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a  b  s  t  r  a  c  t

A  novel  method  based  on  off-line  hollow  fiber  based  liquid  liquid  liquid  microextraction  (HF-LLLME)  com-
bined with  on-column  anion  selective  exhaustive  injection  (ASEI)-capillary  electrophoresis/ultraviolet
(CE/UV) detection  was  proposed  for  the speciation  of  five  phenylarsenic  compounds  including  pheny-
larsonic  acid  (PAA),  4-aminophenylarsonic  acid  (4-APAA),  4-hydroxyphenylarsonic  acid  (4-HPAA),
4-nitrophenylarsonic  acid  (4-NPAA)  and  3-nitro-4-hydroxyphenylarsonic  acid  (NHPAA)  in this  paper.
In HF-LLLME,  the  target  analytes  were  extracted  from  5 mL  aqueous  samples  (donor  solution  pH 2.15)
through  a thin  phase  of  tributyl  phosphate  (TBP)  inside  the  pores  of a polypropylene  hollow  fiber  and
finally  into  an  18  �L 0.8  mmol/L  Tris acceptor  solution  inside  the  lumen  of  the  hollow  fiber.  Following  HF-
LLLME,  the  acceptor  solutions  were  directly  analyzed  by ASEI-CE/UV.  For  ASEI,  a large  plug of  water  (91%
length of  total  capillary)  was  introduced  into  the separation  capillary  before  sample  injection  in  order  to
prolong  the sample  injection  time,  and  thus  enhance  the  stacking  efficiency.  Under  the  optimized  ASEI
conditions,  up  to 236-fold  of  enrichment  factor  (EF)  was  obtained  for the  ASEI-CE/UV  determination  of
target  phenylarsenic  compounds.  By  combining  HF-LLLME  with  ASEI-CE/UV,  EFs ranging  from  155  to
1780-fold  were  achieved  and the limits  of detection  (LODs)  (at a  signal-to-noise  ratio  of  3)  were  in the

range  of  0.68–6.90  �g/L  for  five  phenylarsenic  compounds;  the  relative  standard  deviations  (RSDs)  of
corrected  peak  area  were  5.6–11.8%.  The  proposed  HF-LLLME–ASEI-CE/UV  method  was  applied  for  the
determination  of  five  target  phenylarsenic  compounds  in  pig  feed  from  a  local  pig farm,  and  storage  pig
litter, soil  in  agricultural  field  and lake  water  collected  near  this  pig farm,  the recoveries  for  the  spiked
samples  were  in  the  range  of  85.7–104.5%,  66.7–96.2%,  28.9–46.9%  and  86.9–107.8%  for  pig feed,  pig litter,
soil  and  lake  water,  respectively.
. Introduction

Phenylarsenic compounds such as 3-nitro-4-
ydroxyphenylarsonic acid (NHPAA, roxarsone) are anthropogenic
rganoarsenic compounds that are widely used as animal feed
dditives to promote growth or to control diseases in poultry
arming [1].  Because of their highly water soluble nature, they can
e excreted unchanged through animal litter. When the litter is
tockpiled or used as fertilizer in agricultural sites, there will result
n great risk of arsenic contamination on soils, surface water and
round water [2].  In addition, phenylarsenic compounds could be
aken up and accumulated by plants growing on contaminated
ites, and they are further subjected to a complex metabolization in

he biosphere leading to various arsenic species which differ in their
oxicity [3].  For a further investigation on the transportation mech-
nisms and potential toxic properties of phenylarsenic compounds,
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development of selective and sensitive methods for the analysis of
different phenylarsenic compounds is of great importance.

Phenylarsenic compounds are nonvolatile and thermally stable,
and could exist as charged compounds under certain pH condi-
tions. Capillary electrophoresis (CE), which can rapidly separate
the charged compounds based on their electrophoretic mobility
within an electric field, is thus appropriate and has been applied
for the analysis of various arsenic species including phenylarsenic
compounds [4,5]. Application of CE to arsenic species analysis pos-
sesses several advantages such as nanoliters sample consumption,
low running costs, and rapid separation. However, because of some
general difficulties, CE is still limited in practice use. For instance,
the concentration sensitivity of CE with UV detection is relatively
low due to the short light path and small injection volume; sample
matrix in real samples may  cause irreversible adsorption onto the
capillary wall, and lead to change of the migration times of analytes

during CE analysis [5].  To overcome these limitations, application
of sample pretreatment methods and on-column preconcentration
techniques in CE to clean up sample matrix or enrich the target
analytes are both very effective ways.

dx.doi.org/10.1016/j.chroma.2011.05.058
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:binhu@whu.edu.cn
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Solid phase microextraction (SPME) [2,6–8],  stir bar sorptive
xtraction (SBSE) [9] and liquid phase microextraction (LPME)
10,11] are simple, selective, time-efficient and relatively inex-
ensive miniaturized sample pretreatment preparation methods.
ompared to SPME and SBSE, LPME has an additional advantage
f no carryover effect. Given arsenic’s affinity for forming strong
onds with sulfur, arsenic derivatization using various mercaptans,
uch as thioglycol methylate (TGM) [7,8] and 1,3-propanedithiol
PDT) [2] as derivatizing agent combined with SPME has been
eveloped for the extraction of polar organoarsenical compounds

