
Journal of Chromatography A, 1081 (2005) 232–237

Speciation analysis of inorganic arsenic by microchip capillary
electrophoresis coupled with hydride generation atomic

fluorescence spectrometry

Feng Lia, Dong-Dong Wanga, Xiu-Ping Yana,∗, Rong-Guo Sub, Jin-Ming Linb,∗
a Research Center for Analytical Sciences, College of Chemistry, Nankai University, 94 Weijin Road, Tianjin 300071, China

b Research Center for Eco-Environmental Sciences, Academic Sinica, P.O. Box 2871, Beijing, China

Received 21 January 2005; received in revised form 29 April 2005; accepted 17 May 2005
Available online 13 June 2005

Abstract

A novel method for speciation analysis of inorganic arsenic was developed by on-line hyphenating microchip capillary electrophoresis
(chip-CE) with hydride generation atomic fluorescence spectrometry (HG-AFS). Baseline separation of As(III) and As(V) was achieved
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ithin 54 s by the chip-CE in a 90 mm long channel at 2500 V using a mixture of 25 mmol l−1 H3BO3 and 0.4 mmol l−1 CTAB (pH 8.9) as
lectrolyte buffer. The precisions (RSD,n= 5) ranged from 1.9 to 1.4% for migration time, 2.1 to 2.7% for peak area, and 1.8 to 2.
eak height for the two arsenic species at 3.0 mg l−1 (as As) level. The detection limits (3σ) for As(III) and As(V) based on peak heig
easurement were 76 and 112�g l−1 (as As), respectively. The recoveries of the spikes (1 mg l−1 (as As) of As(III) and As(V)) in four locally

ollected water samples ranged from 93.7 to 106%.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Arsenic is a ubiquitous trace element and it may be found
n the atmosphere, water, food and in the soil. Many arsenic
ompounds are known to be highly toxic. Exposure to arsenic
an cause a variety of adverse health effects, including der-
al changes, respiratory, cardiovascular, gastrointestinal,
enotoxic, mutagenic and carcinogenic effects[1]. However,

he toxicity of arsenic depends strongly on its chemical
orms[2]. The inorganic compounds are far more toxic than
heir organic metabolites[2]. Therefore, the speciation of
rsenic is important for understanding both the biological
nd the geochemical behaviour of this element[1–5].

The methodologies currently used for arsenic speci-
tion mainly involve a separation technique, capillary
lectrophoresis (CE)[6–12] or high performance liquid

∗ Corresponding authors. Fax: +86 22 2350 6075.
E-mail address:xpyan@nankai.edu.cn (X.-P. Yan).

chromatography (HPLC)[5,13–23], coupled with a highl
sensitive element-specific detector, such as atomic abso
spectrometry (AAS)[13–15], atomic fluorescence spectro
etry (AFS) [9,10,16–19], inductively coupled plasma ma
spectrometry (ICP-MS)[5–8,20–23]. Microfluidic chip
technology has been undergoing rapid development in r
years. It can offer many attractive advantages, inclu
short analysis time, minimal sample/reagent consump
portability, and eventually reduced cost[24–26]. Little work
on speciation analysis with chip-CE, however, has b
previously reported[27–29]. Chip-CE with conductivity
[27] and ICP-MS detection[28,29] has been employed f
the determination of inorganic arsenic species. Integ
detection in chip-CE with conductivity electrodes for s
ciation analysis, however, possesses poor detection l
Sensitive and element-specific detection techniques
chip-CE speciation would provide improved performa
for this application. Chip-CE coupled with ICP-MS
becoming of growing importance in speciation analy
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and two excellent papers on this hyphenated technique for
speciation have been published[28,29]. Although highly
sensitive, element- and isotope-specific characteristic of
ICP-MS makes it very attractive as an on-line detector for
chip-CE, the high instrumental and running costs of the
ICP-MS instrument as well as the strict requirement that the
analyst be well-trained set a serious limitation on the wide
application of such a hyphenated technique.

