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Abstract: Soeciation of elenents could provide valuable infomation for chemistry, envirorment, medicine and life

<ience A sanev sgparation technique, caillary electrophoresisoffers a number of mportant attributes including high

separation efficiency, short analysis time, and lov sample consumption The development in the elamental geciation

analysis by capillary electrophoresis is revieved with 56 references V arious CE sgparation modes (e g , capillary

2one electrophoresis, micellar electrokinetic capillary chromatogrgphy, capillary ielectric focusing, cepillary electro-

chromatogrgphy) and detection techniques (e g, UV - Vis fluorescence, electrochemistry, inductively coupled

plasna - mass pectrametry) goplied are discussed Further, sime issues conceming the limitations and the future of

CE with regard 10 geciation studies are al® discussed
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0 Introduction

Envirormental pollutants are a significant hazard t© human
health; anong them trace elaments have beneficial and hamful
effects depending on their quantities and chemical Pecies in
living organisns In addition o the canmon elements ( oodium,
calcium, magnesium, etc ) , a number of trace elanents ( sele-
nium, zinc, molybdenum, manganese, etc ) are considered es
sential with ecific biological functions at relatively low levels
However,when present in excess, these elenents can be ham-
ful The eleanentspresent in biological and enviormental mate-
rials are distributed anong various chemical foms which in-
clude inorganic salts, organic and bio-metallic or bio-metalloid
compounds D etemination of ttal elenental concentration is of
limited value, as this infomation cannot be directly related o
the chamical, biological and toxicological activity of a particular
elanent Oxidation state and/or chanical fom of trace elements
detemine their toxicological effectsor nutritional benefits A na-
Iytical elenental gpeciation has been defined as the separation,
identification and quantification of the different chemical foms
or Peciesof aparticular elanent in a given sample  Infomation
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on elanental geciation in enviommmental and clinical material
isvital in studies on possible mechanisns of elament trangort
and/or degradation in the enviorment, elenent bioavailability
and on possible metabolic pathways within living organisns
The growing interest in elanental eciation is reflected in the
nunber of recent publications in the literature, and it can be
easily justified by a strong demand for analytical tools adequate
for detemination of elemental geciation in various fields, in-
cluding enviommental and life sciences In the development of
any analytical procedure for elenental eciation, it is necessa
1y © consider. (a) the gecies /fom © be detected; (b) the
need © presrve the natural composition and distribution of
ecies in the sample during the procedure; and finally; (c) the
<electivity and detection capability of the analytical technique
for quantification

Since usually more than one elemental ecies exists in a
sanple, a sparation step is necessary. A variety of separation
techniques have been used Of these techniques, gas chranatog-
rgohy (GC) and liquid chromatogrgphy (LC) are most com-
monly used, as indicated by the numerous revievs and proce-
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dures published™?!. Capillary electrophoresis (CE) is a cam-
paratively nev sgparation technique Applicability of using CE
as an alternative way for geciation analysis has been explored
in recent year§3]. Among the sgparation techniques previously
mentioned, CE offers a number of important attributes inclu-
ding high separation efficiency, short analysis time, lov sample
consumption and lov operating cost CE become nov awell -
established analytical method and is used as an altemative or
complementary technique o HARLC Since sgaration in CE is
mainly governed by difference in charge-to-size of analytes, this
technique is extremely powerful in chemical eciation pumpo-
ed?,

In 1998, D abek-Zlobrzynka et al'’®!. comprehensively re-
vieved the state-of-the-art of CE for metal geciation analysis
L ater on, several excellent revievsof elenental geciation anal-
ysis in CE have been presented in the literature *° !, This
revienv presents the developmentsof elenental geciation analy-
sis in CE V arious sgparation modes and detection methods are
discussed The principal limitations and further outlook are al®
described

1 Separation n capillary electropho-
resis

CE isan instrumental gopmach  electrophoresis inwhich
sample camponents placed betveen wo buffer ®lutions are
sparated in an open-tubular capillary with an inside dianeter
ranging fran 2 to 2004 m and a length usually betveen 10 and
100 an The sgparation is based on the electrophoretic mobility
of the analyte ecies induced by the large potential (10 30
kV) applied across the capillary. This migration takes place
under the combined effects of electrophoretic and electroosnot-
ic flovs (EOF) generated by applying an electric field across
the cgpillary The auccessul gpproach for eciation analysis
dependson wo factors selectivity (1o be sure of detemining
the proper pecies) and sensitivity (o match the analyte’s level
in the sanple). This section briefly revievs the sgparation
modes goplied in elemental peciation analysis o date

