pressure
injection for 3 s. Prior to analysis each day, the capillary was conditioned as detailed in previous work [25].
Each experiment was carried out in duplicate.

3 Results and discussion
3.1 CZE separation of C'/M™ and DC/DM™

The CZE separation mechanism is based on the difference in p of the analytes due to the difference
in the ratio of charge to hydrodynamic radius of solutes [1]. Figure 1A shows the separated
electropherograms of a pair of monosubstituted benzoates: 2C°/2M", 3C7/3M™ and 4C /4M", using 10 mM
borate buffer at pH 9.2 without the addition of organic modifier. In the pH 9.2 buffer, each analyte, with pK,
<4.5[26-27], carries a fully negative charge and, therefore, each analyte migrates after an EOF marker with
the migration time order or the electrophoretic mobility (Ju|) order: C” > M. A pair of C/M ™ in each
positional isomer migrates closely for each other. The n values (10® m* V' s™) of the C/M™ are shown in
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Table 1, with %RSD < 1.0. As can be seen from Fig. 1A, the baseline resolution of C'/M™ for all pairs was
not achieved, R, < 1.5. Figure 1B shows the CZE separations of disubstituted benzoates DC/DM™ (2,3-, 2,4-,
2,5-,2,6-, 3,4 and 3,5-isomers). The |p| values of disubstituted benzoates were found in the order DC™ > DM~
(Table 1), similar to the || order of monosubstituted benzoates C” > M. The baseline resolution of DC/DM™
was achieved for 2,6-, 3,4- and 3,5-isomers (R; = 1.53—1.72), while not achieved for 2,3-, 2,4- and 2,5-
isomers (R, = 0.88—1.42).

From Fig. 1A for the separation of monosubstituted benzoates, the CZE separation selectivities
(oczp) were obtained to be 1.018, 1.025 and 1.023 for 2-, 3- and 4-C/M™ isomers, respectively, which have
the same trend but slightly less than those of literature values calculated using u” as previously mentioned in
Section 1. The values of oczg for disubstituted benzoates were obtained in the range of 1.019-1.038. The
acze value close to 1.0 indicates small separation selectivity or small difference in p. According to Eq. (2),
the most important parameter to enhance R, is the separation selectivity. The higher the value of o, the better

the value of R,. The resolution also scales with the mobility term (|u , /(R+1,,)|) and the square root of

the efficiency.

The addition of organic solvent into BGEs was reported to improve the separation of sample
mixtures in CZE due to a change in pand ., [4-5, 11-16]. In this work, the effect of organic solvents to o.czg
was studied by separately adding 10-20% v/v MeOH or ACN into 10 mM Na,B,0; buffer. With an increase
in organic modifier concentrations, the same |y order was obtained with longer migration time (data not
shown). Figure 2 shows an example of the effect of MeOH on ocze and R, for monosubstituted benzoates
(C/M"). From Fig. 2A1, although a slight decrease in oczg was obtained with increasing the amount of
MeOH in the buffer, the better Ry was observed (Fig. 2A2) because of the slightly higher values of the

mobility term and the greater IV (data not shown) according to Eq. (2). The similar result with MeOH was
also observed using ACN as an organic modifier (data not shown).

The use of a buffer with suitable pH at the average pK, values for two analytes [7-8] is one of the
alternative methods to enhance aczg. For example, using the pK, values reported from literature [26-27] for
calculation of suitable pH of the buffers, the different pHs of 3.39, 4.05 and 4.17 may be used for separating
each pair of 2-, 3- and 4-C/M’, respectively. Another alternative method to improve o for benzoic acid
derivatives is the addition of pseudo-stationary phases such as micelles in MEKC [11, 17-18] and CDs in
CD-EKC [11, 19-23].

