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Abstract
Nonsteroidal anti-inflammatory drugs and antibiotics are classes of active pharmaceutical ingredients (APIs), which are contin-
uously contaminating the ecosystem through various anthropogenic activities. Because of their pseudo-persistence in the aquatic
environment and their potentially chronic effects on aquatic life, it is important to closely monitor their concentrations in the
aquatic environment using a sensitive analytical method. Sustainable aqueous biphasic systems (ABSs) composed of ionic
liquids and biodegradable organic salt (sodium malate) were proposed. The phase diagrams of the systems were firstly deter-
mined, and [N4444]Cl-based ABS was selected for the simultaneous extraction and preconcentration of seven APIs. With the
developed ABS, extraction efficiencies of APIs close to 100% were obtained. For the developed method, limits of detection
(LODs) of 45, 65, 76, 14, 60, 48, and 51 ng L–1 were obtained for indomethacin, ibuprofen, diclofenac, naproxen, ketoprofen,
flurbiprofen, and chloramphenicol, respectively, providing from 1216- to 1238-fold improvement as compared with the analysis
without preconcentration. From an economic and environmental point of view, we can predict the prospects and competitive
position of the method developed.
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Introduction

Active pharmaceutical ingredients (APIs) are a group of per-
sistent and bioactive contaminants, including antibiotics, hor-
mones, nonsteroidal anti-inflammatory drugs (NSAIDs), and
so on. They are frequently used for medication of infectious
diseases, inflammation, osteoporosis, bronchial asthma, peri-
odontal disease, and rheumatic disorders (Davies and
Anderson 1997; Launer 2003). In particular, NSAIDs and
chloramphenicol are widely used because of their low price
and wide applicability. Approximately, 70 million NSAIDs

are prescribed each year in the USA, 10 million in Canada,
and 20 million in the UK. Wang et al. reported that the annual
consumption of NSAIDs in China is 5 billion dollars. Due to
the large annual consumption, these drugs are continuously
discharged into the wastewater via municipal, medical, and
industrial wastewater, and disposal of un-consumed or ex-
pired products (Kummerer 2009; Rehman et al. 2015).
According to Barbara and Sun, APIs undergo several process-
es during the wastewater treatment of which they are not
completely eliminated from wastewater (Kasprzyk-Hordern
et al. 2009; Sun et al. 2014). Finally, the APIs in wastewater
treatment plant effluents are continuously released into the
aquatic environment including surface water, groundwater,
tap water, river water, and even drinking water.

Literature survey exhibits that the concentrations of APIs in
aquatic environment is generally between ug L−1 and ng L−1

(Fernandez et al. 2010; Lolic et al. 2015). Among all detected
NSAIDs in the environment, diclofenac, ibuprofen, and
naproxen, three NSAIDs with huge global consumption by
the population often showed the highest concentration and
detection rates (He et al. 2017). Hence, diclofenac, ibuprofen,
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and naproxen have been included in the list of top 10 priority
pharmaceuticals that should be monitored in aquatic ecosys-
tems by European Union (Barbosa et al. 2016; Tiedeken et al.
2017). Although APIs are present in trace concentration level
in aquatic environment, the pseudo-persistence due to contin-
uous discharge could result in health-related problems of
aquatic animals. It was reported that prolonged exposure to
some APIs in environmentally relevant concentrations will
damage the general health of fish and otter (Cuklev et al.
2011; Richards 2014; Stancova et al. 2015). Accordingly, it
is necessary to develop improved analytical methods regard-
ing detecting and quantifying APIs in aquatic environment for
environmental monitoring (Almeida et al. 2017b; He et al.
2017).

With regard to the trace amount of APIs in aquatic envi-
ronment, extraction and preconcentration steps are highly
demanded prior to instrumental analysis, both to increase their
concentrations up to values that can be quantified by analyti-
cal equipment and to remove major interferences. So far, var-
ious sample preparation methods have been developed for the
extraction of APIs, such as salting-out liquid phase extraction,
liquid-liquid microextraction (LLME), solid phase extraction
(SPE), dispersive solid phase extraction (d-SPE), and magnet-
ic solid phase extraction (MSPE) (Amiri et al. 2016; Grueiro
Noche et al. 2011; Larsson et al. 2009; Trinanes et al. 2015;
Yahaya et al. 2013). These methods have their own advan-
tages, but the enrichment effect of them is generally poor,
which limits the sensitivity of the methods. In comparison
with traditional methods, aqueous biphasic system (ABS) is
a very promising sample pretreatment method due to its ad-
vantages of simplicity, high enrichment factor, reproducibili-
ty, and so on.

