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Abstract

In this study, trace amounts of thorium ions were extracted using a highly sensitive, selective, rapid and simple micro-funnel
magnetic stirring-assisted liquid—liquid microextraction method, and determined by UV—Vis spectrophotometry. Tri-n-
octylphosphine oxide was used as the complexing agent during the microextraction process, and Arsenazo III was applied
as the chromogenic reagent through spectrophotometric determination. The effective parameters on extraction efficiency
were optimized by experimental design methods. Under the optimum conditions, detection limit, relative standard deviation
and the enrichment factor were 0.98 pg L™!, 0.69% and 152, respectively. The calibration graph was linear over the range
of 5250 pg L7,

Keywords Thorium - Micro-funnel magnetic stirring-assisted liquid-liquid microextraction - Experimental design - UV—

Vis spectrophotometry

Introduction

Thorium is one of the significantly radioactive elements that
still occur naturally at low concentrations (10 pg L™!) in
the earth’s crust. The main sources of thorium in nature are
soil, rocks, plants, sand and water. This element is used in
various products and processes, including the production
of ceramics, carbon arc lamps, as an alloying material and
as the light source in gas mantles [1, 2]. The toxicity of this
element and its compounds is very high which causes irre-
versible consequences in the human body. The continuous
exposure to thorium may increase the chance of develop-
ing types of cancer [3]. Therefore, developing a simple and
sensitive method is very necessary and important for the
separation/preconcentration and determination of thorium at
trace amounts in environmental samples. Various analytical
techniques such as inductively coupled plasma [4—6], optical
sensor [7, 8], electrochemistry [9, 10], chromatography [11,
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12] and spectrophotometry [12—15] have been developed for
determination of Th(IV). Spectrophotometry is very simple,
rapid and cost-effective for determination of elements in a
variety of samples in comparison with the other techniques.
However it is either not selective or it has a poor selectiv-
ity. In most of these techniques the direct measurement of
trace amounts of elements is difficult hence separation and
preconcentration steps are required. Several extraction tech-
niques were applied for this purpose, such as liquid—liquid
extraction (LLE) [16], solid-phase extraction (SPE) [17] and
cloud point extraction (CPE) [18]. However, these meth-
ods are relatively expensive, time-consuming and in some
cases require a large amount of hazardous organic solvent.
In 2006, Rezaee et al. introduced dispersive liquid-liquid
microextraction (DLLME) [19] which has many advantages
such as high enrichment factor, simplicity, rapidity, easy to
operate, low sample volume, low cost, and low consumption
of organic solvents. In this method the extracting solvents
are limited only to chlorinated solvents which have higher
density than water.

Recently, great efforts were made to use low-density
solvents in the microextraction methods [20-24]. How-
ever a common issue with these solvents is the difficulty
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of withdrawing very little amounts of it from the aqueous
solvent surface. Therefore bell-shaped extraction device
assisted liquid-liquid microextraction (BSED-LLME),
was introduced by Radomir Cabala et al. [25]. In this tech-
nique, the extraction of organic compounds from mineral
and drinking water samples was done.

In our previous study [26], we reported micro-funnel
magnetic stirring-assisted dispersive liquid-liquid micro-
extraction technique for determination of 3-chloro-4-
(dichloromethyl)-5-hydroxy-2 (5H)-furanone in aqueous
samples by GC-ECD.

The aim of this paper is extraction of trace amounts of
thorium using a modified micro-funnel device coupled with
UV-Vis spectrophotometry. A homemade micro-funnel ves-
sel is used for the microextraction procedure by collecting
the organic solvent in narrow neck glass tube. In this study
Tri-n-octylphosphine oxide (TOPO) was used as the com-
plexing agent during the microextraction process, and Arse-
nazo III was applied as the chromogenic reagent through
spectrophotometric determination. Experimental parameters
which may affect the extraction efficiency were identified
by Plackett—-Burman Design (PBD) and optimized by the
Box—Behnken Design (BBD).

