
S

D
e

P
a

S
b

a

A
R
R
2
A
A

K
I
L
M
H

1

g
t
r
w
c
s
a
o
e

d
c
c
i
(

0
d

Talanta 84 (2011) 587–592

Contents lists available at ScienceDirect

Talanta

journa l homepage: www.e lsev ier .com/ locate / ta lanta

hort communication

etermination of linear alkylbenzene sulfonates by ion-pair solid-phase
xtraction and high-performance liquid chromatography

ing Guoa, Zhuo Guana, Weidong Wanga,b, Bo Chena, Yuming Huanga,∗

The Key Laboratory of Eco-environments in Three Gorges Reservoir Region (Ministry of Education), College of Chemistry and Chemical Engineering,
outhwest University; Chongqing 400715, China
Department of Chemistry, Rongchang Branch of Southwest University, Chongqing 402460, China

r t i c l e i n f o

rticle history:
eceived 15 October 2010
eceived in revised form
1 December 2010
ccepted 6 January 2011
vailable online 15 January 2011

eywords:
on-pair solid-phase extraction

a b s t r a c t

In this paper, the potential use of multiwalled carbon nanotubes (MWCNTs) as solid phase extraction
(SPE) adsorbent was evaluated for preconcentration of linear alkylbenzene sulfonates (LAS) using ion-
pair (IP)-SPE with tetrabutylammonium hydroxide (TBAH). The LAS homologues present in the aqueous
sample were ion-paired with TBAH and the solution was passed through the MWCNT cartridges. The ana-
lytes retained in the cartridge were eluted with methanol and the concentrated methanol extract was
analysed by HPLC-UV. In order to obtain the satisfactory recovery of LAS homologues, various parame-
ters including the type and amount of the ion-pair reagents, the desorption and enrichment conditions
such as the effect of eluent and its volume, pH, the flow rate, the ultrasonic time of sample, and the vol-
ume of sample solution were systematically optimized. Under the optimal conditions, LAS homologues
inear alkylbenzene sulfonates

ultiwalled carbon nanotubes
igh-performance liquid chromatography

could be easily extracted by the proposed SPE cartridge. The favorable limits of detection (LOD) for LAS
homologues were in the range from 0.02 to 0.03 �g L−1, and the relative standard deviations (RSDs) were
1.55–2.54% for 10 �g L−1 LAS (n = 6). The proposed method has been successfully applied for the analysis
of LAS homologues in aqueous environmental samples. A comparison study with ion-pair solid extrac-
tion on MWCNTs, C8 and C18 as adsorbents for LAS demonstrated that ion pair-based solid extraction on

advan
MWCNTs adsorbent was

. Introduction

As the most widely used synthetic anionic surfactant with the
lobal production of about 2.4 × 106 t year−1 [1], LAS is a ubiqui-
ous water contaminant with concentration in the �g L−1 level
anging from low to 0.1 �g L−1 and high to above 100 �g L−1 in
ater column [2,3] due to its high-volume use in laundry and

leaning products. In the terrestrial environment, LAS also showed
ome biological effects [4,5], for example, it has been found that
mmonia-oxidizers are thought to be more sensitive to LAS than
ther microorganisms [5], which may lead to disturbances of water
cology system.

Various analytical techniques have been developed for LAS
etermination such as enzyme-linked immunoassay [6] and
hemiluminescence immunoassay [7], high-performance liquid

hromatography (HPLC) combined with various types of detectors
ncluding fluorescence (FL)[8], diode array (DAD) [9], ultra-violet
UV) [10,11], and mass spectrometry [12–15].

∗ Corresponding author. Tel.: +86 23 68254843; fax: +86 23 68254000.
E-mail address: yuminghuang2000@yahoo.com (Y. Huang).

039-9140/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.01.014
tageous over C8 and C18, the widely used traditional adsorbents.
© 2011 Elsevier B.V. All rights reserved.