Typically, ABSs are formed by two aqueous-rich phases
based on polymer-polymer, polymer-salt, salt-salt, or salt-
ionic liquid (IL) combination (Gutowski et al. 2003; Li et al.
2010). The system undergoes a two-phase separation when
the phase-forming components above are given concentra-
tions. In addition to the large water content, the non-volatile
nature of polymers and salts allows the phase-forming com-
ponents to be recovered and recycled, and hence, ABSs can be
seen as an environmentally friendly approach. The distribu-
tion of the target compound between the two phases depends
on the nature of the compound and the composition of the
two-phase system.

Among the various ABSs, the one composed of salt and IL
was frequently used for the preconcentration of trace organic
compounds in aquatic environment (Almeida et al. 2017a;
Zawadzki et al. 2016). ILs are green organic salts, non-flam-
mable, with high thermal and chemical stabilities and strong
solubilization power. Moreover, researchers are able to tailor
their polarities and affinities by manipulating the chemical
structures of their ions, which greatly improves the practical
capacity of ILs (Li et al. 2010). Therefore, we have a reason to

believe that there is an ABS composed of IL and salt suitable
for the extraction of APIs. Most of the previously reported
ABSs are composed of ILs and high-charge-density inorganic
salts which were based on phosphate, sulfates, and carbonate
anions (Zawadzki et al. 2016; Almeida et al. 2017a).
However, high-concentration discharges of these inorganic
salts in the aquatic environment raise some environmental
issues. Aiming at overcoming the environmental impacts of
these high-charge-density salts, biodegradable and more bio-
compatible organic salts were introduced in the composition
of IL-based ABSs.

In this work, sustainable ABSs composed of green solvent
(ILs) and biodegradable organic salt (sodium malate) were
proposed for the extraction and preconcentration of APIs.
The phase diagrams of ILs and sodiummalate–based aqueous
biphasic systems were firstly determined according to the pre-
vious work and used to infer their formation ability
(Malekghasemi et al. 2016; Merchuk et al. 1998). The devel-
oped ABS pretreatment procedure was applied to the simulta-
neous extraction and preconcentration of APIs in the aquatic
environment. To achieve the highest extraction efficiency and
enrichment factors, the main parameters were studied such as
the composition of the two-phase system and the proportion of
each composition. Meanwhile, the concentrations of APIs in
IL-rich phase were determined by HPLC-UV. In general, the
benefit of our work includes (i) a sustainable ABS composed
of green solvent [N4444]Cl and biodegradable organic salt; (ii)
one-step ABS pretreatment procedure that could simulta-
neously extract and preconcentrate APIs in aquatic environ-
ment; and (iii) higher recoveries, relatively lower LODs, and
better precision.

Experiment section

Materials and samples

The ILs , 1-buty l -3-methyl imidazol ium chlor ide
([C4C1im]Cl), 1-pentyl-3-methylimidazolium chloride
([C5C1im]Cl), 1-hexyl-3-methylimidazolium chloride
([C6C1im]Cl), and 1-octyl-3-methylimidazolium chloride
([C8C1im]Cl), were purchased from the Center for Green
Ch em i s t r y a n d C a t a l y s i s ( L a n z h o u , C h i n a ) .
Tetrabutylphosphonium chloride and tetrabutylammonium
b r om i d e w e r e s u p p l i e d b y S i gm a - A l d r i c h .
Tetrabutylammonium chloride was obtained from Adamas
Reagent Co., Ltd.-beta. All ILs were dried at 70 °C for 72 h
to reduce the water contents. The chemical structures of ILs
were shown in Fig. 1A.

One wide-spectrum antibiotic, chloramphenicol, and six
NSAIDs, ibuprofen, indomethacin, flurbiprofen, diclofenac,
naproxen, and ketoprofen, were used in this work. These
drugs were acquired from Sigma-Aldrich chemicals
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(Shanghai, China). The structures of the studied APIs are
shown in Fig. 1B. The sodium malate monohydrated,
C4H2Na2O4·H2O, > 99.0 wt% pure, was acquired from Alfa
Aesar (Tianjin, China). The water used throughout this work
was prepared by a Millipore Milli-Q Plus pure water system
(MA, USA). The methanol used was HPLC grade (Tedia Co,
Fairfield, OH).

