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Abstract The centrifuge-less dispersive liquid-
liquid microextraction (DLLME) technique was
used to separate selenium species in aqueous sam-
ples. According to the salting-out effect, a simple
approach was used to eliminate the centrifugation
step. The optimization of the independent variables
was performed using chemometric methods. Under
optimal conditions, this methodology was statistical-
ly validated. The linearity was between 20 and
300 ug L', The limit of detection and quantifica-
tion were calculated 3.4 pug L™ and 10.4 pg L7,
respectively. The values of reproducibility and re-
peatability were determined < 9.5% and < 6.4, re-
spectively. The possibility of the method was suc-
cessfully assessed by analyzing the analytes in real
samples clarified satisfactory recoveries (98.1—
101.4% for Se (IV) and 98.4-101.5% for Se (VI)).
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Introduction

The DLLME technique has been applied since the end
of 2006. It was the consequence of researchers’ attempt
to find a way to reduce certain problems encountered
during sample preparation. Dispersive liquid-liquid
microextraction (DLLME) technique has been applied
since the end of 2006. It was the consequence of re-
searchers’ attempt to find a way to reduce certain prob-
lems encountered during sample preparation. The
DLLME is an extraction technique developed within
the last decade that involves the dispersion of fine
droplets of extraction solvent in an aqueous sample.
Partitioning of analytes into the extraction phase is
instantaneous due to the very high collective surface
area of the droplets. Hence, high enrichment factors
and very low solvent consumption were achieved in
comparison with conventional extraction techniques
(Quigley et al. 2016). This method also aimed to over-
come the incompatibility with the twelve principles of
green analytical chemistry (Lichtfouse 2005). The ad-
vantages of this method have led to its widespread use in
preparing the sample and preconcentrations of the or-
ganic and inorganic analytes in various matrices. Low
solvent consumption, high speed, and simplicity are
considered as some advantages of the DLLME method.
However, this method has long been criticized for its
disadvantages such as the need for halogenated solvents,
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the requirement of a second dispersive solvent, and
difficulties in collecting extraction solvent following
the extraction process. Furthermore, this method re-
quires centrifugation. Attempts to overcome the afore-
mentioned disadvantages resulted in introducing modi-
fied methods and/or new techniques. In this vein, the use
of ionic liquids (Rykowska et al. 2018), supramolecular
solvent (Zong et al. 2018), and switchable solvent
(Timofeeva et al. 2017) to replace toxic halogenated
solvents have made these methods more environmental-
ly friendly. In addition, dispersion using air (Nejad et al.
2017), vortex (Abdallah and Ahmed 2019), and ultra-
sound (Panhwar et al. 2017; Tuzen et al. 2018) assis-
tance instead of dispersive solvent could remove the
second solvent, resulting in more compliance with green
chemistry principles. Moreover, using dissolved gas
flotation (Seidi 2017) and magnetic ionic liquid
(Fiorentini et al. 2018; Wei et al. 2019) as well as salt
addition (Farahani 2019) have led to independence from
centrifugation. It should also be noted that using novel
tools and replacing traditional solvents with ones with
lower density compared with water and having a melt-
ing point approaching (or near) the surrounding temper-
ature makes it possible to collect the extraction solvent
following the extraction (Chen et al. 2015; Jain and
Verma 2011). In this study, some strategies have been
developed to overcome the shortcomings of classical
DLLME for the determination of selenium. In this
way, the disperser solvent was replaced by vortex agi-
tation, 1-undecanol was used as a more sustainable
solvent instead of toxic organic solvents, and the
salting-out effect was employed for omitting the centri-
fugation step. Selenium is a necessary trace mineral that
is important for many bodily processes. Selenium has
two inorganic forms in aqueous samples: Se (VI) and Se
(IV), which have higher toxicity compared with sele-
nium’s organic forms (LeBlanc et al. 2018; Tan et al.
2016). Therefore, the development of analytical
methods based on the principles of green chemistry is
very crucial for monitoring selenium in dietary sources.