In order to determine trace level of LAS, sample pretreatment is
a needed step in the analytical procedure because sample pretreat-
ment can lower the limit of detection and eliminate the matrix
interference. Solid-phase extraction (SPE) is the most important
and routinely used technique for sample enrichment among vari-
ous pretreatment methods [16] and has been extensively used in
sample pretreatment for LAS analysis at trace level [10,11,17].

In recent years, a novel SPE method using CNTs as adsorbent
has attracted much attention [18–20]. The advantages of the car-
bon nanotubes-based SPE method are rapidity, low cost and high
enrichment factors derived from their strong hydrophobicity and
high surface area. Since the first work on CNTs as SPE adsorbents
for the determination of bisphenol A, 4-n-nonylphenol, and 4-
tert-octylphenol successfully [21], CNTs as SPE adsorbents have
been investigated to extract various organic compounds and inor-
ganic ions [22–29]. Very recent work demonstrated that SWCNTs
(single-walled carbon nanotubes) possess intrinsic peroxidase-like
activity [30]. All these achievements provide new insights into the

application of this novel material in environmental analysis and
biosensing. However, almost all above studies concerning MWC-
NTs as SPE adsorbents for enrichment of organic compounds were
based on direct adsorption of the non-polar or weak polar targets
onto surface of MWCNTs. There are some challenges to use pristine
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charged ion-pair reagent or surfactant through electrostatic inter-
actions would decrease the polarity of LAS homologues, which
might lead to enhanced adsorption of LAS onto MWCNTs. Scheme 1
presents an illustration for formation of the ion-pair and then
adsorption by MWCNTs. In order to study this, different reagents
88 P. Guo et al. / Tala

WCNTs for enrichment of highly polar targets due to their poor
etention ability.

Ion-pair extraction is a method for partitioning of ionic com-
ounds with the aid of counter-ions of opposite charge, and can
e used to increase retention of highly polar compounds on non-
olar or weak polar SPE adsorbents. Here, we report that pristine
WCNTs have a predominant ability to capture highly polar linear

lkylbenzene sulfonates (LAS) when LAS was ion-paired with tetra-
utylammonium hydroxide (TBAH, a typical ion-pair reagent) in
nvironmental water samples, showing a high enrichment for LAS
n a SPE-based format. Comparison studies with the traditional C8
nd C18 adsorbents indicate that the proposed SPE adsorbent has
igher enrichment ability to LAS than the C18 and C8 adsorbents.
o the best of our knowledge, this is the first report of using ion-
air formation combined with pristine MWCNTs for enrichment of

inear alkylbenzene sulfonates in environmental water samples.

. Experimental

.1. Chemicals and reagents

Commercial LAS mixture (C10 (19.16%), C11 (30.1%), C12 (28.65%)
nd C13 (22.09%)) was supplied by Sigma–Aldrich. Acetonitrile
nd methanol were of the HPLC grade (Scharlau Chemie S.A.,
pain). MWCNTs with purity of 95%, general outer diameters of
bout 30–50 nm, the length of about 20 �m, and the surface area
f above 60 m2 g−1 were purchased from R&D Center of Carbon
anotubes, Chengdu Organic Chemicals Co., Chinese Academy of
ciences. Before use, MWCNTs were dried at 100 ◦C for 2 h. Tetra-
utylammonium hydroxide (TBAH) solution (10.0%, v/v in water),
etrabutylammonium bromide (TBAB), cetyltrimethylammnon-
um bromide (CTAB), cetyltrimethylammnonium chloride (CTAC),
odium fluoride, acetone, and hydrochloric acid were purchased
rom Chongqing Chemical Reagents Co., Ltd. C8 and C18 Sep-Pak
artridges (500 mg) were supplied by Waters Cooperation, USA.
ltra pure water was prepared in the lab using a water treatment
evice. All other solvents and reagents used were of analytical
eagent grade unless otherwise stated.