ncluding roxarsone, phenylarsonic acid (PAA), dimethylarsinic
cid (DMA), and so on. However, derivatization procedure before
PME is time-consuming, tedious [2],  and would perhaps lead to
oss or transformation of arsenic species. Concerning the extrac-
ion of arsenic species by SBSE, only one research work was
eported [9].  In Ref. [9],  titania immobilized polypropylene hollow
ber as an extraction coating of SBSE was prepared to selectively
xtract phenylarsenic compounds and their possible transforma-
ion products. While LPME is widely applied for separation and
etermination of organic compounds [10–17],  its application in
xtraction of inorganic analytes is only growing recently [18–21].
or the extraction of inorganic arsenite (As(III)) species, com-
lexation with different chelating reagents such as ammonium
yrrolidine dithiocarbamate (APDC) [19,20] is commonly necessary
o facilitate the transfer of target species into the organic phase in
PME. Hylton and Mitra [22] developed a microfluidic hollow fiber
embrane extraction method for direct extraction of arsenic (V) by

sing alkyl phosphate as organic solvent. To the best of our knowl-
dge, there is no report on the application of LPME for extraction of
rganic arsenic species including phenylarsenic compounds until
he present time.

Besides the sample pretreatment techniques, an alternative way
o improve the detection sensitivity in CE is to perform on-column
reconcentration techniques, which are simple, versatile, and not
ecessary to modify the commercial instruments. To date, there
ave been four main kinds of on-column sample concentration
echniques: sample stacking, sweeping, transient isotachophore-
is, and dynamic pH junction [23]. Among them, sample stacking
s the most experimentally simple approach, and can be applied in
ifferent formats, including normal stacking (NSM), large volume
ample stacking (LVSS), field amplified sample injection (FASI), and
elective exhaustive injection (SEI). In SEI, ionic analytes are elec-
rokinetically injected and selectively focused by sample stacking
or a much longer time than common FASI. Prolonged FASI can
eplete the sample solution of analytes in the inlet vial, which is
aid to be exhaustive. As a result, higher enrichment factors could
e expected in SEI than that obtained in common FASI. SEI can be
ivided into two categories including anionic selective exhaustive

njection (ASEI) and cationic selective exhaustive injection (CSEI).
n order to perform the sample stacking effectively, SEI requires the
ample prepared in a very dilute solution or in a low-conductivity
atrix. In addition, it was usually performed under suppressed

lectroosmotic flow (EOF), either by working under low-pH condi-
ions [24] or by using a modified or coated capillary [25]. However,
apillary coating method needs to be carefully optimized to ensure
he reproducible analytical results; while under low-pH condition,

 very long equilibration time is usually employed to equilibrate
he inner wall of separation capillary in order to overcome the
nefficient buffer capacity of low-pH buffer. Up to now, NSM [26],
VSS [26,27],  and dynamic pH junction techniques [23] have been
xplored to on-column concentrate different arsenic species. Sun
t al. [26] compared two different sample stacking methods includ-

ng NSM and LVSS for sensitivity enhancement of eight arsenic
pecies, and the results indicated that LVSS gave the lower LODs.
ynamic pH junction was investigated by Jaafar et al. [23], and
n improvement in detection sensitivity by a factor of 100–800
218 (2011) 4779– 4787

were reported for roxarsone and its possible biotransformation
species.

The purpose of this work is to develop a sensitive method
by combining a suitable off-line LPME method with an efficient
on-column stacking technique for the analysis of five pheny-
larsenic compounds in real samples by CE with UV detection.
Based on passive diffusion by pH gradient and selective affinity
between phenylarsenic compounds and tributyl phosphate, target
phenylarsenic compounds were successfully extracted by a three
phase-LPME mode named hollow fiber based liquid liquid liquid
microextraction (HF-LLLME). Meanwhile, a new simple ASEI proce-
dure was proposed as an on-column stacking technique to further
improve the LODs of CE/UV for the analysis of target analytes. By
integration of the good cleanup ability of HF-LLLME and high sensi-
tivity enhancement of ASEI, a novel HF-LLLME–ASEI-CE/UV method
was developed for the determination of five phenylarsenic com-
pounds in pig feed from a local pig farm, storage pig litter, soil in
agricultural field, and lake water collected near this pig farm as well.

2. Experimental

2.1. Reagents and materials

Table 1 shows the chemical structures of the target pheny-
larsenic compounds as well as some of their chemical properties.
Phenylarsonic acid (PAA, 97%) and 4-aminophenylarsonic acid
(4-APAA, 98%) was  supplied by Alfar Aesar (Ward Hill, MA,
USA) and Sigma–Aldrich (St. Louis, MO,  USA), respectively.
4-Hydroxyphenylarsonic acid (4-HPAA, 98%) and 3-nitro-4-
hydroxyphenylarsonic acid (NHPAA, 98%) were bought from Tokyo
Chemical Industry Co. Ltd. (Tokyo, Japan). 4-Nitrophenylarsonic
acid (4-NPAA) was  obtained from Shanghai Chemical Reagent Co.
Ltd. (Shanghai, China). Each stock solution of the phenylarsenic
compounds was  prepared in high purity water at a concentration
of 1000 mg/L, and stored at 4 ◦C in refrigerator. Tributyl phos-
phate (TBP, 98.0%) was purchased from China Medicine Group,
Sinopharmic Chemical Reagent Company (Shanghai, China). Other
reagents used were of analytical reagent grade. High purity water
obtained by a Milli-Q water purification system (18.2 M� cm,
Millipore, Bedford, MA,  USA) was  used throughout the whole
experiment.

