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Homogeneous liquid-liquid microextraction via flotation assistance (HLLME-FA) was 
investigated for the extraction of molybdenum from the water samples. Alizarin Red S and cetyl 
trimethylammonium bromide (CTAB) were used as a complexing ligand and ion-pairing reagent, 
respectively. The enriched analyte in the floated organic phase was determined by electrothermal 
atomic absorption spectrometry (ETAAS). In this work, low density organic solvent was used and 
no centrifugation was required in this procedure. A special extraction cell was designed to facilitate 
the collection of the low-density extraction solvent. By using air flotation, the organic solvent 
was collected at the conical part of the designed cell. Under the optimum conditions, the method 
performance was studied in terms of linear dynamic range (0.5-200 µg L-1), linearity (r2 > 0.991), 
precision (repeatability < 10.0 %). Also, the limit of detection (LOD) of 0.1 µg L-1 was obtained 
for molybdenum. The proposed method has been successfully applied for the determination of 
the molybdenum in water samples. 
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Introduction

Molybdenum (Mo) is an essential trace element for both 
animals and plants. In terrestrial animals, Mo is present in 
various organs and tissues, especially in the liver, kidney, 
adrenal, glands, bone and brain. In plants, this element 
is necessary for the fixation of atmospheric nitrogen by 
bacteria to begin the protein synthesis. Deficiency or excess 
of molybdenum can cause damage to plants, and hence its 
routine control is highly recommended for healthy plant 
growth. Molybdenum is added in trace amounts to the 
fertilizers to stimulate the plant growth. Molybdenum is also 
used as a component in glass, fertilizer, catalyst, lubricant 
and alloy of steel.1-4 As a result, industrial effluents contain 
excess of molybdenum that causes detrimental effects 
in animals and human beings. Molybdenum poisoning 
cause severe gastrointestinal irritation with diarrhea, coma 
ruminants and death from cardiac failure. Complexes 
containing molybdenum, such as tetrathiomolybdate 

are administered in the treatment of Wilson’s disease.5 
Thus, monitoring of molybdenum in environmental 
sample is necessary in order to know the exposure level 
of this element. For the determination of trace amount of 
molybdenum, a separation and a preconcentration step are 
usually required before its analysis. This is due to its low 
concentration and matrix effect in environmental samples. 
The most widely used techniques for the separation and 
preconcentration of trace molybdenum include liquid-liquid 
extraction (LLE),6-11 solid-phase extraction (SPE)12-14 and 
co-precipitation methods.15,16 

Recently, Rezaee et al.17 have introduced a more 
effective solvent microextraction technique with high 
extraction recovery termed dispersive liquid-liquid 
microextraction (DLLME). In DLLME, the appropriate 
mixture of extraction solvent and disperser solvent is rapidly 
injected into aqueous samples containing analytes using a 
syringe and cloudy solution forms. In fact, the cloudy state 
results from the formation of fine droplets of extraction 
solvent dispersed in the sample solution. This cloudy 
solution is centrifuged and the fine droplets are sedimented 
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at the bottom of conical test tube.17-21 Homogeneous liquid-
liquid extraction (HLLE) is an extraction method that 
extracts the desired solute existing in the homogeneous 
aqueous solution into the water-immiscible organic phase 
by phase separation phenomenon. In HLLE procedures, the 
initial condition (before phase separation) is homogeneous 
solution, namely, there is no interface between water phase 
and water-immiscible organic phase.22-24

Extraction solvents often used in DLLME and HLLE are 
chlorobenzene, carbon tetrachloride and chloroform with 
higher density than water and all of which are potentially 
toxic to human and the environment. So, the micro droplets of 
extraction solvents were settled from the aqueous bulk usually 
by centrifuging the emulsion. The instrumental analysis of 
the sediment was then carried out after centrifugation. 
However, many of common liquid-liquid extraction solvents 
including alkanes, alcohols, ethers, ketones and acetates 
possess lower density than water. Therefore, the application 
of these solvents in dispersion-based microextraction 
methods like DLLME will be problematic. In recent years, 
to overcome this limitation, in several studies, application 
of low density solvents in solvent microextraction methods 
has been reported.25-30

