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Abstract In the present study, a novel method based on solidified floating organic dropmicroextrac-

tion (SFODME) combinedwith syringemembranemicro-solid phase extraction (SMMSPE)was pro-

posed for the sequential separation and enrichment of Tl(III) and Tl(I) followed by graphite furnace

atomic absorption spectrometry detection. In SFODME, Tl(III) can react with 1-(2-Pyridylazo)-2-

naphthol at pH 8.0 to form the complexes which can be extracted into an organic drop, while Tl(I)

was remained in the solution. In SMMSPE, flexible TiO2@SiO2 nanofiber membrane was used as

the sorbent for the enrichment of Tl(I) in the sample solution after the separation of Tl(III). This

method did not require tedious pre-oxidation/pre-reduction operation and time-consuming centrifu-

gation/filtration steps, which may cause sample contamination and analysis errors. Main parameters

influencing the separation and enrichment of the target species were studied. Under the selected con-

ditions, the detection limits for this method were 1.7 and 2.6 ng/L for Tl(III) and Tl(I) with relative

standard deviations of 6.1% and 5.2%, respectively. This methodwas successfully used for the deter-

mination of the target species in environmental water samples and two certified reference materials.

The determined values were in good agreement with the certified values.
� 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Speciation analysis of a given element is one of the greatest challenges

in analytical sciences. Thallium (Tl) is a rare and nonessential element

which exhibits more toxicity than Pb, Cd and Hg for humans

(Rodrı́guez-Mercado et al., 2013, Wang et al., 2020). Exposure to Tl,

even at low levels, can result in various health problems such as head-

ache, paralysis, alopecia, vomiting, diarrhea, cardiovascular diseases

and kidney/liver failure (Hutapea et al., 2021, Soltani et al., 2021).

Moreover, bioavailability and toxicity of Tl strongly depends on its

chemical forms (Firouzabadi et al., 2017). In the environment, Tl

occurs usually in two species of Tl(I) and Tl(III) (Biadun et al.,

2016). It was reported that the toxicity of Tl(III) is approximately sev-

eral thousand times higher than that of Tl(I) (Chen et al., 2018). The

estimated lethal dose for adults is 8.0–12 mg g�1 (Das et al., 2007).

The maximum amount of Tl in drinking water is 2.0 lg L�1 recom-

mended by the United States Environmental Protection Agency

(Lopez-Garcia et al., 2021). Foods and occupational exposure are

main source in daily Tl intake. Consequently, there is an increasing

demand to develop reliable and inexpensive methods for the determi-

nation of Tl species in environmental water samples.

In general, it is not an easy task to determine different species of Tl

in real samples owing to its very low contents, and each species only

involves a fraction of its total concentration (Escudero et al., 2013).

Besides, the matrices from samples may affect the determination of

the target species. To solve these problems, various sample preparation

methods were developed for elemental species, including ion exchange,

flow injection, solid phase extraction, phase transformation, dispersive

solid phase extraction, dispersive magnetic solid phase extraction, dis-

persive liquid–liquid microextraction, dispersive micro-solid phase

extraction and mixed-micelle cloud point extraction (Chen et al.,

2017, Dadfarnia et al., 2007, Firouzabadi et al., 2017, Gil et al.,

2009, Islam et al., 2016, Lin et al., 1999, Liu et al., 2018, Meeravali

et al., 2008, Mohammadi et al., 2016, Rezabeyk et al., 2018). However,

it is worth noting that the non-chromatographic procedures for Tl spe-

cies are based on the detection of Tl(III)/T(I), and total Tl after pre-

oxidation/pre-reduction reactions. The concentration of Tl(III)/T(I)

is from the difference between total Tl and Tl(I)/T(III). Apparently,

the redox speciation methods may cause some problems. Firstly, it is

very difficult to completely convert one target species into another at

its trace/ultra-trace levels. Secondly, the addition of concentrated oxi-

dation/reduction agents such as bromine, Ce(SO4)2 and hydroxylamine

hydrochloride may lead to sample contamination. Moreover, the use

of bromine as an oxidation agent may pose potential health risks

and environmental pollution. Thirdly, the redox step for speciation

conversion usually involves the time-consuming and complicated oper-

ations (Liu et al., 2020). Thus, the development of non-redox methods

for the direct and sequential detection of elemental species is a very

interesting work.