Six river water samples were collected from Yuhangtang
River, Shangtang River, Yueya River, Xixi Wetland, Beijing-
Hangzhou Canal, and Qiantang River. The sample of running
water was taken from the tap in the laboratory (tap water).
Three hospital wastewater samples were collected from the
hospital wastewater treatment plants of local hospitals in
Hangzhou. The collected volume for each sample was about
500 mL. After filtration with 0.22-μm nylon membrane, the
water samples were taken to the laboratory in clean glass
bottles at 4 °C. Within 10 h of sampling, all samples were
double distilled and treated with a Milli-Q system. These sam-
ples can effectively test the applicability of the method, as the
literature shows that the matrix and the concentrations of APIs
in these samples vary greatly.

Phase diagrams and tie lines

The ternary phase diagrams corresponding to the ABSs com-
posed of ionic liquids and sodium malate were determined

through the cloud point titration method at ambient tempera-
ture and atmospheric pressure. The sodium malate solution
was added dropwise to the ionic liquid solution until a cloudy
solution was formed, which was considered to be a cloud
point and the concentration of each component in the solution
at that time was recorded. Thereafter, deionized water was
added dropwise to the cloudy solution to make the solution
clarify, and then the sodium malate solution was added again
to reach a new cloud point. This action is repeated until
enough two nodes were measured. The experimental binodal
curves were correlated by using the Merchuk equation
(Merchuk et al. 1998):

IL½ � ¼ A:exp B: salt½ �0:5−C salt½ �3
� �

ð1Þ

where A, B, and C are the constants obtained through the data
regression, while IL and salt are the weight percentage of IL
and salt, respectively.

The tie line lengths (TLLs) corresponding to the mixture
compositions used in this work were measured through a well-
established gravimetric method initially introduced by Rogers
et al. A ternary mixture of IL + salt + H2O at the biphasic
region was prepared and stirred vigorously for at least 24 h.
Then, the two coexisting phases were separated carefully and
weighed with a precision of ± 10−4 g. The TLs were deter-
mined by the application of the lever-arm rule through the
relationship between the weight of the top (IL-rich) phase

Fig. 1 Chemical structure of ILs
(A) and the APIs studied (B)
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and that of the overall system. For the calculation of each TL,
a system of four equations and four unknown variables was
solved:
IL½ �IL ¼ A:exp B: salt½ �IL0:5−C: salt½ �IL3

� �
ð2Þ

IL½ �salt ¼ A:exp B: salt½ �salt0:5−C: salt½ �salt3
� �

ð3Þ
IL½ �IL ¼ IL½ �M=α− 1−αð Þ=α: IL½ �salt ð4Þ
salt½ �IL ¼ salt½ �M=α− 1−αð Þ=α: salt½ �salt ð5Þ

where α is known to be the ratio between the mass of the IL-
rich phase (top) and the overall system, and subscripts “IL”,
“salt,” and “M” refer to the top phase, bottom phase, and
mixture, respectively. The tie line length (TLL) was calculated
by Eq. (6):

TLL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
IL½ �IL− IL½ �salt

� �2 þ salt½ �salt− salt½ �IL
� �2q

ð6Þ

Screening of IL-based ABS for the complete extraction
of APIs

For the selection of improved IL-based ABS for the complete-
ly extraction of APIs, several ternary systems (IL +
C4H2Na2O4 + H2O) were prepared within the biphasic region
at constant weight fraction percentages of each component:
30 wt% of IL + 19 wt% of C4H2Na2O4 + 51wt% of aqueous
solutions (Table S1). The concentration of APIs used in the
initial aqueous solutions was 5.0 mg L−1. These mixtures were
vigorously stirred and left to thermodynamic equilibrate for
24 h at 25 (± 1) °C. Subsequently, the IL-rich phase and salt-
rich phases were carefully separated and weighed. The
amount of each API in each phase was quantified through
an Ultimate 3000 high-performance liquid chromatography
(Thermo Scientific, USA). The extraction experiments for
each system were carried out in triplicate, and three injections
per sample were performed. The extraction efficiency of each
system for the APIs, EE%, were determined according to

EE ¼ CIL �WIL

CIL �WIL þ Csalt �Wsalt
ð7Þ

where CIL and Csalt are the concentrations of APIs in the IL-
rich and salt-rich aqueous phases and WIL and Wsalt are the
weights of IL-rich and salt-rich phases, respectively.