Experimental
Instrumentation
A Hewlett—Packard 8453 diode array spectrometer con-

trolled by a Hewlett—Packard computer was used for spec-
trophotometric measurements. A vortex mixer (IKA Vortex
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Fig. 1 Schematic representation of the developed MF-MSA-LLME steps
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Genius 3, Germany) was used for completely mixing the
sample solution. Stirring the sample solution was carried out
by Magnetic stirrer (IKA RH basic 2, Germany). A home-
made microfunnel vessel was used for extraction process.

Reagent and chemicals

1-undecanol, 1-dodecanol, 1-decanol, n-octanol and tolu-
ene were purchased from Merck (Darmstadt, Germany).
Tri-n-octylphosphine oxide (TOPO) and disodium salt of
Arsenazo III (1, 8-dihydroxy-2, 7-bis (2 arsonophenylazo)
naphthalene-3, 6-disulphonic acid) was purchased from
Merck (Darmstadt, Germany). A 0.05% (w/v) stock solution
of Arsenazo III (AIIl) was prepared by dissolving 0.05 g of
its disodium salt in 100 mL mixture of methanol and 3 mol
L~! HCI solutions. Analytical grade of thorium nitrate and
nitrate salts of other cations (all from Merck, Darmstadt,
Germany) were available in the highest purity. Methanol,
ethanol, sodium chloride, sodium nitrate, nitric acid (HNO;)
and hydrochloric acid (HCI) and perchloric acid (HCIO,)
were purchased from Merck (Darmstadt, Germany). The
glassware was kept in a 5% (v/v) nitric acid solution over-
night and thereafter washed with deionized water.

General procedure

Schematic diagram of the developed MF-MSA-LLME
method steps is presented in Fig. 1. 50 mL of the sample
solution containing 100 pg L' of thorium ion, NaNO;
(0.5% w/v) and HNO; (3% w/v) were poured into cylindrical
glass vial (13 cm height and 28 mm i.d.). 200 pL. of TOPO
solution (3.5% w/v in toluene) was injected on the sample
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solution surface and the micro funnel cap was placed on
the cylindrical vial (Fig. 1a). Then the mixture was vigor-
ously stirred at 1200 rpm for 5 min (Fig. 1b). This process
greatly increased the contact area between the organic phase
and aqueous phase, therefore the species was extracted into
the fine droplets. Then the magnetic stirrer was stopped
(Fig. 1c) and for separation of the two phases, the solution
was kept immobilized for 1 min. Accordingly, the emulsi-
fied fine droplets of the extraction phase were collected on
the top of the solution (Fig. 1d). Next, a few milliliters of
doubly distilled water were injected into the vial through
the rubber cap, which holds the micro-funnel to the glass
tube. The floated organic solvent was moved into the capil-
lary tube of micro-funnel (Fig. 1e). After that the organic
solvent was collected using a 250 pL Hamilton syringe,
transferred into the eppendorf tube and mixed with 10 pL of
0.04% wiv Arsenazo III solution as the chromogenic reagent.
After vortexing for 3 min as rest time for the color to stabi-
lize, Th**—AIll complex was formed and was sedimented
at the bottom of eppendorf tube. Afterward, toluene was
carefully removed and sedimented phase was diluted to 50
pL by methanol. Finally the absorbance of the solution was
recorded at A, =660 nm against a reagent blank (Fig. 1f).

‘max

Sample preparation

The water samples were collected from different part in
Arak, Iran. The water samples (tap, river, well and mineral
waters) were filtered using 0.45 pm micropore membranes,
and stored in glass containers at 4 °C.

