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Abstract

In this study, a new method based on electromembrane extraction (EME) followed by corona discharge ion mobility spectrometry
(CD-IMS) was used for preconcentration and quantification of malachite green in water samples. In the EME procedure, the
charged malachite green migrated into the supported liquid membrane (SLM) under an applied potential. The extraction effi-
ciency of malachite green was assessed based on two phase EME under effective parameters including applied voltage, extraction
time, pH of the sample solution, stirring rate, and salt addition in the sample solution. The analytical performance of the
developed EME method was studied under the optimum extraction condition. The dynamic linear range and low limit of
detection of the EME method were 5-250 ng mL ™" and 1.5 ng mL ™", respectively. The preconcentration factor of 150 and the
RSD% of 3.8-7.6% were also achieved using EME method. Finally, the proposed method was successfully tested for the
extraction and analysis of malachite green in different water samples.

Keywords Sample preparation - Corona discharge ion mobility spectrometer - Malachite green - Preconcentration factor -

Supported liquid membrane - Water sample

Introduction

Many physical and chemical contaminants infect the environ-
ment all around the world. The main pollution types include
air pollution, light pollution, noise pollution, plastic pollution,
soil contamination, radioactive contamination, thermal pollu-
tion, visual pollution, and water pollution [1-5]. Among these
contaminants, water pollution has become a serious issue
across the world because water is one of the most critical
natural resources for life [1]. The causes of water pollution
include a wide range of chemicals and pathogens as well as
physical parameters. Pollutants may consist of organic and
inorganic materials. A group of organic substances that con-
taminates water are triarylmethane dyes (malachite green
(MQ)) [2]. MG and MG derivatives dyes are synthetic organic
compounds containing triphenylmethane backbones. As these
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compounds are intensely colored, they are industrially pro-
duced as dyes [3].

Moreover, MG is extensively used across the world
because of its high efficacy for treatment of fungicide,
parasiticide, and antiseptic, antibacterial properties in the
aquaculture. Also, MG is used as a dye in food, textile,
silk, leather, cotton, paper, and other industries for one or
the other purposes [4-7]. MG, like other triphenylmeth-
ane compounds, may cause cancer and mutagenesis be-
cause of its high toxicity [8§-10]. Hence, the usage of
these compounds in aquaculture and various industries
has created serious concerns. In recent decades, design-
ing and development of methods to determine the syn-
thetic dyes from the aqueous media, has covered a prom-
inent area of the analytical chemistry researches.

Due to the low concentration of MG in wastewater and
water samples, sample preparation and preconcentration step
is necessary before direct analysis. For this purpose, various
methods to determine MG from aqueous media, including
molecularly imprinted solid-phase extraction (MISPE)
[11-13], magnetic solid phase extraction (MSPE) [14], solid
phase extraction (SPE) [15, 16], cloud point extraction (CPE)
[8, 17, 18], solvent extraction [19], and dispersive liquid-
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liquid microextraction (DLLME) [20-22], covered the vast
area of the analytical chemistry researches.

EME is a miniaturized liquid-liquid extraction technique
developed for sample preparation of aqueous samples before
the analysis by chromatography, electrophoresis, mass spec-
trometry, and other procedures in analytical chemistry [23].
The EME method usually involves the use of a small volume
of organic solvent in the lumen of hollow fiber as a supported
liquid membrane (SLM) and application of an electrical field
across the SLM. This method has attracted remarkable atten-
tions due to its desirable features such as utilization of reduced
organic solvents, low extraction time, rapid processing, and
small volumes of sample and reasonable analysis costs. Also,
due to the fact that extraction procedure is accomplished under
the effect of an electrical field, the extraction efficiency can be
improved with controlling of the electrical field [24].

Several analytical systems such as UV-Visible spec-
trophotometry, and high-performance liquid chromatog-
raphy (HPLC) has extensively applied for the determi-
nation of MG [25, 26]. It is worth to mention that
HPLC is an expensive device with high analysis time.
HPLC usually uses a large volume of organic solvents
that causes environmental pollution and also increases
the cost of the analysis. Also, the ion mobility spectrom-
eter (IMS) system could identify the MG. IMS is one of
the separation techniques used to identify and quantify
the ionized molecules in the gas phase [27]. These ions
are separated in the presence of carrier gas based on
their mobility. The main advantages of IMS involves
low detection limit, simplicity, portability, fast response,
and relatively low cost [28]. Also, IMS does not use
organic solvent unlike HPLC, so it’s an environmentally
friendly device.