Hydride generation atomic fluorescence spectrometry
(HG-AFS) has been shown to offer similar sensitivity to
ICP-MS for hydride-forming elements[30]. Compared
with ICP-MS, AFS also presents the advantages of much
lower instrument and running costs, shorter warm-up
times prior to analysis, and easy handling[30]. The use of
HG-AFS as an on-line detector of chip-CE is expected to be
attractive for the speciation analysis of arsenic compounds
owing to the low cost, easy operation, high selectivity, and
sensitivity.

The objective of this work was to evaluate a new hybrid
technique, chip-CE coupled with HG-AFS[31] for rapid
speciation analysis of inorganic arsenic. The optimization of
the chip-CE system for the separation of inorganic arsenic
species, the conditions for hydride generation, and analytical
performance of the developed CE–HG-AFS technique for
the speciation of inorganic arsenic were described and
discussed.
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solution (20%, v/v HCl), which met the sample from separa-
tion channel at junction 6 and carried the sample through the
chip exit port 7 to the chip-CE–HG-AFS interface. Reservoir
4 was epoxy sealed with a silicone pad, into which a Teflon
tube and a platinum electrode were inserted for the makeup
solution and electrical contact, respectively. The double tee
injection cross was 200�m long. A concentric “tube-in-tube”
interface was adopted to couple the chip to the AFS (see Sec-
tion 3.2).

2.2. Instrumentation

A model XCDY high-voltage power supply (Shan-
dong Chemical Engineering Institute, Jinan, China) and
a Model XGY-1011A nondispersive atomic fluorescence
spectrometer (Institute of Geophysical and Geochemical
Exploration, Langfang, China) were employed throughout.
A high-intensity arsenic hollow cathode lamp (Ningqiang
Light Sources, Hengshui, China) was used as radiation
source. A laboratory-made gas-liquid separator (GLS) as
described in a previous work[9] was used to isolate the
gas from liquid. A quartz tube (4 mm i.d.× 14 cm) was
used as atomizer, into which the volatile species and the
hydrogen evolved from the reactor were swept by an argon
flow. The argon flow was controlled by a rotameter. The
gas mixture is self-ignited at the outlet of the furnace,
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.1. The chip-CE–AFS system[31]

Fig. 1shows the schematic setup of the chip-CE–AFS
em, which includes a microchip, a homemade interface
FS. The borosilicate glass microchip was fabricated thro
tandard photolithography, wet chemical etching, and
onding technology. Reservoir 1, 2, and 3 were solution

ainer and reservoir 4 was designed as the inlet for the ma

ig. 1. Schematic diagram of the chip-CE–AFS system (not to scal
ample reservoir; 2, sample waste reservoir; 3, buffer reservoir; 4, m
olution reservoir; 5, injection cross; 6, junction of separation channe
akeup solution channel; 7, chip exit port; The length of channels 1–5
–5: 10 mm, 5–6: 90 mm, 6–7: 5 mm. The dimension of channels 1–5
–5, 5–6: 39�m deep and 118�m wide, 4–7: 350�m deep and 900�m
ide.
nd a hydrogen-argon-air entrained flame is mainta
ithout the addition of any auxiliary hydrogen. A Ch
atographic Workstation (Nanjing Qianpu Software
td., Nanjing, China) was used for data acquisition and

reatment.

.3. Chemicals

All of the reagents employed were at least of analy
rade. Doubly deionized water (DDW, 18.2 M� cm−1)
btained from a WaterPro water purification system (L
onco Corporation, Kansas City, MO, USA) was u
hroughout. A standard stock As(III) solution of 1000 mg−1

as As) was prepared by dissolving arsenic trioxide (As2O3,
eijing Chemicals, Beijing, China) in dilute NaOH a
eutralizing with dilute HCl solution. The As(V) sto
olution of 1000 mg l−1 (as As) was prepared by dissolvi
a2HAsO4·7H2O (Beijing Chemicals) in DDW directly
he stock solutions were stored at 4◦C. Working standar
olutions and their mixtures were prepared daily by step-
iluting the stock solutions just before use.

Boric acid (H3BO3, Beijing Chemicals Co., Beijing
hina) and cetyltrimethylammonium bromide (CTA
hanghai Chemicals Co., Shanghai, China) were us
repare the electrolyte buffer solution. The pH of the bu
olution was adjusted with 0.5 mol l−1 NaOH (Tianjin
aixing Chemicals). The buffer was filtered through
.45�m filter prior to use.

