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ign approaches to optimize
ultrasound-assisted simultaneous-silylation
dispersive liquid–liquid microextraction for the
rapid determination of parabens in water samples†

Chi-Zhong Hsieh,a Wu-Hsun Chungab and Wang-Hsien Ding *a

This work describes a rapid solvent-minimized process to effectively determine four common paraben

preservatives (methyl-, ethyl-, propyl- and butyl-paraben) in surface water samples. The method involved

the use of a combination of a novel ultrasound-assisted simultaneous-silylation within dispersive liquid–

liquid microextraction (UASS-DLLME) with detection by gas chromatography-tandem mass spectrometry

(GC-MS/MS). To overcome the challenges related to the different experimental conditions, multivariate

experimental design approaches conducted by means of a multilevel categorical design and a Box–

Behnken design were utilized to screen and optimize parameters that have significant influences on the

efficiency of silylation and extraction. The method was then validated and shown to provide low limits of

quantitation (LOQs; 1–5 ng L�1), high precision (3–11%), and satisfactory mean spiked recoveries (accuracy;

79–101%). Upon analyzing samples of surface water obtained from the field, we found that, in total, there

was a relatively high concentration of the target parabens ranging from 200 to 1389 ng L�1. The sources of

the elevated levels of these parabens may be from the release of untreated municipal wastewater in this

region, and also due to the widespread application of parabens in personal care and food products.
1. Introduction

Paraben derivatives are a group of alkyl esters of p-hydrox-
ybenzoic acid, and are commonly used as antimicrobial agents
in cosmetics, pharmaceutical and personal care products
(PPCPs), and food products.1 Their wide application suggests
that they may have long-lasting effects on the environment and
that humans may be exposed to relatively elevated levels of
these compounds. In the last two decades, there has been
increasing awareness of the effects of paraben derivatives on
mammalian endocrine processes, since exposure to these
derivatives and their subsequent increased concentration in the
body can result in reproductive problems and even cancer.2,3

Paraben residues had been identied in aquatic related samples
all over the world, such as in surface water, wastewater, swim-
ming pool water, sediments, and aquatic biota, all of which
have been reviewed by Piao et al.4 and Ocaña-González et al.5 It
is more worrisome that they have also been detected in breast
milk, human blood and urine.6–9 Due to the deciency in
wastewater treatment, especially in rural provinces and towns,
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throughout the Asia-Pacic region, this is an urgent issue that
needs to be addressed because wastewater that is directly dis-
charged into the aquatic environment can cause an extensive
contamination of surface water. The growing release of such
residues into our environment and the potential long-term
adverse effects required to develop a reliable, simple, and
accurate analytical method to identify their occurrence and fate
in aquatic environments.

Various extraction techniques have been adopted to deter-
mine parabens residues in aqueous samples, as extensively
reviewed elsewhere.4,5,10 Solid-phase extraction (SPE) is the most
commonly used method for extracting parabens from aqueous
samples but, unfortunately, this procedure frequently involves
long extraction times, and cartridge blocking problems oen
occur. Solvent-free extraction methods, such as solid-phase
microextraction (SPME) and stir bar sorptive extraction (SBSE)
have also been used, but these protocols can be costly and time-
consuming, with additional issues regarding fragile coating
layers and carryover problems. Dispersive liquid–liquid micro-
extraction (DLLME), compared to SPE, SPME and SBSE, it has the
benets of being convenient, rapid, carryover-free, and cost-
effective. DLLME has been used successfully to isolate and
determine parabens residues in wastewater and tap water
samples.10 Gas chromatography-mass spectrometry (GC-MS), GC-
tandem mass spectrometry (GC-MS/MS), and liquid chromatog-
raphy combined with tandemmass spectrometry (LC-MS/MS) are
RSC Adv., 2021, 11, 23607–23615 | 23607
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among the commonly used techniques for the detection of par-
abens residues in variousmatrices.4,5,10Nowadays, applications of
LC-MS/MS for the detection of PPCPs and various pesticides have
been increasingly reported, but GC-MS or GC-MS/MS continues
to be the technique of choice to detect these compounds due to
its superior separation characteristics, low matrix effect, high
distinguishing power and availability.11 A post-derivatization step
is usually employed to improve GC separation and sensitivity by
increasing the volatility of hydroxylated analytes, but with the
drawbacks to this approach include the need for heating the
reaction mixture (above 60 �C) and increasing the length of time
needed (at least 30 min) to complete the analysis. To increase
sample throughput, the in situ or simultaneous derivatization of
compounds in aqueous samples combined with DLLME has
been extensively reviewed by Sajid.12