Optimization strategy

Different factors such as type and volume of extraction
solvent, type and concentration of acid in sample solution,
concentration of AIIl, concentration of TOPO, extraction
and vortex time and ionic strength can affect the extraction
recovery in the MF-MSA-LLME procedure. So, an experi-
mental design strategy is recommended for their optimiza-
tion. Experimental design strategy was applied in two stages:
(i) screening the significant factors affecting the extraction
recovery using Plackett—-Burman design and (ii) optimiz-
ing the significant factors using a Box-Behnken design. The
results were analyzed using MINITAB Version 17 software.

Results and discussion
Selection type and volume of extraction solvent
The extraction solvent should be immiscible with aqueous

phase, have lower density than water and extraction capa-
bility of the target analytes. For this purpose, 1-octanol,
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Fig. 3 Effect of extraction solvent volume on efficiency extraction

1-decanol, toluene, 1-undecanol and 1-dodecanol were
examined. The obtained result showed that toluene has the
highest extraction efficiency for the extraction of thorium
(Fig. 2).

The effect of toluene volume was also investigated in the
range of 50-500 pL and the results are given in Fig. 3. The
results showed that maximum extraction efficiency was in
200 pL. Therefore, 200 uL of toluene was selected as extrac-
tion solvent for further experiment.

Selection of type of acid in sample solution

The effect of the presence of different inorganic acids such
as HNO;, HCI and HCIO, on the extraction of thorium ion
using TOPO by the proposed method was investigated and
results are shown in Fig. 4. Based on the results, HNO,
showed the highest efficiency in the MF-MSA-LLME of
thorium ions using TOPO.

Effect of salt

The addition of salt to the aqueous sample may affect
the extraction recovery due to salting-out. In order to
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Fig.5 Effect of salt on efficiency extraction

evaluate influence of the ionic strength on the extrac-
tion efficiency, different amounts of NaNO; (0-5% w/v)
were investigated. The results indicated that the extraction
efficiency was increased by increasing NaNO; concentra-
tion up to 0.5% (salting-out effect) and then decreased
(Fig. 5). Therefore, 0.5% of NaNO; was selected for sub-
sequent experiment.

Effect of HCl concentration

AIII has different active sites and it reacts with thorium
in acidic medium. AIII solution in methanol creates a red-
dish purple color (A, =515 nm), while the Th**—AIII
complex (in acidic medium) is blue (A,,, =660 nm). So,
effect of acidic medium on complexation of AIIl with
Th** was evaluated in the range of 0.5-5.0 mol L™!. The
results showed that maximum absorbance of Th**—AIIl
complex was achieved in 3.0 mol L™!' of HCI and then
remained more or less constant. Therefore, 3.0 mol
L~! of HCI was chosen as the optimum value for next
experiment.

@ Springer

Screening of significant factors using Plackett-
Burman design

In this study, the Placket-Burman design (PBD) [27] was
applied as a screening approach to recognize significant fac-
tors in extraction of thorium in aqueous samples. According
to preliminary experiments, a PBD design was applied for 20
runs to estimate the significance of five factors [HNO; con-
centration (X;, %v/v), concentration of TOPO (X,, %w/v),
extraction time (X5, min), concentration of AlIll (X,, %w/v)
and vortex time (X5, min)], with two replicate at center point.
Each factor was tested at two levels. The factors, their levels
and the runs of PBD are shown in Table 1.

The standardized effects of factors in the screening experi-
ments in the form of a Pareto chart in 95% confidence level
are shown in Fig. 6. The Pareto charts of the standardized
effects were drawn based on the results of analysis of variance
(ANOVA) tests. According to results (Fig. 6), concentration
of AllI, extraction time and concentration of TOPO had the
most significant variables on the extraction efficiency. While,
HNO; concentration and vortex time, had no significant effect
on the response and therefore were eliminated in BBD study
and fixed at center point value.