2.2. Instruments

All separation experiments were performed by Agilent 3D
CE system (California, CA, USA) equipped with programmable,
multiwavelength UV/visible detector. Fused-silica capillary of
dimensions 48.5 cm (40 cm to the detector) × 50 �m i.d. × 360 �m
o.d. (Yongnian Optical Fiber, Hebei, China) was  used, and the
capillary temperature was maintained at 25 ◦C. The detection
wavelength used was  210 nm.  A modified CE automatic sample
vial as described in Ref. [28] was used for CE sample injection.
Back ground electrolyte (BGE) of 25 mmol/L carbonate buffer (pH
9.75) was  prepared by diluting the stock solutions of 200 mmol/L
NaHCO3 and 200 mmol/L Na2CO3 in a ratio of 1:1 (v/v). Prior to use,
BGE was  filtered through a 0.45 �m syringe filter and then ultra-
sonic degassed. In standard injection mode, the sample solution
was injected hydrodynamically at 50 mbar for 5 s. Prior to use, the
capillary was  pretreated by flushing it sequentially, for 10 min  each
time, with 1 mol/L NaOH, high purity water, and the BGE. Between
runs, the capillary was rinsed with BGE for 4 min.
2.3. HF-LLLME procedure

Referring to our previous work [28], HF-LLLME was car-
ried out by U-shaped configuration. The 5 mL sample solution
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Table 1
The names and structures of phenylarsenic compounds.

Name Structures pKa [5] Log KO/W [34] WSa (mg/L) [34]

NHPAA roxarsone AsHO

O2N

O

OH

OH

3.9, 8.4, 10.1 −0.05 2.218e+004

4-HPAA (4-hydroxyphenylarsonic acid) AsHO O

OH

OH

3.9 −0.45 3.234e+005

4-APAA (4-aminophenylarsonic acid) AsNH2 O

OH

OH

2.0, 4.0, 8.6 −0.88 2.032e+005

PAA  (phenylarsonic acid) As O

OH

OH

3.6, 8.8 0.06 3.796e+004

4-NPAA (4-nitrophenylarsonic acid) AsO2N O

OH

OH

3 −0.15 1.344e+004
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the boundary, their velocities slowed down because the electric
field strength decreased in the BGE zones. Meanwhile, the water
plug was  expelled from the inlet of the separation capillary (Fig. 1C).
a WS:  water solubility.

djusted to pH 2.15 by 2 mol/L H2SO4 was filled into a
 mL  vial. Eighteen microliters of acceptor solution (0.8 mmol/L
ris(hydroxymethyl)aminomethane (Tris)) was injected into a
.5 cm piece of Q3/2 Accurel polypropylene hollow fiber (Wup-
ertal, Germany). The inner diameter of the hollow fiber was
00 �m,  the thickness of the wall was 200 �m,  and the pore size
as 0.2 �m.  The hollow fiber, fixed on the end needles of two

ommercially conventional 10 �L microsyringes (Gaoge, Shang-
ai, China), was subsequently dipped in TBP solvent for 20 s, and
hen placed immediately into the sample solution. The sample
olution was stirring at 1000 rpm for 25 min  using an 85-2A con-
tant temperature magnetic stirrer (Ronghua, Jiangsu, China). After
xtraction, the acceptor solution was withdrawn back into the
yringes, and finally injected into the modified CE sample vial for CE
nalysis.

.4. On-column preconcentration procedures

The combination of off-line preconcentration process with on-
olumn preconcentration technique could further improve the
etection sensitivity of CE-UV for the target analytes. Therefore,
VSS [26] and dynamic pH junction [23] were firstly tested for
urther enhancing the detection sensitivity of the five target pheny-
arsenic compounds after HF-LLLME procedures in this work. The
xtractant obtained by HF-LLLME was directly carried out for LVSS
r dynamic pH junction analysis. Unfortunately, the separation and
ocusing of target analytes by dynamic pH junction were not suc-
essful by adjustment of BGE conditions such as pH and ion strength
n our preliminary experiments, while LVSS could be feasible. The
VSS procedures for the analysis of five phenylarsenic compounds
ere optimized as follows: the separation capillary was  firstly
lled with BGE; after the standard solution was hydrodynamically
njected into the capillary at 50 mbar for 90 s, a negative voltage
−5 kV) was applied to remove the sample matrix (0.8 mmol/L Tris
olution as the acceptor solution in HF-LLLME). When the current
eached 95% of the initial current value that was  obtained by fill-
ing the capillary thoroughly with BGE at −5 kV, the applied voltage
was switched to positive voltage (+30 kV) to start the subsequent
separation.

Besides LVSS and dynamic pH junction, a new ASEI strategy was
also proposed and adopted for effectively focusing of target ana-
lytes in this work. The main steps of proposed ASEI are illustrated
in Fig. 1. After filling the capillary with BGE, a long water plug (91%
length of separation capillary) was hydrodynamically injected into
the capillary (Fig. 1A). Then, negative voltage (−10 kV) was applied
with positive electrode at the capillary outlet, and the acceptor
solution obtained by HF-LLLME was electrokinetically injected into
the capillary at −10 kV for a long period of time (180 s) (Fig. 1B).
Under the electric field, the target analytes anions moved rapidly
into the capillary through the water plug and stacked at the bound-
ary between the water plug and BGE zones. Once the anions reached
Fig. 1. Schematic illustration of the sample stacking mechanism of ASEI-CE/UV. �
represents negative analyte.
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can be seen that the maximum extraction efficiency was obtained
at pH 2.15 for all the target phenylarsenic compounds. As a result,
pH 2.15 was selected as the optimal sample pH for the simultaneous
782 P. Li, B. Hu / J. Chromato

hen the current reached 95% of the initial current value that was
btained by filling the capillary thoroughly with the BGE at −10 kV,
pplied voltage was switched to positive potential (+30 kV) to start
he subsequent separation (Fig. 1D).