Materials and method

The chemicals Na,SeOs, Na,SeO,, 1-dodecanol, 1-
undecanol, 1-decanol, n-hexadecane, and 3,3’-diamino-
benzidine hydrochloride (DAB) were obtained from
Sigma-Aldrich company at the highest grade of purity
(99%). Appropriate amounts of Na,SeO3 and Na,SeOy4
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were dissolved in a 100-mL volumetric flask, and the
resulting solution was diluted with distilled water to
obtain stock standard solutions of Se (IV and VI,
1000 pg mL™"). The resulting solutions were then kept
in a refrigerator at 4 °C and away from light. HCI (37%)
and NaCl (> 99.0%) were purchased from Merck Com-
pany. Injectable Se solution as a veterinary pharmaceuti-
cal was prepared from Razak Drug Co (Alborz, Iran).
The working solutions and the DAB solution were made
every day. Double-beam spectrophotometry
(PerkinElmer Lambda 25 with 350 uL quarts microcell)
was employed to read the absorbance. Metrohm 780 pH
Meter and the FINE PCR vortex were utilized to read the
pH of the solution and accelerate the dispersion of the
cloudy solution. The experiments were carried out with
the optimal values of the independent variables. In the
first step, a 5 mL selenium (IV) solution (0.2 mg L") was
transferred to a test tube and 0.6 mL of a DAB solution
(0.005 mol L") was subsequently added. A hydrochloric
acid solution was then added to the solution to adjust the
pH to 2-2.5. The sample was put in a 100 °C water bath
for approximately 5 min, and then, the pH was adjusted.
After adding the extraction solvent, the sample was
placed in a vortex mixer. Next, a filter paper was used,
and 2.5 g of sodium chloride salt was added. The vortex
solution was passed through a salt column, and organic
and aqueous phases were separated. After the separation,
the organic phase was then placed in an ice cooling bath
and the sample was loaded to read the absorbance at 434
nm. To measure Se (VI), it was converted to Se (IV) with
hydrochloric acid (Mostafavi et al. 2019).

Results and discussion

Solvent extraction is considered as a very important
variable affecting the extraction efficiency. In the pres-
ent study, 1-dodecanol, 1-undecanol, 1-decanol, and n-
hexadecane were used as the extracting solvent. As
Table S1 indicates, the extraction efficiency with 1-
undecanol is higher, leading to its selection as the
extracting solvent.

Multivariate optimization analysis based on PBD and
CCD was performed to screen and identify the signifi-
cant factors, respectively. First, PBD was used to screen
the important variables like extracting solvent volume
(A) and vortex time (B), vortex intensity (C),
complexing agent concentration (D), pH value (£), and
the sample flow rate (F).
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Altogether, twenty-three experiments were performed
randomly with three replications. Replication helps ob-
tain a better estimate of experimental error. The details of
the experimental design are presented in Table 1.

The significance of the model was assessed through
analysis of variance. As shown in Table 2, the results
indicate the significant effects of the extracting solvent
volume (A), vortex time (B), and the complexing agent
concentration (D) on extraction efficiency (p < 0.05).
However, no significant impact was seen on the effi-
ciency of the extraction. Moreover, the adverse effect of

the complexing agent concentration (D) is shown on a
normal curve plot (Fig. 1).

As the results of the screening design indicate, the
extracting solvent volume (A) and vortex time (B) were
utilized at low, central, and high levels under CCD in 13
randomly evaluated experiments. Table 3 shows the
results of CCD experiments. The results presented in
Table 4 demonstrate the significance of the regression (p
< 0.05) and non-significance (p > 0.05) of the lack of fit
(LOF). In line with this, Eq. (1) was used as the basis to
formulate a second-order polynomial model:

Table 1 Experimental variables, levels, design matrix, and absorbance in the PBD applied for optimization of the proposed method (1 = 3)

Variables Coded Levels
Low (= 1) Center (0) High (+ 1)
Extracting solvent volume (u1L) A 50 100 150
Vortex time (min) B 2 6 10
Vortex intensity C Low Center High
Complexing agent concentration (mol L") D 0.005 0.0275 0.050
pH value E 2 5 7
Sample flow rate (mL min ") F 0.4 0.6 1
Run Order A B C D E F Abs.
22 1 1 -1 -1 -1 -1 1 0
16 2 0 0 0 0 0 0 0.2
23 3 -1 1 -1 -1 -1 0.04
3 4 1 -1 1 -1 1 1 0.03
13 5 -1 -1 -1 -1 1 -1 0.08
18 6 -1 -1 -1 1 -1 1 0
14 7 -1 -1 1 1 -1 1 0
9 8 -1 1 1 1 0
17 9 0 0 0 0 0 0 0.2
20 10 -1 -1 1 -1 0.38
5 11 -1 1 -1 1 -1 1 0.002
21 12 -1 1 1 -1 1 1 0.16
12 13 -1 -1 -1 -1 -1 -1 0.06
14 1 1 -1 -1 1 1 0.49
15 1 1 1 1 -1 -1 0
19 16 1 -1 1 1 -1 -1 0
10 17 1 1 -1 -1 -1 -1 0.27
7 18 -1 1 1 1 1 -1 0
4 19 -1 1 -1 1 1 0
1 20 0 0 0 0 0 0 0.2
11 21 -1 -1 1 -1 1 -1 0
8 22 1 1 1 -1 -1 1 0.2
15 23 1 1 -1 1 1 -1 0.18
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Table 2 Analysis of variance for PBD (coded units)