Box-Behnken design

In the next step, a BBD was performed in order to determine
the optimum conditions for the three screened significant fac-
tors (concentration of AIII, extraction time and concentration
of TOPO). In this design the interaction effects, main effects,
and quadratic effects were investigated and optimized. To per-
form BBD, the number of experiments (N) is obtained by the
following equation:

N=2kk-1)+C, (D)
where k is the number of factors and C, is the number of
center points [28]. Thus, in the present study, 15 experiments
were required including three center points, and they were
performed randomly. The selected levels of factors and the
design matrix with the responses are given in Table 2.

ANOVA was applied in order to evaluate the method and
the results are shown in Table 3. P value and lack of fit (LOF)
are important parameters in ANOVA table. The factors with P
value less than 0.05 have more significant effect on the extrac-
tion process by MF-MSA-LLME method. According to the
obtained results, P-value of lack-of-fit (0.575) was not sig-
nificant (P> 0.05) which confirms a good fitting of model to
responses. Also the coefficients of R? (99.82%) and adjusted
R? (99.49%) indicate a good relationship between responses
and the fitted model.

The relationship between the response value and the three
variables were expressed with the following equation:
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Table 1 Factors and levels in the PBD design
Factor Levels
Low Central High
(X;) HNO; concentration (%Vv/v) 1 3 5
(X,) Concentration of TOPO (%w/v) 1 3 5
(X3) Extraction time (min) 1 5.5 10
(X,) Concentration of AIIl (%w/v) 0.01 0.03 0.05
(X5) Vortex time (min) 1 3 5
Run X, X, X3 Xy Xs Absorbanc
1 5 5 1.0 0.05 5 0.455
2 1 1 1.0 0.01 1 0.232
3 1 5 1.0 0.05 1 0.496
4 5 5 10.0 0.01 1 0.132
5 1 1 1.0 0.01 5 0.254
6 5 1 1.0 0.05 5 0.443
7 1 5 10.0 0.01 5 0.264
8 5 1 10.0 0.01 5 0.152
9 5 5 1.0 0.01 1 0.296
10 1 1 1.0 0.05 1 0.329
11 5 1 1.0 0.01 1 0.190
12 5 1 10.0 0.05 1 0.285
13 1 5 10.0 0.01 1 0.170
14 5 5 1.0 0.01 5 0.321
15 3 3 5.5 0.03 3 0.679
16 3 3 5.5 0.03 3 0.665
17 1 1 10.0 0.01 5 0.103
18 1 5 1.0 0.05 5 0.500
19 5 5 10.0 0.05 1 0.400
20 1 5 10.0 0.05 5 0.310
21 5 1 10.0 0.05 5 0.284
22 1 1 10.0 0.05 1 0.223
Fig.6 Standardized main Term A
effects Pareto chart for the |
Plackett—Burman design. The
vertical line in the chart defines Concentration of AIIL (%w/v)
the 95% confidence interval
Extraction time (min)
Concentration of TOPO (%w/v)
. . . |
Vortex time (min) |
I
HNO3 concentration (%v/v) |
I
1 2 3 4 5 6 8 9
Standardized Effect
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Table 2 Design matrix by BBD

Factor Levels

Low Central High
(X,) Concentration of TOPO (%w/v) 1 3 5
(X,) Concentration of AIIl (%w/v) 0.01 0.03 0.05
(X3) Extraction time (min) 1 5.5 10
Run X, X, X3 Absorbance
1 5 0.03 1.0 0.401
2 3 0.01 10.0 0.294
3 3 0.01 1.0 0.202
4 3 0.03 5.5 0.652
5 1 0.03 1.0 0.232
6 3 0.03 5.5 0.669
7 1 0.03 10.0 0.253
8 3 0.05 1.0 0.621
9 1 0.05 5.5 0.340
10 1 0.01 5.5 0.101
11 5 0.03 10.0 0.234
12 3 0.05 10.0 0.417
13 3 0.03 5.5 0.641
14 5 0.05 5.5 0.433
15 5 0.01 5.5 0.180
Table3 ANOVA for BBD Figure 7a—c, show the three-dimensional response surface
Source DF*  AdjsS’ A MS®  Fvalue® P value plots using Eq. 2, when one of the variables is fixed at the

