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Abstract—In this study, for the first time, the organic gas steam-liquid extraction by a special hand-made cell
was used as a simple and inexpensive preconcentration technique for the determination of benzene, toluene,
ethylbenzene and xylene in aqueous samples by gas chromatography-flame ionization detection. In this tech-
nique, the organic solvent vapor produced in the evaporator unit is introduced into the aqueous sample by
using nitrogen as a carrier gas to extract target analytes. By entering the vapor bubbles of the organic solvent
into the aqueous sample, the organic solvent dissolves in water and the organic solvent concentration in water
reaches supersaturation. At this time, equilibrium occurs between the dissolved organic solvent and the insol-
uble organic solvent, and it is collected in the conical part of the cell. Using a microliter syringe, a certain vol-
ume of the collected organic solvent is injected into the gas chromatograph. Face central composite design
was used to evaluate the effect of various factors including organic solvent volume, ionic strength, evaporating gas
flow rate and heated chamber temperature. Under the optimized conditions, the detection limit, relative standard
deviation and linear dynamic range of the method were 10 ug/L, 5.3—8.7% (n = 4) and 50—5000 ug/L, respec-
tively. The proposed method was successfully applied to the determination of benzene, toluene, ethylbenzene
and xylene in real samples.
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Benzene, toluene, ethylbenzene and xylene
(BTEX) are among the important water pollutants [1—
3]. BTEX contamination of water stems from release
or spill of petroleum products such as gasoline, diesel
fuel, jet fuel, crude oil and hydraulic oil [4]. Closeness
to natural deposits of petroleum and natural gas is
another way to introduce BTEX to the environment.
Moreover, BTEX compounds are among the most
abundantly produced chemicals, and this has
increased the probability of water pollution caused by
these chemicals [5]. These volatile organic com-
pounds are also formed during the production of con-
sumer goods such as paints, thinners, lacquers, adhe-
sives, rubber products, inks, cosmetics and pharma-
ceutical products. Due to the toxicity of BTEX
compounds, the development of simple and low-cost
analytical techniques for their determination is of great
importance. A number of sample preparation tech-
niques [6—13] such as solid-phase microextraction
(SPME) [14], ultrasound-assisted dispersive liquid-
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liquid microextraction (DLLME) [15] and headspace
gas chromatography-mass spectrometry (GC-MS)
[16] have been introduced to determine these species
with advantages of less usage of organic solvents.
However, these methods suffer from some inconve-
niencies such as fragile fiber with limited lifetime (in
SPME method), the need to use solvents with a higher
density than water in order to be sedimented by cen-
trifugation and the need to use a water-soluble solvent
(disperser solvent) which decreases the distribution
coefficient of analyte (in DLLME method). To over-
come these drawbacks, the present paper intends to
describe and apply a sensitive, economical, simple and
fast analytical technique for the determination of
BTEX compounds in water samples. This is a unique
and green development in the liquid-liquid extraction
technique as it does not need stirring and a third sol-
vent. Moreover, the presented technique does not
need a centrifugation step, which makes it possible to
use low-density organic solvents.
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Fig. 1. Schematic representation of the experimental set-
up (OGS-LE cell): an extracting organic solvent tube (7),
a heated chamber (2), a N, evaporating gas inlet (3), a
sample column (4) and a water tube (9).

EXPERIMENTAL

Reagents. Benzene, toluene, ethyl benzene, xylene,
n-hexane, ethanol and sodium chloride were of the
highest purity available (Merck, Darmstadt, Ger-
many). Stock solutions of BTEX were prepared daily
by dissolving an appropriate amount of each com-
pound in 20 mL of ethanol at room temperature. Stan-
dard aqueous solutions for calibration curve construc-
tion containing adequate amount of sodium chloride
(that was weighted by a balance, AB 204-Smettler,
Toledo, USA) were prepared from dilution of stock
solutions in 100 mL of doubled distilled water. Real
samples were obtained from two Qantas located in
Alborz, Iran.

Equipment. The determination of the compounds
was carried out by a gas chromatography-flame ion-
ization detection system (GC-FID, Agilent, 7890 N,
Agilent Technologies, Palo Alto, CA, USA) with the
following conditions: pure nitrogen as a carrier gas
(99.999% purity) at a constant flow rate (1 mL/min),
the split/splitless injector with splitless mode at the
temperature of 200°C, DB-5 fused silica capillary col-
umn (30 m length, 0.25 mm i.d. and 0.25 um film
thickness), the oven temperature program was as fol-
lows: initially held at 30°C for 6 min, then increased to
75°C at a rate of 2°C/min. 0.5 uL of the sample was
injected by a 1-uL microsyringe (Hamilton, Reno,
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NV, Australia). Flame ionization detector was applied
(200°C).