CE sgparations can be accamplished with various modes,
including the popularly enployed cepillary zone electrophoresis
(CzZE), micellar electrokinetic capillary chromatography
(M EKC) , capillary iselectric focusing (CIEF) , capillary elec-
trochromatogrgphy (CEC) etc

CZE-based sparation is the most widely used operation
mode in geciation analysis CZE can be divided into wwvo sub-
directories (i) oounter-electroosnotic flov CZE; (ii) oo -
electroosnotic flov CZE Recently, a comprehensive investiga-
tion on sparation of organic and inorganic arsenic ecies by
cepillary electrophoresis using direct gectrophotometric detec-

[ In that article, both

counter- and co - electrosnotic flov CZE were utilized A

tion was demonstrated by Sun et al

sparation of nine arsenic pecieswasperfomed by the counter
- EOF mode For the oo - EOF mode, poly ( diallydimethylam-
monium chloride) (FDDAC) was used for dynamic coating of
the cepillary and © provide a stable and reproducible reversed
EOF. It can be sen fram the reaults that the co - BEOF mode is
more rgpid and provides shamper peaks

Neutral compoundswill comigrate under the classic CZE
conditions Terabe et al'™. successully developed a MEKC
sparation mode o revlve this problen. In M EKC mode, sur-
factantwith concentration over its critical micellar concentration
(QMC) is necessary o be added in the carrier electolyte o
form micelle as the pseudostationary phase The praminent ad-
vantage of M EKC is its ability to sgparate both neutral and ion-
ic gecies M EKC have al® been widely used in the peciation
of elenents, epecially for the geciation of various organome-
tallic canpounds At an early stage of the development of geci-
ation analysis by CE, Ng et al ™ probed the applicability of
M EKC 1o the sgparation of organoselenium and organolead cam-
pounds The smultaneous relution of individual lead, mercury
and selenium gecies, overall 9 - 10 organic and inorganic ana-
lytes, was attained as a result of combining pre - column deri-
vatization and differential micellar slubilization principles™’.

Capillary imelectric focusing (CIEF) has continuously
been an attractive sgparation technique for biologically impor-
tant anpholytes, i e , proteins and peptides Ielectric focu-
sing is characterized by high relution and gontaneous focu-
sing of analytes In CIEF systan, the anpholytes are enployed
 offer a pH gradient along the capillary when goplying an e
lectric field Secies with different ielectric points (p! val-
ues) will move o and be focused on their individual pl, and
then be separated fram each other M ichalke and Schramel™
proposed a sparation of six inorganic and organic Se gecies
with CIEFE Because the authors utilized an online coupling in-
ductively coupled plasnamass gectrometry ( ICPMS) detec-
tor, the formation of metal complexes was not necessary. The
detection Imitswere around 10 30 g Se/L. The method was
goplied o standard mixtures and body fluids like human milk
and srun Selenium carrying glutathione (GSSeSG) and <ele-
nocystine (SeC) in serum was identified by standard additions
procedure Scapolan et al'™®. studied in detail the chemical be-
havior of uranium in biological medium by using CZE and CIEF
with time - reslved laser induced florescence (TRL IF) detec-
tion By using CIEF, different uranium camplexeswere spara-
ted as a function of theirpls Very low level of different uranyl
comp lexeswere identified in virtue of the utilization of TRL IF
detection scheme The author investigated the results obtained

351



18 3

( ) 2005 7

in various inorganic chemical and biological systens

Cagpillary electrochromatography cambines the high effi-
ciency of CZE and the high selectivity of HALC and has re-
ceived increasingly more attention Campared with CZE and
M EKC, seldom report concerning feciation analysis of ele-
ments by CEC has been published A bonded phase caillary
column containing macrocyclic polyanine, 1, 15-dioxa-4, 8, 12,
18, 22, 26-hexaazacyclooctaeicosane ([ 28] ane - N;O,) was
used for the electrophoretic sparation of arsenic (HA ©,”" -
PhAS'), chamium (CiO,> - CP*) and slenium (S€0,*
- S0,% ) pecied”. A simple device interfacing capillary
electrochramatogrgohy systens o ICPM S is described Concen-
tration detection limits for these metal ionswere in the lov ppb
range In addition, the matrix effect of the established system
with the bonded phase was found snaller than that with the
bare fused silica

