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A novel method for separating and enriching trace phthalate esters (PAEs) in
river water by solvent sublation and their determination by high-performance
liquid chromatography (HPLC) has been developed. The optimal conditions of
the solvent sublation were obtained, that is n-hexane as the sublation solvent,
pH 7 of the solution, a nitrogen flow rate of 70mLmin�1 and sublation time
of 70min. The floated product under the optimal conditions was determined by
HPLC. In the process of HPLC analysis, an Eclipse XDB-C18 chromatographic
column was used, and mobile phase consisted of acetonitrile and water using
gradient elution, and the flow rate was 1.00mLmin�1. The proposed method was
applied to determine eight PAEs in the river water from Fangshan District,
Beijing; the recoveries ranged from 76.9 to 120.4%, RSD values from 2.63 to
9.71%, and limit of detection values ranged from 0.001 (for diethyl phthalate and
butyl benzyl phthalate) to 0.225mgL�1 (for dimethyl phthalate and dicyclohexyl
phthalate).

Keywords: phthalate esters; solvent sublation; high-performance liquid chroma-
tography; river water

1. Introduction

Phthalate esters (PAEs) are widely used in the industry as plastic additives. They make the
plastic flexible through weak secondary molecular interactions with polymer chains. They
can be released easily from products and migrate into environment [1]. Several PAEs have
been identified as endocrine disruptors [2]. Evaluation and monitoring of these compounds
are important, due to their potential risks for human health and environment. There have
been a variety of pre-concentration techniques, such as liquid–liquid extraction (LLE) [3,4]
and solid-phase extraction (SPE) [5,6]. Nevertheless, LLE is time-consuming, requires
large amounts of organic solvents that are potentially toxic, and is difficult to automate.
SPE uses much less solvent than LLE but can be relatively expensive [7].

Solvent sublation was originally introduced by Sebba [8] as an auxiliary method to ion
flotation. It is a kind of adsorptive bubble separation technique, in which the hydrophobic
compounds in water are adsorbed on the bubble surfaces of an ascending gas stream
and then collected in an immiscible liquid layer placed on top of the water column.
This method with its advantages of simultaneous separation and enrichment, attracts
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much attention in the fields of environmental analysis and wastewater treatment [9–15]
recently.

Solvent sublation has practical and theoretical advantages over other extraction
methods (such as LLE). First, the solvent sublation process is not limited by the
equilibrium constant, so the recovery of trace substances can eventually reach 100%.
Secondarily, in solvent sublation, the possibility of easy handling of large volumes of
aqueous samples exists, whereby the enrichment factors can easily exceed ratios of 100 : 1,
thus making the techniques of great potential interest for the analysis of natural, residual
and marine waters for trace substances. In addition, the phase stirring process associated
with LLE frequently leads to the formation of undesirable emulsions. In the solvent
sublation process, however, emulsion formation is negligible owing to the absence of phase
mixing process, so that the solvent sublation method can offer high selectivity, simplicity
and rapidity.

In this article, dimethyl phthalate (DMP), diethyl phthalate (DEP), di-n-propyl
phthalate (DPrP), dibutyl phthalate (DBP), diamyl phthalate (DAP), butyl benzyl
phthalate (BBP), dicyclohexyl phthalate (DCHP) and bis(2-ethylhexyl) phthalate (DEHP)
were selected as model compounds, the structures of these PAEs have hydrophobic
groups, they can be adsorbed on the bubble surfaces of an ascending gas stream and then
dissolved in some kinds of organic solvent placed on the surface of the sample solution.
Therefore, they are suitable for solvent sublation. The effects of organic solvent, pH of the
solution, nitrogen flow rate and sublation time on the efficiency of PAEs solvent sublation
were investigated in detail. The floated product in the optimal conditions was measured by
high-performance liquid chromatography (HPLC). The proposed method was applied to
real water sample with good result.

2. Experimental

2.1 Reagents and samples

Isoamyl alcohol, n-octanol, n-hexane, hydrochloric acid and sodium hydroxide (Beijing
Chemical Reagent Factory, China) were all of analytical-reagent grade. Methanol
(Tianjing Xihua Special Reagent Factory, China) and acetonitrile (Fisher Co., USA) were
chromatographic grade. The individual PAE standards including DEP (purity 99.9%),
DPrP (purity 99.7%), BBP (purity 99.9%), DAP (purity 99.9%), DCHP (purity 99.9%)
and DEHP (purity 99.9%), were obtained from Tianjin Jinke chemical graduate school.
Standard stock solutions of PAEs (1.0mgmL�1) were prepared by exactly weighing and
dissolving corresponding compounds in methanol, and stored in a refrigerator at 4�C.
Standard solutions (100mgL�1) were freshly prepared by diluting the standard stock
solutions with deionised water before each use. The water sample was obtained from the
Manshuiqiao river in Fangshan District, Beijing.