Experimental set-up and sample preparation proce-
dure. Different parts of the special hand-made organic
gas steam-liquid extraction (OGS-LE) cell are pre-
sented in Fig. 1. The set-up consisted of an extracting
organic solvent tube (7), a heated chamber (2), a N,
evaporating gas inlet (3), a sample column (4) and a
water tube (5).

A 0.3-mL aliquot of n-hexane was injected to the
organic solvent tube, the heated chamber warmed up
to 70°C by circulating thermostated water/ethylene
glycol using a Polyscience 9505 circulator (USA).
20 mL of the aqueous saline solution was injected to
the sample tube. Using N, stream (flow rate of
20 mL/min) at the bottom of the organic solvent tube,
the gas steam of the organic solvent was transferred to
the sample column and moved longitudinal from bot-
tom to top. The organic steam dissolved in the sample
solution and was gathered as a thin layer on the top of
the aqueous phase after supersaturation. Solvation
and supersaturation are dynamic phenomena in which
the organic solvent enters the aqueous sample and
after being saturated goes out continuously. Time of
the extraction process, i.e., the interval between the
beginning of N, flotation and the end of n-hexane
evaporation from organic solvent tube, is 5 min. At the
final stage, a small amount of double distilled water
was added from the side tube (part 5 in Fig. 1) to
increase the level of aqueous phase up to the conical
part, where the organic sample (15 uL) could be col-
lected by using a microsyringe for the subsequent
analysis by GC-FID.

Optimization strategy. The experimental response
data were analyzed by a regression procedure based on
the response surface methodology (RSM) [17]. The
response surface methodology including face central
composite design (FCCD) approach was utilized to
find the optimum values of the effective parameters.
The model that can be fitted to a composite design is
an empirical function determined from the statistical
correlation suitability of the observed responses and
the experimental factors. For this purpose, the con-
ventional second order polynomial model equation
was used [18, 19]. Several factors may affect the
extraction efficiency of target compounds such as the
organic solvent volume, ionic strength, heated cham-
ber temperature and flow rate of evaporating gas. To
find the optimum conditions and interrelationship
between variables, the FCCD method was applied by
the Minitab software. The design was made of four
factors at 3 levels with 6 center points (Table 1). A total
of 30 experiments were designed and performed
(Table 2). The ratio of analyte to organic solvent peak
areas on the chromatogram was employed as the ana-
Iytical signal.

No. 4 2022



INTRODUCING ORGANIC GAS STEAM-LIQUID EXTRACTION

Table 1. The experimental variables and levels of the FCCD
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Level
Factor
low center high
Organic solvent volume (X;), mL 0.3 0.5 0.8
NaCl concentration (X;), M 0 3 6
Heated chamber temperature (X3), °C 35 55.5 70
N, evaporating gas flow rate (X;), mL/min 8.5 14.5 20

Table 2. Design table showing the randomized run order of the experiment and the uncoded values of different variables in
the experimental design for the determination of the modeled response

Number Organic solvent NaC.I Heated chamlzer N, evaporating g’flS (I;ZZII)(O;ZZ
volume, mL concentration, M | temperature, °C | flow rate, mL/min of benzene)
1 0.3 0 35 8.5 2.793
2 0.8 6 35 8.5 0.703
3 0.5 6 55.5 14.5 1.195
4 0.3 0 70 8.5 2.267
5 0.3 0 35 20 3.241
6 0.3 6 35 20 1.650
7 0.8 0 35 8.5 0.598
8 0.8 0 70 8.5 1.054
9 0.5 3 55.5 14.5 1.505
10 0.5 3 55.5 14.5 1.735
11 0.5 3 55.5 14.5 1.703
12 0.3 6 35 8.5 1.236
13 0.8 6 70 8.5 0.878
14 0.3 6 70 8.5 0.834
15 0.8 6 70 20 1.359
16 0.5 3 55.5 14.5 1.367
17 0.5 3 55.5 20 1.679
18 0.8 3 55.5 14.5 1.048
19 0.5 3 35 14.5 0.979
20 0.5 3 55.5 14.5 1.641
21 0.5 3 55.5 8.5 1.881
22 0.5 0 55.5 14.5 1.934
23 0.8 6 35 20 0.330
24 0.8 0 35 20 0.981
25 0.5 3 70 14.5 1.853
26 0.8 0 70 20 2.186
27 0.5 3 55.5 14.5 1.326
28 0.3 0 70 20 2.825
29 0.3 6 70 20 1.433
30 0.3 3 35 14.5 2.032
JOURNAL OF ANALYTICAL CHEMISTRY Vol.77 No.4 2022
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Table 3. Analysis of variance for the response without square terms and some of the interaction terms