As far as we know, EME and IMS have not been used to
identify MG yet. So, in this work, we aimed to develop EME/
IMS technique for identification and determination MG as an
important fungicide/ antibacterial for the first time. In the
EME technique presence of driving force across the SLM,
can leading to decrease the extraction time, and consequently
increase preconcentration factor. Some of experimental con-
ditions, including the organic solvent, applied voltage, extrac-
tion time, pH of the sample solution, stirring rate, and salt
concentration, were optimized for the EME-IMS method. In
the end, this presented method was successfully applied for
the extraction and determination of MG in wastwater samples.

Experimental
Instruments and reagents

The used DC power supply was a PV-300 model
(Mobtaker Aryaei J, Zanjan, Iran) with applied voltage in
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the range of 0-300 V, providing currents in the range of 0—
1 mA. Platinum wires (diameter 0.2 mm) were applied as
electrodes with an inter-electrode distance of 5 mm in the
sample (donor) and acceptor solutions. A digital pH-meter
(Cyberscan 2100, Eutech Instruments, Singapore) was ap-
plied for pH measurements.

MG, NaOH, HCl, and NaCl were purchased from Merck
(Darmstadt, Germany). All organic solvents, including 2-
nitrophenyl octyl ether (NPOE), 1-octanol, n-hexadecane, n-
heptadecane, and nitrobenzene, were from Fluka (Buchs,
Switzerland). HPLC grade water was obtained through a
Milli-Q® system (Millipore, Milford, MA, USA) and was
used to prepare all solutions. All chemicals used in analysis
were analytical grade.

Standard solution and real samples

The stock solution of MG was prepared by weighing and
dissolving an appropriate amount of MG in 10 mL HPLC-
grade water to prepare a solution with concentration of
1000 mg L. The stock solution was kept in the amber glass
and protected from the light at 4 °C in the refrigerator to be
prevented from decomposition. All of the required working
solutions were obtained by daily dilution of the stock solution.
The pH of the sample solution was adjusted by addition of
HCI solution.

The wastewater sample was collected from the Shahid
Beheshti University (Tehran, Iran). Moreover, the river and
sea water samples from shanderman and Caspian sea in the
north of Iran. The fish farming waters were collected from the
fish pools breeding in Jajroude. All of the water sample solu-
tions were filtered through membrane filters (0.45 um) imme-
diately after collecting.

lon mobility spectrometer conditions

Corona discharge Ion mobility spectrometer (CD-IMS)
(model 1000) (Isfahan, TOF Tech. Pars) used in this
work was manufactured at Isfahan University of
Technology (Iran). The CD-IMS included an ionization
region (including the corona discharge needle region)
and a drift region (16 cm in length). All experiments
were conducted in positive ionization mode, and nitrogen
as the drift and carrier gases was used by flow rate of
1000 and 600 mL min ', respectively. Other conditions
of the IMS components can be found from the work
reported previously [28]. All IMS spectra were recorded
by Pico scope software, and each IMS spectrum was an
average of 300 individual spectra. The peak area of the
IMS spectrum was calculated by Vis-IMS software. The
optimized experimental conditions in IMS for recording
the spectra were as following: pressure 660 Torr, injec-
tion port temperature 250 °C, IMS cell temperature



Int. J. lon Mobil. Spec. (2020) 23:153-160

155

200 °C, typical shutter grid pulse width 100, corona volt-
age 700 V, and the drift field of 437 V cm .

Procedure for EME

First, the polypropylene hollow fiber cut into 6 cm seg-
ments. Then, these pieces of polypropylene hollow fiber
were inserted in the glass vial and dipped in the organic
solvent serving as the SLM. After a few minutes, a piece
of hollow fiber was taken and excess of solvent was re-
moved with a medical wipe. Then, 20 puL of organic solu-
tion was introduced into the lumen of the hollow fiber using
an HPLC syringe, and finally, the end of hollow fiber was
closed by heat. Subsequently, the hollow fiber containing
the acceptor solution was placed in the sample solution.
Positive and negative platinum electrodes were placed in
the donor and acceptor solutions, respectively and connect-
ed to a DC power supply. The cell prepared for EME was
placed on a magnetic stirrer. Magnetic stirrer and power
supply were simultaneously turned on, and the extraction
was accomplished for a prescribed time. After the extraction
was completed, the magnetic stirrer and the power supply
were turned off. Then, the acceptor solution was collected
with an HPLC syringe and transferred directly to a micro-
vial. In the end, 1 puL of acceptor solution was injected to
CD-IMS using a GC syringe. The schematic illustration of
the MG electromembrane extraction (MG-EME) is shown
in Fig. 1.