A 3.0% (m/v) KBH4 solution was prepared by dissolvi
BH4 (Tianjin Institute of Chemical Reagents, Tian
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China) in 0.2% (m/v) KOH (Beijing Chemicals) solution
as the reductant. A 20% (v/v) solution of HCl (Tianjin
Taixing Chemicals) was used as the carrier of the chip-CE
effluent and also as the medium of subsequent hydride
generation.

River water and lake water samples were collected
locally. Immediately after sampling, the samples were fil-
tered through 0.45�m Supor filters (Gelman Sciences) and
analysed.

2.4. Electrophoresis conditions

The electrophoresis buffer consisted of 25 mmol l−1 boric
acid and 0.4 mmol l−1 CTAB (pH 8.9). The channels were
dynamically coated with the cationic surfactant CTAB to
reverse the EOF. Before separation, the channels were flushed
with 0.1 mol l−1 NaOH for 30 min, with DDW for 10 min and
finally with the buffer for 40 min. No recondition was neces-
sary between runs.

Injection was performed by electrokinetic injection for
40 s. One thousand volts was applied to the sample waste
reservoir and 200 V was applied to the buffer reservoir, with
the sample reservoir grounded and the makeup solution
reservoir floated. To fill the intersection of the channel with
the sample solution, sufficient time (>30 s) is required[32].
For chip-CE separation, 2500 V was applied to the makeup
s ded.
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3. Results and discussion

3.1. Design of the microchip

To overcome the flow incompatibility between the
chip-CE and the HG-AFS, a makeup solution was needed
to facilitate the sample transportation. Makeup solution has
been widely used in the chip-MS, in which the makeup
solution channel is usually a straight line, forming a sharp
angle at the junction with the separation channel[33,34].
This chip design can satisfy the needs of the chip-MS system,
but cannot be directly adopted in the chip-AFS system. In the
chip-MS system, the makeup solution can be steered to the
expected direction under high-voltage’s control, while in the
chip-AFS system, the makeup solution was delivered with
the peristaltic pump and a backpressure at the junction with
the separation channel would be produced. For this reason,
another type of makeup solution channel, one quarter of a
circle (5.0 mm diameter) was directly etched on the chip and
the makeup solution channel was tangent to the separation
channel, so that the flow of the makeup solution was in the
same direction as that of the EOF in the separation channel
and the hydrodynamic effect of the makeup solution flow
on the EOF was decreased. The channel dimension between
junctions 6 and 7 was purposely enlarged to have signifi-
cantly lower resistance to flow than the separation channel
a ution
o

3

t be
i orted
t that
c
c the
c
o an
a flon
t f the
T ich
w bing,
a end
o one
g was
i ition
a ette.
T wall
s d at
a and
t
i ture
o HCl)
m he
r LS,
w the
olution reservoir whereas the buffer reservoir groun
eanwhile, 750 V (30% of the separation voltage,
ack voltage) was applied to both the sample and w
eservoirs to avoid the leakage of analytes from the sa
hannel to the separation channel. The experimental
itions for the chip-CE and HG-AFS are summarized
able 1.

able 1
perating parameters of chip-CE and HG-AFS

arameter Setting

icrochip capillary electrophoresis
Separation length 90 mm
Electrolyte buffer 25 mmol l−1

H3BO3 + 0.4 mmol l−1

CTAB (pH 8.9)
Injection voltage Reservoir 1, 2, 3, 4: 0

1000 V, 200 V, floated
Injection time 40 s
Separation voltage Reservoir 1, 2, 3, 4: 75

750 V, 0 V, 2500 V

tomic fluorescence spectrometer
Arsenic hollow cathode lamp 60 mA (primary curren

60 mA (boost current)
Quartz furnace temperature 200◦C
Quartz furnace height 6 mm
Negative high voltage of photomultiplier −280 V

ydride generation system
Flow rate of 20% (v/v) HCl 0.5 ml min−1

Flow rate of 3.0% (m/v) KBH4 1.0 ml min−1

Carrier gas (argon) flow rate 190 ml min−1
nd also to reduce the negative effect of makeup sol
n EOF.