Recently, Hosseini et al.31,32 have introduced a novel 
modality of liquid-liquid microextraction, referred as 
homogeneous liquid-liquid microextraction via flotation 
assistance (HLLME-FA) method. HLLME-FA is similar to 
the DLLME and HLLE methods. A mixture of extraction 
and homogeneous solvents is injected into an aqueous 
sample. In the initial state of injection, a homogeneous 
solution was formed and then, with the continuation of 
injection, an emulsion consisting of the fine droplets of 
the extraction solvent were formed. Homogeneous solvent 
causes increase in the solubility of extraction solvent in 
water. The separation of the two phases happened by adding 
salt. In this method, a special extraction cell was designed 
to facilitate collection of the low-density extraction solvent. 
No centrifugation was required in this procedure. By using 
air flotation, the organic solvent was collected at the upper 
conical part of the designed cell. The purpose of this paper 
is to demonstrate the usefulness of HLLME-FA combined 
with electrothermal atomic absorption spectrometry 
(ETAAS) for the determination of molybdenum in 
the water samples. For the first time, HLLME-FA in 
combination with ETAAS for the preconcentration and 
determination of molybdenum inwater samples was used. 
The effect of various experimental parameters such as 
type and volume of extraction solvent, type and volume 
of homogeneous solvent, sample pH, ligand concentration, 
cetyl trimethylammonium bromide (CTAB) concentration 
and ionic strength was studied.

Experimental 

Chemicals and reagents 

A stock standard solution of Mo at the concentration 
level of 1000 mg L-1 was prepared from pure ammonium 
molybdate (VI) (E. Merck, Darmstadt, Germany). Working 
standard solutions were prepared in doubly distilled water. 
All the standard solutions were stored in a fridge at -4 °C 
and brought to ambient temperature just prior to use. 
1-Undecanol, n-heptane, toluene, methanol, ethanol, acetone 
and acetonitrile were obtained from Merck. A solution of 
Alizarin Red S (0.01 mol L-1) was prepared by dissolving the 
appropriate amounts of this reagent in distilled water. CTAB 
(0.1 mol L-1) was prepared by dissolving the appropriate 
amounts of this reagent in distilled water. Youngling ultra 
pure water purification system (Aqua MaxTM-ultra, Korea) 
was used for the purification of water. The pH of solutions 
was adjusted by dissolving proper amount of ammonium 
acetate in distilled water (2.5 × 10-3 mol L-1) and dropwise 
addition of nitric acid (0.5 mol L-1) and/or sodium hydroxide 
solutions (0.5 mol L-1). Certified reference materials, rain 
water TMRAIN-95 and sea water NAAS-5 were obtained 
from National Research Council, Canada.

Instrumentation

In this work, an atomic absorption spectrometer model 
PG-990, equipped with a graphite furnace atomizer and 
deuterium background correction was used. A molybdenum 
hallow cathode lamp with a wavelength of 313.3 nm, a 
current of 7.0 mA, and a slit of 0.2 nm was used as radiation 
source. The temperature program for the graphite furnace 
atomic absorption is given in Table 1. 

HLLME-FA procedure

Figure 1 shows the schematic procedure of the proposed 
method. A mixture of 1.0 mL methanol (homogeneous 
solvent) and 200 µL toluene (extraction solvent) were added 
to the home-designed extraction cell (Figure 1a). A volume 
of 136 µL Alizarin Red S (0.01 mol L-1), as a ligand, and 
70 µL CTAB (0.1 mol L-1), as an ion-pairing reagent, were 
added into the 22 mL saline aqueous solution containing 
molybdenum at the concentration level of 200 µg L-1, 
which pH was adjusted at 3.5. This solution was rapidly 
injected into the extraction cell by syringe (Figure 1b). In 
the initial state of injection, a homogeneous solution was 
formed and then, with the continuation of injection, an 
emulsion consisting of the fine droplets of the extraction 
solvent were formed (Figure 1c). After about 1 min, the 
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organic solvent was collected on the top of the solution by 
air flotation (Figure 1d). After separation of the two phases, 
a few volumes of distilled water were added into the glass 
tube through the side of the cell (Figure 1e). The floated 
organic solvent was raised into the conical part of the cell. 
The collected organic solvent was injected into the ETAAS 
instrument using a microsyringe. 

Results and Discussion

HLLME-FA combined with ETAAS was developed 
for the determination of molybdenum in water samples. In 
order to obtain a high recovery and high enrichment factor, 
effects of different parameters such as the type and volume 
of the extraction and homogeneous solvents, sample pH, 
ligand concentration, ion-pairing reagent concentration, 
salt amount and extraction time were studied and optimized 
using one variable at a time method. 