Fig. 1 Schematic illustration of
the MG electromembrane
extraction (MG-EME) coupled
with IMS procedure

Malachite Green

Results and discussion
Optimization of EME procedure

The performance of the proposed procedure was evaluated to
achieve the highest extraction efficiency of MG. For this pur-
pose, the effect of different factors, including organic solvent,
applied voltage, extraction time, pH of the sample solution,
stirring rate, and salt addition. In EME method was studied in
detail.

Variation in SLM composition (organic solvent)

The nature of the solvent between the donor and acceptor
solution plays a critical role in the EME efficiency. This sol-
vent must have some characteristic including certain electrical
conductivity for electrokinetic migration of ions across the
SLM; on the other hand, SLM should have the lowest level
of the electrical resistance for keeping the electrical current in
the system. Also, low vapor pressure to prevent losing the
solvent during the experiments is necessary. Moreover, it
should be immiscible with water so that it can be easily in-
terred the pores of polypropylene hollow fiber. Therefore, a
suitable organic solvent can effectively increase the efficient
extraction of the target analyte. As a result, a series of exper-
iments were accomplished with different types of organic sol-
vents, including 2-nitrophenyl octyl ether (NPOE), 1-octanol,
n-hexadecane, n-heptadecane, and nitrobenzene. As can be
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seen in Fig. 2a high peak area demonstrat that the 1-octanol
has the best extraction efficiency compar with the others.
Therefore, 1-octanol was selected as the optimum organic
solvent for the rest of the experiments.

Effect of voltage in EME

In the EME process, voltage plays a pivotal role in providing a
significant and efficient electrokinetic migration. Voltage as
driving force causes transport of MG ions across the SLM
[29, 30]. To find the optimum condition, a series of experiments
were carried out in the various applied potentials in the range
0.0-70 V. As can be seen in Fig. 2b, when extraction process
was carried out free of voltage, the extraction efficiency was
very low. But, the results showed that increasing in the applied
potential; analyte could effectively migrate from the donor so-
lution (DP) towards the acceptor solution (AP). Also, by in-
creasing the voltage up to 40.0 V, the peak areas increased.
Further, at the voltages higher than the 40.0 V, the extraction
efficiency decreased that can be due to electrolysis reaction in
donor and acceptor solutions via the following reactions.

AP (negative electrode) : 2 H' + 2¢ —H,
DP (positive electrode) : H,0—2H" + '/ , 02 +2e

Thus, as voltage increases, the concentration of hydronium
ions in acceptor solution decreases; consequently, pH in the
acceptor solution gradually increases. Also, at the higher
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voltages, bubble formation in the surface of SLM, resulting
in reduction in flux of analyte ions across the SLM [31].
Consequently, voltage of 40.0 V was selected as applied po-
tential across the SLM in the next experiments.

Effect of extraction time

Since in the EME process, there is an equilibrium distribution
between two sides of SLM, time as one of the most crucial
parameter plays a significant effect on the extraction efficiency.
In this work, effect of extraction time on the extraction of MG
was investigated in the range from 5.0 to 30.0 min. The results
are shown in Fig. 2¢ The extraction efficiency of MG increased
by increase in time up to the 20.0 min. In longer times, the peak
areas for MG decreased. It may be due to joule heating phe-
nomenon, which can result in evaporation or dissolution of
organic phase in the sample solution. These effects might be
attributed to unstabilization of the transport of analytes or could
result in back-extraction of target analytes to the SLM.
Therefore, for the rest of this work, extraction time of
20.0 min was chosen as the best time in the EME process.

Effect of the pH sample solution

In the following step of optimization, the pH value of donor
solution was considered to explore the efficiency of extraction
of MG. In fact, the target analytes should be in the ionized
forms to be easily transferred across the SLM. The pH of
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Fig. 2 a. Effect of the SLM solvent on the extraction efficiency.
Extraction conditions: (100 ng mL™" of MG, applied voltage: 50.0 V,
sample solution pH 1.0, stirring rate 1000.0 rpm, extraction time of
30.0 min.) b. Effect of applied voltage on the extraction efficiency.
Extraction conditions (100 ng mL™' of MG, sample solution pH 1.0,
stirring rate 1000.0 rpm, extraction time 30.0 min, SLM solvent: 1-
octanol.) ¢. Effect of extraction time on the extraction efficiency.
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Extraction conditions: (100 ng mL™" of MG, applied voltage 40.0 V,
sample solution pH of 1.0, stirring rate 1000.0 rpm, SLM solvent: 1-
octanol.) d. Effect of pH of sample solution on the extraction efficiency.
Extraction conditions: (100 ng mL ™' of MG, applied voltage 40.0 V,
stirring rate 1000.0 rpm, extraction time 20.0 min, SLM solvent: 1-
octanol)
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donor solution was studied in the range of 1.0—4.0 to deter-
mine the optimum amount of extraction (Fig. 2d). Since the
pKa of MG is 4.08, the MG in this pH range exists in its ionic
form; therefore the MG carries a positive charge to be able to
move under the electrical field toward the cathode electrode.
Therefore, the decrease in the pH of the donor solution en-
hanced the concentration of ionic form of analyte in the sample
solution, resulting in an increase the extraction efficiency. Thus,
the pH of 1.0 was selected for the subsequent experiments.