.2. Consideration of the chip-CE–AFS interface

The efficiency of the chip-CE separation should no
mpaired by the interface. The sample must be transp
o the detector as efficiently as possible in a form
an be read by the AFS. As can be seen inFig. 1, a con-
entric “tube-in-tube” design was employed to couple
hip-based separation system with the AFS[31]. A 100�L
f Eppendorf pipette (intermediate tube) was cut into
ppropriate length (25 mm), into which a piece of Te

ubing (i.d. 0.5 mm, inner tube) was inserted. One end o
eflon tubing was inserted into the chip exit port 7, wh
as manually enlarged to accommodate the Teflon tu
nd epoxy-sealed on the side wall of the chip. The big
f the pipette was plugged with an appropriate silic
asket, into which the other end of the Teflon tubing

nserted until the end of the Teflon tubing reached a pos
pproximately 0.1–0.2 mm to the small end of the pip
he small end of the pipette was inserted into a thicker
ilicone tube (outer tube) tightly. Two holes were opene
ppropriate places on the walls of the intermediate tube

he outer tube to introduce the KBH4 solution and argon flow
nto the interface, respectively. The chip effluent (the mix
f separation channel effluent and the makeup solution
erged with KBH4 solution at the exit of the inner tube. T

eaction mixture was swept by an argon flow into the G
here the volatile arsenic species were separated from
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mixture and detected by the AFS. A 20% (v/v) solution of
HCl and 3.0% (m/v) KBH4 were supplied separately by the
two peristaltic pumps of a model FIA-3100 flow injection
analyser (Vital Instrumental Co. Ltd., Beijing, China). Obvi-
ously, the KBH4 solution and argon flow forced the chip
effluent into the GLS, so the effect of the backpressure due
to hydrodynamic effect on the separation was minimized.

The position of the outlet of the inner tube was found to
be critical for the chip-CE–AFS interface. When the outlet of
the inner tube was placed beyond the intermediate tube, poor
peak shape and repeatability were observed. The optimum
position of the outlet of the inner tube located just 0.1–0.2 mm
inside of the intermediate tube. In this place, the effluent from
the inner tube can react with the KBH4 efficiently and the
generated hydrogen is easy to release forward.

The hydrostatic pressure resulting from the elevation dif-
ference between the liquid surface in the reservoirs and the
chip exit would also exert an effect on the separation. The liq-
uid surface in the reservoirs was higher (∼3 mm) than that in
the chip exit, so that the sample had a potential to flow to the
chip exit even when there was no electrical field. This hydro-
static pressure would shorten the analysis time, but might
impair the separation efficiency. To offset the effect of the
hydrostatic pressure, the elevation of the GLS was adjusted
to where the liquid surface in the sidearm of the GLS was
level with that in the reservoirs. Compared with other chip-
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Fig. 2. Electropherogram of 3.0 mg l−1 (as As) As(V) and As(III). All other
conditions as shown inTable 1.

The pH of the electrolyte buffer is one of the keys
controlling chip-CE separation. It influences the separation
characteristic by affecting the electrophoretic mobility
of the arsenic anions as well as the EOF. A pH range of
8.2–9.8 for the buffer solution (25 mmol l−1 H3BO3 and
0.4 mmol l−1 CTAB) was investigated. It was found that
As(III) and As(V) could be baseline separated in a pH range
of 8.7–9.5, while best separation efficiency was achieved at a
pH of 8.9.

The effect of the concentration of boric acid on the separa-
tion was tested in the concentration range of 10–40 mmol l−1

with 0.4 mmol l−1 CTAB in the buffer solution (pH 8.9).
Over the concentration range, the two arsenic species were
baseline separated. But the migration time of each individual
species increased with increase of the buffer concentration.
In addition, the repeatability was somewhat poor at lower
boric acid concentrations (<20 mmol l−1). Therefore, a
concentration of 25 mmol l−1 boric acid was used to ensure
a reasonable electric current and good repeatability.

The influence of the applied voltage on the separation of
As(III) and As(V) was investigated from 1000 to 4000 V. As
expected, by increasing the applied voltage, the migration
time and half-peak width dramatically decrease. Both species
were baseline separated between 1500 and 3000 V. To ensure
a good resolution, an applied voltage of 2500 V was chosen
for the separation. A typical electropherogram under 2500 V
i
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ased system[28,29], the reservoirs in this work were n
ade airtight so that the liquid surface was easy to ad
nd this was vital for good repeatability.