2 Detection techniques

A variety of CE detectors, includingUV -V is, fluorescence,
electrochemistry, X-ray emission, chemiluminescence, electros
pray ionization - M Sand ICP-AESM S etc , have been utilized
in the eciation studies o date This section will briefly de-
<cribe their gpplications

UV detection has been extensively used in eciation anal-
ysis because of their smplicity and versatility Sincemostmetal
Pecies are tranparent in UV - Vis region, the derivatization
steps using suitable chromophore is required prior © sparar
tion The camplexing regents CDTA™ used in CE geciation,
which fom aborbing complexeswith metal ions in different ox-
idation states Besides the direct detection, indirect UV detec-
tion modeswere alo widely used in this research field™. In-
direct detection isbased on the detection of a nonabsrbing an-
alyte that produces interference or suppression of a given back-
ground signal; the analyte is detected indirectly as an inverted
peak Several cationic and anionic co - ions such as midazmle
and chramate have been used in the indirect UV detection of
element geciation The main disadvantages of UV detection
method is lack of adequate sensitivity, usually with the detec-
10" ° mol/L limited by the short path
100U m) through the colunn Various attempts

tion limits of only 10°°
length (2
have been made o mprove the sensitivity of UV -V is detectors
by increasing the optical path length, including the use of Z -
sheped and multireflection detection cell, but with sme sacri-
fice in remlution and design smplicity Generally, UV -V is de-
tectors are not ideal for the geciation detemination because
they suffer fram poor selectivity and are not very sensitive

L ess sphisticated and more affordable detectors, such as
fluorescence, and anperanetric detector, can be employed in

352

elemental Peciation For instance, laser - induced fluorescence
(L IF) detectionwas used t characterize humic substances and
their interactionswith metal ions in CE Additionally, indirect
fluorescence detection was al gpplied in the geciation analy-
sisof tin®. A technique based on capillary electrophoresis
and amperametric detection (CE - AD) has been developed for
the eciation of mercury at ng/mL concentration leveld®.
Controlling the reduction potential applied on the microelec-
trode attains selective detection of these electrochamically ac-
tive ecies The detection limitsof Q 1 ng/mL for Hf " and 3
ng/mL for CH;Hg" are potentially attractive for the monitoring
of mercury contamination in sediments®!. However, there is
still a call for further effortson the implementation of these de-
tectors for practical use

To date, chemiluminescence (CL) isone of the less de-
veloped detection systams for CE, yet there are several features
in this method, which bring it closes b a sensitive detection
gystan CL detection systam is characterized by a smple cheap
optical systam requiring no light urces, awiding the efforts of
stray light and the instability of the light source, and thusprovi-
ding lov background noisewith excellent sensitivity In temsof
engitivity, L perhaps represents the ultmate detection
<hane Some reports have shovn that QL is an alternative
pranising detection procedure for CE Recently, our group has
made continuing efforts in ultrasensitive CL detection of metal
ions by CE'® ®!. Recently, geciation of vanadium was als
carried out in CE with CL detection™' | it was found that V
(V) has excellent catalytic behavior for the chemilumines
cence (L) reaction of luminol and hydrogen peroxide The
detection Imit forV (V) is2 4 x 10" mol/L. Up © now,
this could be the highest sensitivity for metal ions analysis In
addition, the separation of 1 3 x10"*® mol/L V (V) and 6 7
x10"° mol/L V (V) has been perfomed successfully A's far
aswe know, this is the first report on geciation of elanents by
CE-CL. Most recently, Zhang’s group'®”’ carried out the ultrar
Ensitive peciation analysis of Cr(V 1) and Cr( Ill) by CE-
CL. Based on in - capillary reduction, chramium (V1) can be
reduced by acidic sodium hydrogenaulfite o fom chromium
(1) while the sample is running through the capillary The
limitsof detection (DL) of Cr(1ll) and Cr(V1) were 6 x
10" and 8 x10" ¥ mol/L (SIN =3), repectively The mass
DL for Cr(11]) and Cr(VI) were1 2 x10" % mol (12 zmol)
and 3 8 x10™ " mol (380 amol) , repectively