.2. Instrumental analysis

The HPLC instrument (JASCO Corporation, Japan) used was com-
osed of two JASCO PU-2080i plus intelligent HPLC inert pumps,

ASCO CO-2060 plus intelligent column thermostat and a JASCO
V-2075 plus intelligent UV detector. Chromatographic separa-

ion was performed on a Symmetry C8 column (150 mm × 4.6 mm,
�m) (Waters Corporation, USA) with a guard column. The mobile
hase used in the chromatographic separation consisted of a binary
ixture of methanol and water (0.5 mmol L−1 sodium acetate
as added into mobile phase in order to improve separation of

AS homologues [10]) with the ratio of 75:25 at a flow rate of
.5 mL min−1. The column temperature was 30 ◦C, and the chro-
atographic data were acquired at 224 nm. The injection volume

f sample was 20 �L. JASCO Chrompass Chromatography Data Sys-
em was used to control the chromatographic units, acquire and
rocess chromatographic data.

.3. SPE procedure

0.2 g MWCNTs were packed in an empty 6-mL polypropylene
artridge, which was purchased from SUPELCO Corporation, USA.

efore extraction, 6 mL of methanol and 6 mL of ultra pure water
ere adopted, respectively, to pass through the MWCNTs packed

artridge for the purpose of precondition. Extraction of the target
AS compounds was carried out by adding 100 mL of the mixed
olution of LAS standard (or 500 mL of sample solution) at the
 (2011) 587–592

desired concentration and 40 mg L−1 TBAH to pass through the
packed cartridge under vacuum at a certain flow rate, followed
by a rinsing step using 10 mL of ultra pure water. And then the
cartridge was dried under a certain negative pressure (20 mm Hg)
for 10 min. The concentrated target LAS compounds were eluted
with the optimal organic solvent (6 mL of methanol), and the elu-
ates were evaporated to dryness by a stream of nitrogen gas, and
the residue was dissolved with 0.5 mL of ultra pure water. Finally,
a volume of 20 �L was injected into the HPLC. The recovery was
used as criterion to optimize the parameters for ion-pair SPE. The
recovery was calculated as the ratio of the amount of LAS with and
without preconcentration.

Breakthrough volumes of MWCNTs-based SPE column were
evaluated by using different sample volumes (250, 500, 750, 1000
and 1500 mL) with the same LAS concentration of 50 �g L−1.

2.4. Water samples

Tap water and river water samples were selected for investi-
gation. The tap water sample was collected from our laboratory
after flowing for 10 min and the river water sample from the Jial-
ingjiang River in the area of central Chongqing. Before experiment,
the environmental water samples were filtered through 0.45 �m
micropore membrane (Tianjin Automatic Science Instrument Co.,
Ltd., China) and stored in brown glass bottles at 4 ◦C in a refriger-
ator. For real water sample analysis, 1 mL of 100 mmol L−1 sodium
fluoride as masking agent was added to 500 mL (adjusted to pH 5) of
the environmental water samples for eliminating the interference
of metal ions. Note that if the precipitation takes place after addition
of sodium fluoride, the sample should be filtered through 0.45 �m
membrane filters, and then used for analysis of LAS homologues.

3. Results and discussion

Our approach was based on hypothesis that formation of ion-
pair between negatively charged LAS homologues and positively
Scheme 1. An illustration for formation of the ion-pair between negatively charged
LAS homologues and positively charged ion-pair reagent TBAH (I), and then adsorp-
tion by MWCNTs (II).
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Table 1
Comparison of LAS recoveries using IP-SPE with different ion-pair reagents on
MWCNTs.