Effect of stirring rate

In the EME process, the agitation speed can enhance the trans-
fer of ions across the SLM and decrease the time required to
reach a thermodynamic equilibrium [32, 33]. In the other
words, agitation in the sample solution reduces the nernst
diffusion layer thickness near SLM [34, 35]. Therefore, the
effect of stirring rate on the extraction efficiency was assessed
within the range of 250.0—-1250.0 rpm with 20.0 min as ex-
traction time (Fig. 3a). The results showed that the peak areas
increased by increasing the stirring rate from 250.0 to
1000.0 rpm, but the paek area of MG decreased at higher
stirring rates. It may be due to violent convection in the sample
solution that cause the unstability of SLM. Hence, stirring rate
of 1000.0 rpm was chosen in the subsequent experiments.

Effect of ionic strength

Ionic strength is another parameter that can affect the flux of the
analyte ions across SLM. According to previous studies on the
EME method, increase in total ionic concentration of donor
solution impresses the ion balance and causes decrease in flux
of ions of donor solution to the SLM. To conduct the effect of
ionic strength on the extraction efficiency of basic analyte, var-
ious concentrations of sodium chloride (NaCl, 0.0-5.0%, w/v)
in the donor solution were assessed (Fig. 3b). The results
showed that with increase in the concentration of sodium chlo-
ride in the solution, the competition among target analytes and
sodium cations increased and in turn, the peak area decreased.
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Fig. 3 a Effect of stirring rate on the extraction efficiency. Extraction
conditions: (100 ng mL™" of MG, applied voltage 40.0 V, sample
solution pH 1.0, extraction time 20.0 min, SLM solvent: 1-octanol.) b.
Effect of salt addition on the extraction efficiency. Extraction

Peak Area

Thus, migration of analyte ions would be more efficient in the
absence of salt, and further studies were performed under such
conditions.

Method validation

Analytical parameters of the proposed EME method was eval-
uated under the optimized extraction condition; Calibration
curve was drawn with a concentration range of 5.0—
250.0 ng mL™" for the MG in water samples. The linearity
was considered by the least-squares regression method, corre-
lation coefficients (R?) 0.9948, and limit of detection
1.5 ng mL ™ 'was assessed with (S/N =3). Intra-day accuracy
or repeatability of this method was performed by injection of
five replicate of sample analyte (100 ng mL™"), while inter-
day accuracy was studied by measurement of the same con-
centration over five days in succession. The RSDs were ob-
tained to be in the range of 3.8-7.6%. This proposed method
showed the acceptable reproducibility for the determination of
MG (Table 1). Also, five sample solutions with a concentra-
tion of 100 ng mL™" for the determination of preconcentration
factor (PF) of target analyte were prepared. The PF was cal-
culated as the ratio of the final concentration of an analyte in
the acceptor solution to an initial concentration of the analyte
in the donor solution.

Comparison of the proposed method with LPME
and the other reported methods

The comparative study between the obtained results in the
proposed method with some of analytical methods that have
been reported in the literature for the determination of MG
(Table 2). As can be seen, this presented method provided
the lower LOD and high preconcentration factor rather than
that of conventional procedures using molecularly
imprinted solid phase extraction [36], cloud point extraction
[37, 38], dispersive liquid-liquid microextraction [39],
micro-cloud point extraction [18], and dispersive solid-
phase extraction [40]. In addition, the other reported method