An ultrasound-assisted DLLME has been developed to accel-
erate the formation of a nely dispersed mixture and to increase
the rate of mass transfer of analytes from the aqueous phase to
the extraction solvent, as described and reviewed by Albero et al.13

The aim of the present study was to develop a simple and
straightforward ultrasound-assisted simultaneous-silylation
within dispersive liquid–liquid microextraction (UASS-DLLME)
for the rapid extraction of selected parabens in surface water
samples before their analysis by GC-MS/MS. Compared to
previous studies, the novelty and objective of this study was to
optimize the UASS-DLLME parameters by using dual multivariate
experimental design approaches instead of the commonly used
one-factor-at-a-time protocol in an effort to improve the method
optimization steps. These approaches can minimize the number
of experiments needed, optimize factors together, and reduce
overall cost.14 In this study, the chemicals for use as extractants,
dispersants and silylation that could affect USAA-DLLME were
rst screened and selected by a Factorial Multilevel Categoric
Design (FMLCD), and then Box–Behnken Design (BBD) was
employed to determine and quantify the optimum points. The
accuracy and precision of the procedure were then evaluated and
the overall method validated. Finally, analysis of water samples
collected from the environment by the developed method was
carried out to prove its practicality and applicability for the
determination of selected parabens at the trace-level.
2. Materials and methods
2.1. Reagents, chemicals and standards

All reagents, chemicals and standards are commercially avail-
able and were used without further purication. The purities of
the target standards (i.e., methyl-, ethyl-, propyl- and butyl-
paraben) were all greater than 98%, and their structures and
properties are summarized in Table S1.† Detailed information
regarding reagents, chemicals and target standards are
provided in the ESI.†
2.2. Real water samples collection

Two sets of surface water samples were collected: (1) samples
from campus ditches at National Central University (n ¼ 3, pH
6.5–6.8; specic conductance: 627–641 mS cm�1), those received
23608 | RSC Adv., 2021, 11, 23607–23615
wastewater from dormitory laundries and showers, and (2)
samples from the Lao-Jie River (n ¼ 8, pH 6.3–7.2; specic
conductance: 300–2290 mS cm�1). The Lao-Jie River, a typical
river in northern Taiwan, is a 36.7 km long river that originates
in the hillside terrace regions of Tao-Yuan County. It runs
through two major industrial parks with a variety of textiles,
dyeing and chemical industries. It also passes through Chung-
Li city, which houses about half-a-million residents. The Lao-Jie
River receives runoff from both industrial wastewater treatment
plants and untreated municipal wastewater directly from
houses in the city and surrounding suburbs. The sampling sites
and locations on the Lao-Jie River are shown in Fig. S1.†
Duplicate samples (250 mL for each) were collected and trans-
ported on ice to the laboratory, where they were ltered to
remove the particulate matter, and then stored at 4 �C.

2.3. UASS-DLLME procedure

The UASS-DLLME procedure was accomplished under optimal
conditions: a 10 mL aliquot of a water sample (containing 0.5 g
of sodium chloride) was placed in a 15 mL screw capped glass
tube with a conical bottom. Acetone (600 mL) as a dispersant, 20
mL of tetrachloroethylene (as an extractant), and 20 mL of
MTBSTFA (as a silylating agent) were mixed and rapidly injected
into the aqueous sample. A cloudy suspension was formed
containing ne droplets of the extractant. The glass tube was
immediately immersed in a preheated (60 �C) ultrasonic bath
(Bransonic 5210, Branson, Brookeld, CT, USA) for 2 min to
facilitate the simultaneous silylation of the target analytes in the
ne droplets and to increase the extraction efficiency. Separa-
tion of the emulsion phases was done via centrifugation at
5000 rpm (maximum rate) for 10 min. The organic sedimented
phase (10 mL) was withdrawn by a syringe, and the target
TBDMS-derivatives were subsequently detected using GC-MS
and GC-MS/MS techniques.