Source DF* AdjSS® AdjMS® Fvalue® p value
Model 7 0.168965 0.024138 5.16 0.004
Linear 6 0.12853  0.021422 4.58 0.008
A 1 034114  0.034114 7.29 0.016
B 1 034048  0.034048 7.28 0.017
C 1 0.021125 0.021125 451 0.051
D 1 0.032096  0.032096  6.86 0.019
E 1 0.006698  0.006698 1.43 0.25
F 1 0.000449  0.000449 0.1 0.761
Curvature 1 0.040435  0.040435 8.64 0.010
Error 15 0.070194 0.00468

Lack of fit 13 0.070194  0.0054

Pure error 2 0 0

Total 22 0.23916

 Degrees of freedom
®Sum of squares
“Mean squares

4 F statistic is a value you get when you run an ANOVA test or a
regression analysis to find out if the means between two popula-
tions are significantly different

Y =By + Bi1A + B,B-BA>~BpB> + B,AB (1)

In the above formula, Y denotes the dependent vari-
able, 3, denotes the intercept term, A and B denote the
independent variables, 3; and (3, are the linear coeffi-
cients, the quadratic coefficients are denoted by (3, and
[>5, while the cross-product coefficient of the opposite
is denoted by f3;,. Two primary effects (3; and /3,), two
curvature effects (51, and (3,,), and one two-factor in-
teractions (0;,) were derived from this relationship.

a

Term

A

00 05 10 15 20 25 30
Standardized Effect

The surface response method (RSM) was used to
evaluate the results of the experiments, and multiple
regression analysis was used to test whether a certain
empirical relationship exists between the response (Y)
and the independent variables, which is expressed by
Eq. 2):

= ~0.695 + 0.1269A
+0.08438-0.000055A2-01155B2
+0.000500AB (2)

The quantitative measurement coefficient (R?)
accounted for the fit quality of the polynomial equation.
In this respect, the value of R as a measure of variance
was around 0.9613. Figure 2 shows the three-
dimensional curve of the model and the developed
RSM by the model. As can be seen, the adsorption
amount increases by enhancing the extracting solvent
volume up to about 150 uL, which has a negative effect
on the adsorption. However, increasing the vortex time
to about 7 min resulted in increasing adsorption capac-
ity. Hence, the optimum test conditions are the
extracting solvent volume of 147 pL and a vortex time
of 7 min as well as high vortex intensity, complexing
agent concentration of 0.005 mol L™, an injection flow
rate of 0.4 mL min_l, and pH of 7.

Method validation is an important technique in
analytical chemistry to guarantee the quality, reliabil-
ity, and comparability of the results. In the present
study, the method validation was conducted based on
“The Guidelines and Rules of the International Con-
ference on Harmonization (ICH).” Linearity range,
calibration model, detection and quantification limit,
and precision and accuracy were considered as the

b

29

90 [

Percent
8

0 =0

-3 -2 -1 0 1 2 3
Standardized Effect

Fig. 1 a Pareto charts of the main effects got from the Plackett—-Burman design. b Normal probability plot
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Table 3 Experimental variables, levels, design matrix, and results in the central composite design (n = 3)

Variables Coded Levels
Low (— 1)

Extracting solvent volume (L) A 100
Vortex time (min) B 2
Run Order Block A

1 6 1 +a

2 1 1 -1

3 3 1 -1

4 9 1 0

5 5 1 —a

6 10 1 0

7 7 1 0

8 4 1 1

9 2 1 1

10 11 1 0

11 13 1 0

12 8 1 0

13 12 1 0

Star point (a = 1.682)