Concentration of APIs in the [N4444]Cl-based aqueous
biphasic systems

After the screening of ionic liquids, the system composed of
[N4444]Cl + C4H2Na2O4 + H2O with a TLL of 71.0 was se-
lected to develop the extraction and concentration platforms
for APIs. As previous studies concluded, the concentration of
APIs in the wastewater real sample and other matrix were in
the order of μg L−1 (Gavrilescu et al. 2015); thus APIs (0.5 μg
L−1) were used for the investigation of the enrichment factor in
different compositions of the phase-forming components. The
ABS with different composition was magnetically stirred at
ambient condition for about 1 h and then left for 24 h to
separate the two phases (Table S2). The IL-rich phase was
carefully collected and weighted. The concentration of APIs
in the IL-rich phase was evaluated by high-performance liquid
chromatography with an ultraviolet detector (HPLC-UV). The
extraction efficiency and enrichment factors (EF) of APIs
along the characterized TL were evaluated by Eq. (7) and
Eq. (8), respectively:

EF ¼ CIL

CIN
ð8Þ

where CIL is the concentration of APIs in IL-rich phase and
CIN is the initial API concentration in aqueous solution.

Extraction and determination of APIs

The ABS formed by 0.05 g [N4444]Cl, 3.8 g C4H2Na2O4, and
6.15 g water sample was prepared, stirred at ambient condition

Table 1 Parameters and determination coefficients (r2) of the different
ABSs studied

Ionic Liquid A ± σ B ± σ C ± σ r2

[N4444]Br 92.7 ± 1.7 − 0.352 ± 0.008 6.3E-5 ± 4.8E-6 0.9904

[N4444]Cl 97.6 ± 0.9 − 0.341 ± 0.004 5.2E-5 ± 1.5E-6 0.9987

[P4444]Cl 122.7 ± 2.6 − 0.404 ± 0.008 4.2E-5 ± 2.3E-6 0.9936

[C4C1im]Cl 120.4 ± 2.7 − 0.255 ± 0.007 7.6E-6 ± 7.0E-7 0.9953

[C5C1im]Cl 131.0 ± 2.7 − 0.309 ± 0.008 2.3E-5 ± 1.7E-6 0.9958

[C6C1im]Cl 122.6 ± 2.1 − 0.351 ± 0.006 1.8E-5 ± 1.3E-6 0.9975

[C8C1im]Cl 104.6 ± 6.8 − 0.384 ± 0.027 1.0E-5 ± 4.8E-6 0.9800

Table 2 The solubility of APIs in pure water and [N4444]Cl-rich phase

APIs Solubility of APIs /mg L−1 log Kow

Water [N4444]Cl-rich phasea

Indomethacin 0.937 28864 ± 1320 4.27

Ibuprofen 21 34345 ± 857 3.97

Diclofenac 2.37 25684 ± 872 4.51

Naproxen 15.9 35237 ± 1210 3.18

Ketoprofen 51 55072 ± 623 3.12

Flurbiprofen 8 102327 ± 969 4.16

Chloramphenicol 2500 82989 ± 971 1.14

a A solution composed of 65.1% [N4444]Cl, 1.4% sodium malate, and
33.5% water
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Fig. 2 Extraction efficiency
(EE%) of ABS composed of IL +
C4H2Na2O4 + H2O at (25 ± 1) °C
for APIs

Table 3 Extraction efficiency
(EE) and enrichment factors (EF)
of the [N4444]Cl + C4H2Na2O4 +
H2O ABS for APIs and the initial
mixture composition (wt %) of
the ABS

APIs Weight fraction composition (wt%) EE ± σ

(%)

EF

[IL]M [Salt]M

Indomethacin 29.14 21.99 99.4 ± 2.0 0.9
19.98 26.87 98.2 ± 0.8 1.4
10.12 32.09 98.7 ± 0.6 2.6
4.99 34.91 98.8 ± 3.9 5.9
1.02 37.05 99.3 ± 4.1 205
0.49 37.76 99.9 ± 2.6 1238

Ibuprofen 29.14 21.99 98.0 ± 3.7 0.9
19.98 26.87 99.6 ± 3.6 1.4
10.12 32.09 98.4 ± 3.4 2.6
4.99 34.91 98.4 ± 4.6 5.9
1.02 37.05 98.3 ± 3.1 203
0.49 37.76 99.0 ± 4.0 1228

Diclofenac 29.14 21.97 98.8 ± 3.7 0.9
20.18 26.93 98.6 ± 3.6 1.4
9.93 32.21 99.4 ± 3.4 2.6
4.95 34.89 98.4 ± 4.6 5.9
1.02 37.15 98.3 ± 0.4 203.2
0.51 37.56 99.3 ± 4.2 1230.8