center point and two factors are allowed to vary. Figure 7a

X, 1 0.012960  0.012960 7078 0.000 depicted the combined effect of concentration of AIIIl and
X 1 0.133644  0.133644  729.90  0.000 concentration of TOPO on the response. Figure 7b showed
X3 1 0.008320  0.008320 4544 0.001 the combined effect of extraction time and concentration
X 1 0225264 0.225264  1230.28  0.000 of AIII at the fixed value of concentration of TOPO. Fig-
X3 1 0.076033  0.076033 41525  0.000 ure 7¢ described the combined effect of concentration of
X3 1 0.059553  0.059553 32525 0.000 TOPO and extraction time at the fixed value of concentra-
X; X 1 0.000049  0.000049 027 0.627 tion of AIIL Based on the surface plots in Fig. 7a—c, extrac-
X' x? 1 0.008836  0.008836 48.26  0.001 tion efficiency of thorium by MF-MSA-LLME method was
X, X 1 0.021904  0.021904 119.63  0.000 increased with increasing concentration of TOPO up to 3.5%
Lack-of-fit 3 0.000518  0.000173 0.87  0.575 and then decreased. The results show that the maximum
Pure error 2 0.000398  0.000199 analytical signal was obtained in 0.04% of concentration of
Total 14 0.506136 AIIL Also as can be seen, with increasing of extraction time
ADF degrees of freedom up to almost 5 min, analytical signals increased and then

®Adj SS adjusted sum of square
€Adj MS adjusted mean of square

dTest for comparing variance of model with variance of residual
(error)

A =0.65400 + 0.04025X, + 0.12925X,
—0.03225X,; — 0.24700X; — 0.14350X
— 0.12700X; + 0.00350X, X, — 0.04700X,X;  (2)
— 0.07400X, X,

@ Springer

decreased. Based on the BBD results the optimum condi-
tions were: AIII concentration 0.04%w/v, concentration of
TOPO 3.5 %w/v and extraction time 5 min.

Interference effect of foreign ions

To evaluate the selectivity of the proposed method for the
extraction and determination of thorium ions in water sam-
ples containing different ions, the influence of several ions
were studied. Table 4 represents the tolerance limits of the
examined metal ions. According to the obtained results,
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Fig.7 Response surface plots: (a)
a Concentration of AIIl (%w/v)
versus TOPO Concentration
(%w/v), b Extraction time
(min) vs. Concentration of AIIl
(%wi/v) and ¢ TOPO Concentra-
tion (% w/v) versus Extraction 0.6 |
time (min)
Absorbance 0.4

0.025

55
4.0
2.5 TOPO Concentration (%w/v)

0.040 1.0
0.055

Concentration of AIll (%6w/5Y)

(b)

0.6

Absorbance
04

0055
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0025 ATIT Concentration (%owiv)
0010

Extraction Time (min)

(©)

0.6 |
Absorbance
04 |
10
02 ) §
1.0 . Extracion time (min)
- 4.0 0
55
TOPO Concentration (%w/5)

most of the cations and anions did not interfere with the
extraction and determination of thorium. However, Zr** has
serious interfere in extraction and determination of thorium
ions.

Analytical figures of merit
The analytical characteristics of the developed method,

including linear dynamic range (LDR), limit of detection
(LOD), repeatability and enrichment factor were obtained
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Table 4 Effect of foreign ions on the recovery of 100 ug L™ thorium
using MF-MSA-LLME