Nowadays, modern trends in sample preparation are towards sim-

plified, miniaturized and green techniques (Jagirani et al., 2020, Jalili

et al., 2022, Lu et al., 2022, Noormohammadi et al., 2022, Zou

et al., 2018). Syringes as facile, easy portable and low-cost devices have

been used widely in various microextraction techniques (Chen et al.,

2022, Li et al., 2020, Pourshamsi et al., 2021). Solidified floating

organic drop microextraction (SFODME) is based on that with a syr-

inge, organic solvent is injected the surface of stirred sample solution

to form a floating drop for the extraction of analytes. Due to its simple

and efficient merits, SFODME has gained significant popularity in

analytical sciences (Mortada et al., 2022, Tavakoli et al., 2021, Vinas

et al., 2015). Besides, the solid/micro-solid phase extraction based on

the syringes as extraction devices has attracted considerable attention

(Chen et al., 2020, Li et al., 2020, Li et al., 2021, Zhou et al., 2021).

It is worth noting that the sorbents play a key role in the solid/

micro-solid phase extraction processes. Over the last two decades,

nanomaterials have been known to be fascinating materials in the sep-

aration, enrichment and degradation of organic/inorganic pollutants
(Ahmad et al., 2019, Ahmad et al., 2021, He et al., 2022, Li et al.,

2022a, Li et al., 2022b, Li et al., 2022c, Liu et al., 2021, Wang et al.,

2022, Xu et al., 2018, Zou et al., 2019). More recently, the membrane

materials consisting of inorganic/organic substances have become

potential candidates as the sorbents (Ahmad et al., 2022a, Ahmad

et al., 2022b, Ahmad et al., 2022c, Ahmad et al., 2021, Nisah et al.,

2022, Srirachat et al., 2021). Due to its merit of high extraction effi-

ciency, TiO2@SiO2 nanofiber membrane (TSNFM) was used for the

separation and enrichment of analytes in syringe membrane micro-

solid phase extraction (SMMSPE) (Yan et al., 2022). To our knowl-

edge, however, there is no report on combining SFODME with

SMMSPE based on TSNFM for elemental species in literatures.

In this work, an attempt was made to combine SFODME with

SMMSPE for the direct and sequential separation and preconcentra-

tion of T(III) and Tl(I) without any pre-redox reaction prior to gra-

phite furnace atomic absorption spectrometry (GFAAS) detection.

In SFODME, 1-(2-Pyridylazo)-2-naphthol (PAN) selectively reacts

Tl(III) to form Tl(III)-PAN complexes, which can be extracted into

1-undecanol, while Tl(I) was remained in the solution. In the next step,

the original solution after SFODME was used for the enrichment of Tl

(I) by SMMSPE based on TSNFM as the sorbent. Finally, the extract

from SFODME and the eluate from SMMSPE were utilized for

GFAAS detection of Tl(III) and Tl(I), respectively. This procedure

was successfully utilized for the determination of trace/ultra-trace Tl

species in environmental water samples.

2. Materials and methods

2.1. Apparatus

Tl was determined by a Z-2000 GFAAS (Hitachi, Japan). A

hollow cathode lamp for Tl was utilized as the light source
with a wavelength of 276.8 nm. The working parameters of
GFAAS are summarized as follows: sampling volume,

20 mL; argon flow rate, 250 mL min�1; temperature program
(ramp time and hold time): drying, 100 �C (15 s, 30 s); ashing,
800 �C (15 s, 20 s); atomization, 2000 �C (0 s, 4.0 s); cleaning,

2500 �C (1.0 s, 3.0 s). In this work, 1.2 % Pd(NO3)2 was
employed the chemical modifier. The pH of solutions was
adjusted by a pH meter supplied with a combined electrode
(Thermo Fisher Scientific, USA). Ultrapure water was

obtained from a Milli-Q device (Millipore Corporation,
USA). A 79–1 magnetic stirrer with temperature control
(Yitong Co. ltd., Jiangsu, China) was used for promoting the

extraction of analytes.