Selection of extraction solvent

In order to obtain efficient extraction, the selection 
of an extraction solvent is of great importance in solvent 
microextraction methods. In the selection of extraction 
solvent, factors should be considered once it is limited by 
several characteristics, must have low water solubility and 
lower density than water. The extraction solvent should 
also be able to extract the analyte of interest and should be 
compatible with the analytical instrument. In the current 
study, to investigate the applicability of the proposed 
method for determination of the target analyte, some 
solvents including toluene, 1-undecanol and n-heptane 
were selected and optimized. For comparison study, it is 
necessary to add an excess amount of extraction solvent 
to recover an equal volume in the upper layer for different 
extraction solvents. As shown in Figure 2, toluene presented 
the highest extraction efficiency. The presence of benzene 
group in the ligand and its interaction with benzene group 
in toluene causes better extraction efficiency. Thus, toluene 
was selected for the subsequent experiments.

Selection of homogeneous solvent

Acetone, acetonitrile, ethanol and methanol, which are 
miscible with both water and toluene, were selected as the 

Table 1. Temperature program of graphite furnace for metal ion determination

Stage Temperature / °C Ramp  Gas flow / (mL min-1) time / s

Drying 90 10.0 250 15.0

Drying 120 15.0 250 10.0

Pyrolysis 1200 10.0 250 5.0

Pyrolysis 1200 0.0 250 1.0

Atomization 2700 0.8 0 1.0

Cleaning 2750 1.0 250 2.0

Figure 1. Schematic HLLME-FA procedure. (a) A mixture of 1.0 mL 
methanol containing 200.0 µL toluene was added to the home-designed 
extraction cell; (b) 22.0 mL of the saline aqueous solution was added 
into the extraction cell; (c) a homogeneous solution was formed in the 
cell; (d) using air flotation, organic solvent was moved to the top of the 
solution; (e) a small volume of distilled water was added into the glass 
tube on the side of the cell.
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Figure 2. Effect of type of extraction solvent on the determination of 
molybdenum using the proposed procedure. Extraction conditions: 
homogeneous solvent (acetone) volume, 1.0 mL; extraction solvent, 
toluene, 1-undecanol and n-heptane; concentration of NaCl, 1.5 mol L-1; 
extraction time, 5 min; volume of Alizarin Red S (0.01 mol L-1), 70 µL; 
volume of CTAB (0.1 mol L-1), 70.0 µL; pH, 5.
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homogeneous solvents. A series of the sample solutions 
was studied by using 1.0 mL of each homogeneous solvent 
containing 200.0 µL toluene (as the extraction solvent). The 
results showed that methanol has the highest extraction 
efficiency compared to the other tested solvents. Therefore, 
methanol was selected as the homogeneous solvent in the 
further experiments.

Selection of extraction and homogeneous solvent volumes

To examine the effect of extraction solvent volume, 
solutions containing different volumes of toluene were 
subjected to the same HLLME-FA procedures. The 
experimental conditions were fixed and included the use of 
1.0 mL methanol containing different volumes of toluene 
(200.0, 250.0, 300.0 and 350.0 µL). By increasing the 
volume of toluene, the absorption of the analyte decreased, 
owing to the increase in the volume of the collected organic 
solvent. Based on the experimental results, 200.0 µL toluene 
was adopted for the further experiments.

In order to study the influence of the volume of 
homogeneous solvent on the extraction efficiency, different 
volumes of methanol (0.5, 1.0, 1.5 and 2.0 mL) were used. 
The results showed that increasing the volume of methanol 
led to a raise in absorption up to 1.0 mL and then a decrease 
of analytical signal was observed. It seems that at a low 
volume of methanol, cloudy state is not formed well, thereby, 
the absorption decreases. The solubility of the complex in 
water containing high amount of the homogeneous solvent 
is increased, therefore, the absorption decreases. Therefore, 
1.0 mL was selected as the optimum volume of methanol. 

Effect of pH

In procedure involving HLLME-FA, the pH of the 
aqueous solution is a very important factor for the extraction 
of metal ion, as it controls the interactions between the 
analyte and the chelating reagent. Thus, the hydrogen ion 
concentration of the medium was studied for the extraction 
of molybdenum using buffer solutions with pH values 
ranging from 2-10. The results are shown in Figure 3. It 
was observed that the best results are obtained when the 
pH value is 3.5. Therefore, a buffer solution of pH 3.5 was 
used in all additional experiments. 