2.2 Apparatus

A Mettler Toledo 320-S pH meter (Mettler, Switzerland) was used to determine the pH of
the solution. A U-3010 ultraviolet-visible spectrophotometer (Hitachi, Japan) was used to
acquire the absorption spectrum. An AB204-N electron balance (Mettler, Switzerland)
was used to weigh. An Agilent 1100 series HPLC (USA) equipped with ultraviolet-visible
detector was used for qualitative and quantitative analysis of the floated product.
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Figure 1 shows the solvent sublation apparatus. The apparatus consists of a glass

cylinder equipped with a sintered glass disk (G4 porosity) at the bottom to generate small

bubbles. The disk is connected to a N2 gas cylinder equipped with a pressure regulator by

a fine pressure needle valve for controlling the gas flow. For accurately measuring the gas

flow rate through the cylinder, a soap-bubble flowmeter was inserted into the cylinder. The

cylinder, with an inner diameter of 4.5 cm of part A and a capacity of 1000mL, is designed

for flotation. Sample solution is transferred to the flotation cell, then a suitable organic

solvent is added to the top of the sample solution with a volumetric pipet. After flotation,

deionised water is added to the top of cylinder to make the organic phase rise to part B,

which has an inner diameter of 2.0 cm and a capacity of 15mL, from which it can be easily

removed. Finally, when the layers separated, the organic phase is taken into a volumetric

flask with a dropping pipet, and marked with the organic solvent.

2.3 Solvent sublation procedure

A total of 1000mL of water sample was placed in a 2000mL beaker, and adjusted to pH 7

with 0.1mol L�1 hydrochloric acid and 0.1mol L�1 sodium hydroxide solutions. This

solution was transferred to the flotation cell of the solvent sublation apparatus (Figure 1),

then 10.00mL of n-hexane added in, and PAEs were floated by bubbling nitrogen gas at

the flow rate of 70mLmin�1 from the bottom of the cell for 70min and extracted into

10.00mL of n-hexane on the surface of the sample solution. After flotation, the n-hexane

phase was transferred to a 10mL volumetric flask, and marked with n-hexane. The floated

product in the n-hexane phase was determined by HPLC.

2.4 HPLC analysis

The qualitative and quantitative analysis of the floated product in the n-hexane phase

was performed with an Agilent 1100 series chromatograph. Analytes were separated on

a 150� 4.6mm, 5 mm particle, Eclipse XDB-C18 reversed-phase column with water–

acetonitrile as mobile phase (using gradient elution) at a flow rate of 1.00mLmin�1. In

the gradient elution, 60% acetonitrile (v/v) at the beginning, then linearly increased to

Figure 1. Solvent sublation apparatus. 1: Nitrogen cylinder; 2: pin-type flowmeter; 3: flotation cell;
4: sintered glass disk (G4 porosity); 5: soap-bubble flowmeter.
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100% acetonitrile at 20min and kept until 25min. The injection volume of the

n-hexane phase for sample and standard solutions was always 10 mL and the detection

wavelength was 224 nm. Before use the mobile phase was filtered through a membrane

filter (0.45 mm). The system was controlled by a computer and Chemstation software

from Agilent. All chromatographic analysis was performed at room temperature.

Under the selected chromatographic conditions the chromatogram for the mixture of

eight PAEs was shown in Figure 2. It can be seen that eight analytes were separated

within 25min.

3. Results and discussion

3.1 Optimisation of the solvent sublation parameters

In this work, the sublation efficiency of PAEs in the standard solutions was used for

optimising the parameters affecting the PAE solvent sublation. The sublation efficiency of

PAEs can be calculated by use of the following equation:

E ¼
Ci

C0
� 100%

In the formula, E is the sublation efficiency, Ci is the concentration of the n-hexane

phase after flotation and C0 is the concentration of the n-hexane phase when all of the

PAEs (100%) are transferred from the aqueous phase into the organic phase. The

concentration of PAEs in the n-hexane phase were determined by HPLC using an external

standard method.