Analyte Recovery %a

TBAB TBAH Without IP

C10 48.7 ± 4.7 95.9 ± 1.8 19.2 ± 5.9
C11 49.7 ± 5.8 94.0 ± 1.7 19.5 ± 3.9
C12 55.2 ± 7.0 103.2 ± 5.9 13.0 ± 1.0
C13 54.6 ± 9.3 107.7 ± 3.6 14.0 ± 2.4
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a Average ± standard deviation (n = 3). Conditions for LAS enrichment are as fol-
owing. Sample solution volume: 100 mL (pH 5); LAS concentration in sample
olution: 50 �g L−1; eluent: 6 mL methanol; sonication time: 3 min; concentrations
f ion-pair agents: 40 mg L−1; sample flow rate: 6 mL min−1.

uch as ion-pair reagent TBAH, TBAB, positively charged surfactant
TAB, and CTAC were tested for recovery of LAS in water samples.
ur experimental results suggested that there were no peaks of
AS homologues detected by HPLC-UV after enrichment by MWC-
Ts through ion-pair formation using 40 mg L−1 of CTAC or CTAB.
owever, quantitative recovery of LAS was obtained when TBAH
as used as ion-pair reagent (Table 1). So, TBAH was selected for

urther study in the present work.

.1. Optimization for the ion-pair solid-phase extraction

.1.1. Effect of TBAH concentration
The effect of TBAH concentration on adsorption of the studied

AS homologues onto MWCNTs column was studied in the range
rom 0 to 40 mg L−1. As can be seen from Fig. 1 that the recov-
ry of LAS increased sharply when TBAH concentration was above
0 mg L−1. No significant difference of recoveries was observed
hen the TBAH concentration ranged from 0 to 10 mg L−1. When

BAH concentration reached 20 mg L−1, great enhancement of LAS
ecovery was obtained. However, quantitative recovery for LAS
omologues was obtained at 40 mg L−1 of TBAH concentration. In
rder to get better recoveries, 40 mg L−1 of TBAH concentration was
ecommended for further experiments.

.1.2. Effect of the eluent
Desorption of the target analytes LAS homologues from

he MWCNTs packed cartridge was investigated using differ-
nt organic solvents such as methanol, acetonitrile, acetone, and

ichloromethane. The experimental results demonstrated that all
he above selected organic solvents could elute the target analytes,
n which methanol and acetone gave the best elution ability. Con-
idering that a binary mixture of methanol and water with the ratio
f 75:25 was used as mobile phase in our case, it may have been

ig. 1. Effect of TBAH concentration. MWCNTs: 200 mg; LAS concentration:
0 �g L−1, sample solution volume: 100 mL (pH 5), sample flow rate: 2 mL min−1;
luent: 6 mL methanol. Error bars represent one standard deviation for three mea-
urements.
Fig. 2. Effect of sample pH. TBAH concentration: 40 mg L−1; ultrasonic time: 3 min;
other conditions were same as in Fig. 1. Error bars represent one standard deviation
for three measurements.

more appropriate to use methanol as eluent. Then the volume of
the methanol was investigated between 2 and 6 mL. The exper-
imental results indicated that the recoveries increased with the
increasing of methanol volume from 2 to 5 mL. It remained sta-
ble from 5 to 6 mL, being quantitative in this interval. In order to
obtain a higher preconcentration factor and satisfactory recovery,
finally, 6 mL methanol was selected as optimal eluent to obtain the
quantitative results.

3.1.3. Effect of the ultrasonic treatment
The experimental results demonstrated that the ultrasonic

treatment of the mixture of sample solution and TBAH could
enhance the retention of LAS homologues on MWCNTs proba-
bly because of the reduction in surface tension of the surfactant
solution under ultrasonic condition. Similar enhancement effect
was also observed in our previous work [11]. The recovery of LAS
increased with ultrasonic time of the mixture of sample solution
and TBAH in the range from 1 to 3 min for LAS homologues at
50 ng mL−1 concentration level. When the ultrasonic time exceeded
4 min, the recoveries decreased. Therefore, 3 min was chosen to get
the better recoveries.