.5. Sample pretreatment

Pig feed sample, which was originally purchased from market,
as obtained from a local pig farm (Wuhan, China). The storage pig

itter, soil in agricultural field, and lake water were collected near
his pig farm. The collected pig litter sample and soil sample were
ried at 40 ◦C and ground to powder.

Because the target phenylarsenic species are water extractable,
 water leaching procedure described by Rosal et al. [29] was
mployed. Briefly, 250 mg  dried pig feed powder, 1.0 g storage pig
itter sample and 1.0 g soil sample were weighed, respectively. Each

eighed sample was suspended in 15 mL  purified water, ultrason-
cated for 1 h, and then centrifuged at 4000 rpm for 40 min. After
hat, the supernatant was filtered through a 0.45 �m nylon mem-
rane and transferred into a 25 mL  flask. The residue was extracted
gain as described above. The two supernatant portions were com-
ined. After adding 2 g NaCl and adjusting to pH 2.15 by 2 mol/L
2SO4, the combined supernatant was diluted to 25 mL  with high
urity water.

The lake water sample with addition of appropriate amount of
aCl was adjusted to pH 2.15 using 2 mol/L H2SO4 and directly

ubjected to HF-LLLME process without filtration.

. Results and discussion

.1. Optimization of HF-LLLME conditions

In acidic solutions, the complexations of inorganic arsenic (V)
ith tributyl phosphate (TBP) and other esters of phosphoric

cids such as dibutyl butylphosphonate, trioctylphosphine oxide
Cyanex 921) were known to be selective [22,30,31].  Phenylarsenic
ompounds are organic species of arsenic (V), in which one
OH group was substituted by different phenyl group, and they
hould have the similar complexation with TBP. Considering the
roperties and the structures of both target analytes and TBP,
he formation of phenylarsenic compounds–TBP complexes were
robably based on the hydrogen bonding and the hydrophobic

nteraction, and their structures could be expressed as:

In this study, the possibility of extraction of phenylarsenic com-
ounds from acidic media by HF-LLLME using TBP as extraction
olvent was investigated. Similar to extraction of inorganic As(V)
ith TBP, the transport mechanism of the phenylarsenic com-
ounds through the hollow fiber could be schematically illustrated

n Fig. 2. Transportation of phenylarsenic compounds results from
he pH gradient between donor phase and acceptor phase. In donor
hase, phenylarsenic compounds were existed as undissociated
pecies in acidic media, and could form reversible complexes with
BP. Therefore, they were successfully extracted from donor phase
nto TBP solvent. Then, an alkaline solution was selected as accep-
or phase. As a result, target analytes were back-extracted from TBP

olvent into the acceptor solution, re-ionized, and concentrated.

The factors affecting on HF-LLLME, such as sample pH, acceptor
hase concentration, stirring rate, ion strength, and extraction time
ere optimized in sequence.
Fig. 2. Schematic representation of phenylarsenic compounds in HF-LLLME using
TBP as extraction solvent. R1 = NH2, OH, NO3, H; R2 = NO2.

3.1.1. Effect of acidic medium and sample pH
As mentioned above, pH gradient is the driving force in the

transportation of five phenylarsenic compounds from the donor
phase to the organic phase immobilized in the pores of hollow
fiber in HF-LLLME. Therefore, the effect of different kinds of acidic
media such as HCl, HNO3, H3PO4 and H2SO4 at the same pH value on
HF-LLLME was  investigated, and the experimental results in Fig. 3
indicated that H2SO4 is slightly better than other acids. According
to Ref. [32], inorganic arsenic (V) was found to be extracted into
TBP with a simultaneous co-extraction of sulfuric acid by liquid liq-
uid extraction (LLE). Similarly, in this study sulfuric acid in donor
phase may  not only provide an acidic media to convert the target
phenylarsenic compounds to nonionic forms, but also participate in
the extraction process by co-extraction with target phenylarsenic
analytes as described in Eq. (1).

With H2SO4 as donor phase media, the effect of sample pH on
the extraction efficiency of HF-LLLME was  subsequently studied in
the pH range of 1.65–3.10, and the results were shown in Fig. 4. It
Fig. 3. Effect of different kinds of acid as medium of donor phase. Conditions: ana-
lytes concentration, 200 �g/L; sample pH was adjusted to 2.15 with 2 mol/L selected
acid; organic solvent, TBP; stirring rate, 1000 rpm; acceptor phase, 18 �L 0.8 mmol/L
Tris; extraction time, 15 min; NaCl (m/v), 8%.
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Fig. 5. Effect of the concentration of Tris in acceptor solution on HF-LLLME. Condi-
tions: analytes concentration, 200 �g/L; sample solution, pH 2.15; organic solvent,
TBP; stirring rate, 1000 rpm; extraction time, 15 min; NaCl (m/v), 8%.

to 16% (m/v), while the effect of NaCl on CE peak area responses
of 4-APAA was  not significant. From a comprehensive view, the
concentration of NaCl was  adjusted to be 8% (m/v) in the donor
phase.
ig. 4. Effect of sample pH on HF-LLLME. Conditions: analytes concentration,
00  �g/L; organic solvent, TBP; stirring rate, 1000 rpm; acceptor solution, acceptor
hase, 18 �L 0.69 mmol/L Tris; extraction time 15 min; NaCl (m/v), 8%.

xtraction of five target phenylarsenic compounds by HF-LLLME in
his work.