Source DF? Seq SSP Adj SS¢ Adj Ms¢ F® Pf
Regression 7 12.0607 12.0607 1.72296 33.13 0.000
Linear 4 9.3880 9.3880 2.34700 45.13 0.000
Interaction 3 2.6727 2.6727 0.89091 17.13 0.000
Residual error 22 1.1442 1.1442 0.05201
Lack-of-fit 17 0.9927 0.9927 0.05840 1.93 0.241
Pure error 5 0.1515 0.1515 0.3030
Total 29 13.2050

3Degrees of freedom, bsequential sums of squares, adjusted sums of squares, dadjusted mean squares, ©F-value, fp_value.

RESULTS AND DISCUSSION

Regardless of the applied extraction method, one
of the critical steps in such techniques is the selection
of an appropriate solvent. In this study, the main cri-
teria for choosing a proper solvent are its water immis-
cibility and lower density compared to water. The lat-
ter criterion allows the organic solvent to be floated on
top of water. Moreover, the boiling point of the solvent
should be either higher or lower than that of analytes
to prevent overlapping of the solvent peaks with the
analytes’ peaks on the chromatogram. Thus, in this
project, n-hexane was chosen as an appropriate sol-
vent.

Optimization. Regardless of the selected response
(peak area) for the analyte (benzene, toluene, ethyl-
benzene and xylene), the FCCD approach showed
similar results to find the optimum values of effective
parameters involved in the extraction system. There-
fore, only the results of benzene were reported as the
representative example of analyte response (Table 2).

The coefficients of the empirical model and their
statistical characteristics were evaluated for benzene
results. According to the obtained results, the effects of
the main factors on the response were in the following
order: organic solvent volume > ionic strength > N,
evaporating gas flow rate > heated chamber tempera-
ture. Flow rate of N, evaporating gas and heated
chamber temperature parameters had positive effects
on extraction efficiency. In contrast, the salt concen-
tration and the organic solvent volume had negative
effects [20]. It can be seen that by increasing the N,
evaporating gas flow rate and the heated chamber tem-
perature, the evaporation of the organic solvent from
the top of the aqueous solution increased, which
results in the increase in the preconcentration factor.
However, with the increase in the solvent volume and
ionic strength, this factor diminished due to the
increase in the volume of collected organic solvent
and thus a decrease in analyte concentration.

Ifthe model is a good predictor of the experimental
data, the calculated F-value would be lower than the
tabular F-value. The P-value can be used as a tool to
check the significance of the regression coefficients.
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The linear, interaction and quadratic coefficients
show the linear effect of each variable, interactive
effect between the variables and quadratic effects,
respectively.

The smaller the magnitude of the P-value, the
more significant is the corresponding coefficient. The
P-values have revealed that square terms (volume?,
salt?, temperature?, flow rate?) and some of the inter-
action terms (volume X flow rate, salt X temperature
and salt X flow rate) in the predicted model at the 95%
confidence level are not significant (P-value > 0.05).
Regarding this matter, these terms could be ignored in
the predicted model. Table 3 shows the results of anal-
ysis of variance (ANOVA). The coefficients of the
empirical model and their statistical characteristics are
given in Table 4. Tables 3 and 4 show that the model
obtained by excluding insignificant terms fits 91.3%
(coefficient of determination, R?) of the experimental
raw data.

From the table of coefficients (Table 4), the follow-
ing empirical equation is obtained under optimal con-
ditions:

y=1.54—0.51X, — 0.46X, + 0.12X,
+0.19X, + 0.28(X, X X,)
+0.28(X, X X;) + 0.12(X; X X,)

where X|, X,, X; and X, are the predicted response, vol-
ume, salt, temperature and flaw rate, respectively.

The optimal experimental conditions for achieving
a maximum response by the model can visually be
obtained from Fig. 2 as follows: volume of #n-hexane—
0.3 mL, NaCl concentration—0 M, heated chamber
temperature—70°C, N, evaporating gas flow rate—
20 mL/min.