3.1.4. Effect of pH
The influence of solution pH on the recoveries of analytes is

shown in Fig. 2. As can be seen that the studied LAS homologues
could hardly be recovered in the highly acidic medium. With
increase of solution pH, the retention of all analytes on MWCNTs
increased. And the highest retention for all analytes was obtained
at pH of 5, which was consistent with previous work by Akyüz [31].
The effect of solution pH on retention of LAS homologues is related
to the degree of ionization of the sorbates and on the ability to
form ion-pairs with the cationic ion-pair agent. The pKa of alkyl-
sulfonates range in values between 2.0 and 3.0 depending on the
substituents on the alkyl group [32]. So, at the pH value less than
3, LAS existed mainly in the molecular forms. The ion-pair com-
plex between LAS molecular and the TBAH with positive charge
was hardly formed, leading to low recoveries of LAS homologues.
In addition, it is highly possible that the rapid conversion of TBAH to
its corresponding hydrochloride salt in the highly acidic medium,
and hence the ion pairing ability becomes poor due to this rapid salt
equilibrium [33]. When the pH value of solution was above 3, the
increase on the retention of LAS homologues can be ascribed to the
ion pair formation between the negatively charge LAS anion due to

deprotonation and the cationic TBA+. At a pH value of 5.0, quanti-
tative recoveries of LAS homologues could be obtained. When the
surfaces of most LAS molecules were negatively charged, leading to
formation of ion-pair complex with the cationic TBAH with quan-
titative recoveries of LAS homologues. Consequently, a pH value
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and spiked water samples were shown in Table 3. Also, the com-
mercial C8 cartridge (500 mg) and C18 cartridge (500 mg) as SPE
adsorbents for LAS enrichment were tested. The results of target
analysis in water samples enriched by the MWCNTs as SPE cartridge
(200 mg) and TBAH as the ion-pair agent, C8 cartridge (500 mg) and

Table 2
Linear range, correlation coefficients, relative standard deviation, and limits of
detection.

Compound Linear range (�g L−1) R2 RSD (%) (n = 6) LOD (�g L−1)
ig. 3. Effect of sodium chloride concentration. TBAH concentration: 40 mg L−1;
ltrasonic time: 3 min; other conditions were same as in Fig. 1. Error bars represent
ne standard deviation for three measurements.

f 5.0 was chosen for the optimum retention of the target com-
ounds.

.1.5. Effects of ionic strength
Further experiments were conducted to investigate the effect

f ionic strength on the extraction of LAS homologues. Sodium
hloride was selected to investigate ionic strength effect in this
tudy. The examined NaCl amount ranged from 0 to 17 mmol L−1.
s shown in Fig. 3 that addition of sodium chloride decreased reten-

ion of all analytes on MWCNTs rather than enhancing them. The
ffect of electrolytes on retention of LAS homologues is related to
he effects of NaCl addition to the sample solution. Generally, addi-
ion of NaCl to the sample solution increases the ionic strength of
olution as well as changes the physical properties of the Nernst
iffusion layer. It is well known that addition of salt can decrease
he solubility of analytes in the aqueous sample [34,35], and hence
s benefit to extraction of target analytes. However, addition of
odium chloride also reduces mass transfer by changing the Nernst
iffusion layer, probably leading to the decreased rate of the for-
ation of ion pairs of the analytes [36,37], therefore decreasing

he extraction efficiency. Results shown in Fig. 3 clearly suggest
hat the higher the concentration of NaCl is, the lower the rate of
ormation of ion pairs of LAS homologues in the aqueous sample
s. On the basis of above experimental results, sodium chloride was
ot added to the aqueous sample in the subsequent experiments.

.1.6. Effect of sample flow rate and volume
The effect of the sample flow rate was investigated over the

ange from 2 to 10 mL min−1 (the maximum flow rate of the vac-
um pump). The experimental results demonstrated that when the
ow rate of sample solutions was below 6 mL min−1, the recover-

es of LAS homologues remain stable over 99%. For flow rate above
mL min−1, the increase in flow rate induced a general decrease in

ecovery. Considering the sensitivity and the analytical time in this
tudy, 6 mL min−1 was chose as the optimal flow rate for further
xperiment.