Naproxen 29.14 21.99 99.8 ± 1.4 0.9
19.98 26.87 99.9 ± 0.1 1.4
10.12 32.09 99.8 ± 0.1 2.6
4.99 34.91 99.5 ± 3.8 6.0
1.02 37.05 99.0 ± 3.2 204
0.49 37.76 99.2 ± 3.1 1230

Ketoprofen 29.14 21.58 99.9 ± 4.3 0.9
20.06 26.99 99.9 ± 0.4 1.4
9.97 32.16 99.4 ± 0.3 2.6
5.03 34.99 99.3 ± 4.4 6.0
0.98 37.03 97.9 ± 3.1 202
0.50 38.01 99.2 ± 0.5 1230

Flurbiprofen 29.14 21.58 100.0 ± 0.1 0.9
20.06 26.99 99.2 ± 0.5 1.4
9.97 32.16 99.1 ± 0.5 2.6
5.03 34.99 99.0 ± 0.8 5.9
0.98 37.03 99.3 ± 2.8 205
0.50 38.01 98.3 ± 2.4 1218

Chloramphenicol 29.14 21.97 98.0 ± 3.7 0.9
20.18 26.93 97.4 ± 1.4 1.3
9.93 32.21 98.8 ± 1.3 2.6
4.95 34.89 98.7 ± 3.0 5.9
1.02 37.15 97.2 ± 1.2 200
0.51 37.56 98.1 ± 3.3 1216
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for about 1 h, and then left to equilibrate for 24 h. The phases
were separated and the concentrations of APIs were quantified
by the HPLC-UV method.

The determination of APIs was carried out by an Ultimate
3000 UHPLC system (Thermo Scientific, USA) with a variable
wavelength UV detector. The separation of target compounds
was performed on an Accucore C18 column (150 × 4.6 mm,
2.6 μm) at 40 °C, and a mobile phase consisted of water con-
taining 0.1% acetic acid (A) and methanol (B) at a flow rate of
0.4mLmin−1. Gradient elutionwas set as follows: 0–4min, 50%
A; 4–20min, 40%A. The temperature of autosampler wasmain-
tained at 10 °C, and the injection volume was 10 μL. Based on
the full scan results in Fig. S1, the detector wavelengths for the
quantification were set at 225 nm, 255 nm, and 277 nm.

Validation of the method

To evaluate the performance of the proposed method, a series
of Shangtang river water spiked with known amounts of

standard solutions were prepared. To guarantee that this river
water did not contain the APIs under study, it was extracted by
the selected ABS, and the chromatogram was shown in Fig.
S2. The calibration curves were established by plotting the
peak areas against the API concentrations in the range of
0.03–20 μg L−1. The limit of detection (LOD) and limit of
quantification (LOQ) were defined as signal-to-noise ratio
(S/N) of 3 and 10, respectively. And they were detected by
continuously decreasing the spiked concentration. The repeat-
ability and reproducibility of the method were determined by
analyzing five concentrations (1.0μg L−1, 5.0 μg L−1, 10.0μg
L−1, 15.0 μg L−1, and 20.0 μg L−1) of APIs within 1 day and 6
days continuously. The results obtained were calculated for %
RSD. For the determination of API recoveries in real samples,
hospital wastewater sample, river water, and tap water were
spiked at five concentration levels (1.0 μg L−1, 5.0 μg L−1,
10.0μg L−1, 15.0μg L−1, and 20.0μg L−1) and been analyzed
by the developed method. As real sample may contain target
analytes, non-spiked samples were also analyzed. API

Fig. 3 Schematic illustration
behind the use of IL-based ABS
as concentration platforms. Phase
diagram of the system composed
of [N4444]Cl + C4H2Na2O4 +
H2O, at (25 ± 1) °C: binodal data
( ); TL data ( ); initial composi-
tions ( ). In the inset, the en-
richment factors of corresponding
initial compositions are shown

Table 4 Linear range, correlation coefficient, LOD, and LOQ of APIs (six data points, n = 3)

Compounds Linear range (μg L−1) Regression equation Correlation coefficient (r) LOD (ng L−1) LOQ
(ng L−1)