As1

R2

O

OH

OH

AsR1

R2

O

OH

OH

+H + +HSO4
-+TBP =

here R1 represented –NH2, –OH, –NO3, –H, and R2 represented
NO2 and –H.

.1.2. Effect of the concentration of acceptor solution
The acceptor solution in HF-LLLME would be finally subjected

o ASEI analysis in the proposed HF-LLLME–ASEI-CE/UV method.
onsidering the extraction efficiency in HF-LLLME and compati-
ility with the subsequent ASEI system, acceptor solution should
rovide both high extraction efficiency for the target phenylarsenic
ompounds in HF-LLLME and low conductivity required in ASEI. For
his purpose, commonly used pH-buffers are not appropriate. In
ur preliminary experiments, different alkaline solutions includ-
ng NaOH, Na2CO3, Tris and NH3·H2O have been investigated as
he acceptor solution. It was found that no ASEI could be obtained
hen NaOH and Na2CO3 were employed as the acceptor phase,
robably due to their high conductivity. ASEI could be obtained
hen Tris or NH3·H2O was utilized as the acceptor phase, while the

xtraction efficiency obtained by Tris was better than that obtained
y NH3·H2O. In subsequent experiment, Tris solution without pH
djustment was employed as acceptor solution in this work.

The effect of Tris concentration on HF-LLLME was evaluated,
nd the dependence of extraction efficiencies on the Tris concen-
ration varying from 0.4 to 6.2 mmol/L are shown in Fig. 5. It can
e seen that the extraction efficiency was increased along with
he Tris concentration increasing from 0.4 mmol/L to 0.8 mmol/L,
nd no obvious increasing of the extraction efficiencies were
bserved with further increase of the Tris concentration. Consider-
ng the higher conductivity of Tris solution within 1.6–3.2 mmol/L,
.8 mmol/L Tris solution was employed as the acceptor solution for
he subsequent experiment, despite slightly better extraction effi-
iencies obtained in the Tris concentration range of 1.6–3.2 mmol/L
ver that in 0.8 mmol/L.
.1.3. Effect of NaCl and the stirring rate
Salt-out effect is widely used in different LPME modes to

ncrease the extraction efficiency. Hydration spheres around the
alt ions formed by water molecules could reduce the water
(1)

concentration to dissolve the phenylarsenic compounds and be
beneficial to extract phenylarsenic compounds into TBP solvent.
Therefore, the effect of NaCl concentration up to 16% (m/v) in donor
phase on the extraction of five target phenylarsenic compounds
was examined and the results are shown in Fig. 6. As can be seen,
the peak areas of 4-NPAA, 4-HPAA and NHPAA were increased with
NaCl concentration increasing from 0% to 6% (m/v), and kept almost
constant in the range of 6–12% (m/v), then decreased with the fur-
ther increase of NaCl concentration up to 16% (m/v). The peak area
of PAA kept increasing with the increase of salt content from 0
Fig. 6. Effect of NaCl concentration on HF-LLLME. Conditions: analytes concen-
tration, 100 �g/L; sample solution, pH 2.15; organic solvent, TBP; stirring rate,
1000 rpm; acceptor phase, 18 �L 0.8 mmol/L Tris; extraction time, 15 min.
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Fig. 7. Effect of extraction time on HF-LLLME. Conditions: analytes concentration,
200  �g/L; sample solution, pH 2.15; organic solvent, TBP; stirring rate, 1000 rpm;
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Fig. 8. Electropherograms of phenylarsenic compounds obtained by (A) standard
injection at 50 mbar for 5 s; (B) ASEI at −10 kV for 180 s. Analytes: 1, 4-APAA;
2,  4-NPAA; 3, PAA; 4, 4-HPAA; 5, NHPAA. Analytes concentrations: (A) 20 mg/L
4-APAA, 20 mg/L 4-NPAA, 20 mg/L PAA, 20 mg/L 4-HPAA, 10 mg/L NHPAA, respec-
cceptor phase, 18 �L 0.69 mmol/L Tris; NaCl (m/v), 8%.

Generally, agitation can speed up the transfer of analytes from
onor phase to organic solvent in HF-LLLME. However, in this
tudy, investigation on the effect of agitation speed in the range
f 600–1600 rpm showed no significant effect of stirring rate on
E peak area responses of target analytes. Finally, stirring rate at
000 rpm was selected due to the good reproducibility.

.1.4. Effect of extraction time
HF-LLLME is a nonexhaustive extraction approach, and the

xtraction efficiency is governed by partitioning of the analyte
etween donor phase and the immobilized organic solvent and
y partitioning between the acceptor phase and the immobilized
rganic solvent. Generally, when the extraction is at the parti-
ioning equilibrium, the maximum extraction efficiency would be
ttained. Because the extraction equilibrium of HF-LLLME is time-
ependent, the effect of extraction time was examined in the range
f 5–40 min  in this work. As illustrated in Fig. 7, the peak areas of
arget analytes were increased rapidly with the increase of extrac-
ion time to 25 min. With the extraction time longer than 25 min,
he analytical signals kept almost constant. It is implied that the
xtraction has reached the equilibrium at 25 min. To obtain high
xtraction efficiency, an extraction time of 25 min  was selected.