Breakthrough volumes and optimal sample volume were inves-
igated in order to obtain an enrichment factor as high as possible.
reakthrough was considered to occur when the recovery was
elow 95%. As can be seen form Fig. 4 that the good recoveries of
he LAS homologues were obtained with no significant difference
hen the sample volumes ranged from 250 to 1000 mL. However,

he recoveries were lower than 40% for LAS homologues when the

ample volume increased to 1500 mL, so the breakthrough volumes
or LAS homologues on MWCNTs SPE cartridges through ion-pair
ormation were 1000 mL. Considering the enrichment factor, the
acked amount of MWCNTs in cartridge (about 200 mg) used in
resent study and the experimental time, finally, sample volume
Fig. 4. Effect of sample volume. The sample flow rate: 6 mL min−1; TBAH concen-
tration: 40 mg L−1; ultrasonic time: 3 min; other conditions were same as in Fig. 1.
Error bars represent one standard deviation for three measurements.

of 500 mL was selected for further investigation to achieve the reli-
able experimental results and a high enrichment factor because the
recoveries for all the analytes were satisfactory.

3.2. Method performance evaluation

Calibration curves were run for LAS homologues in the range
0.2–30 �g L−1 by the proposed method. As can be seen from Table 2
that the correlation coefficients were between 0.9945 and 0.9997.
The detection limits of the LAS homologues ranged from 0.02
to 0.03 �g L−1 (S/N = 3). The precision of the overall procedure,
expressed as relative standard deviations (RSDs), was evaluated
by extracting eleven consecutive ultra pure water samples which
diluted from a standard solution. The RSDs ranged from 1.55 to
2.54% (n = 6) at the 10 �g L−1 level of LAS homologues, demonstrat-
ing good precision of the method. When 500 mL of water sample
was used, the enrichment factors of LAS C10, C11, C12 and C13
were 953, 932, 995, 999, respectively. In order to check the val-
idation of the proposed method, the recovery tests were carried
out using MWCNTs, C8, and C18 SPE cartridge for enrichment of
10 or 30 �g L−1 LAS in ultra-pure water samples. As illustrated in
Table 3, the proposed method can be satisfactory applied to the
determination of LAS in environmental water samples.

3.3. Application to environmental water samples and comparison
study

As an illustration of analytical application, the proposed method
was used to determine LAS homologues in the environmental water
samples under the optimal experimental conditions shown above
using MWCNTs as SPE cartridge and TBAH as the ion-pair agent.
Fig. 5 depicts the chromatograms of river water sample and spiked
river water sample. The results for LAS determination for unspiked
C10-LAS 0.1916–19.16 0.9997 2.18 0.02
C11-LAS 0.3010–30.01 0.9993 2.54 0.03
C12-LAS 0.2865–28.65 0.9984 2.16 0.03
C13-LAS 0.2209–22.09 0.9945 1.55 0.02
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Table 3
The results of LAS determination in Jialingjiang River water and tap water samples.

Compound Added (�g L−1) Founda (�g L−1) Recoverya (%)

MWCNTs C8 C18 MWCNTs C8 C18

(A) Ultra-pure water sample
C10-LAS 1.46 1.45 ± 0.03 1.18 ± 0.20 1.33 ± 0.09 99.5 ± 1.8 88.4 ± 1.8 90.8 ± 6.0

4.37 4.44 ± 0.13 3.82 ± 0.23 3.75 ± 0.10 101.7 ± 3.0 87.2 ± 5.2 85.7 ± 2.5
C11-LAS 3.80 4.02 ± 0.26 3.33 ± 0.15 3.43 ± 0.08 105.6 ± 6.9 85.7 ± 3.5 90.5 ± 2.2

11.40 12.52 ± 0.34 10.62 ± 0.33 10.31 ± 0.31 109.8 ± 3.0 93.1 ± 2.9 90.4 ± 2.7
C12-LAS 3.02 3.03 ± 0.11 2.64 ± 0.22 2.68 ± 0.12 100.4 ± 3.7 85.8 ± 4.3 88.7 ± 4.0