2.4. Instrument analysis

The determination and quantication of target analytes
involved the use of a Varian 450 GC coupled with a Varian 220
ion-trap mass spectrometer system (Walnut Creek, CA, USA) set
to electron ionization (EI) mode. The nal extractant (10 mL) was
directly introduced into the GC injection-port via a Chroma-
toProbe (Varian) device. The temperature of the injection-port
was kept at 90 �C for 1.5 min to vaporize the solvent, and the
temperature was then rapidly increased to 300 �C to introduce
the TBDMS-derivatives into the analytical column. The target
TBDMS-derivatives were separated on a DB-5MS capillary
column (30 m � 0.25 mm i.d., 0.25 mm lm thickness) from
Agilent Technologies (Santa Clara, CA, USA). The GC oven
temperature was programed as follows: 70 �C for 4 min;
ramping the temperature 10 �Cmin�1 up to 270 �C, and holding
at 270 �C for 2 min. Transfer line, manifold, ion source, and ion
trap temperatures were maintained at 280, 40, 180 and 160 �C,
respectively. The conditions of full-scan EI spectra were set to
the following parameters: mass range 100–500 m/z, scan time
1 s, solvent delay 15 min, emission current 10 mA (at 70 eV
electron energy), and an automatic gain control target set at
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 MS/MS detection characteristics, retention time, calibration range, linearity, LOD and LOQ

Analytea RT (min)
Precursor ion
(m/z) [M]+

Product ion
(m/z) [M � C(CH3)3]

+
Calibration
range (ng L�1) r2

Mandel
test F-valueb

LOD
(ng L�1)

LOQ
(ng L�1)

MeP 17.05 266.1 209.3 5–1000 0.9968 0.53 2.0 5.0
EtP 17.83 280.1 223.4 2–500 0.9986 2.98 0.3 1.0
PrP 18.90 294.2 237.3 2–500 0.9990 2.96 0.3 1.0
BuP 19.95 308.2 251.3 2–500 0.9989 0.89 0.3 1.0

a Analyte is as the TBDMS-derivative. b Fcritical ¼ 10.13 at the 95% condence level.
LOD: limits of detection; LOQ: limits of quantication.

Table 2 Experimental factors and categories for factorial multilevel
categoric design matrix, and results as total peak area for water
samples pretreated by UASS-DLLMEa

Factor Categorical-1 Categorical-2 Categorical-3

Extractant (A) CCl4 C2Cl4 BzCl
Dispersant (B) Ethanol Propanol Acetone
Silylating agent (C) BSTFA MTBSTFA

Run
Categorical-1
extractant (A)

Categorical-2
dispersant (B)

Categorical-3
silylating agent (C)

Total peak
area (�106)

1 BzCl Ethanol BSTFA 4.98
2 CCl4 Propanol BSTFA 5.32
3 CCl4 Propanol MTBSTFA 9.05
4 BzCl Acetone BSTFA 12.17
5 BzCl Ethanol MTBSTFA 6.42
6 C2Cl4 Ethanol MTBSTFA 14.58
7 C2Cl4 Acetone MTBSTFA 28.05
8 C2Cl4 Propanol BSTFA 18.57
9 CCl4 Acetone BSTFA 13.64
10 CCl4 Acetone MTBSTFA 17.28
11 CCl4 Ethanol BSTFA 4.18
12 C2Cl4 Acetone BSTFA 20.18
13 BzCl Propanol MTBSTFA 7.18
14 C2Cl4 Propanol MTBSTFA 14.57
15 BzCl Acetone MTBSTFA 17.56
16 C2Cl4 Ethanol BSTFA 8.42
17 CCl4 Ethanol MTBSTFA 6.56
18 BzCl Propanol BSTFA 5.41

a CCl4: carbon tetrachloride; C2Cl4: tetrachloroethylene; BzCl:
chlorobenzene; BSTFA: N,O-bis(trimethylsilyl)triuoroacetamide;
MTBSTFA: N-methyl-(tert-butyldimethylsilyl)-triuoroacetamide.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ju

ly
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

1/
16

/2
02

5 
12

:4
2:

57
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
20 000. For tandem-in-time MS/MS analysis, the scan time was
set at 1.0 s, the amplitude range for resonant collision-induced
dissociation (CID) was from 1.0 to 1.5 V, and the excitation time
set at 25 ms. A three-step method was used to evaluate and
optimize the MS/MS operating conditions for each precursor
ion at their corresponding resonant CID conditions.15 The
target TBDMS-derivatives produced characteristic fragmenta-
tion patterns that represented mainly [M]+ and [M � 57]+ (i.e.,
[M � C(CH3)3]

+) fragments, and [M � 57]+ ion is dominant on
the mass spectrum. Therefore, the molecular ions of TBDMS-
derivatives were selected as the precursor ions, and their
intense characteristic transitions [M � 57]+ were applied as
product ions for identication and quantication. Table 1
presents an overview of the retention times, the MS/MS detec-
tion characteristics of precursor ions and product ions for the
target TBDMS-derivatives.