Concentration of the chelating reagent 

The chelating reagent used in this HLLME-FA 
procedure was Alizarin Red S, which was studied in the 
volume of 30.0 to 800.0 µL at the concentration level of 
0.01 mol L-1. The effect of Alizarin Red S on the absorbance 

of molybdenum is shown in Figure 4. It can be observed that 
the absorption of the analytical signal reached a maximum 
at the volume of 136 µL. It seems that slight reduction of 
extraction in the high concentration of Alizarin Red S is due 
to the extraction of Alizarin Red S itself, which can easily 
saturate the small volume of the extraction solvent. Also, at 
the high concentration of Alizarin Red S, the background 
absorbance was increased. Thus, for the further studies, 
volume of 136 µL of Alizarin Red S at the concentration 
of 0.01 mol L-1 was used. 

Effect of the concentration of the ion-pairing reagent

The complex formed between molybdenum and Alizarin 
Red S is ionic. CTAB was used as ion-pairing reagent, 
which produced ion-paired complex with molybdenum in 
the presence of Alizarin Red S. The effect of concentration 
of CTAB was studied using different volumes (0.0, 70.0 
and 150.0 µL) of a 0.1 mol L-1 solution. As can be seen 
in Figure 5, the best analytical signal was obtained with 
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Figure 3. Effect of pH on the determination of molybdenum using 
the proposed procedure. Extraction conditions: homogeneous solvent 
(methanol) volume, 1.0 mL; extraction solvent (toluene) volume, 
200.0 µL; concentration of NaCl, 1.5 mol L-1; extraction time, 5 min; 
volume of Alizarin Red S (0.01 mol L-1), 70 µL; volume of CTAB 
(0.1 mol L-1), 70.0 µL; pH, 2, 3.5, 5, 8, 10.
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Figure 4. Effect of concentration of the chelating reagent on the 
determination of molybdenum using the proposed procedure. Extraction 
conditions: homogeneous solvent (methanol) volume, 1.0 mL; extraction 
solvent (toluene) volume, 200.0 µL; concentration of NaCl, 1.5 mol L-1; 
extraction time, 5 min; volume of Alizarin Red S (0.01 mol L-1), 30, 70, 
136, 300, 500, 800 µL; volume of CTAB (0.1 mol L-1), 70.0 µL; pH, 3.5.
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70.0 µL. Thus, 70.0 µL CTAB solution (0.1 mol L-1) was 
selected as an optimum volume. 

Effect of salt addition

Effect of salt addition on the extraction efficiency 
was studied by changing NaCl concentration from 0.5 
to 5 mol L-1. By increasing the NaCl concentration up to 
3.0 mol L-1, the extraction efficiency of the analyte increases, 
because of salting-out effect (Figure 6). Using higher salt 
concentration resulted in decreasing extraction efficiency, 
due to raising solution viscosity that reduces dispersion 
phenomenon. Therefore, 3.0 mol L-1 was selected as the 
optimal salt concentration for subsequent analysis.

Effect of extraction time

In this experiment, extraction time is the interval time 
between the beginning and the end of the dispersion, just 
before air flotation. Effect of extraction time was examined in 

the time range of 1-20 min. The results show that extraction 
time has no significant effect on the extraction efficiency of 
the analyte, because the surface area between the extraction 
solvent and the aqueous phase is very large. Thereby, 
transition of the complex from the aqueous phase to the 
extraction solvent is fast and equilibrium state is achieved 
quickly. Hence, the extraction time of 1 min was adopted to 
achieve maximal extraction efficiency of the analyte.

Interferences

The potential interferences of some ions on the 
preconcentration and determination of metal ion were 
examined. In these experiments, solutions of 100 µg L-1 
of the analyte containing the interfering ions were treated 
according to the optimized procedures. Table 2 shows 
tolerance limits of the interfering ions. In addition, a 
number of common anions like Cl-, SO4

2-, NO3
-, I- and F- 

were tested. The results showed that they did not interfere 
at the concentration up to 100 mg L-1. 