.2. Optimization of ASEI

In this experiment, a new strategy was utilized to realize ASEI
tacking of phenylarsenic compounds. By introduction of a large
lug of water into the separation capillary before sample injec-
ion, the electrokinetically injection time of ASEI was  prolonged
nd thus a highly stacking efficiency of target analytes could be
chieved. In order to obtain high sensitivity, good resolution and
hort analysis time for the target analytes in ASEI, parameters such
s applied voltage, the length of water plug, and injection time were
nvestigated.

Firstly, the effect of injection voltage on ASEI stacking efficiency
as investigated with the injection voltage varying between −4

nd −20 kV. When the injection voltage higher than −15 kV was
pplied, the electric current was observed to frequently drop to
ero. This was probably caused by excessive Joule heating gen-
rated in the low-conductivity water plug during ASEI stacking.
hen the injection voltage was lower than −7 kV, a much longer
njection time was required. Besides, peaks broaden and deteri-
ration in detection sensitivity was observed. This phenomenon
ould be explained by band dispersion of the already stacked
harp sample zone during the long time sample injection process.
tively; (B) 200 �g/L 4-APAA, 100 �g/L 4-NPAA, 200 �g/L PAA, 200 �g/L 4-HPAA,
50  �g/L NHPAA, respectively.

Taking into consideration of above factors, an injection voltage
of ASEI was  selected at −10 kV, which gave rise to an efficient
sample stacking and stable injection current during the whole CE
analysis.

Pre-injection of a water plug before the sample injection has
been proposed in FASI to increase sample stacking efficiency by
providing proper electric field enhancement [24,33]. Usually, the
length of water plug is kept short to achieve maximal analyte
enrichment and best sensitivity. However, in our study, an almost
full capillary volume of water plug pre-injected before sample
introduction was found to be feasible to prolong the maximum
allowable injection time of ASEI and increase the stacking effi-
ciency accordingly. The maximum allowable injection time under
a fixed injection voltage (−10 kV) was  directly dependent on the
length of the introduced water plug. Studies on the effect of the
water plug length/injection time pairs of 20 cm/70 s, 28 cm/100 s,
36 cm/150 s and 44 cm/180 s on the CE peak area responses of target
analytes indicated that the peak area increased with the increase
of water plug length/injection time pairs. As a result, 44 cm water
plug (91% length of separation capillary) was  selected to obtain the
maximum CE signal response without deterioration of separation
resolution.

Additionally, like other stacking techniques with polarity
switching, it is very essential to monitor the current variation very
carefully during the sample electrokinetic injection in ASEI for a
good reproducibility. At the beginning of sample injection, a large
plug of water exists in capillary, the electric current increases
slowly from 1 �A to 3 �A in 170 s. When most of water was
expelled out of the capillary inlet by EOF, the electric current
increases rapidly to a top value of 18 �A at −10 kV only in 10 s.
At this time, the current should be carefully monitored, and once
the current reached 95% of the top current value, applied voltage
should be switched immediately to positive potential (+30 kV) to
start the subsequent separation. Otherwise, some target anionic
analytes may  be lost.

Fig. 8(A) and (B) were electropherograms obtained by stan-
dard sample injection at 50 mbar for 5 s and by ASEI under the
optimized ASEI conditions, respectively. It can be seen that even
though the separation resolutions of target phenylarsenic com-

pounds obtained by ASEI (Fig. 8(B)) are slightly worse than that
obtained by standard sample injection (Fig. 8(A)), the five target
analytes still could be baseline separated by ASEI.
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Table 2
Comparison of the analytical performance obtained by LVSS-CE/UV and ASEI-CE/UV for the determination of phenylarsenic compounds.

Analytes Linear range (�g/L) R2 RSDa (n = 5)/% LOD (�g/L) EF

LVSS ASEI LVSS ASEI LVSS ASEI SIb LVSS ASEI LVSS ASEI

4-APAA 150–3000 25–1000 0.9995 0.9995 4.26 6.39 1070 24 5.08 45 211
4-NPAA 150–3000 25–1000 0.997 0.9997 6.28 7.85 2080 41.6 8.82 50 236
PAA  150–3000 25–1000 0.9994 0.9977 7.63 4.61 940 26.6 8.57 35 110
4-HPAA 150–3000 25–1000 0.9994 0.9961 5.55 7.31 610 20.8 5.45 29 112
NHPAA 150–3000 25–1000 0.9986 0.9968 4.16 9.53 1210 38.5 6.12 31 198

a RSD: analytes concentration, 400 �g/L (as As) of 4-APAA, 4-NPAA, PAA, 4-HPAA, NHPAA for LVSS, respectively; and 100 �g/L of 4-APAA, 4-NPAA, PAA, 4-HPAA, NHPAA
for  ASEI. RSD was  calculated by corrected peak (peak area/migration time).

b SI: standard injection, 50 mbar × 5 s.

Table 3
Analytical performance of HF-LLLME–ASEI–CE/UV for phenylarsenic compounds.