Center (0) High (+ 1) —a +a

140 280 83.43 196.57

6 10 0.34 11.66
Abs

0 0.70599

-1 0.21586

1 0.18849

0 0.50185

0 0.3518

0 0.56484

—a 0.1012

1 0.1166

-1 0.00816

0 0.52907
0.4953

+a 0.26754

0 0.5062

parameters for evaluating the validity of the method.
The best calibration curve was constructed with ten
standard concentrations of Se (IV) ranging from 5 to
500 pg L' (n = 3). Each concentration was exam-
ined in the optimum condition of the variables in
three replicate experiments. Additionally, to deter-
mine the linearity of the calibration curve, an analysis
of variance test was examined. Consequently, an F

Table 4 Analysis of variance for the fitted quadratic polynomial
model of the proposed method

Source DF SS MS Fvalue p value
Model 5 0324771 0.064954 3481 0
Linear 2 0.33031 0.016515 8.85 0.012
A 1 0.001735 0.001735 0.93 0.376
B 1 031296 .031296 16.77  0.005
A? 1 .053345 0.053345 28.59  0.001
B? 1 0237660 .377660 127.38 0.000
2-way interaction 1 ~ 0.025579 0.025579 13.71  0.008
AXB 1 0.025579 0.025579 13.71  0.008
Error 7 0.013060 0.001866

Lack of fit 3 0.009839 0.003280 4.07 0.104
Pure error 4 0.003221 0.000805

Total 12 0.337831

test was used to calculate the ratio of the LOF vari-
ance to squared pure errors. It is notable that the
proportion of Feitical 10 Fexperimentat Was more than
1.0. The results obtained for the F test and the high
value of the coefficient of determination (R =
0.9613) of the analyte supports that the linear func-
tion model is statistically significant. Furthermore,
linearity in the range of 20-300 ug L' for the Se
(IV) sample was computed. The common parameters
of the limit of quantitation (LOQ) and limits of de-
tection (LOD) were used to analyze the sensitivity
(IUPAC 2002; Faraji and Helalizadeh 2017). The
LOD and LOQ of the analyte were estimated at
3.4 ug L' and 10.4 ug L', respectively (see
Electronic Supplementary Material, Table S2).

Based on definitions provided by ICH, accuracy is
known as the proximity between the obtained value
and the actual or accepted value although accuracy is
frequently utilized to evaluate the systematic error. In
the present study, accuracy was examined using the
recovery tests. In other words, it was assessed by
obtaining the recovery value of each concentration
level by dividing the mean concentration difference
from the three replications and the actual or accepted
value. Finally, a 7 test at a 95% confidence level was
run. The empirical ¢ statistic was calculated based on
the following equation:
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Fig. 2 Surface plot of analytical
signal vs extracting solvent
volume and vortex time

fop = | 100-Rey | SR/\/N)

where Fexp, N, and Sy represent the mean relative
recoveries, the number of samples, and the standard
deviation of recoveries, respectively. In this evalua-
tion, the null hypothesis (Ho) equals Rex, = 100%
while hypothesis one (H;) equals E,xp # 100%.
Reproducibility was used to evaluate the accuracy,
and the results were reported as the percentage of rela-
tive standard deviation. Additionally, the evaluation of
the reproducibility was repeated five times for three

12

8

time (min)

100

150 0
Vol Sol. (ul)

concentrations in optimal conditions under the same
testing conditions. As for reproducibility, 27 experi-
ments were conducted under optimal conditions in three
different days by two different testers. Data on the 3
days were used to analyze the variance, and the reported
results had a 95% level of confidence. Furthermore, the
values of reproducibility and repeatability were deter-
mined at < 9.5% and < 6.4%, respectively.