2.2. Reagents

Standard solutions (1.0 mg mL�1) of Tl(I) and Tl(III) were
prepared by dissolving appropriate amounts of TlNO3 and
Tl(NO3)3�3H2O (Sinopharm Chemical Reagent Company,

Shanghai, China) in 1.0 % (v/v) HNO3 solution, respectively.
Working solutions were prepared by diluting the original stan-
dard solution before use. PAN solution was prepared by dis-
solving proper amount of PAN in 1-undecanol (Sinopharm

Chemical Reagent Company, Shanghai, China). Unless other-
wise stated, all other reagents used in this work were of high
purity available but at least of analytical grade (Sinopharm

Chemical Reagent Company, Shanghai, China). Certified ref-
erence materials of tea leaves (GBW 10016) and cabbage
(GBW 10014) were obtained from the Institute of Geophysical

and Geochemical Prospecting (Langfang, China). TSNFM
was synthesized and characterized in our laboratory (Yan
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et al., 2022). The polypropylene and glass vessels were soaked
in 2.0 mol/L HNO3 solutions for at least one night. The vessels
were rinsed with 0.1 mol/L HNO3 solution and subsequently

with deionized water prior to their use.

2.3. Sample pretreatment

Water samples were collected from local districts (Wuhan,
China), including well water, tap water, river water and
wastewater. Then, the sample solutions were filtered with a

0.45 lm membrane filter to remove the possible suspended
materials. The obtained samples were placed in a refrigerator
at 4 �C for future analysis. The certified reference materials

of tea leaves and cabbage (0.5000 g) were treated for the anal-
ysis according to the literature (Chen et al., 2014). All blanks
were prepared exactly as the samples in this work.

2.4. Extraction procedure

2.4.1. Solidified floating organic drop microextraction

A 20 mL of sample or standard solution containing Tl(III) and
Tl(I) was put into a beaker with a stirrer bar. The sample solu-
tion was adjusted to pH 8.0 with the buffer solution containing

acetic acid/acetate, and then spiked with 50 lL of 3.5 mmol/L
PAN in 1-dodecanol. The resulting solution was magnetically
stirred for 15 min at 35 �C. During this step, Tl(III) can react
with PAN to form the hydrophobic complexes, which were

extracted into 1-undecanol, while Tl(I) was remained in the
solution. After the extraction, the sample vial was transferred
into an ice bath. The organic drop was solidified after 4.0 min.

The solidified drop was put into a conical vial where it melted
rapidly at room temperature. The extract was diluted to
100 lL with ethanol. Finally, 20 lL of the extract was used

for the detection of Tl(III) by GFAAS. The extraction recov-
ery (ER) was calculated by the following formula: ER
(%) = [(Co-C)/Co]x100, where Co and C are the initial and

final concentration of the species, respectively.

2.4.2. Syringe membrane micro-solid phase extraction

SMMSPE system used in this work was described in the liter-

ature (Yan et al., 2022). Briefly, TSNFM was cut into a disk
shape with 2.0 cm of diameter as the sorbent, which was placed
into a reusable syringe filter. Then, the filter was connected to

the tip of a syringe, and conditioned with 5.0 mL of 1.0 mol/L
HNO3 and 5.0 mL of ultrapure water by pushing and pulling
the plunger, respectively. To enrich Tl(I), 20 mL of the sample
solution after SFODME of Tl(III) was adjusted to pH 6.0, and

then pulled and pushed for eight cycles in 8.0 min with the syr-
inge. Tl(I) adsorbed on TSNFM was eluted with 0.3 mL of
1.0 mol/L HNO3 solution for four cycles within 2.0 min.

Finally, 20 lL of the eluate was injected into GFAAS for
determining Tl(I).

3. Results and discussion

3.1. Selection of SFODME variables

3.1.1. Effect of pH

In SFODME, the selective isolation of Tl(III) and Tl(I) is
related to the pH values of sample solution as it directly affects
the formation of hydrophobic Tl-PAN complexes, which are
extracted into the organic drop. For this reason, the influence
of pH values on the recovery of the target species was exam-

ined within the range of 1.0–9.0. It can be seen from in
Fig. 1a that at pH 7.0–9.0, Tl(III) can was quantitatively
extracted into the organic drop containing PAN, while Tl(I)

remained in the solution. The reason for the above facts is that
at the selected pH values, Tl(III) can chelate with PAN to pro-
duce the hydrophobicity complexes, which are extracted by 1-

undecanol. However, PAN cannot react with Tl(I) at the same
pH range, leading to its poor extraction percentages. Thus, pH
8.0 was utilized for the enrichment of the interesting species.