Indomethacin 0.15–20 y = 122.42x + 0.4911 0.9998 45 148

Ibuprofen 0.21–20 y = 33.121x + 4.6395 0.9993 65 214

Diclofenac 0.24–20 y = 28.027x + 0.797 0.9999 76 247

Naproxen 0.03–10 y = 899.72x + 4.6395 0.9997 14 43

Ketoprofen 0.20–20 y = 32.938x + 4.6395 0.9993 60 203

Flurbiprofen 0.16–20 y = 61.657x + 4.6395 0.9998 48 160

Chloramphenicol 0.17–20 y = 48.469x + 4.6395 0.9997 51 172
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recoveries from different sample were calculated using the
following equation:

recovery ¼ Cs−Cns

C0
� 100% ð9Þ

where Cs is the concentration of APIs found in spiked
samples, Cns is the concentration of APIs found in non-
spiked samples, and C0 is the concentration spiked in the
samples.

Result and discussion

Phase diagrams and tie lines

The parameters of Eq. (1) derived from the nonlinear regres-
sion of different ABSs, and their corresponding determination
coefficients, were shown in Table 1. According to the r2, the
correctness of the nonlinear regression was confirmed. The
ternary phase diagrams of novel ABSs composed of ILs and

Table 5 Analytical results for
extraction and determination of
APIs in hospital wastewater
sample (n = 6)

Analytes Concentration
found (μg/L)

Spiked levels
(μg L−1)

Average
recovery (%)

RSD (%)

Repeatability Reproducibility

Chloramphenicol nda 1.0 91.8 ± 4.0 3.7 4.2

5.0 93.4 ± 7.9 7.8 6.7

10.0 94.2 ± 3.4 3.5 4.5

15.0 95.9 ± 6.9 6.8 1.8

20.0 97.4 ± 8.6 8.4 2.4

Ketoprofen nd 1.0 97.9 ± 3.2 3.1 4.3

5.0 96.3 ± 9.0 9.0 8.4

10.0 97.4 ± 4.7 4.6 3.8

15.0 98.8 ± 5.1 5.0 3.9

20.0 99.2 ± 4.4 4.4 2.6

Naproxen 1.5 1.0 99.2 ± 3.2 3.2 4.9

5.0 93.3 ± 6.6 6.5 4.5

10.0 97.2 ± 4.0 4.1 3.6

15.0 99.1 ± 5.3 5.2 4.7

20.0 99.0 ± 4.1 4.2 4.5

Flurbiprofen nd 1.0 99.1 ± 9.1 9.6 8.5

5.0 94.0 ± 7.7 7.6 5.6

10.0 96.8 ± 4.8 4.8 6.3

15.0 97.5 ± 1.9 2.4 1.4

20.0 98.3 ± 3.2 2.5 3.7

Indomethacin nd 1.0 98.2 ± 6.3 6.0 6.4

5.0 93.7 ± 7.3 7.0 7.8

10.0 93.5 ± 6.0 4.3 7.2

15.0 97.7 ± 3.8 3.6 4.0

20.0 99.3 ± 4.0 4.3 3.6

Diclofenac nd 1.0 98.8 ± 3.3 3.7 2.9

5.0 96.4 ± 6.5 6.1 5.0

10.0 98.9 ± 3.7 3.2 4.1

15.0 99.4 ± 3.3 3.2 5.9

20.0 98.3 ± 2.2 0.5 4.0

Ibuprofen nd 1.0 98.4 ± 3.1 3.2 2.9

5.0 97.5 ± 8.0 8.1 6.3

10.0 96.9 ± 6.2 5.9 4.4

15.0 98.2 ± 5.3 5.0 7.8

20.0 99.0 ± 5.7 4.0 7.3

a Not detected
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sodium malate were depicted in Fig. S3, and the details of
weight fraction data were given in the supplementary mate-
rials. As shown in Fig. S3A, the phase-forming ability follow-
ed the order: [C4C1im]Cl ≪ [C5C1im]Cl ≪ [C6C1im]Cl≪
[C8C1im]Cl. This rank was in close agreement with previous
studies: an increase in the cation alkyl-chain length led to an
increase in the fluid hydrophobicity and poorer solubility of
the ionic liquid in water (Huddleston et al. 2001). Figure S3B
presented the influence of the cation core; [N4444]Cl and
[P4444]Cl have an identical ability for the phase split, whereas
[C4C1im]Cl was weaker than them. The two quaternary salts
([N4444]Cl and [P4444]Cl) have highly shielded charges, locat-
ed mostly on the heteroatom surrounded by four alkyl chains,
thus leading to a higher tendency toward salting out from
aqueous media (Bridges et al. 2007). The imidazolium-based
ionic liquid ([C4C1im]Cl) has a cation with a charge more
evenly dispersed along the entire heterocycle and a greater
ability to interact with water via hydrogen-bonding. The in-
spection of Fig. S3C indicated the bromide-based ionic liquids
presented higher aptitude to form ABS than chloride-based
counterpart. Anion with lower electron pair donation ability
presents lower ability to create hydration complexes, and
therefore more easily salted-out by conventional salts.
Taking this idea into account, the ability of an ionic liquid
anion to produce ABS depends on their hydrogen bond
accepting strength (Ventura et al. 2009).