3.2 MEKC separation of C'/M™ and DC/DM"

Using an MEKC buffer containing 40 mM SDS in a 10 mM borate buffer at pH 9.2, anionic
micelles and negatively charged solutes migrate toward the cathode with the presence of high EOF. As
shown in Table 1, the migration of analytes in MEKC were found in the |y order C > M~ and DC™ >
DM, similar |y| order in CZE. Typically, the charged analytes in MEKC are separated due to the differences
in their micellar partitioning and their electrophoretic mobility (ciczg). In our recently previous work [3], the
separation selectivity for charge analytes in MEKC relates to o and a.czg as the equation:

Oy
+
b Oz 1+k,
o = 0Ol (M
MEKC B+k, 1+ ok,

where oyeke 18 the mobility selectivity in MEKC, oy is the retention selectivity defined as the ratio of
retention factor (k) in MEKC for two analytes and P is the ratio of the analyte p in CZE (p) to the micelle
marker p in MEKC.

In comparison between MEKC and CZE as shown in Table 1, the very slightly higher ogxc than
ocze is due to the small oy giving the small ratio of oy/oczg ranging from 1.013 to 1.063. According to
theoretical models for aygxc [3], a slight increase in ayexc for C/M™ and DC/DM' is consistent with the
model of Type I (o > acze = 1.0) with small values of oy/o.czg. In comparison with CZE, the slightly better
R for C/M™ and DC/DM™ in MEKC was obtained due to the slightly higher aygxc than oczg and the greater
mobility term for MEKC with comparable N. In most cases, the baseline resolution in MEKC was achieved
for a pair of C/M™ (R, = 1.59—-1.77) and DC/DM" (R, = 1.73-2.67), except for 2C/2M™ (R; = 1.09) and
2,4DC /2, 4ADM (R, =1.25).

Over a wide range of SDS concentrations of 20—80 mM, the ayexc values for each pair of C/M™ or
DC/DM™ were insignificantly different (data not shown). Figure 2B1 and 2B2 show an example of the effect
of MeOH in the MEKC buffer on ogkc and Ry, respectively, for monosubstituted benzoates (C/M"). As can
be seen in Fig. 2B, an increase in organic solvent concentrations gives a very slight decrease in oygkc (Fig.
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2B1) but the better R (Fig. 2B2) in MEKC, a similar trend found in CZE with the addition of organic
solvents.
3.3 CD-EKC separation of C'/M™ and DC/DM™

In order to enhance separation selectivity of the charged analytes, a-CD (2-60 mM), B-CD (2-16
mM) and DM-B-CD (2-50 mM) were separately added into the pH 9.2 borate buffer. It should be noted that
16 mM for B-CD is the saturated solubility in water, 60 mM a-CD gave the achieved baseline resolution with
Ry > 2.4, except for the co-elution of 2,6DC7/2,6DM", and 50 mM DM-B-CD gave R, > 4.5, except for the
co-elution of 2C/2M™ and 2,6DC/2,6DM . In the presence of CD, the CD-EKC separation for two charged
analytes arises from the differences in their binding constant (K) to CD and their electrophoretic mobility
(acze). The different ability of CD to form inclusion complex with the analytes is governed by several factors
such as the match between the cavity size of CD and the molecular size of the analytes, hydrophobic
interaction and hydrogen bonding interactions [1, 2].

In our recently reported work [25], the CD-EKC separation selectivity for charge compounds was
developed to relate to k and oz as the following equation:
o~ B, +K,C 1+xK,C 3)

e B, +a:xK,Cy \ 1+K,C
where ocpis the mobility selectivity in CD (u,/p,), k is the CD binding selectivity defined as the ratio of K
for two analytes (K /K, with K| > K5), B is the ratio of the analyte pu in CZE to the analyte-CD complex 1 in
CD-EKC (Mo 2/Hx2), ¥ is the ratio of ., for two analytes (i«,1/Hsx2), and C is CD concentration.