Recently, great efforts have been devoted to interfacing CE
with element - selective detectors including inductively coupled
plasna (ICP) atomic emisson ectrametry (AES) andM S
The interface betveen the end of the electrophoresis cepillary
and the ICP is key o the success of the CE - ICP technique



The considerable advantages of ICP - M S as a detector include
(i) the very low detection limits ( <3 g/L); (ii) direct ele-
ment infomation and element quantification is possible (iii)
all buffer systans and stacking procedures fitwell o the detec-
tor; (iv) no compromises between sparation and detection On
the other hand, there are sme Iimitations (i) detection of only
the element ispossible (ii) unknowvn gpecies cannot be identi-
fied; (iii) m/z signalscan be interfered by polyatomic interfer-
ences, reaulting in pseudo element signals A reviev on this
opic of CE- ICP- M S has been published recently'”.

Olesk et al " first used CE - ICP - AES for the ele-
mental peciation analysis including sgparation of Fe( Il) and
Fe(11]). Deng et al ™' developed a smple interface for CE -
ICP - AES The interface is relatively smple to build and is
easy o st up  couple a commercial cepillary electrophoresis
0 the ICP pectrmeter The separation and detection of CF* /
Cr0,”” and CU’* /Cu- EDTA®" was achieved with the detec-
tion Imitsof Cr and Cu are 5 ng/mL. The canbination of
high separation efficiency of CE with the high sensitivity of ICP
- M'S detection provides a valuable technique for elemental
geciation

Recently, metal geciationwas carried out by on - line hy-
phenation of capillary electrophoresis with mass gectrametry
via an electrogray ionization (ESI) interface®™. The Se pe
cieswere aufficiently ssparated fram each other with the detec-
tion Imitswere calculated as 1 6 mg/L for the organic Se
gecies Electogpray is a ©ft ionization technique The ionizar
tion process does not alter their structure and they will mostly
be detected as singly charged molecular ions Therefore, ESI -
M S is best auited for the eciation of covalent organometallic
compounds Generally, CE - ESI - M'S can provide maximun
infomation, i e direct detemination of the element in its pe-
cific fom; CE/ ICP - M S directly yields elanental infomation
M ichalke et al [*! campared the o hyphenated systans (CE
- ESI-MSand CE- ICP-MS) for three slenium eciation
investigations CE - ICP - M S detection provides considerably
improved the detection limits compared o CE - ESI-M S

A's a ranarkable feature of CE, on-line pre-concentration
by field-amplified sample injection (FASI) or itachophoretic
electrostacking of the sample injected into the capillary can be
goplied in measuring the trace levels of various ions***!. By
simple field - anplified stacking, occurringwhen the conductiv-
ity of the sample is lower than that of the surrounding electro-
lyte, sensitivity can be mproved effectively Smultaneous e-
ciation of lead, mercury, and <lenium was carried out by
CE™!. FASIwas perfomed in order o improve the detection
ensitivity Up © 1500 - fold on - line enrictment and down o
sub-nanogran permilliliter detection limits were obtained for

the analytes under the optimal stacking conditions The method
was goplied succesully in the detemination of Pb(11) and Se
(VM) in scavater samples