Screening of IL-based ABS for the complete extraction
of APIs

For an adequate extraction and preconcentration, the appro-
priate selection of the phases was always required. ABS

consisting of approximately 30 wt% of IL + 19 wt% of
C4H2Na2O4 + 51 wt% of aqueous solution containing APIs
was initially used to assess the ability of ILs of different chem-
ical structures to extract APIs (Table S1). The extraction effi-
ciency of the investigatedABSs for APIs were depicted in Fig.
2 and Table S3 and follows the rank: [N4444]Cl ≈ [N4444]Br >
[P4444]Cl > [C8C1im]Cl > [C6C1im]Cl ≈ [C5C1im]Cl ≈
[C4C1im]Cl (Bridges et al. 2007). In general, all the APIs
preferentially partition to the IL-rich phase, with extraction
efficiency higher than 92% in all systems evaluated. The
higher affinity of APIs toward the IL-rich phase correlates
well with their octanol–water partition coefficient (Kow) value
(Table 2). Furthermore, the extraction efficiency of APIs was
closely related to the hydrophobicity of the IL that forms
aqueous biphasic system. Due to the high hydrophobicity,
[N4444]Cl, [N4444]Br, and [P4444]Cl showed higher extraction
ability for APIs. Moreover, among the ILs studied, [N4444]Cl
has the characteristics of lower toxicity (Egorova and
Ananikov 2014; Zhao et al. 2007), higher thermal stability,
lower price, and commercially available (Golding et al. 2002;
Ropponen et al. 2004). In consideration of the extraction effi-
ciency and the advantages associatedwith [N4444]Cl discussed
above, [N4444]Cl-based ABS was selected for the determina-
tion of APIs in environmental aqueous samples.

Concentration of APIs using [N4444]Cl-based ABS

According to the previous studies, one primary requisite of
using ABS as sample pretreatment method was the presence
of long tie lines. As shown in Table 3 and Fig. S4, longer TLL
not only cut down the cross contamination of each phase by
enriching the component in the opposite layer but also can

Fig. 4 Chromatograms of the
determination of APIs in real
water samples. (A) blank control
sample, (B) normal hospital
wastewater sample spiked 5.0 μg
L−1 APIs, and (C) normal hospital
wastewater sample. Peaks: (1)
chloramphenicol; (2) ketoprofen;
(3) naproxen; (4) flurbiprofen; (5)
indomethacin; (6) diclofenac; (7)
ibuprofen
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afford higher enrichment factors without observable sacrifice
of extraction efficiency. Therefore, the longest TLL (circa
77.1) was further studied for concentration purposes.

Different initial compositions along the same TL, and with
a TLL value circa 77.1, lead to different weight ratios of the
coexisting phases (as shown in Fig. 3). The extraction effi-
ciency values, respective standard deviations, and enrichment
factors for different initial compositions were depicted in
Table 3. The inspection of Table 3 indicates that complete
extractions of APIs were always obtained for all the mixture
compositions evaluated. The experimental enrichment factors
were ranged from 0.88 to 1238, meaning that it is possible to
preconcentrate the APIs by cutting down the volume of the IL-
rich phase without losing extraction efficiency. The results
indicated that IL-based ABS can simultaneously extract and
concentrate different classes of APIs by three orders of mag-
nitude (form μg L−1 to mg L−1). Hence, ABS composed of
0.5 wt% [N4444]Cl + 38.0 wt% sodium malate + 61.5 wt%
aqueous solution was selected for the determination of APIs.