Tons Tolerance
limits (ug
L™
K*, Na*, Mg?*, CI7, NO,~, SO,2~ 1000
Pb%*, Ni?*, Cu* 500
Hg?*, In**, Fe**, Fe?* 250
Agt, U 150
La**, Se** 100
Zn>*, Ga** 75
Zr*t 10

under optimum experimental conditions. The calibration
curve for thorium was linear from 5 to 250 pg L™!, with
correlation coefficient of 0.9981. LOD of the method for the
determination of Th(IV) was defined as 3S;/m where “S;” is

standard deviation of the blank signals for seven replicates
and “m” is calibration curve’s slope of the MF-MSA-LLME
method was 0.98 pg L~!. The precision of the method was
evaluated by the relative standard deviation (RSD) (based
on analysis of seven replicates containing 100 pg L™! of
Th(VI)) was found to be 0.69%. Enrichment factor which
was calculated from the slope ratio of calibration curve with
(5.328) and without (0.035) preconcentration by the MF-
MSA-LLME procedure, was about 152.

Analysis of real samples

To evaluate the accuracy and applicability of the proposed
method, it was applied to determine thorium ions from sev-
eral water samples (tap, river, well and mineral waters were
collected from Arak city, Iran). Recovery was tested by spik-
ing known amount of thorium ions in the water samples
and the results are given in Table 5. The results showed that

Table5 Determination of
thorium in real water samples

Sample Thotium spikek Thotium found (ug L™")? Recovery (%)
(ngL™h
Tap water (Arak, Iran) 0 NDP -
50 49.91+0.76 99.82
100 98.89+0.91 98.89
‘Well water (Arak, Iran) 0 ND -
50 48.19+1.1 96.38
100 100.32+0.98 100.32
Mineral water (Sarband mountain, 0 ND -
Arak, Iran) 50 47.54+0.81 95.08
100 96.76 +£0.92 96.76
Marzan Abad river (Arak, Iran) 0 ND -
50 48.98+0.99 97.96
100 97.81+1.4 97.81

#Mean value of three replicate determination + standard deviation (n=3)

"Not detection

Table 6 Comparison of

. o Method Instrument LOD (ug L™"* EF/PF® RSD (%) Linear range (ng L™') References

analytical characteristic of

the proposed method with SPE UV-Vis  0.54 100 <4 3500-200 [29]

some published method for SPE 429 153 15 3400-20 [30]

determination of thorium
FA-HLLME® ICP-MS 2.62 136 0.83 400-10 [31]
VALLME¢ UV-Vis 7.5 - 2.8 240-20 [32]
DLLME-SFO° ICP OES 0.2 68 7.4 250-1 [33]
MF-MSA-LLME UV-Vis 0.98 152 0.69 250-5 This work
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4Limit of detection
YEF enrichment factor, PF preconcentration factor
“Flotation-assisted homogeneous liquid-liquid microextraction

dVortex-assisted liquid—liquid microextraction

Dispersive liquid-liquid microextraction based on the solidification of floating organic
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the recoveries for the addition of different concentrations of
thorium ions were in the range 95.08-100.32%.

Comparison of MF-MSA-LLME with some other
method

Comparison of this method with those of some of the best
previously preconcentration methods for determination
of thorium is summarized in Table 6. As can be seen, the
proposed method has good enrichment factors, wide linear
dynamic range, and relative standard deviation and low LOD
comparable with the most of reported methods. The results
clearly indicate that MF-MSA-LLME is a reproducible,
rapid, and simple technique that can be used for preconcen-
tration and determination of trace amounts of thorium ions
in water samples.

Conclusion

In this study, a novel, effective and sensitive MF-MSA-
LLME method by the application of home-designed extrac-
tion vessel combined with UV-Vis spectrophotometry for
the analysis of trace amount of thorium ions was developed.
The proposed method was successfully applied without
using disperser solvent and centrifugation step. Moreover,
for optimization of the affective parameters in extraction effi-
ciency, the PBD and BBD were successfully applied. This
method is simple, rapid, inexpensive and low toxicity and
has good enrichment factor, low LOD and high sensitivity
and selectivity. The proposed method was successfully used
to determine trace amounts of thorium ions in the real water
samples with satisfactory results.
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