To determine how specific the approach was, various
quantities of other ions were added to the sample of
selenium standard solution. The assessment of analyte
recovery was performed for every extrinsic ion and

Table 5 Concentrations of Se (IV) and Se (VI) determined in real samples

Sample Spiked (pg LY Se@v) Se (VI)
Se (IV) Se (VI) Found (ng LY RR% (n=3) Bias (%) Yexp Found (ug LY RR% (n=3) Bias (%) fexp
Tap water 0 0 Nd.° - 138 Nd. - - 1.89
30 30 29.7 99.2 -0.8 29.8 99.2 -0.8
40 40 39.2 98.1 -1.9 40.5 101.4 1.4
50 50 50.7 101.4 49.9 99.8 =02
River water 0 0 0 - 1.87 Nd° - - 2.01
30 30 29.6 98.8 -1.2 29.5 98.4 -1.6
40 40 39.5 98.9 - 1.1 40.2 100.5 0.5
50 50 49.1 98.2 - 1.8 50.7 101.5 1.5
Drug 0 - 64.3 99 1.92 - - - -
25 - 89.3 99.2 -0.8 - - -
35 - 99 99 - - -
45 - 110.3 100.3 - - -

10,025, 8y = 2.30
®Not detected
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Table 6 Comparison methods used in previous studies for the preconcentration of Se ion in aqueous samples with the proposed method in

this study

Preconcentration Detection Linearity (ug LOD (ung  LOQ (ng  Extraction solvent/dispersive  Ref.

method technique LY LY LY solvent

DLLME?® ETV-ICP-MS®  0.5-100.0 0.047 - CHCI3/EtOH Zhang et al. (2013)

DLLME ET-AAS® 0.015-12.5 0.015 - ILYMeOH Martinis et al.
(2011)

UA-LPME® ET-AAS 0.2-8.0 0.005 0.015 DESYUSE Panhwar et al.
(2017)

DLLME-SFOD" UV-Vis 40.0-1000.0 16 533 1-undecanol/EtOH Shabani et al.
(2013)

DLLME-SFOD UV-Vis 5.0-600.0 1.6 53 1-undecanol/EtOH Dadfarnia et al.
(2014)

HDESi-DLLME UV-Vis 2-100 0.79 1.92 BTPPB, 1-undecanol Mostafavi et al.
(2019)

Centrifuge-less UV-Vis 20.0-300.0 34 10.4 1-undecanol This study

DLLME

“ Dispersive liquid-liquid microextraction

® Electrothermal vaporization inductively coupled plasma mass spectrometry

¢ Electrothermal atomic absorption spectrometry
4Yonic liquid

¢ Ultrasound-assisted liquid-phase microextraction
f Deep eutectic solvent

€ Ultra sound

" Solidification of floating organic drop

 Hydrophobic deep eutectic solvent

determination of the equivalent error was done post-
extraction under ideal conditions (Table S3). In addi-
tion, the method tolerance was reported as acceptable in
the presence of intrusive ions up to 5%. As the results
showed, no buffer, as the source of different impurities
and perturbations, was required during testing since the
DAB ligand was stable in the strong acidic medium.
Moreover, the results show that the complexing agent
reacts with no alkaline or alkaline earth elements. There-
fore, it has the potential to be successfully tested in
natural samples and aquatic environments with high salt
content. Furthermore, actual samples with content of
river water, tap water, and the drug were analyzed to
establish how precise the approach was. The recovery
experiments were performed by the addition of known
amounts of the standard solution (Se IV and VI) to tap
and river water samples in concentrations of 30.0, 40.0,
and 50 pg L', The injectable solution drug sample was
also spiked by a standard solution of Se (IV) in concen-
trations of 25.0, 35.0, and 45.0 pg L', Accordingly, for
each concentration level, the accuracy was reported as

percent recovery by the assay of the known added
amount of the analyte in the sample or as the difference
between the mean and the accepted true value together
with the confidence intervals. Table 5 shows the recov-
ery results of each sample after adding a certain amount
of Se (IV and VI) standard at three concentration levels.
Finally, a # test at a 95% level was used to evaluate the
results. Simply, by the subtraction of the total content of
Se from the values of Se (IV) in Table 5, the Se (VI)
amount was determined.

Conclusion

This study put forth a novel approach for selenium ion
preconcentration and measurement in aqueous samples
and assessed that approach against strategies devised by
earlier research (Table 6). The findings indicated that
this method is cost-effective, convenient, fast, and more
environmentally friendly. To that end, the study did not
employ any halogenated solvent and minimal solvent
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extraction was undertaken in the context of the tech-
nique of floating drop solidification. This was done so
that the standard technique of dispersive liquid-liquid
extraction conformed to the green chemistry tenets. In
addition, the dispersive solvent was removed, and the
separation procedure was carried out without centrifu-
gation. Future studies should take more essential steps to
embrace the principles of green chemistry.
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