Analytes Linear range (�g/L) Linear equation R2 RSDa/% (n = 5) LOD  (�g/L) EF

4-APAA 25–2000 y = 0.283x + 2.279 0.9945 8.3 6.9 155
4-NPAA 5–400 y = 1.181x + 2.801 0.9989 9.5 1.56 1333
PAA 20–800 y = 0.437x + 1.909 0.9986 11.8 2.96 317
4-HPAA 5–400 y = 0.880x + 1.240 0.9988 5.6 1.11 549
NHPAA 2.5–200 y = 2.130x − 0.587 0.9992 10.2 0.68 1779
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a RSD: analytes concentration, 4-APAA 50 �g/L, 4-NPAA 10 �g/L, PAA 20 �g/L, 4-H

.3. Comparison of analytical performance of ASEI-CE/UV and
VSS-CE/UV

In order to evaluate the effectiveness of the ASEI technique, the
erformance and reliability of ASEI-CE/UV was  investigated and
ritically compared with that obtained by LVSS-CE/UV. Table 2 was
he analytical performance of ASEI-CE/UV for the analysis of five
arget phenylarsenic compounds and its comparison with LVSS-
E/UV. As can be seen, good correlation coefficients (R2) ranging
rom 0.9961 to 0.9997 for ASEI and from 0.9970 to 0.9995 for
VSS were achieved, respectively, over the studied concentration
ange. The reproducibility, expressed by relative standard devia-
ions (RSDs) of corrected peak areas which were obtained by five
onsecutive repeated injections, were below 9.53%, and 7.63% for
SEI-CE/UV and LVSS-CE/UV, respectively. Obviously, there was
o significant difference in RSDs between the two  techniques,
lthough the reproducibility of LVSS-CE/UV was a little bit bet-
er than that of ASEI-CE/UV. The LODs, based on an S/N of 3, were
.08–8.82 �g/L for ASEI-CE/UV and 20.8–41.6 �g/L for LVSS-CE/UV,
espectively. The sensitivity enhancement factor (EF) was evalu-
ted by EFLODs, which is defined as the ratio of LODs obtained
y standard injection (at 50 mbar for 5 s) CE/UV to that obtained
y ASEI-CE/UV or LVSS-CE/UV. The obtained EFs were 110–136
nd 29–50-fold for ASEI-CE/UV and LVSS-CE/UV, respectively, indi-
ating that ASEI offered the higher enhancement in sensitivity in
omparison with LVSS.
In conclusion, ASEI as an on-column preconcentration method
or the improvement of detection sensitivity of target pheny-
arsenic compounds is simple, reliable and more effective than
VSS.

able 4
omparison of detection limits for phenylarsenic compounds found in the literatures foll

Analytes Method De

NHPAA, As(III), As(V), MMA,  DMA, PAA Dynamic pH junction CE
NHPAA, 4-NPAA, 3-APAA, As(III), As(V), MMA,  DMA, PAA LVSS Co-EOF NSM CE

NHPAA, AHPAA, HPAA, MMA, DMA, As(III), As(V) CE
4-APAA, 4-NPAA, PAA, 4-HPAA, NHPAA HF-LLLME–ASEI CE

AO: phenylarsine oxide; AHPAA: 3-amino-4-hydroxyphenylarsonic acid.
a Clean up with C18 cartridge, recovery for NHPAA obtained was 71.9%.
10 �g/L, NHPAA, 5 �g/L.

3.4. Analytical performance of HF-LLLME–ASEI-CE/UV

For HF-LLLME–ASEI-CE/UV analysis of five phenylarsenic com-
pounds, the extraction process was  operated as described in
the section of HF-LLLME procedure. The post-extraction phase
(acceptor phase) of HF-LLLME was directly injected into capillary
for further ASEI-CE/UV analysis. All the validation data of HF-
LLLME–ASEI-CE/UV method are shown in Table 3. As could be seen,
good linearity with correlation coefficients ranging from 0.9945 to
0.9992 was obtained for the five target phenylarsenic compounds.
The precision of this method was  determined by analyzing stan-
dard solution at the same concentration for five times continuously,
and the RSDs were 5.6–11.8%. The LODs based on an S/N of 3 were
in the range of 0.68–6.9 �g/L. In comparison to standard injection
mode (at 50 mbar for 5 s), EFs ranging from 155 to 1780-fold were
achieved.

Table 4 is the comparison of analytical performance of the
present method to that obtained by several other approaches for
phenylarsenic compounds analysis. As could be seen, the LODs
obtained by the proposed method are lower than those reported in
Refs. [26,29],  and comparable with that in Ref. [23]. It is worth being
mentioned that the proposed method using an inexpensive com-
mercial UV detector could provide lower LODs than that obtained
in Ref. [29], which employed an expensive, sensitive ICP/MS
detector.
3.5. Sample analysis

To evaluate the practical applicability of the HF-LLLME–ASEI-
CE/UV method, the developed system was applied to the analysis

owing different analytical approaches.

tection LOD (�g/L) EF Sample Ref.

/UV 0.34–1.93 100–800 Chicken littera [23]
/UV 4–100

18.1–573
34–62
12–16

Water [26]

-ICP/MS 1–3 Chicken manure [29]
/UV 0.68–1.9 155–1779 Water, feed, pig litter, soil This work
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Table 5
The concentrations of phenylarsenic compounds in environmental samples detected by HF-LLLME–ASEI-CE/UV (n = 3).