3.1.2. Effect of PAN concentration

PAN concentration is another key factor influencing the for-
mation of Tl(III)-PAN complexes. Therefore, the effect of

PAN dosage on the extraction efficiency of Tl(III) was investi-
gated with its concentration varying from 1.0 to 4.0 mmol/L.
As shown in Fig. 1b, the extraction percentages of Tl(III)
increased with increasing PAN concentration up to

3.0 mmol/L. The quantitative extraction of Tl(III) occurred
between 3.0 and 4.0 mmol/L PAN concentration. It is worth
noting that in this work, the chelating reagents are in excess

amount, which favors the formation of PAN-Tl(III). Based
on that PAN may react with other coexisting ions, a PAN
amount of 3.5 mmol/L was selected in further work.

3.1.3. Type and volume of extraction solvent

In order to obtain quantitative extraction efficiency, the
extraction solvents used for SFODME generally have the fol-

lowing merits of suitable melting point, low water solubility,
density below water and less volatility. Hence, 1-dodecanol,
1-undecanol, 1-chlorooctadecane and 1, 2-dichoroethane were

used for the extraction of Tl(III)-PAN complexes. The results
in Fig. 2a show that 1-undecanol provided the best extraction
percentages for the interesting species. In addition, 1-
undecanol was easily solidified in ice bath and transferred from

the solution. Thus, 1-undecanol was used as the extraction sol-
vent in this study.

The extraction solvent volume is also one of the essential

parameters, which influence the extraction of the target species
for SFODME. The large volume of extraction solvent can
increase the surface area of the drop to result in the increase

of the extraction efficiency, but the enrichment factor may
decrease owing to the dilution effect. Therefore, the effect of
1-undecanol volume on the extraction efficiency of Tl(III)

was studied using different solvent volumes changing from
20 to 60 mL. The experimental results indicated that the extrac-
tion percentage of Tl(III) increased with the increase of 1-
undecanol volumes up to 50 mL, and then remained constant.

Therefore, 50 mL of 1-undecanol was employed in the follow-
ing experiments.

3.1.4. Extraction time and temperature

In the liquid microextraction, the mass transfer of the target
species between two phases is a time-dependent process. To
improve extraction efficiency, it is necessary to select a suitable

exposure time to guarantee the complete equilibrium of the
target species between two phases. Thus, the effect of extrac-
tion time on the recoveries was examined with the extraction

time ranging from 5.0 to 30 min. As shown in Fig. 2b, the



Fig. 1 Effect of pH (a) and PAN concentration (b) on recovery of Tl(III) in SFODME. Conditions: (a) Tl(III) and Tl(I), 2.0 ng mL�1;

PAN concentration, 3.5 mmol/L; 1-undecanol solvent, 50 mL; extraction time, 15 min; sample volume, 20 mL. (b) Tl(III), 2.0 ng mL�1;

pH, 8.0; 1-undecanol solvent, 50 mL; extraction time, 15 min; sample volume, 20 mL.

Fig. 2 Effect of extraction solvent type (a) and extraction time (b) on recovery of Tl(III) in SFODME. Conditions: (a) Tl(III),

2.0 ng mL�1; pH, 8.0; PAN concentration, 3.5 mmol/L; solvent volume, 50 mL; extraction time, 15 min; sample volume, 20 mL. (b) Tl(III),

2.0 ng mL�1; pH, 8.0; PAN concentration, 3.5 mmol/L; solvent volume, 50 mL; sample volume, 20 mL.
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recoveries of the target species increased with the increase of
the extraction time up to 15 min. The quantitative recoveries
were obtained in the range of 15–20 min. Hence, an extraction

of 15 min was used for further experiments.
In addition, the mass transfer of the target species between

two phases is related to the temperature. Thus, the effect of
extraction temperature on the recoveries of the interesting spe-

cies was explored in the range of 20–50 �C. The results showed
that the target species was quantitatively extracted into the
drop in the range of 30–40 �C. However, the extraction effi-

ciency slightly decreased with further increasing the tempera-
ture due to the increase in solubility of organic phase at
higher temperature. Therefore, the temperature of 35 �C was

used in the following extraction steps.