Performance of the method

Under the optimized conditions, the proposed method was
coupled with HPLC and applied to the determination of
APIs in aqueous samples. The method validation parameters,
such as linearity, LOD, LOQ, recoveries, and precision for
APIs, were summarized in Table 4. The response function
was found to be linear in the range of 0.2–20 μg L−1 with
determination coefficient (r2) higher than 0.998. The LOD
and LOQ were ranging from 0.01 to 0.08 μg L−1 and 0.03–
0.24 μg L−1, respectively. In the hospital wastewater samples,
the recoveries of APIs at concentration level of 1.0 μg L−1,
5.0 μg L−1, 10.0 μg L−1, 15.0 μg L−1, and 20.0 μg L−1 were in
the ranges 91.8–99.2%, 93.3–97.5%, 93.5–98.9%, 95.9–
99.4%, and 97.4–99.3%, respectively (Table 5). In the river
water and tap water, the recoveries of APIs ranged from 92.5
to 99.3% (Table S4 and Table S5). The results show that the
matrix does not react with the APIs and has no effect on the
recoveries. The RSD representing for repeatability and repro-
ducibility of the method were between 0.5–9.6% and 1.4–
8.5%, respectively (Table 5).

Real sample analysis

The optimized ABS system coupled with HPLC-UV was ap-
plied for the determination of APIs in real water samples: tap
water, six river water, and three hospital wastewater. Among
the samples, only naproxen was detected in one hospital
wastewater. The chromatograms of the normal hospital waste-
water and hospital wastewater spiked with 5.0 μg L−1 APIs
after extraction were shown in Fig. 4. No obvious interference
was observed in Fig. 4, which indicates the good selectivity of
the proposed method.

Figure S5 shows the HPLC-UV chromatograms of the
non-spiked and spiked river water samples with no ABS pre-
treatment and the spiked water after ABS pretreated. APIs
were not identified in the non-spiked river water, meaning that
they are present in concentrations below the LOD. As expect-
ed, APIs in spiked river water were disappeared after
preconcentrated by the ABS system, in agreement with the
high recoveries of the method.

Furthermore, the proposed method was compared with
some previously methods for the determination of APIs in
water samples (Table 6) (Arghavani-Beydokhti et al. 2018;
Aydin et al. 2018; Bazregar et al. 2016; Cruz-Vera et al.
2009; Lee et al. 2014; Liang et al. 2016; Park and Myung
2015; Parrilla Vazquez et al. 2013; Toledo-Neira and
Alvarez-Lueje 2015; Topac et al. 2018). The extraction sol-
vent used in previous works were chloroform, 1-undecanol,
1,2-dichloroethane, dichloromethane, and 1-octyl-3-
methylimidazolium. In contrast, the developed methods use
small amounts of green solvent [N4444]Cl as extraction sol-
vent, which is more environmentally friendly. Compared with
other methods in Table 6, the developed method has higher
extraction recoveries (98.1–99.6%) and narrower recovery
range, indicating that this method can extract all the APIs
effectively and has been applied in a wide range. The enrich-
ment factors of most methods in Table 6 are below 200, while
the enrichment factors of the developed method are 1216–
1238. The results show that the method can extract and
preconcentrate APIs effectively and, correspondingly, im-
prove the sensitivity of the method. Moreover, the LODs of
the developed method are lowest of all the methods’ list in
Table 6, which reveals the applicability of the developed
method for the determination of trace APIs in environmental
samples.

Conclusion

In this work, a simple, green, rapid, and sensitive method was
developed for the monitoring of seven APIs in aquatic envi-
ronment utilizing HPLC-UV coupled with ABS pretreatment
procedure. Aiming at overcoming environmental impacts of
these high-charge-density salts used in traditional ABS, sus-
tainable ABS composed of green solvent (ILs) and biodegrad-
able organic salt (sodium malate) was proposed. Extraction
efficiencies ranging between 97% and 100% were obtained
for the IL-rich phase revealing the high affinity of APIs to the
hydrophobic phase. In particular, excellent extraction efficien-
cies of APIs were attained with [N4444]Cl-based ABS. By
tuning the mixture point composition for a minimum IL-rich
phase volume, the enrichment factor of APIs can reach 1238
in a single step. The proposed methodology allows the in-
crease of the APIs concentrations by three orders of magni-
tude (from ng L−1 to μg L−1), thus overcoming the LODs of

17862 Environ Sci Pollut Res (2021) 28:17853–17864



conventional analytical equipment commonly used in the de-
tection and monitoring of aquatic environment. The perfor-
mance of the ABS-HPLC-UV method (linearity, LODs, re-
coveries, and RSDs) was evaluated. Adequate repeatability,
good linearity, and the low quantification limit demonstrated
that the proposed method can serve as a powerful alternative
for the determination of APIs in aquatic environments.
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