3.1.1 Absorption spectra

The maximum absorbances were at 224 nm for DMP, DEP, DPrP, DBP, DAP, DCHP

and DEHP, and 213 nm for BBP. In this work, 224 nm was selected as the measurement

wavelength for the ultraviolet-visible detector.

0 10 15 20 25

Retention time (min)

DMP DEP

DPrPBBP DBP

DAP
DCHP DEHP

5

Figure 2. Chromatogram of standard mixture solution.
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3.1.2 Effect of sublation solvent

There are some restrictions in choosing a sublation solvent. That is, the solvent should
have high affinity with PAEs, be lighter than a sample solution, and have a low volatility.
For efficient sublation, n-hexane, n-octanol and isoamyl alcohol were investigated under
the experimental conditions of pH 7 of the solution, a nitrogen flow rate of 40mLmin�1

and sublation time of 30min. The experimental results (Figure 3) showed that of all the
solvents the best solvent was n-hexane, and the next was isoamyl alcohol. Therefore,
n-hexane was selected as the sublation solvent of PAEs in this work.

3.1.3 Effect of pH

The effect of pH from 1 to 13 was investigated by addition of suitable hydrochloric acid
solution or sodium hydroxide solution. The PAEs in the standard solutions were floated
into 10.00mL of n-hexane at the flow rate of 40mLmin�1 for 30min at each pH. As
shown in Figure 4, the sublation efficiency of PAEs increased slightly with the increase of
pH in the pH range of 1–7, and the maximum sublation efficiency was observed at pH 7.
When the pH was higher than 7, however, the sublation efficiency decreased. Therefore,
pH 7 was selected as an optimal pH for the efficient sublation.

3.1.4 Effect of nitrogen flow rate

As is well known, the bubbling of nitrogen is very important in solvent sublation because
the bubbles can float the hydrophobic analytes to the surface of the solution. As the
bubbles rise through the gas diffuser, the hydrophobic analytes are adsorbed at the gas–
liquid interface and then extracted into the organic phase on the surface of the sample
solution. Generally, the rate of gas–liquid interfacial area generation can be increased by
generating smaller bubbles via a gas diffuser with smaller porosity or by increasing the gas
flow rate. However, it is recommended that too high gas flow rates are to be avoided

0 10 15 20 25

Retention time (min)

Standard

n-Hexane

Isoamyl alcohol

n-octanol

a b c e g h

5

d f

Figure 3. Effect of sublation solvents. a: DMP; b: DBP; c: DPrP; d: BBP; e: DBP; f: DAP; g: DCHP;
h: DEHP.
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because of a turbulent mixing at the solvent–aqueous solution interface. Such a mixing can
promote the re-dissolution of the hydrophobic analytes in the aqueous phase.

As shown in Figure 5, the sublation efficiency of PAEs increased with increasing
nitrogen flow rate, however, the maximum efficiency was obtained at 70mLmin�1, when
the nitrogen flow rate higher than 70mLmin�1, the efficiency decreased slightly.
Therefore, the nitrogen flow rate could be fixed at 70mLmin�1 in all subsequent
experiments.

3.1.5 Effect of sublation time

As shown in Figure 6, the sublation efficiency of PAEs increased with increasing sublation
time, however, when the sublation time �70min, the efficiency reached its highest value

0
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30 ml/min
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DEPDMP DPrP BBP DBP DAP DCHP DEHP

Figure 5. Effect of nitrogen flow rate.
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Figure 4. Effect of pH of the solution.
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and basically remained constant because of the achievement of the thermodynamic
equilibrium. The sublation time was therefore fixed at 70min in this work.

3.2 Calibration curve and detection limit

The calibration curves were obtained using five standard blend solutions, which were
treated under the experimental conditions optimised above. Regression analysis was used
to approximate the linearity of the calibration curves, and most of the analytes were found
to be linear in the tested range. The limit of detection (LOD) was calculated according to
the IUPAC definition, using the equations LOD¼ 3SB/b, where SB is the standard
deviation of the blank measurements (n¼ 10), and b is the slope of the calibration curves.

Table 1 lists the parameters of the calibration curves and the calculated LOD for the
analytes.

0

20
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80

100

E
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)

10 min
20 min
30 min
40 min
50 min
60 min
70 min
80 min
90 min

DMP DEP DPrP BB DBP DAP DCHP DEHP

Figure 6. Effect of sublation time.