.3. Factors affecting chip-CE separation

The migrations of ions in chip-CE generally occur un
he combined action of electrophoretic and electroosm
ow. Applying positive high voltage on the buffer reservoi
OF is oriented toward the makeup solution reservoir 4, w

he electrophoretic mobility of the anions, such as As(III)
s(V), is in opposite direction. If the magnitude of the E

s higher than electrophoretic mobilities, arsenic species
onsequently move towards the makeup solution rese
. This is usually the case for As(III). However, As(V) w
ot detected at all even under high EOF conditions bec
f its high electrophoretic mobility. Thus, it is necessar
uppress or reverse the direction of EOF.

It is well known that some surfactants could reverse
OF [35,36]. So, a cationic surfactant, CTAB was add

nto the electrolyte buffer to modify the channels surfa
hich led to the appearance of the positive fixed charge

eversed EOF. Separation of As(III) and As(V) was achie
y reversing the polarity of the electric field in this syste

The effect of the concentration of CTAB on the sep
ion was examined in the concentration range from 0.
.8 mmol l−1. It was shown that no apparent difference
bserved on the separation with the variety of CTAB con

ration. In this work, 0.4 mmol l−1 CTAB was included in th
uffer solution.
s shown inFig. 2.

.4. Concentration and flow rate of the makeup liquid

Choice of a proper makeup liquid is important for the s
essful coupling of chip-CE to HG-AFS. A makeup liq
hould be employed not only to complete the electropho
ircuit and to facilitate the transportation of the chip-CE e
nt, but also to provide a favorable medium for the ens
ydride generation reaction. To this end, diluted HCl solu
as employed as the makeup liquid.
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The influence of HCl concentration on the signals of
the two arsenic species was investigated at a flow rate of
0.5 ml min−1. As HCl concentration increased from 5 to
20% (v/v), the signal intensities of the two arsenic species
increased. Further increase in HCl concentration from 20 to
35% (v/v) resulted in a slight increase in the signal intensity
of As(V) but a decline in the signal intensity of As(III). For
further experiments, a 20% (v/v) HCl solution was employed
as the makeup liquid.

The influence of the flow rate of the makeup solution on
the response of As(III) was examined with 3.0% (m/v) KBH4
at a flow rate of 1.0 ml min−1. It was found that the argon-
hydrogen flame was difficult to maintain below 0.2 ml min−1

of 20% (v/v) HCl. However, the signal intensity increased
with increase in the flow rate of the HCl solution from 0.3 to
0.5 ml min−1 and then leveled off from 0.5 to 0.9 ml min−1.
In addition, no detrimental effect on the separation caused by
the makeup solution flow was observed due to no variation in
the migration time with the makeup solution flow in the range
of 0.3–0.9 ml min−1. These results could be understood in
terms of atomization efficiency and dilution of the chip-CE
effluent. Below a flow rate of 0.5 ml min−1, atomization
efficiency might dominate the signal intensity, whereas over
the flow rate of 0.5 ml min−1, the dilution of the chip-CE
effluent probably controlled the signal. Accordingly, a flow
rate of 0.5 ml min−1 was selected for the makeup solution.
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Fig. 3. Influence of argon flow rate on fluorescent intensities of arsenite
(3.0 mg l−1 (as As)). All other conditions as shown inTable 1.

to the above results, a 3.0% (m/v) KBH4 solution at a flow
rate of 1.0 ml min−1 was used for further work.

3.6. Argon flow rate

The flow rate of argon should be optimized because the
argon was used not only to transfer the volatile arsine to the
atomizer, but also to support the argon–hydrogen flame for
the atomization of arsine. No suction effect on the separation
due to the argon flow was observed because the migration
time did not vary as the argon flow rate increased from 140
to 350 ml min−1. As shown inFig. 3, the optimal argon flow
rate ranged from 170 to 210 ml min−1. Lower signal inten-
sity below the flow rate of 170 ml min−1 likely resulted from
incomplete release of the volatile arsine from the reaction
mixture, incomplete atomization, of both. At higher flow rates
(>210 ml min−1), the dilution of the evolved volatile species
and short residue of the analyte species in the atomizer would
be dominant, leading to the decrease of the signal intensities.
Thus, an argon flow rate of 190 ml min−1 was used to main-
tain the maximum signal with good precision.