Analytes Pig feed Lake water Pig litter Soil

Found (ng/g) Recoverya (%) Found (�g/L) Recoverya (%) Found (ng/g) Recoverya (%) Found (ng/g) Recoverya (%)

4-APAA N.D.b 85.9 N.D. 107.8 N.D. 66.7 N.D. 38.9
4-NPAA N.D. 99.8 N.D. 102.6 N.D. 78.4 N.D. 28.9
PAA N.D. 88.7 N.D. 86.9 N.D. 67.9 N.D. 40.5
4-HPAA N.D. 96.9 N.D. 95.7 N.D. 87.9 N.D. 36.5
NHPAA 337.2 ± 39.5 104.5 N.D. 102.5 N.D. 96.2 N.D. 46.9

g/L NH
i .

o
f
fi
e
t
s
m
s
g
l
o
i
n
i
o
(
w
p
s

s
l
t
c
u
a
t
l
i
o
w
9
a
s

F
L
A

a Recovery, 100 �g/L 4-APAA, 25 �g/L 4-NPAA, 50 �g/L PAA, 50 �g/L 4-HPAA, 25 �
n  the spiked sample − the amount found in the sample) × 100%/the amount added

b N.D., not detected.

f five phenylarsenic compounds in different samples including pig
eed from a local pig farm, and storage pig litter, soil in agricultural
eld, and lake water collected near this pig farm as well. The recov-
ries of the HF-LLLME–ASEI-CE/UV method were determined with
he addition of the standard solution of target analytes into the real
ample solution after sample leaching. Peaks were first identified by
igration time, and their identity was subsequently confirmed by

piking experiments. Table 5 listed the analytical results of five tar-
et phenylarsenic compounds in pig feed, storage pig litter, soil and
ake water obtained by HF-LLLME–ASEI-CE/UV. As could be seen,
nly NHPAA (roxarsone) was found at a level of 337.2 ± 39.5 ng/g
n the pig feed sample, and other four phenylarsenic species were
ot detected in this sample. The determined value of roxarsone

n the feed sample is lower than the maximum allowed level rec-
mmended by the Food and Drug Administration of USA (FDA)
50 mg/kg roxarsone) [4]. Recovery for the spiked pig feed sample
as in the range of 85.9–104.5% for the five phenylarsenic com-
ounds. Fig. 9 shows the electropherograms of the pig feed and the
piked pig feed samples.

No target phenylarsenic compounds were found in the other
amples including storage pig litter, soil in agricultural field, and
ake water collected near this pig farm. The results indicated that
he area near this pig farm is not contaminated by phenylarsenic
ompounds. However, because the phenylarsenic compounds may
ltimately decompose to produce inorganic arsenate during stor-
ge of poultry litter and after land application to soil, it is promising
o develop a method for simultaneous determination of pheny-
arsenic and inorganic arsenate species in environmental samples
n our further work. For the spiking experiments, the recoveries
f 86.9–107.8% were obtained for all phenylarsenic species in lake
ater sample. The recovery in pig litter sample was found to be
6.2% for NHPAA, 87.9% for HPAA, 78.4% for NPAA, 67.9% for PAA
nd 66.7% for APAA, respectively. The recovery for the spiked soil
ample was not satisfactory, very low recoveries of less than 50%

ig. 9. Electropherograms of phenylarsenic compounds obtained by HF-
LLME–ASEI-CE/UV in (A) the pig feed sample; (B) the spiked pig feed sample.
nalytes: 1, 4-APAA; 2, 4-NPAA; 3, PAA; 4, 4-HPAA; 5, NHPAA.
PAA (as As) were spiked in the sample, respectively. Recovery = (the amount found

for all five phenylarsenic compounds were obtained. The electro-
pherograms with a very noisy background trace were found for the
soil samples (the electropherograms were not given). The reasons
could be attributed to the following two aspects: one is the very
complex matrix in water leaching solution of soil, and the other is
the very low detection wavelength of 210 nm employed in CE/UV.
To the best of our knowledge, there is no published work applying
HF-LLLME for enrichment of target analytes from soils until now.
It is presumable that the extraction of target analytes by HFLLLME
could be a problem for soil matrix.

The above real samples analysis results indicated that the pro-
posed HF-LLLME–ASEI-CE/UV method can be reliably adopted for
the analysis of five phenarsenic compounds in the pig feed and lake
water with satisfactory recoveries, but is difficult in analysis of the
storage pig litter, and especially soil sample due to the very com-
plex matrix. Considering a non-specific UV detector was  employed
for the determination of target analytes in this work, it is reason-
able to believe that if the developed HF-LLLME–ASEI-CE system
was combined with an element-specific detector (e.g. ICP/MS), it
will have great potentiality to quantitatively analyze phenylarsenic
species in pig litter and soil samples. Further studies are under way
to explore this potentiality in our laboratory.

4. Conclusions

In the present study, a HF-LLLME system based on passive dif-
fusion by pH gradient was established for the extraction of five
phenylarsenic compounds from sulfuric acid media by using TBP
as a selective extraction solvent. To further improve the deter-
mination sensitivity in CE/UV, a simple ASEI strategy without
suppression of EOF was  applied for on-column enriching target
analytes. In ASEI, a very large plug of water was introduced before
sample injection, thus the sample can be injected for a long time
of 180 s at −10 kV, and a high enhancement factors up to 236-
fold were obtained without HF-LLLME procedure. Owning to the
compatibility of extractant obtained by HF-LLLME to ASEI, a new
HF-LLLME–ASEI-CE/UV method for the analysis of phenylarsenic
compounds was successfully established and applied to the analy-
sis of target analytes in different samples. The spiking experiments
demonstrated that the satisfactory recoveries for all five pheny-
larsenic species could be obtained by the analysis of pig feed and
lake water samples, indicating that HF-LLLME–ASEI-CE/UV is a
promising approach for analysis of phenylarsenic species in these
samples at low levels. However, it is difficult to analyze pig litter
sample, and especially soil sample in agricultural field.
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