Table 2 shows the values of K, k, observed maximum selectivities in CD-EKC (0cp, max) and types
of acp model for each pair of C'/M™ or DC/DM", using 2-60 mM a-CD, 2-16 mM B-CD or 2-50 mM DM-
B-CD. The K and p., values were determined using the CEfit Program of a nonlinear least-squares fit to the
data points of the corrected electrophoretic mobilities, with a change in the buffer viscosity, as a function of
C [28-29]. The calculated p., of weakly-binding analytes was obtained from the average of ., values of other
positional isomers and used to calculate K, as previously suggested [21]. The greater K for chlorosubstituted
than methylsubstituted benzoates in each isomer indicates the strong CD binding to C™ than M~ and also DC™
than DM". This is possibly due to the stronger hydrophobicity of chlorosubstituted than methylsubstituted
benzoates to CD cavity as seen from the higher k£ in MEKC for C” than M~ and DC™ than DM". In addition,
the steric effect of —CH; than —CI may reduce inclusion complexing for M~ or DM~ to CD. In comparison
with other isomers, 2C™, 2M", 2,6DC™ and 2,6DM™ have weaker binding to CD possibly due to the steric
effect of substituents adjacent to a —COO™ group.

Depending on the match between the interior size of CD (B-CD larger than a-CD) and the molecular
size of the analytes, the higher K in a-CD than B-CD for C” and DC™ was observed except for 2C™, 2,3DC",
2,6DC™ and 3,4DC", while the higher K in B-CD for M~ and DM~ was obtained except for 3,5DM . For the
B-CD derivative, the smaller K in DM-B-CD than B-CD for all analytes was observed due to steric hindrance
of methyl groups on the upper rim of DM--CD cone. In most cases, a-CD and DM-B-CD gave the higher
binding selectivities (k = K,/K;) than did 3-CD, implying that a-CD and DM-B-CD is the better selector for
separation of C/M™ and DC/DM". The k values ranging from 1.0 to 21.2 indicates that the position of
substituents affects on the difference in the CD binding of substituted benzoates.

Over a wide range of CD concentration, the values of ocp increase to maximum values and then
decrease and, therefore, the observed maximum o.cp as listed in Table 2 is the value for each pair of C/M™ or
DC/DM™ at a given CD concentration in a working range used in this work. According to theoretical models
for acp [25], in comparison with CZE, an increase in ocp for each pair of C’/M™ or DC/DM is consistent
with the Type III acp model (k > 1 > aczg), except for the Type I acp model (k > aczg >1) for 2C/2M™ with
a-CD-EKC.

It should be noted that the analyte 2 in CD-EKC refers to the analyte with lower K, in order to fit
with Eq.(3) and the Type of ocp model [25]. For example, for 3C/3M~ with o-CD having K values of
80.7/22.3 M’!, the selectivities are obtained from the following calculation; acp = p(3M)/u3C), k =
KBC)/K(BM) and aczg = mo(3M)/wo(3C7). Therefore, for pairs only with the Type III ocp model, the
theoretical aczg used in Eq.(3) for CD-EKC is equal to the reciprocal of the practical oczg in CZE shown in
Table 1, such as 0.976 or 1/1.025 for 3C/3M".

According to theoretical models for ocp in our previous work [25], for the Type I acp model giving
the same |p| order in CD-EKC with CZE, an increase in C enhances ocp to a maximum value and then
decreases at higher C. Due to the opposite selectivities of aczg and « for the Type III acp model giving the
same || order in CZE with CD-EKC at low C and possibly reversed |u| order at high C, an increase in C
results in a loss of the separation, starting from 1/ocp > 1 (ocp < 1) to near 1, and then increases the
separation (ocp > 1) at higher C.
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In comparison with CZE, CD-EKC provides the better separation for a pair of 2C7/2M~ with a-CD
with the Type I acp model and other pairs with the Type III acp model. As previously explained [25], the
Type III ocp model can improve the separation with the larger k than oczg values and high C. For the
following four pairs, such as 2C7/2M™ with DM-B-CD, and 2,6DC/2,6DM"~ with a-CD, 3-CD or DM-B-CD,
worse separation in CD-EKC than CZE were observed due to the small ratio of «/dczg.

As a result of most cases, the better R, for C/M™ and DC/DM™ was achieved with CD-EKC than
CZE and MEKC (ocp > oweke > dcze)- Using a wide range of C, such as 2-60 mM o-CD, 2—-16 mM B-CD
or 2-50 mM DM-B-CD, the baseline resolution was achieved for a pair of C/M™ (R; = 1.51-15.8) and
DC/DM™ (R, = 1.66-28.5), except for 2C7/2M™ and 2,6DC/2,6DM" with B-CD or DM-3-CD.