2.5. Statistic experimental design

Statistic experimental designs were performed via Factorial
Multilevel Categoric Design (FMLCD) and Box–Behnken Design
(BBD) using the Design-Expert 10.0.3 soware (Stat-Ease, Inc.;
Minneapolis, MN, USA). FMLCD is a type of factorial design that
is primarily used to screen for themost inuential chemicals for
the extractants, dispersants and silylation out of many possi-
bilities that could have affected the efficiency of the UASS-
DLLME. The Box–Behnken Design (BBD), one of the most
commonly used response surface methodologies, was applied
to perform method optimization.16 For FMLCD, the three major
non-numeric categories were: the extractant (i.e., carbon tetra-
chloride, tetrachloroethylene and chlorobenzene); the disper-
sant (i.e., ethanol, propanol and acetone); the silylating agent
(i.e., MTBSTFA and BSTFA). For BBD, the three major factors,
considered as independent variables, were (A) volume of the
extractant, (B) volume of the dispersant, and (C) percentage of
sodium chloride added.

3. Results and discussion
3.1. Optimization of UASS-DLLME

3.1.1. Screening design: FMLCD. Several factors could
potentially affect UASS-DLLME extraction efficiency, such as the
type and volume of the extractant, the dispersant, and the
silylating agent being used, as well as the ratio of extractant to
dispersant. To enhance the extraction efficiency, the extractant
© 2021 The Author(s). Published by the Royal Society of Chemistry
should have a high extraction capability for the target analytes,
a low solubility in water, and a density that is higher than that of
water. Furthermore, to enhance the efficiency of the formation
of an emulsion when the extractant is injected into the water
sample, the dispersant should be miscible with both the
organic extractant and water. Based on previous studies and
availability involving water sample pretreatment using various
DLLME techniques, carbon tetrachloride, tetrachloroethylene
and chlorobenzene were found to be frequently used as
extractants, and are excellent extractants for extracting polar
and hydroxylated micropollutants from water samples.12,17–19

Regarding the dispersant, ethanol, propanol and acetone are
RSC Adv., 2021, 11, 23607–23615 | 23609
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Table 3 Experimental results based on the Box–Behnken design for
UASS-DLLME and their extraction efficiency presented as total peak
area

Run
A: C2Cl4
(mL)

B: acetone
(mL)

C: salt added
(%)

Total peak
area (�106)

1 20 600 5 27.68
2 20 800 1 20.52
3 30 800 5 19.34
4 20 600 5 26.58
5 30 600 10 15.21
6 15 800 5 20.23
7 30 400 5 13.88
8 15 600 1 23.47
9 20 800 10 20.82
10 15 400 5 19.12
11 20 400 10 16.24
12 15 600 10 22.15
13 20 600 5 27.61
14 30 600 1 16.31
15 20 400 1 22.66

Fig. 1 Response surface plots of the total peak area for target analytes est
of tetrachloroethylene vs. volume of acetone; (b) volume of tetrachloroet
vs. percentage of sodium chloride added. Experimental conditions: a 1
a 15 mL glass tube, and a mixture of 600 mL of acetone, 20 mL of tetrach
water sample. A cloudy suspension was formed, and the solution was son
then separated by centrifugation at 5000 rpm for 10 min.

23610 | RSC Adv., 2021, 11, 23607–23615
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commonly mixed with an extractant to increase extraction effi-
ciency. MTBSTFA and BSTFA are two commonly used silylating
agents for hydroxylated analytes that are applied to increase the
detection sensitivity of GC-MS or GC-MS/MS.

FMLCD with 2 or 3 non-numeric categories was rst
employed to select which type of chemicals to use, as
mentioned above (also as listed in Table 2) and that would
increase the efficiency of the USAA-DLLME. Table 2 displays all
of the experiments of the design domain (18 runs, fully
randomized) with their corresponding experimental results
(illustrated as total peak area). Preliminary ANOVA results
indicated that the model, the extractant, the dispersant, and the
silylating agent were all statistically signicant at the 95%
condence level for FMLCD (Table S2†). As shown in “Run 7” in
Table 2, the highest total peak area (refer to “the best extraction
efficiency”) was obtained when the extractant and the disper-
sant were tetrachloroethylene and acetone, respectively, and
MTBSTFA was used as the silylating agent. These results are
consistent with our previous ndings, in which
imated from the BBD for each pair of independent variables: (a) volume
hylene vs. percentage of sodium chloride added; (c) volume of acetone
0 mL water sample (containing 0.5 g sodium chloride) was placed in
loroethylene, and 20 mL of MTBSTFA was then rapidly injected into the
icated for 2 min in a preheated (60 �C) ultrasonic bath. The phases were

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Accuracy and precision of the method