3.1.5. Effect of sample volume

Sample solution volume may affect the extraction efficiency in

the given times. To examine the effect of sample volume on the
extraction percentages, some experiments were performed in
the range of 5.0–40 mL. The results showed that the quantita-
tive recoveries were achieved with the sample volumes chang-
ing from 5.0 to 20 mL. However, the recovery of the

analytes decreased by increasing the sample volumes above
20 mL because the convection is not sufficient in the aqueous
phase at a fixed stirring rate to result in less extraction effi-
ciency. Based on that the organic drop was diluted to

100 lL with ethanol, an enrichment factor of 200-fold for Tl
(III) was achieved. Thus, the sample volume of 20 mL was
used in this work.

3.2. Optimization of SMMSPE conditions

3.2.1. Effect of pH

Among various factors of SMMSPE, pH value of sample solu-
tion is one of the most key parameters due to its strong effect

on the surface charges of sorbent and existing forms of the tar-
get species. Therefore, the effect of pH on the adsorption per-
centages of Tl(I) was investigated by varying the pH values in
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the range 2.0–8.0. As shown in Fig. 3a, the recoveries of Tl(I)
increased with increasing pH values up to 6.0, and then keep
constant at pH 6.0–7.0. The extraction mechanism of Tl(I)

may be explained by the surface charges of the sorbent (Vu
et al., 2012). At an acidic condition (at pH 2.0–5.0), the surface
of FTOSNFM is electropositive (TiOH2

+), which repels Tl(I)

cations. With the further increase of pH (>5.0), the surface
of FTOSNFM becomes electronegative (TiO-), which favors
the adsorption of Tl(I). At pH values higher than 7.0, precip-

itation of Tl(I) may occur to result in the decrease of the
extraction efficiency. Thus, a pH of 6.0 was utilized as the opti-
mum value for the subsequent experiments.

3.2.2. Effect of pushing and pulling cycles

The adsorption of Tl(I) is an equilibrium-based extraction pro-
cess in SMMSPE. The pushing and pulling cycles greatly

affects the preconcentration/separation and elution of Tl(I).
Thus, the effect of the number for pushing and pulling cycles
was examined in the range of 3–9 cycles. The results in
Fig. 3b demonstrate that the extraction percentages increased

from 3 to 7 cycles, and then maintained constant. Hence, 8
cycles of pushing and pulling with 8.0 min were adopted in
the following studies.

3.2.3. Choice of elution parameters

It can be seen from in Fig. 3a that under the acidic conditions,
the adsorption percentages of Tl(I) were relatively low

(pH < 3.0). Thus, it is possible to use an acid as the eluent
for desorbing Tl(I) on FTSNFM. In this work, the different
concentration of HNO3 on the recoveries of Tl(I) was exam-

ined within the range of 0.2–1.2 mol/L. The results in Fig. 4a
show that Tl(I) can be quantitatively desorbed in the concen-
tration range with 0.8–1.2 mol/L HNO3. Hence, 1.0 mol/L

HNO3 was utilized as the eluent. In addition, the effect of elu-
ent volume was also investigated by keeping the concentration
of 1.0 mol/L HNO3 solution. The experimental results indi-
cated that the quantitative recoveries of Tl(I) were achieved

with 0.3 mL of 1.0 mol/L HNO3. Therefore, 0.3 mL was used
as the eluent volume in this work.
Fig. 3 Effect of pH (a) and cycle number of pushing and pullin

2.0 ng mL�1; cycles of pushing and pulling, 8; eluent concentration, 1

eluent concentration, 1.0 mol/L; sample volume, 20 mL.
3.2.4. Effect of sample volume

The effect of sample solution volume on the recoveries of Tl(I)

was investigated in the range of 10–60 mL. It can be seen from
Fig. 4b that the quantitative recoveries of Tl(I) (>90 %) were
obtained with sample volume varying from 10 to 50 mL. Based

on using 0.3 mL eluent, a enrichment factor of 167-fold for Tl
(I) was achieved. In this work, 20 mL of sample solution was
used for the preconcentration and separation of Tl(I) in term

of the real analysis needs.

3.3. Effect of diverse ions

To evaluate the application potential of this method in real
sample analysis, the effect of commonly coexisting ions in envi-
ronmental water samples was examined under the selected con-
ditions. The tolerance limit of interference ions is defined as the

largest amount making the recovery of target species varying
from 90 to 110 %. The selected interfering ions, such as K+,
Na+, Ca2+, Mg2+, Al3+, Fe3+, Zn2+, Pb2+, Cd2+, Cu2+,

Cl� and NO3
�, were added into the model solutions, which

were analyzed by the proposed method. It can be seen from
Table 1 that the above common coexisting ions did not inter-

fere with the extraction and determination of the target species
in the range of their tested amounts. Thus, the developed pro-
cedure can be utilized for the analysis of the real samples.