Analytical evaluation. Under the optimized condi-
tions, regression equation, coefficient of determina-
tion (#2), dynamic linear range (DLR), limit of detec-
tion (LOD) and preconcentration factor (PF) for each
analyte were calculated and summarized in Table 5.
The LODs were calculated as the analyte concentra-
tions equal to three times the standard deviation of the
blank signal divided by the slope of the calibration
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Table 4. Estimated regression coefficients for the response without square terms and some of the interaction terms

Term Coefficient SE coefficient? P Pe

Constant (X;) 1.5415 0.04164 37.023 0.000
Volume (X)) —0.5097 0.05375 —9.481 0.000
Salt (X;) —0.4589 0.05375 —8.538 0.000
Temperature (X3) 0.1210 0.05375 2.251 0.035
Flow (X,) 0.1911 0.05375 3.555 0.002
Salt X volume (X, X X)) 0.2765 0.05701 4.850 0.000
Volume x temperature (X; X X3) 0.2766 0.05701 4.852 0.000
Temperature X flow (X5 X X,) 0.1186 0.05701 2.081 0.049
S9=10.2281 R-Sq"=91.3% R-Sq(adj)® = 88.6%

aStandard error of the coefficient, bt—value, ¢p-value — coefficient, Ythe standard error of the regression or the standard error of the esti-
mate, °the correlation between the predicted values and the observed values, ' R-squared, 8adjusted R-squared.

Table 5. The characteristics of calibration curves

Analyte Slope LOD, ug/L P Intercept DLR, pg/L 1?32’4? PF
Benzene 1.036 10 0.9999 0.074 50—-5000 6.2 118
Toluene 1.123 10 0.9999 0.039 50—-5000 5.3 125
Ethylbenzene 1.173 10 0.9999 0.067 50—5000 10.3 134
Xylene 1.302 10 0.9999 0.068 50-5000 8.7 207

curve. The practical applicability of the developed
OGS-LE method was confirmed by the determination
of BTEX in real samples obtained from two separate
Qanats located in Alborz, Iran. 17.55 g of NaCl and
50 uL of ethanol were dissolved in 100 mL of the sam-
ple for matrix matching of real samples and standards.
All samples were analyzed three times under the opti-
mized conditions. According to the results, no BTEX

compounds were found in the real samples. To find
recoveries of the method, the real samples were spiked
with 100 ug/L BTEX. The chromatogram of the
extracted BTEX from spiked sample is shown in Fig. 3.

The results shown in Table 6 indicate a good agree-
ment confirming practical suitability of the method. A
comparison between the proposed method and other
related methods is presented in Table 7. Clearly, the

Table 6. Determination of BTEX in real water samples by OGS-LE/GC-FID

Sample 1 Sample 2
Analyte relative recovery from relative recovery from
concentration, ug/L spiked? real sample, % concentration, ug/L spiked® real sample, %
(RSD, %, n=23) (RSD, %, n=13)

Benzene N.D.b 101.2 (7.3) N.D. 102.1 (8.1)
Toluene N.D. 104.1 (6.1) N.D. 101.5 (5.3)
Ethylbenzene N.D. 109.4 (8.3) N.D. 106.7 (6.8)
Xylene N.D. 104.9 (5.6) N.D. 103.3 (5.2)

aSpiked at a concentration of 100 pg/L, Pnot detected or below LOD.
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Fig. 3. Chromatogram of the extracted BTEX from spiked (100 pg/L) real sample. Extraction conditions: extraction solvent (n-
hexane) volume, 0.3 mL; NaCl concentration: 175.5 g/L; heated chamber temperature, 70°C; N, gas flow rate, 20 mL/min.

Table 7. Comparison of the proposed method with other extraction methods for BTEX determination in water samples

Method LOD, ug/L DLR, ug/L RSD, % Reference
DSDME/GC-FID 0.8—7 10—2000 1.8-2.5 [21]
DLLME/GC-FID 0.1-0.2 0.2—100 0.9-6.4 [22]
SPME/GC-FID 0.1-0.37 0.3—1750 0.8—4.0 [23]
HF-LPME/GC-FID 0.005—0.03 0.05—-20 2.0-4.6 [24]
SDME/GC-MS 0.07-0.3 0.3—10 6.5—11.5 [9]
Ultrasound-assisted-DLLME/GC-FID 0.2—-0.3 5-2500 1.9-5.7 [7]
SPME/GC-MS 0.4-7.4 10—500 5.2—14.2 [14]
OGE-LE/GC-FID 10 50-5000 5.3—-10.3 This study
D.SDME—di.rectly suspended droplet microextraction, HF-LPME—hollow fiber liquid-phase microextraction, SDME—single-drop
microextraction.
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