Analytes

Intra-day Inter-day

5 ng L�1 500 ng L�1 5 ng L�1 500 ng L�1

MeP 81a (11)b 101a (5)b 79a (9)b 98a (4)b

EtP 91 (7) 92 (3) 88 (7) 93 (3)
PrP 89 (6) 101 (5) 83 (9) 96 (5)
BuP 92 (9) 91 (4) 90 (8) 93 (5)

a Average spiked recovery (accuracy, %, intra-day n¼ 5 and inter-day n¼
20). b Relative standard deviation (RSD) of spiked recovery is given in
parentheses (precision, %, intra-day n ¼ 5 and inter-day n ¼ 20).
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tetrachloroethylene and acetone were used to successfully
extract various salicylate and benzophenone-type UV lters
from aqueous samples by a UA-DLLME procedure.20 However,
in the present work, MTBSTFA and not BSTFA provided the
optima derivatization results, likely due to the fact that
MTBSTFA is a highly reactive reagent and its TBDMS-derivatives
are relative stable in the presence of water.21 AlthoughMTBSTFA
is unstable in aqueous solutions, it would be compatible with
the DLLME procedure if the kinetics of the derivatization and
extraction of the hydroxylated parabens were faster than the
decomposition of MTBSTFA.20,22

3.1.2. Optimization design: BBD. The volumes of tetra-
chloroethylene and acetone were next further optimized by BBD
coupled with the 3D response surface plots. It was previously
reported that mixing the same volumes of the silylating agent
and extractant with the dispersant provides the best derivati-
zation and extraction results.20,22 Therefore, the third factor that
was selected for BBD optimization was the percentage of salt
added (for salting-out effect) instead of the volume of silylating
agent used. Three levels of these factors were: the volume of
tetrachloroethylene (15, 20 and 30 mL), the volume of acetone
(400, 600 and 800 mL), and the percentage of sodium chloride
added (1, 5 and 10%). Table 3 displays all of the experiments of
the design domain (15 runs, fully randomized, containing three
replicates of the central points) with their corresponding results
represented as the total peak area. The results of ANOVA show
that the model, the volume of tetrachloroethylene (A) and the
volume of acetone (B) were statistically signicant at the 95%
condence level (as summarized in Table S3†). The F-value for
“Lack-of-Fit” was insignicant, which conrmed that the model
t the response variables with a near-perfect prediction at the
95% condence level. Hereaer, the quadratic polynomial
equation to predict the extraction efficiency in terms of actual
factors is as follows:

Y ¼ 2.69 � 107 � 2.52 � 106A + 1.42 � 106B

� 1.06 � 106C + 1.22 � 106AB + 9.27

� 104AC + 1.64 � 106BC � 4.63 � 106A2

� 4.18 � 106B2 � 2.96 � 106C2

where Y is the total peak area of the four parabens, A is the
volume of tetrachloroethylene, B is the volume of acetone, and C
is the percentage of sodium chloride added. The recoveries (%)
of individual spiked target analyte for each experimental
condition of BBD are listed in Table S4.† According to the
different experimental conditions, the recoveries ranged from
43% to 95%. Upon evaluation of the experimental results and
the prediction of desirability function, the following experi-
mental conditions would be expected to provide optimal
results: tetrachloroethylene (as the extractant) 20 mL, acetone (as
the dispersant) 600 mL, and salt (sodium chloride) addition 5%.

The trends for the most important parameters can be eval-
uated and depicted by the 3D response surface plots, which
were estimated from the BBD for each pair of independent
variables. Fig. 1(a) shows the response surface obtained when
the volume of tetrachloroethylene is plotted against the volume
of acetone with a xed percentage (5%) of sodium chloride
© 2021 The Author(s). Published by the Royal Society of Chemistry
added; Fig. 1(b) illustrates the response surface developed for
the volume of tetrachloroethylene and the percentage of sodium
chloride added, with the volume of acetone xed at 600 mL; and
Fig. 1(c) displays the response surface obtained as a function of
the volume of acetone and the percentage of sodium chloride
added, for 20 mL of tetrachloroethylene.