A novel hyphenated technique, on-line coupling of capil-
lary electrophoresis t atomic fluorescence gectrametry
(AFS) ,was developed by Yan's group'®’ for eciation analy-
sisof four enviormentally significant and toxic foms of arse-
nic: arsenite, arsenate, monamethylarsenic acid, and dimethyl-
arsenic acid Baseline separation of the four arsenic pecieswas
achieved by capillary electrophoresis using a 20 mmol/L phos
phate buffer (pH 6 5). A hydride generation (HG) technique
was enployed o convert the arsenic gecies fran the CE efflu-
ent into their regective hydrides The precision (RD) ranged
from 2 1% t© 3 1% for migration time, frim 2 8 % © 4 2%
for peak area reponse, and from 2 0% t© 4 1% for peak
height regponse for the arsenic pecies at the 1 mg/L (asAs)
level The detection limitswere in the rangeof 9 184 g/L (as
A's). The recoveries of the four arsenic gecies in locally col-
lected water samples and urine sample ranged from 91% t
115%. The developed techniquewas successfully goplied o the
Peciation of thewater - methanol extractable arsenic in a sedi-
ment sample Later on, the same group'™! developed a novel
method for eciation analysisof mercury by on - line hyphena-
ting capillary electrophoresis with atomic fluorescence gec-
trametry The four mercury gecies of inorganic mercury Hg
(1), methymercury MeHg ( 1), ethyimercury EtHg ( 1), and
phenymercury PhHg( I) were sgparated asmercury - cysteine
canplexes by CE using amixture of 100 mmol/L of boric acid
and 12% v/v methanol (pH 9 1) as electrolyte The preci-
sionswere in the rangeof L 9% 2 5% formigration tme, 1
8% 6 3% for peak area reponse, and 2 3% 6 1% for
peak height regponse for the four mercury gecies The detec-
tion limits ranged from 6 8 to 16 54 g/L (asHg). The recov-
eries of the four mercury ecies in the water sampleswere in
the range of 86 6%
auccessully goplied to eciation analysisof mercury in a certi-
fied reference material (DORM - 2, dogfish muscle).

111%. The developed technique was

3 Applications n elanental secia-
tion analysis

Nowadays, cgpillary electrophoresiswith various detection
techniques, including UV - V is, fluorescence, electrochemistry,
cheamiluminescence, electropray ionization - MS and ICP-
AESM S etc , have been utilized in the geciation studies of
elanents as follows Ad* ¥, sg®®1  ppl31l o320l
Fda®l oAz @l Bl lesl A4 platinum-group ele-
ments®*®!  even more sulfuf®! | nitrogen™! | chloring®! , bro-
ming®*! and iodine™’ etc inorganic anions Table 1 and Tar
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ble 2 listed scme gpplicationsof geciation analysisof arsenic, <lenium and other elanents, reectively.
Tab. 1 Same applications of arsnic and lenium speciation analysis n CE (DL, the detection Iim it)
PeciesAnalyzed Sanple Buffer Detection DL Ref
As(11) ,As(V) MMA ,DMA A8, AL Test Dlution 20mM CAPS40 mmol/L CD (pH 10) ICP-SM S 0 3-6 O g/l [34]
0 5mmol/L chromate-0 5mmol/L TTAB HYD: 6-174 g/L
As(11),As(V) MMA,DMA A S Sil extracts (pH112) ICPMS ELM: Q 080 260 g/L [35]
IIL K HRO,-1 IILN
As(111) ,As(V) ,DMA Tegouion MM 1L KHRO L0 mmol L NaON CP-TOFMS 1-20 pg for 20 nl [36]
(69 10300 g/L for inorganic S
S(N), S,V ), B Hmanmik  NaCONOH (pH115), 100mmoll —— cows 10_2‘(’)“9 N (%]
NEDH 3D, (pH 2 10 - (V) 1290 P ZG;rS?nDPSIO

Se(W) ,PSC,DPS Sadad o5 ol DS2 SmmollLNTA (pH7) DTtV oL [31
ps(1l), (V) sawaer 2 OMMOIL THAZmmolL D40 iy gy (V) QR67,PS2 020 gl [14]

mmol/lphosphate-boric acid (pH 7. 5)

MMA , monamethylarsinate, DMA , dmethylarsinate; NA , arsanilic acid; PhA , phenylarsonic acid; A 8, arsenobetaing A <,

arsenocholine ion; SeC, selenocysting SV, selenamethioning PSC, henylselenium chloride; DPS, diphenylselenium; PS,

phenylselenium; HYD: hydrodynamic injection; BLM: electramigration injection

Tab. 2 Sane applications of metal elanents geciation analysis n CE (DL, the detection Iim it)