9.06 9.84 ± 0.35 7.81 ± 0.65 7.69 ± 0.57 108.7 ± 3.8 86.2 ± 7.2 84.9 ± 6.3
C13-LAS 1.73 1.70 ± 0.13 1.53 ± 0.20 1.48 ± 0.03 98.7 ± 7.6 92.4 ± 4.5 85.5 ± 1.9

5.16 5.65 ± 0.12 4.22 ± 0.31 4.22 ± 0.16 109.3 ± 2.3 81.4 ± 5.9 81.3 ± 3.2

(B) Tap water sample
C10-LAS 0.00 0.38 ± 0.07 0.52 ± 0.09 0.32 ± 0.06

1.46 1.76 ± 0.02 1.72 ± 0.04 1.46 ± 0.03 94.2 ± 1.1 82.3 ± 2.8 77.3 ± 2.0
4.37 4.91 ± 0.03 4.32 ± 0.04 3.31 ± 0.06 103.5 ± 0.6 87.0 ± 0.8 68.5 ± 1.5

C11-LAS 0.00 0.89 ± 0.02 0.61 ± 0.04 0.64 ± 0.17
3.80 4.01 ± 0.03 3.91 ± 0.08 2.59 ± 0.07 82.3 ± 0.9 87.0 ± 2.2 52.1 ± 1.8

11.40 12.25 ± 0.45 9.15 ± 0.10 4.90 ± 0.45 99.7 ± 3.9 75.0 ± 0.9 37.4 ± 3.9
C12-LAS 0.00 0.90 ± 0.01 0.64 ± 0.01 0.76 ± 0.16

3.02 3.37 ± 0.09 2.97 ± 0.12 3.21 ± 0.14 81.7 ± 3.0 77.2 ± 4.1 81.2 ± 4.7
9.06 9.93 ± 0.10 6.91 ± 0.37 7.28 ± 0.38 99.7 ± 1.1 69.2 ± 4.1 72.1 ± 9.2

C13-LAS 0.00 0.50 ± 0.07 0.73 ± 0.10 0.55 ± 0.07
1.73 1.96 ± 0.08 1.87 ± 0.13 1.78 ± 0.06 84.9 ± 4.6 65.5 ± 7.6 71.1 ± 3.3
5.18 5.96 ± 0.06 4.79 ± 0.18 4.80 ± 0.24 105.6 ± 1.2 78.3 ± 3.5 82.1 ± 4.7

(C) Jialingjiang River water sample
C10-LAS 0.00 0.27 ± 0.03 0.16 ± 0.02 0.14 ± 0.01

1.46 1.49 ± 0.06 1.17 ± 0.06 1.13 ± 0.12 87.7 ± 3.9 69.6 ± 3.5 68.5 ± 6.1
4.37 4.72 ± 0.05 4.11 ± 0.19 3.02 ± 0.13 103.2 ± 1.2 90.6 ± 6.7 66.0 ± 5.8

C11-LAS 0.00 0.18 ± 0.01 0.12 ± 0.01 0.31 ± 0.03
3.80 3.51 ± 0.28 2.41 ± 0.13 1.39 ± 0.01 87.8 ± 6.8 60.1 ± 3.4 28.4 ± 0.1

11.40 10.95 ± 0.41 7.10 ± 0.34 7.48 ± 0.01 94.5 ± 3.6 61.2 ± 2.7 62.9 ± 2.6
C12-LAS 0.00 0.19 ± 0.01 0.11 ± 0.01 0.11 ± 0.01

3.02 3.34 ± 0.14 1.85 ± 0.10 1.72 ± 0.06 104.4 ± 4.7 57.5 ± 3.4 53.1 ± 2.1
9.06 8.67 ± 0.08 7.02 ± 0.43 6.28 ± 0.35 93.6 ± 0.9 76.3 ± 4.7 68.1 ± 3.9

C13-LAS 0.00 0.27 ± 0.01 0.21 ± 0.02 0.10 ± 0.01

C
i
s
C
h
f
c

F
s

1.73 2.00 ± 0.09 1.69 ± 0.08
5.18 5.62 ± 0.24 3.06 ± 0.24

a Average ± standard deviation (n = 3).