These collective results indicate that the optimum condi-
tions for extracting these four parabens from aqueous samples
by the UASS-DLLME technique were the rapid injection of
a mixture, which was comprised of 20 mL of tetrachloroethylene
(extractant), 600 mL of acetone (dispersant), and 20 mL of
MTBSTFA (silylating agent), into 10 mL of water (containing
0.5 g of sodium chloride) in a glass tube with a conical bottom.
Aer ultrasonication for 2.0 min (at 60 �C) and centrifugation at
5000 rpm for 10 min, the sedimented phase 10 mL was directly
introduced into the GC-MS/MS. The spiked recovery, as calcu-
lated under the optimized conditions, ranged from 81 to 101%
with an average of 92 � 6% (as listed in Table 4: average spiked
recovery of intra-day for two spiked concentrations).
3.2. Validation of the developed method

To evaluate the performance of the UASS-DLLME, the linearity,
limits of detection (LODs), limits of quantication (LOQs),
precision, accuracy, selectivity, carryover effect andmatrix effect
of the developed method were validated based on protocols that
were previously reported elsewhere.23,24 All experimental data
was obtained under the optimum conditions.

The quantication of the target analytes was calculated from
the six-level calibration curves, as indicated by the response
factors, covering the range from 5 to 1000 ng L�1 for MeP, and
from 2 to 500 ng L�1 for the other three target parabens (Table
1), each divided by the xed concentration of an internal stan-
dard (i.e., p-terphenyl-d14). The precision of the calibration
curve, as indicated by the relative standard deviation (RSD) of
response factors, was 5, 7, 6 and 7% for MeP, EtP, PrP and BuP,
respectively. The coefficients of determination (r2) exceeded
0.9968 for all four target analytes (Table 1). The linearity was
also conrmed by a Mandel's tting test.25 As shown in Table 1,
all of the calculated F-values were lower than the tabulated limit
(Ftab ¼ 10.13) at a 95% condence level, thus conrming that
the linear regression ts the experimental data better than
quadratic regression.
RSC Adv., 2021, 11, 23607–23615 | 23611
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Table 5 Concentrations (ng L�1) of selected target parabens detected in water samples by using UASS-DLLME coupled GC-MS/MS

Samples MeP EtP PrP BuP

Campus ditch-1 182a � 7b 136a � 6b 707a � 14b 272a � 8b

Campus ditch-2 95 � 6 67 � 5 97 � 6 99 � 8
Campus ditch-3 78 � 6 n.d. 432 � 11 111 � 8
River-1 176 � 5 63 � 5 n.d. 56 � 6
River-2 274 � 11 n.d. 266 � 11 310 � 9
River-3 n.d. 71 � 8 476 � 11 147 � 7
River-4 114 � 5 93 � 9 123 � 7 467 � 7
River-5 634 � 6 n.d. 620 � 7 135 � 12
River-6 98 � 7 n.d. 102 � 13 n.d.
River-7 211 � 16 n.d. 253 � 10 86 � 13
River-8 143 � 11 n.d. 66 � 12 86 � 10
tcal-value for matrix effectc 1.23 0.67 1.02 0.91

a Detected average concentration (n ¼ 3). b Standard deviation of the detected concentration (n ¼ 3). c Pool river water samples were used to
evaluated the matrix effect at 95% condence interval, and ttab value is �t(95%,df¼6) ¼ �2.447.
n.d.: not detected.
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The LODs and LOQs of the developed method were experi-
mentally calculated as the concentration for each target analyte
as its corresponding TBDMS-derivative on the basis of the
signal-to-noise (S/N) ratio of 3 and 10, respectively. The values
for the LODs were 0.3–2.0 ng L�1, and values of the LOQs were
1.0–5.0 ng L�1 (Table 1). The results imply that trace amounts
(i.e., at parts per trillion level) of target parabens could be easily
extracted and determined in environmental water samples by
using UASS-DLLME coupled with GC-MS/MS.

Intra-day and inter-day analyses were used to evaluate the
precision, accuracy and repeatability of the method. Intra-day
precision was determined by analyzing ve spiked “River-6”
water samples at two concentration levels (20 ng L�1 and
500 ng L�1) on the same day (n ¼ 5). Inter-day precision was
evaluated by conducting replicates on ve consecutive days (n¼
20). Table 4 shows that the precisions (RSDs) of intra- and inter-
day analysis were 11% or less, and the accuracy (as the average
spiked recovery) ranged from 79 to 101%.

To assess selectivity, non-spiked and spiked real water
samples were analyzed, and no interfering peaks were observed
at or close to the retention times (RT) of the target parabens, as
Table 6 Comparison of our results (ng L�1) with previous reported of p

Sampling area, country MeP EtP

Chung-Li, Taiwan n.d.–630 n.d.
Düebendorf, Switzerland 3.1–17 <0.3
Ria de Aveiro estuary, Portugal <1.6–62 <0.3
South Wales, United Kingdom <0.3–400 <0.5
Greater Pittsburgh area, United States 2.2–17.3 n.d.
Tamilnadu, India n.d.–22.8 2.5–
Greater Poland Voivodeship, Poland 1.7–1598 0.8–
Tokushima and Osaka, Japan 25–676 <1.3
Beijing, China 0.8–920 n.d.
Pearl River Delta, China n.q.–1062 n.d.
São Paulo state, Brazil n.d.–275 000 <800

a n.d.: not detected; n.q.: not quantied.