3.4. Analytical performance

The analytical merit of the proposed method was studied
under the optimum conditions. Detection limits (DLs), defined

as the concentration of analytes corresponding to three times
the standard deviation for 11 replicate determination of blank
solution, were found to be 1.7 and 2.6 ng/L for Tl(III) and Tl

(I), respectively. Relative standard deviations (RSDs),
achieved by analyzing the standard solutions containing
1.0 ng mL�1 of the analytes in sequence for nine times, were

6.1 % and 5.2 % for Tl(III) and Tl(I), respectively. The linear
range of calibration curves were found to be in the concentra-
tion range of 0.05–40 ng mL�1 for Tl(III) and Tl(I) with the
g (b) on recovery of Tl(I) in SMMSPE. Conditions: (a) Tl(I),

.0 mol/L; sample volume, 20 mL. (b) Tl(I), 2.0 ng mL�1; pH, 6.0;



Fig. 4 Effect of eluent concentration (a) and sample volume (b) on recovery of Tl(I) in SMMSPE. Conditions: (a) Tl(I), 2.0 ng mL�1;

pH, 6.0; cycles of pushing and pulling, 8; eluent concentration, 1.0 mol/L; sample volume, 20 mL. (b) Tl(I), 2.0 ng mL�1; pH, 6.0; cycles of

pushing and pulling, 8; eluent concentration, 1.0 mol/L.

Table 1 Effect of interfering ions.

Interfering ion Concentration (mg/L)

Na+, K+ 8000

Ca2+, Mg2+ 5000

Cu2+, Zn2+, Pb2+, Cd2+ 100

Fe3+, Al3+ 50

NO3
–, Cl- 10,000
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correlation coefficients better than 0.9971. In addition, Table 2
provided the comparison of the analytical merits of this
method with those reported in the literatures (Afzali et al.,

2013, Asadpour et al., 2016, Escudero et al., 2015, Gil et al.,
2009, Javedani-Asleh et al., 2016, Krishna et al., 2020,
Lopez-Garcia et al., 2021, Pacheco et al., 2009). As shown in
Table 2, the proposed method possesses low DLs and higher

enrichment factors. RSDs are similar to those of other meth-
Table 2 Comparison of the merits of this method with those of ot

Method EF LR (ng mL�1) DL

Tl(I)

USAE-SFO-GFAAS 200 0.2–10 –

SPE-GFAAS 100 0.6–2.5 87

Cell-PME- GFAAS 50 – –

FI-SPE-ETAAS 20 – 9.0

DLLME-ETAAS 125 0.1–2.0 –

CPE-GFAAS 25 0.5–25 15

DMSPE-ETAAS 185 0.05–1.0 10

SPE-ETAAS 40 – –

SFODME-SMMSPE-GFAAS 167/200 0.05–40 1.7

USAE-SFO, ultrasound-assisted emulsification based on solidification of

Cell-PME, cellular phase microextraction; FI-SPE, flow injection solid

CPE, cloud point extraction; DMSPE, dispersive micro-solid phase micro

EF, Enrichment factor; LR, linear range; DL, detection limit; RSD, rela
ods. Besides, the combination of SFODME and SMMSPE

avoided the time-saving and complicated pre-oxidation/pre-
reduction and centrifugation/filtration steps, which may cause
the risk of sample contamination and analysis errors. More-

over, this method can provide DLs and RSDs of both Tl(III)
and Tl(I). The majority of the non-chromatographic methods
reported in the literatures only offered one of them owing to

the requirement of speciation conversion.

3.5. Sample analysis

The proposed method was used for the sequential detection of

Tl(III) and Tl(I) in the environmental water samples, including
tap water, well water, river water and wastewater. The
obtained results are tabulated in Table 3. In addition, the accu-

racy of this method was also validated by analyzing the certi-
fied reference materials of tea leaves (GBW 10016) and
cabbage (GBW 10014) (Table 4). It can be seen from Table 4

that the determined results were in good agreement with certi-
fied values. Student’s t-test was performed and no statistically
her related methods.