40 b
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20

0 1 2 3 4 5
Salt Concentration (%ow/v)

conditions: (100 ng mL™" of MG, applied voltage 40.0 V, sample
solution pH 1.0, extraction time 20.0 min, SLM solvent: 1-octanol,
stirring rate 1000 rpm)
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Table 1 Analytical results obtained after extraction of MG using EME Table 3  Figures of merit of proposed EME-IMS method in water
procedure samples
Method LOD?® LDR?® R? RSD° PF¢ ER%  Real Samples Spiked Founded RSD%® RR%*
amount”®  amount *
Intra-day Inter-day
Caspian Sea water - - - -
EME 1.5 5-250 0.9948 3.8 7.6 150 75.2 20 17.0 4.9 85
* Concentration is based on ng mL™ 30 445 4.7 8
" Intra-day and inter-day RSD% was calculated by five replicate measure- waste water - - - -
ments at the concentration of 100 ng mL™" for the analyte 20 182 4.1 91
°PF and ER% were calculated at the concentration of 100 ng mL™" for 50 47.0 4.0 94
the analyte Shanderman river water ~ — - - -
20 18.8 43 94
usually requires moderate to large amounts of high-purity 50 485 4.6 97
organic solvents that are potentially toxic and expensive.  Fish farming water 1 - - - -
But, the consumption of organic solvent in the EME tech- 20 19.6 4.0 98
nique is minimal, without the need for solvent evaporation 50 48.5 3.8 97
after the extraction, and the required equipment is very sim-  Fish farming water 2 - - - -
ple and inexpensive. On the other hand, the hollow fiber can 20 19.0 45 95
be discarded after each extraction to eliminate possible 50 47.0 4.1 94

carry-over and cross-contamination problems as compared
to the solid-phase microextraction. Also, the excellent clean
up obtained implies a great advantage over other sample
treatment procedures. Moreover, the IMS due to swift re-
sponse compared to the other methods minimizes the anal-
ysis time.

Real sample analysis

Owing to importance of poisonous substances in the en-
vironment and threatening the lives of organisms on the

2 All concentrations are based on ng mL ™'

®RSDs% were obtained by three replicate measurements for 20 and
50ng mL™' of MG

¢ Relative recovery

sea water, river water, wastewater, and fish farming
waters, the measurement of this pollutant is crucial. To
study the matrix effect and the applicability of the pro-
posed method, determination of trace concentration of
MG in the water samples were studied. For this purpose,

Table 2 Comparison of EME method with the other methods for extraction of MG
Method LOD* LDR® Extraction ~ Organicsolvent PF®  RSD% RY% Ref.
time (min) consumption b
MISPE °- HPLC-UV 5 5-1000 97 4000 - 2.12-10.09  76.8-93.7 36
CPE ™ spectrophotometric 2.9 9.9-800 25 500 - - 92.45-102.5 37
CPE- spectrophotometric 1.2 4-500 25 12,000 - 1.48-1.13 95.2-104.0 38
DLLME - spectrophotometric 3.6 365-14,590 - 2000 715  3.3-45 100.7 39
MCPE "- spectrophotometric 4.1 60-600 7 1000 293 839 80.00-103.33 18
DSPE - spectrophotometric 15 50-500 20 5000 20 1.69-3.13 100 40
EME-IMS 1.5 5-250 20 20 150 3.8 85-97 Present work

2 All concentrations are based on ng mL™'

°The volumes of organic solvent consumption are based on microliters (L)

¢ Preconcentration Factor

d Recovery

¢ Molecularly Imprinted Solid Phase Extraction
fCloud Point Extraction

¢ Dispersive Liquid-Liquid Microextraction

" Micro-Cloud Point Extraction

I Dispersive Solid-Phase Extraction

@ Springer



Int. J. lon Mobil. Spec. (2020) 23:153-160

159

Fig. 4 IMS spectrums of 61
nonspiked and two spiked real
samples containing 20.0 and 5

50.0 ng mL™" of MG after
electromembrane extraction
under the optimum conditions

Malachite Green
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five environmental water samples including Caspian sea
water, wastewater from the Shahid Beheshti university,
Shanderman river water, Fish farming water 1, and Fish
farming water 2 were assessed under the optimum con-
dition. To evaluate the matrix effect of the target analyte,
the real samples were spiked with the MG standard so-
lution at a concentration level of 20.0, and 50.0 ng mL ™"
and the relative recoveries of this target were determined
to be 85-98% (Table 3). Figure 4 was shown the
Spectrums of the nonspiked and spiked in water sample,
with 20.0 and 50.0 ng mL™" of MG after EME extraction
under the optimum conditions.

Conclusion

The present work demonstrated that EME procedure
coupled with CD-IMS could be used for determination
of MG. The proposed method has many advantageous
such as simplicity, minimal usage of organic solvents,
cheap, rapidity without any stage of sample preparation
or clean up, and environmentally friendly technique.
Moreover, due to the low cost of the extraction device
in EME technique, the hollow fibers that used in any
extraction can be discarded and avoid any memory effect
or cross contamination. Also, this proposed method has
acceptable accuracy and good sensitivity for the separa-
tion, preconcentration, and determination of trace con-
centration of MG in environmental waters.
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