23612 | RSC Adv., 2021, 11, 23607–23615
shown in Fig. S2.† These GC-MS/MS chromatograms indicate
that excellent selectivity can be achieved and that the target
analytes could be easily identied through their RTs. Further-
more, no carryover effect of the thermally degraded components
from the sample matrix in the injection-port was detected. This
can be attributed to the use of the ChromatoProbe device with
a disposable micro-vial.

The matrix effect was evaluated by the “recovery function”
procedure with spiking the standards to nal extracts from the
pool river water samples. The recovery function was calculated
by plotting the “found concentration” versus result obtained
from the standard calibration curves (six-level) for each target
analyte, as described elsewhere.25 The calculated slope and
intercept of the recovery function was then compared with the
unity and zero by a t-test (with condence intervals at 95%). For
this study, the t-calculated values ranged from 0.67 to 1.23,
which were all in the condence interval of the t-tabulated value
(�t(95%,df¼6) ¼ � 2.447) (Table 5). This is an indication that
compared to results obtained using standard calibration curves,
the procedure of spiking the standards to the nal extracts from
the pool river water samples did not signicantly alter the nal
arabens in various surface water samples in the different countriesa

PrP BuP References

–130 n.d.–710 n.d.–460 This study
–1.6 <0.5–5.8 <0.2–2.8 26
–6.7 <0.5–64 <0.2–42 27
–15 <0.2–24 <0.3–52 28

n.d.–12 n.d.–0.2 29
147 n.d.–57 n.q. 32
27.5 0.5–93.9 0.6–22.6 30
–64 <0.8–207 <0.6–163 31
–294 n.d.–595 n.d.–41.5 33

n.q.–3142 n.d. 34
–30 500 <500–52 100 <800–19 900 35

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Comparison of our developed method with previous studies of surface water samplesa

Extraction
method

Sample
volume Time required Detection method Derivatization

Spiked
recovery (%)

Precision
(%RSD)

LOQ
(ng L�1) References

UASS-DLLME 10 mL <15 min GC-MS/MS Yes 79–101% <11% 1.0–5.0 This study
SPE 1000 mL 200 min + elution time GC-MS Yesb 81–98% <4% 1.5–1.8 32
SPE 100 mL 40 min + elution time LC-ESI-MS/MS No 98–107% <2.1% 0.4–2.1 30
HS-SPME 10 mL <20 min GC-MS/MS Yes 85–102% <10% 4–17 36
SBSE 5 mL 60 min TD-GC-MS Yes 45–105% <9.4% 3.6–13.7 37
RDSE 20 mL 70 min LC-ESI-TOF-MS No 60–67% <9.7% 27–55 38

a UASS-DLLME: ultrasound-assisted simultaneous-silylation dispersive liquid–liquid microextraction; SPE: solid-phase extraction; HS-SPME: head-
space solid-phasemicroextraction; SBSE: stir-bar sorptive extraction; RDSE: rotating disk sorptive extraction; TD: thermal desorption. LOQ: limits of
quantication. b Off-line post-MSTFA silylation at 70 �C for 30 min was applied for the study.
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results.25 Therefore, the accurate quantitative determination of
the four target parabens in surface water samples can be ach-
ieved due to the absence of signicant matrix effect.

Overall, the satisfactory precision and accuracy on the
method demonstrate that the UASS-DLLME coupled with GC-
MS/MS detection is capable of achieving excellent repeat-
ability, reproducibility, sensitivity and selectivity for the iden-
tication and quantication of the four target parabens in
surface water samples.
3.3. Parabens in water samples

The developed method was then used for the analysis of surface
water samples collected from campus ditches and the Lao-Jie
River (as described in Section 2.2). As shown in Table 5, the
total concentrations of the four target parabens varied from 358
to 1297 ng L�1 in campus ditches water samples, and ranged
from 200 to 1389 ng L�1 in river water samples. MeP, PrP and
BuP were quantitatively determined in nearly all of the water
samples, while EtP was detected at low concentrations with
a relatively low detection frequency (45%) in this study. For the
campus ditch samples, the highest total concentration
(1297 ng L�1) was detected in “Campus ditch-1”, which was
collected from the wastewater outlet of shower and laundry
from the women's dormitory. For river water samples, the
highest total concentration (1389 ng L�1) was found in “River-
5”, which received untreated municipal wastewater directly
from Chung-Li city. Fig. S2† demonstrates typical GC-MS/MS
chromatograms for (a) non-spiked, and (b) spiked “River-5”
water samples.