3.4 Simultaneous separation of positional isomers of C'/M™ and DC/DM™

In CZE with 10 mM borate buffer (Fig. 3A), the co-elution of three pairs of C'/M~ was observed
due to similar p for each positional isomer C/M™. As can be seen from Fig. 3B using an MEKC buffer
containing 40 mM SDS, the slightly better separation was obtained for positional isomeric separation C"/M~
because of slightly higher oy than oczg for each pair of C/M™ isomers. In comparison with CZE (Fig. 3A)
and MEKC (Fig. 3B), the reversed apparent |u| order in CD-EKC for M™> C, particularly at 20 mM a-CD
(Fig. 3C), 16 mM B-CD (Fig. 3D) or 5.0 mM DM-B-CD (Fig. 3E), was observed, except for 2C/2M™ with 20
mM a-CD and 5.0 mM DM-B-CD. This is due to the stronger binding of C” than M™ to neutral CD, resulted
in the lower apparent || of analyte and its complex. In comparison with CZE and MEKC, CD-EKC gave the
better simultaneous separation for similar p compounds of C'/M™ due to greater o.cp resulting from higher
k than oz and oy. Over a wide range of 15-60 mM a-CD, e.g. 20 mM (Fig. 3C), in the buffer, CD-EKC
achieved the baseline resolution for simultaneous separation of C'/M".

The similar trend was also found for the better simultaneous separation of DC/DM™ with CD-EKC
(Fig. 3F-3H) than CZE and MEKC (data not shown for CZE and MEKC). Using 40 mM DM-B-CD (Fig. 3H),
the baseline separation of positional isomeric separation of DC/DM™ was achieved, except for 2,3DM7/2,5
DM and 2,6DC/2,6DM. It should be noted that simultaneous separation of positional isomers of DC/DM"~
may be improved by the addition of organic solvents, the change of CD types and concentrations or the use
of dual CDs.

3.5 Application to phenoxy acid herbicides

The separation selectivity was also compared for phenoxy acid herbicides using three CE modes:
CZE, MEKC and CD-EKC. Initial study is focused on the separation of 2,4-DB/MCPB and 2,4-D/MPCA
which have only one different substituent of chloro and methyl group on a benzene ring. For CZE separation
in Fig. 4A, the co-elution peaks of 2,4-DB/MCPB and 2,4-D/MCPA were observed due to their similar p or
small oczg, which is consistent with the previous work [23]. In MEKC with 40 mM SDS in Fig. 4B, these
two pairs were also co-eluted. With the addition of MeOH or ACN up to 20 %v/v in the CZE or MEKC
buffer, the baseline resolution was not obtained for 2,4-DB/MCPB and 2,4-D/MCPA (data not shown). Using
CD-EKC with various types and concentrations of CD, the values of K, k and o.cp, max and types of o.cp model
for 2,4-DB/MCPB and 2,4-D/MCPA are listed in Table 2. According to theoretical models for ocp [25], in
comparison with CZE, an increase in ocp for 2,4-DB/MCPB and 2,4-D/MCPA with a-CD is consistent with
the Type III acp model (i > 1 > aczg), whereas the Type I acp model (i > aczg >1) for these analytes with
B-CD or DM-B-CD. Due to the small k of the analytes to B-CD (1.06 for 2,4-DB/MCPB and 1.02 for 2,4-
D/MCPA), co-elution of two pairs was observed (data not shown). In comparison with 3-CD, a-CD and DM-
B-CD have the much higher separation selectivity (a-CD with 1.61 for 2,4-DB/MCPB and 1.39 for 2.4-
D/MCPA, and DM-B-CD with 1.30 for 2,4-DB/MCPB and 1.41 for 2,4-D/MCPA). Baseline resolution was
achieved over a wide range of C, for example, 2.0-30 mM a-CD for 2,4-DB/MCPB, 2.0-15 mM «a-CD for
2,4-D/MCPA, 2.0-8.0 mM DM-B-CD for 2,4-DB/MCPB, and 2.0-50 mM DM-B-CD for 2,4-D/MCPA.
Using 2.0-15 mM a-CD, the simultaneous separation of 2,4-DB/MCPB, 2,4-D/MCPA and other six
phenoxy acid herbicides was not achieved. With 2.0-8.0 mM DM-B-CD for simultaneous separation of ten
phenoxy acid herbicides, 3.0 mM DM-B-CD gave the achieved baseline resolution for all analytes within 4.0
min as shown in Fig. 4D.