(ng L-1) RSD (%) Reference

Tl(III) Tl(I) Tl(III)

30 – 3.3 Afzali et al. (2013)

– 6.4 – Asadpour et al. (2016)

8.3 – 5.1 Escudero et al. (2015)

– 3.9 – Gil et al. (2009)

30 – 4.1 Javedani-Asleh et al. (2016)

15 2.0–10 2.0–10 Krishna et al. (2020)

– 5.0 – Lopez-Garcia et al. (2021)

3.0 – 3.4 Pacheco et al. (2009)

2.6 6.1 5.2 This work

floating organic drop microextraction; SPE, solid phase extraction;

phase extraction; DLLME, dispersive liquid–liquid microextraction;

extraction; ETAAS, electrothermal atomic absorption spectrometry;

tive standard deviation.



Table 3 Analytical results of analytes in environmental water samples.

Sample Added (ng mL�1) Found a (ng mL�1) Recovery (%)

Tl(I) Tl(III) Tl(I) Tl(III) Tl(I) Tl(III)

Tap water 0 0 0.38 ± 0.02 Ndb – –

0.2 0.2 0.57 ± 0.03 0.18 ± 0.01 95.0 90.0

1.0 1.0 1.31 ± 0.09 1.09 ± 0.07 93.0 109

Well water 0 0 0.52 ± 0.03 0.07 ± 0.005 – –

0.2 0.2 0.70 ± 0.05 0.28 ± 0.02 90.0 105

1.0 1.0 1.48 ± 0.11 1.05 ± 0.06 96.0 98.0

River water 0 0 0.19 ± 0.01 Ndb – –

0.2 0.2 0.41 ± 0.02 0.21 ± 0.01 110 105

1.0 1.0 1.16 ± 0.07 0.94 ± 0.05 97.0 94.0

Wastewater 0 0 3.65 ± 0.18 0.93 ± 0.06 – –

0.5 0.5 4.13 ± 0.19 1.47 ± 0.12 96.0 108

5.0 5.0 8.57 ± 0.46 5.62 ± 0.37 98.4 93.8

a Mean value ± standard deviation, n = 3.
b Nd, Not detection.

Table 4 Analytical results of analytes in certified reference materials.

Sample Added (ng g -1) Found (ng g -1)a Certified (ng g -1) Recovery (%)

Tl(I) Tl(III) Tl(I) Tl(III) Tl(I) Tl(III)

Tea leaves 0 0 45.3 ± 2.8 3.1 ± 0.2 50b – –

5.0 5.0 49.8 ± 2.1 7.9 ± 0.4 – 90.0 96.0

20 20 65.0 ± 3.1 21.9 ± 1.3 – 98.5 94.0

Cabbage 0 0 5.17 ± 0.32 0.96 ± 0.07 6.3b – –

2.0 2.0 7.21 ± 0.48 2.82 ± 0.13 – 102 93.0

10 10 14.9 ± 1.0 10.1 ± 0.4 – 97.3 91.4

a Mean value ± standard deviation, n = 3.
b Reference value.

Solidified floating organic drop microextraction in tandem 7
significant differences were observed at 95 % confidence level.
Since there is no available aqueous certified reference materials

for Tl species, the reliability of the analytical results was fur-
ther checked by determining the recoveries of the analytes in
the spiked samples with the known Tl(III) and Tl(I) concentra-
tions. As shown in Table 3 and 4, there is a good agreement

between the added and determined amounts of the target spe-
cies with the recovery range of 90.0 % � 110 %.

4. Conclusions

In the present study, a novel method of combining SFODME with

SMMSPE was developed for the sequential separation and preconcen-

tration of Tl(III) and Tl(I) followed by GFAAS detection. Compared

with conventional redox speciation strategies, this method did not

require time-consuming pre-oxidation/pre-reduction operation steps,

which may lead to incomplete conversion of target species at trace/

ultra-trace levels, sample contamination by concentrated oxidation/re-

duction agents and interferences of the ions from redox processes.

Moreover, this method only needs some facile devices such as

septum-lined cap, stir bar, magnetic stirrer and microsyringes. There-

fore, the proposed method has several advantages of simple opera-

tions, low cost, high efficiency and direct speciation determination

without calculation by difference. Besides, this method exhibited the

merits of high preconcentration factor, low detection limits and good
precision. As a conclusion, the proposed method may become an ideal

and potential sample preparation technique for elemental species at

trace/ultra-trace levels in real-word samples.
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