18 cartridge (500 mg) were compared; the recoveries were shown
n Table 3. As can be seen, the ion-pair SPE on MWCNTs as cartridge
howed stronger retention ability than C8 cartridge (500 mg) and

18 cartridge (500 mg) for target compounds. The recoveries of LAS
omologues in the spiked environmental water samples ranged

rom 82 to 106% when 500 mL water sample at two spiked con-
entration levels (10 and 30 �g L−1 LAS) was tested. However, the

ig. 5. HPLC-UV chromatograms of 10 �g L−1 standard and Jialingjiang River water sam
tandard; (B) water sample; (C) water sample spiked 10 �g L−1 of LAS; volume of sample
1.12 ± 0.04 100.3 ± 5.4 85.1 ± 4.4 58.6 ± 2.3
3.86 ± 0.31 103.5 ± 4.6 55.0 ± 4.7 72.6 ± 6.0

recoveries obtained by using C8 cartridge (500 mg) and C18 car-
tridge (500 mg) as SPE adsorbents changed from 55% to 91% and 28%
to 82%, respectively. Apparently, it was proved that the MWCNTs

as SPE cartridge and TBAH as the ion-pair agent can be an excellent
SPE format for LAS pretreatment and enrichment from real water
samples. It should be indicated that when performing LAS analy-
sis for real water samples, NaF was added to the water samples to

ple after pretreatment by IP-SPE with MWCNTs as adsorbent. (A) 10 �g L−1 of LAS
solution: 500 mL (pH 5); other conditions were same as in Fig. 4.
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liminate the possible interference from the metal ions in the envi-
onmental samples. It has been demonstrated that calcium ion had
ignificant effect on LAS extraction [38]. In fact, only 15–70% and
9–69% recoveries were obtained for LAS homologues at 10 �g L−1

nd 30 �g L−1 levels when performing direct LAS preconcentration
ithout considering the elimination of cation ions. In order to elim-

nate the interferences derived from Ca and other coexisting metals,
aF was selected and tested. Experimental results indicated that
uantitative recoveries of LAS homologues were obtained when
aF was added to the water samples. Hence, for real sample analysis

or LAS homologues, NaF was selected.

. Conclusion

The formation of ion-pair through electrostatic interactions
etween negatively charged LAS homologues and positively
harged ion-pair reagent TBAH decreased the polarity of LAS homo-
ogues and meanwhile quantitative adsorption of LAS by MWCNTs

as achieved. On this basis, a simple sample preparation and anal-
sis method by HPLC-UV for LAS, a widely used surfactant in large
uantities and a ubiquitous contaminant in water environment, has
een developed in present study. Our results suggested that the ion-
air SPE on MWCNTs as cartridge showed stronger retention ability
han C8 cartridge (500 mg) and C18 cartridge (500 mg) for target
ompounds. The recoveries of LAS homologues in the spiked envi-
onmental water samples ranged from 82 to 106% when 500 mL
ater sample at two spiked concentration levels (10 and 30 �g L−1

AS) was tested. Nevertheness, the recoveries obtained by using C8
artridge (500 mg) and C18 cartridge (500 mg) as SPE adsorbents
hanged from 55% to 91% and 28% to 82%, respectively. Hence, the
WCNTs as SPE cartridge and TBAH as the ion-pair agent can be

n excellent SPE format for LAS pretreatment and enrichment from
eal water samples. The proposed method was successfully used for
AS enrichment in environmental water samples with good recov-
ries and precision, and the compounds can be detected in low
icrogram per liter quantities.
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