4 Concluding remarks

CE separation selectivity for two analytes having similar p, such as C/M™ and DC /DM, were
compared in three CE modes: CZE, MEKC and CD-EKC. Small oz was obtained for each pair of C/M~
and DC/DM'. A slightly higher ougkc than oczg was observed due to the small difference in partitioning of
C /M and DC/DM’ into micelles. With the addition of organic solvents in the buffer of CZE or MEKC, a
slight decrease in oczg and ayexc was observed. In comparison with CZE and MEKC, CD-EKC gave the
higher acp than aczg and ayege for C/M and DC /DM because of large different in binding constant of
analytes to CD. The better simultaneous separation of positional isomers of C/M™~ and DC/DM" was also
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observed using CD-EKC than CZE or MEKC. In addition, the baseline separation for 2,4-DB/MCPB and
2,4-D/MCPA, two pairs of phenoxy acid herbicides having the difference in chloro and methyl substituents
on a benzene ring, was achieved in CD-EKC using a-CD or DM-B-CD, while not achieved in CZE and
MEKC. The results imply that CD-EKC can be used as the better alternative to separate compounds having
the different substituents only by chloro and methyl groups, in comparison with CZE and MEKC.
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Figure 1  Electropherograms for CZE  separation of (A) chlorobenzoate/methylbenzoate; C/M~ and (B)

dichlorobenzoate/dimethylbenzoate; DC/DM. CE conditions: a 10-mM borate (Na,B,0O5) buffer at pH 9.2, 50 um idX40.2 cm (30 cm
to detector) uncoated fused-silica capillary, temperature of 25 °C, applied voltage of 15 kV, UV detection at 214 nm and 0.5 psi pressure
injection for 3 s.
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Figure 2 Effect of MeOH in the buffer on mobility selectivity (A1, B1) and resolution (A2, B2) of C/M™ in CZE and MEKC: (Al)
mobility selectivity in CZE (ocze), (A2) resolution in CZE (R, cze), (B1) mobility selectivity in MEKC (owekc) and (B2) resolution in
MEKC (Rs, mexc)- A CZE buffer contained a 10-mM borate buffer at pH 9.2 and MeOH. An MEKC buffer contained 40 mM SDS and
MeOH in a 10-mM borate buffer at pH 9.2. Other CE conditions as shown in Fig. 1.
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Figure 3 Simultaneous separation of positional isomers of C/M™ (A) and DC/DM™ (B) in three CE modes at a pH 9.2 buffer: (A1) CZE
with 10 mM Na,B,07, (A2) MEKC with 40 mM SDS in 10 mM Na,B40;, and CD-EKC with 10 mM Na,B40; containing (A3) 20
mM o-CD, (A4) 16 mM B-CD, (AS5) 5 mM DM-B-CD, (B1) 60 mM a-CD (B2) 12 mM B-CD and (B3) 40 mM DM-B-CD. (Analytes:
2,3DC™ (C1), 2,4DC (C2), 2,5DC (C3), 2,6DC™ (C4), 3,4DC (C5), 3,5DC (C6), 2,3DM™ (M1), 2,4ADM"™ (M2), 2,5DM™ (M3), 2,6DM"
(M4), 3,ADM™ (M5), 3,5DM™ (M6). Other CE conditions as shown in Fig. 1.
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Figure 4 Simultaneous separation of chlorophenoxy acid herbicides in three CE modes at a pH 9.2 buffer: (A) CZE with 10 mM
Na,B,07, (B) MEKC with 40 mM SDS in 10 mM Na,B40; and (C) CD-EKC with 10 mM Na,B,0; containing (C1) 2.0 mM a-CD and

(C2) 3.0 mM DM-B-CD. Other CE conditions as shown in Fig. 1.
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