Table 6 compares results obtained in this study to those re-
ported in previous studies. It should be noted that the
concentrations of parabens measured in our study are higher
than those found in surface water samples from some European
countries (i.e., Switzerland, Portugal, United Kingdom) and
United State.26–29 Nevertheless, our data is similar to the values
for surface water samples collected in Poland, Japan, India, and
China (i.e., from Beijing and Pearl River Delta).30–34 Moreover,
the highest concentrations of these compounds were detected
in the São Paulo state of Brazil, which have concentration
ranges in the high mg L�1 levels.35 This disparity reveals that
surface waters in developing countries may have comparable or
© 2021 The Author(s). Published by the Royal Society of Chemistry
levels of parabens residues higher than those detected in many
more developed countries, where PPCP are more effectively
removed in sewage or wastewater treatment plants since their
plants are regulated, monitored and maintained routinely. We
could speculate that, as such, higher levels could be expected in
countries like Taiwan due to the local priorities disregarding
wastewater processing, and the lack of advanced municipal or
industrial wastewater treatment facilities.
3.4. Methods comparison

Table 7 lists a comparison between our UASS-DLLME method
and previously reported methods for sample pretreatment and
detection. Compared with the UASS-DLLME, the SPE proce-
dures required more than 40 to 200 min (depending on the SPE
ow rate, sample volume and SPE manifold setup), and more
than 15 mL of organic solvents were used for cartridge
elution.30,32 For solvent-free microextraction methods, more
than 20 min was needed for the SPME,36 and 60 min for the
SBSE.37 The LOQs of UASS-DLLME coupled with GC-MS/MS are
similar to, or even lower than those reported by using other
microextraction methods coupled with GC-MS(/MS), and even
LC-MS/MS (Table 7), moreover, the accuracy and precision were
comparable to those for previously reported methods. Further-
more, in situ or simultaneous derivatization was applied to
improve the GC-MS or GC-MS/MS detection and to increase the
throughput of sample analysis, SPE with post-silylation
required heating at 70 �C and 30 min was needed to reach
completion.32 Although, compared with LC-ESI-MS/MS and LC-
ESI-TOF-MS,30,38 a derivatization step was required in our
method, the outstanding features of our procedure was the use
of trace amounts of extraction solvent (20 mL), less sample
volume (10 mL), and the fact that the benets of the DLLME
technique (such as speed, simplicity, and efficiency) were fully
exploited.
4. Conclusions

In this study, we reported on a simple and straightforward
technique in which UASS-DLLME coupled with GC-MS/MS was
used to detect selected parabens residues in various surface
water samples. We successfully applied dual multivariate
RSC Adv., 2021, 11, 23607–23615 | 23613

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra04195a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ju

ly
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

1/
16

/2
02

5 
12

:4
2:

57
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
experimental designs to optimize the different working condi-
tions in order to improve the extraction performance. These
designs proved to be an efficient way to identify and optimize
a set of parameters to achieve a realistic result due to its benets
such as allowing multiple response optimizations, identifying
the factor interactions, and requiring a minimum number of
experimental runs. Ultrasonic technique was utilized in the
acceleration of both the rate of mass transfer of DLLME and the
silylation reactions, which allowed for the silylation to be fully
integrated into the extraction of parabens from aqueous
samples. The method was comprehensively validated by evalu-
ating the linearity, LODs, LOQs, accuracy, precision and selec-
tivity of the method, and was conrmed to be suitable for the
rapid determination of target parabens at trace-levels (ng L�1)
in surface water. Although the amount of samples analyzed was
limited, our preliminary results indicate that parabens, in part,
due to their extensive use, have widely contaminated our
aquatic environments. The results further reveal that the sour-
ces of the elevated levels of parabens residues in our samples
may be from the release of untreated municipal wastewater in
this region due to the lack of local municipal wastewater
treatment plants. From this study, UASS-DLLME is proved as
amethod that hasmany advantages, and promises to be a viable
option for use in routine analysis. Currently, environmental
monitoring programs have been implemented throughout
Taiwan to collect further information on the occurrence and
fate of parabens residues in our aquatic environment.
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22 R. Montes, I. Rodŕıguez, E. Rub́ı and R. Cela, J. Chromatogr.
A, 2009, 1216, 205–210.
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