3.7. Figures of merit

The analytical figures of merit of the present chip-CE–HG-
A are
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t (III)
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h -
t G-
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c e
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o

.5. Concentration and flow rate of KBH4 solution

The KBH4 solution acts not only as the reducing ag
or the generation of volatile arsenic hydrides but als
he source of hydrogen for maintaining the argon–hydro
ame to atomize the volatile arsenic species. The influ
f KBH4 concentration was investigated at a flow rate
.0 ml min−1. KBH4 concentrations below 1.3% (m/v) we

ound to be insufficient to maintain the flame. The respo
f the two arsenic species increased up to 3.0% (m/v) K4
nd then decreased gradually with further increase in the
entration of KBH4. Higher concentrations of KBH4 (>3.0%,
/v) would cause serious effervescence and splashi

olution droplets on the GLS walls due to the fast reac
s a result, water vapor or a mist of reagents might cond
n the transfer line and consequently trap the volatile ar
esulting in a decrease of the signal intensity. Low KB4
oncentrations (<3.0%, m/v) probably gave incomp
eduction of the analyte or provided insufficient hydro
o maintain the argon–hydrogen flame, leading to low si
ntensity.

The influence of the flow rate of 3.0% (m/v) KBH4
olution was investigated with the makeup solution of 2
v/v) HCl at a flow rate of 0.5 ml min−1. When the flow rat
f 3.0% (m/v) KBH4 solution was less than 0.5 ml min−1,

he argon–hydrogen flame was unstable and difficu
aintain. The signal intensity increased with increase in

ow rate of 3.0% (m/v) KBH4 from 0.5 to 1.0 ml min−1 and
hen dropped rapidly from 1.0 to 1.8 ml min−1. According
FS technique for the speciation of inorganic arsenic
ummarized inTable 2. One of the most significant adva
ages of the present chip-CE–HG-AFS hybrid techniqu
he remarkable reduction in separation time (54 s) for As
nd As(V) in comparison with the HPLC- and conventio
E–HG-AFS techniques (usually >10 min)[9,16]. The
etection limits (3σ) for As(III) and As(V) based on pea
eight measurement were 76 and 112�g l−1 (as As), respec

ively. The detection limits of the developed chip-CE–H
FS system are lower than those obtained by a chip-CE
onductivity detection system[27] but higher than thos
btained by a chip-CE–ICP-MS system[28]. The recoverie
f the spikes (1.0 mg l−1 (as As) of As(III) and As(V)) from
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Table 2
Characteristic performance date of the chip-CE–HG-AFS for arsenic
speciation

As(III) As(V)

Precisiona (RSD,n= 5) (%)
Migration time 1.9 1.4
Peak area 2.1 2.7
Peak height 1.8 2.3

Detection limits (�g l−1) 76 112

Calibration functionb A= 9.79C+ 0.67 A= 7.10C+ 0.49

Correlation coefficient 0.9990 0.9983

Recoveryc (%)
River water 1 103 94.9
River water 2 95.4 98.5
Lake water 1 106 101
Lake water 2 93.7 97.1

a For 3.0 mg l−1 (as As) As(V) and As(III).
b A, peak height (mV);C, concentration (mg l−1) (as As).
c Recovery for spiking with 1.0 mg l−1 (as As) of each species.

the natural water samples ranged from 93.7 to 106%. To
demonstrate the repeatability of the developed chip-CE–HG-
AFS system for arsenic speciation, the electropherograms of
the two arsenic species with five consecutive injections were
recorded. The liquid surface in the reservoirs was adjusted
about every two runs. No recondition of the channels was
needed between runs. Excellent repeatability for 3.0 mg l−1

(as As) As(V) and As(III) was obtained with the precisions
(RSD,n= 5) of the migration time, peak area and peak height
in the range of 1.9–1.4, 2.1–2.7, 1.8–2.3%, respectively.
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