Table 1. Parameters of the calibration curves and the calculated LOD for the analytes.

Compound Concentration rangea (mgL�1) Calibration curveb rc LODd (mgL�1)

DMP 1.12–22.40 y¼ 0.96598x� 0.03662 0.9994 0.225
DEP 1.06–21.20 y¼ 5.27545x� 0.06248 0.9984 0.001
DPrP 1.04–20.86 y¼ 17.78675xþ 3.7717 0.9994 0.034
BBP 1.23–24.72 y¼ 23.17083x� 0.43752 0.9984 0.001
DBP 1.08–21.64 y¼ 17.34377xþ 1.08867 0.9991 0.007
DAP 1.03–20.54 y¼ 10.9180xþ 0.82237 0.9947 0.213
DCHP 1.01–20.16 y¼ 5.27545xþ 0.43752 0.9984 0.225
DEHP 1.05–20.92 y¼ 11.00349xþ 5.09692 0.9990 0.136

Notes: aConcentration range of the studied phthalate esters; bCalibration curve: y is the peak area
and x is the concentration of phthalate esters (mgL�1); cCorrelation coefficients; dDetection limit.
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3.3 Real sample analysis

The optimised experimental conditions were applied to real sample to evaluate the
efficiency of the determination of PAEs by solvent sublation followed by HPLC-
ultraviolet detection. The determination results are shown in Table 2. The recoveries were
examined in the river water in which given amounts of analytes was determined by the
proposed method. In this work, through choosing different volume added, we obtained
three spiking levels, the spiking level 1 was 4.03–4.94 mgL�1, the spiking level 2 was 20.2–
24.7mgL�1 and the spiking level 3 was 50.4–61.8 mgL�1. In these spiked levels, the
recoveries ranged from 76.9 to 120.4% and RSD values from 2.63 to 9.71%, this accuracy
of a measurement is acceptable to trace analysis. It follows that the accuracy and precision
of the proposed method for trace determination of PAEs in the Manshuiqiao river water
from Beijing Fangshan District, is satisfactory.

4. Conclusions

In this research, a novel and effective method for separating and enriching trace PAEs in
the river water from Beijing Fangshan District by solvent sublation and its determination

Table 2. Determination results of the river water from Beijing Fangshan District by solvent
sublation followed by HPLC-ultraviolet detection.

Phthalate
esters

Content in
sample (mgL�1)

Added
(mgL�1)

Found
(mgL�1)

Recovered
(mgL�1)

Recoveries
(%)

RSD (%)
(n¼ 3)

DMP 4.46 10.3 5.37 120.4
4.93 22.3 30.5 25.6 114.7 4.48

55.8 66.6 61.7 110.6

DEP 4.24 5.42 5.05 119.1
0.37 21.2 24.3 23.9 112.7 2.63

53.0 61.3 60.9 114.9

DPrP 4.17 3.92 3.71 89.0
0.21 20.9 16.9 16.7 80.0 5.31

52.2 44.1 43.9 84.1

BBP 4.94 4.73 4.60 93.1
0.13 24.7 20.0 19.9 80.6 7.80

61.8 51.8 51.7 83.7

DBP 4.33 5.56 4.52 104.4
1.04 21.6 22.3 21.3 98.6 9.34

54.1 47.9 46.9 86.7

DAP 4.11 3.99 3.41 83.0
0.58 20.5 19.6 19.0 92.7 9.71

51.4 52.5 51.9 100.9

DCHP 4.03 4.57 4.21 104.5
0.36 20.2 20.2 19.8 98.0 3.58

50.4 49.9 49.5 98.2

DEHP 4.18 3.39 3.39 81.1
ND 20.9 16.2 16.2 77.5 2.88

52.3 40.2 40.2 76.9
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by HPLC-ultraviolet detection was established. Under the selected optimal conditions the
recoveries ranged from 76.9 to 120.4%, RSD values from 2.63 to 9.71%; the LOD values
were 0.034 mgL�1 for DPrP, 0.007 mgL�1 for DBP, 0.213 mgL�1 for DAP, 0.136 mgL�1 for
DEHP, 0.001 mgL�1 for DEP and BBP, and 0.225 mgL�1 for DMP and DCHP. It can be
seen that the LOD values of the proposed method is lower than that of the common HPLC
method, so solvent sublation is especially suitable for separating and enriching trace
substances from aqueous solutions. It is, therefore, very likely that in the next few years
this technique will attract much closer attention from analytical chemists.
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