PeciesAnalyzed Sample Buffer Detection DL Ref
Ph(Il) 110, TE 40, ML 80 DR 100
Pb(1l), TEL, ML,DRL Standard 25mmol/L DS2 5mmol/L NTA (pH 7) Indirect UV (1 W) [3]
2 5mmol/L TTHA-2mmol/L D S40 mmol /L
TE, DR, Po( I Seawat o DirectUV No stated 14
(1 e phogohate-horic acid (pH 7. 5) e 0 (14
H " Hg ", MA Standard 25mmol /L DS2 5mmol/L NTA (pH 7) Direct WV HgP *130, Hg " 310, AMA 90 {1 giL) (3]
Hg?*,CHHg ™, CHeHg ™ Sediments 0 Lmol/L creatinine-acetic acid (pH 4 8)  Ampermeteric Hg? "0 2,CH:Hg 3 (i glL) [21]
+ + . ) . Hg” 170, CH,Hg 80, C,HsHg 100
Hg™ " CH®Hg ", C.HaHg Lengs Dlutions 20 mmol /L Na2005-D Scysieine (pH 11) CPMS f 35 0 210 [40]
Y
Fe(1)), Fe(11l) Aenols 100m mol /L horate DirectUV 1x10°°mol/L Fe(1) [41]
250 mmol /L horate-l Comparison three different
Fe( 1), Fe( Il Standard ICPAES T 4
e(1), el & mmol/L phen -1 mmol/L CDTA (pH 9 0) digestion/ dislution methods (4]
|
Cr( 1), Cr(vi) rinse water 4 5mmol/L higtidine (pH 3 4) oontantessl Cr(11) 10,Cr(vV1) 39 {1 giL) [43]
conductometric
-1 -1
cr(l),cr(v) Sindard 0 Gmol |~ acetaterinmol |~ EDTA Q SaneRef 66 (3]
(pH47)
V(V),V(N) Standard Q 1mol/L monochloroacetate buffer (pH 2 2)  DirectWV  V(V) 5x207,V (V) 2x107mollL ~ [44]
D), D(V), MS  Fouling and sawage sudge ~ NaHFO,,/NaH ,F0,,, 20mmol L (pH 5 6) ICPMS Q140 7 gl [45]
Indirect fl
(1), V) Sendard L2mmollL fluoresein (HQ5) | OENCE W mollL [46]
(etection
AP, fluorideAl Tea, canal water, tap water nicotinanide (pH 3 2) Indirect UV No dated [47]
Pt( 1), Pt(V1) and oth .
( ,) (V) and e Standard 60 mmol/L KCI (pH 3 1) DirectUV 0 140 6 ppm [48]
platinum-goup elanents
Comparion the mechanisn of
Rh pecies Sandard Q Imol/L HCI DirectWV catalytic kinetic reactions in Rh [49]
Decies

work demonstrate for the first time that the CE - ICP- M S tech-

Recently, a newv goproach for the geciation of metallothio-
neins (MT) in human brain cyools is described'™!. The analy-
sis isperfomed by gpplication of a nevly developed coupling of
CE with inductively coupled plasna - <ctor field mass gec-
tametry (ICP- SV S). The analytical procedure developed has
been used for the first tme in comparative studies of the distri-
butionsof M T-1,M T-2, and M T-3 in brain sanples taken fram
patientswith A Izhemer’s disease and from a control group. This
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nique is witable for the sgparation and identification of metals
bound t metalloprotein in real-world samples such as human
cell cybols The same group!™! analyzedM T ifoms in a nat-
ural cybl pH enviormental by using surface - modified cepil-
larieswith CE - ICP - M'S The sgparation of nineM T iofoms
fran rabbit liver were mproved by gpplying surface - modified
cepillaries and the metal camposition of MTs al® has been



characterized by subsequent ICP - SAM'S Indeed, an under-
standing of themechanisns controlling the essentiality and toxic-
ity of trace elaments in biological systens at the molecular level
depends critically on the possibility of the identification, charac-
terization, and quantification of chemical fomsof these elenents
inwlved in life proceses

4 Conclusions

It isbelieved that the elenental geciation analysis isone of
the most difficult tasks of analytical chemistry The continuing
efforts by many research groups have led © repid progress in CE
sparation with various detection techniques Degite the signifi-
cant advantages, there are a number of limitations and challenges
in geciation by CE It suggests based on the recent literature
that further development in eciation by CE be as described as
follovs (1) more effort should be focused on nev detectors that
are instrumentally smpler, less expensive and versatile that of-
fers the ability 1o detect various typesof analytes at trace levels
(2) sanple preparations and sgparations that produce the snal-
lest possible perturbation on elenent pecieswill be the focus of
future studies (3) broaden its goplications to various factual
sanples
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