Quantitative analysis

The characteristics of analytical curve were obtained 
under the optimized conditions (Table 3). Linearity was 
observed in the range of 0.5 to 200 µg L-1 for molybdenum 
with coefficient of determination (r2) of 0.9923. The relative 
standard deviation (RSD, n = 6) was 9.7%. The limit of 
detection (LOD), (S/N = 3) was 0.1 µg L–1. The limit of 
quantification (LOQ) was calculated as 10 Sb/m, where Sb 
is the standard deviation of ten measurements of blank and 
m is the slope of the calibration graph and the LOQ was 
0.6 µg L-1. The enhancement factor, calculated from the 
slope ratio of calibration curves obtained after and before 
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Figure 5. Effect of concentration of the ion-pairing reagent on the 
determination of molybdenum using the proposed procedure. Extraction 
conditions: homogeneous solvent (methanol) volume, 1.0 mL; extraction 
solvent (toluene) volume, 200.0 µL; concentration of NaCl, 1.5 mol L-1; 
extraction time, 5 min; volume of Alizarin Red S (0.01 mol L-1), 136 µL; 
volume of CTAB (0.1 mol L-1), 0, 70, 150 µL; pH, 3.5.
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Figure 6. Effect of NaCl concentration on the determination of 
molybdenum using the proposed procedure. Extraction conditions: 
homogeneous solvent (methanol) volume, 1.0 mL; extraction solvent 
(toluene) volume, 200.0 µL; NaCl concentration, 0.5, 1.5, 3.0, 5.0 mol L-1; 
extraction time, 5 min; volume of Alizarin Red S (0.01 mol L-1), 136 µL; 
volume of CTAB (0.1 mol L-1), 70.0 µL; pH, 3.5.

Table 2. Effect of interference on preconcentration and determination 
of metal ion

Interference
Interference to metal 

ion ratio
Recovery / %

Ni2+ 200 94

Co2+ 200 91

Ca2+ 1000 98

Mn2+ 200 92

Cd2+ 200 91

Ba2+ 1000 95

Zn2+ 400 94

K+ 1000 97

Fe3+ 400 89

Mg2+ 1000 98

Na+ 1000 99

Al3+ 500 90
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HLLME-FA, was found to be 660 for this preconcentration 
method. The sensitivity was evaluated by calculating the 
characteristic mass (9.0 pg).

Table 4 compares the proposed method with the other 
extraction methods for the determination of molybdenum. 
Comparison of the proposed method with cloud point 
extraction (CPE),33 for the extraction and determination 
of the analyte indicates that this novel method has a 
short extraction time for the determination of the analyte. 
Quantitative results of the proposed method such as 
detection limit and linear range are better than those of 
solid-phase extraction,34 ionic liquid-based dispersive 
liquid-liquid microextraction35 and HLLE36 methods. 
Comparing the proposed method with cathodic stripping 
voltammetric method37 shows that the presented work is 
simple and cheap. Also, the proposed method does not 
need centrifugation to separate the organic phase and it is 
possible to use low-density extraction solvents. Finally, it 
can be concluded that the proposed method is an efficient, 
rapid, simple and cheap microextraction method that can 
be a complement for DLLME and HLLE methods that have 
been used with organic solvents more dense than water for 
the determination of molybdenum in water samples.

Real water analysis

The practical suitability of the HLLME-FA method 
was investigated by the determination of molybdenum 
in four types of water samples. To determine the relative 
recoveries of the method, the water samples were spiked 
with molybdenum. The results (Table 5) demonstrate 
that the different water matrices had little effect on the 
HLLME-FA method, indicating the good performance of 
the proposed method for the determination of molybdenum 
in water samples. The proposed method was also applied 
to the determination of molybdenum in certified reference 
materials: NASS-5 (seawater) and TMRAIN-95 (rain 
water). The obtained results (Table 6) for certified reference 
materials are in agreement with those certified. Based on 
these results, it can be stated that the proposed method 
has good accuracy for the determination of molybdenum 
in water samples.

Conclusions

This paper outlined the successful development and 
application of the HLLME-FA method combined with 

Table 3. Quantitative results of HLLME-FA method for molybdenum

Analyte Linear range / (µg L-1) LODa / (µg L-1) LOQb / (µg L-1) RSD / %c r2d

Mo 0.5-200 0.1 0.6 9.7 0.9923

aLOD, limit of detection for S/N = 3; bLOQ, limit of quantification; cRSD, relative standard deviation (n = 6); dcoefficient of determination.

Table 4. Comparison of the proposed method with the other extraction methods for the determination of molybdenum in water samples

Method RSD / %
Dynamic linear 
range / (µg L-1)

Limit of detection / 
(µg L-1)

Extraction 
time / min

Enhancement 
factor

Ref.

CPE-spectrophotometry 1.1 0.3-320 0.1 10 20 33

Cathodic stripping voltammetric 3.9 0.02-0.5 0.09 - - 34

SPE-reflection spectroscopy < 6 50-2500 2 - - 35

HLLE-spectrophotometry 2.4 200-2000 - - 125 36

Ionic liquid-based DLLME 2.7 5-100 1.43 < 7 72 37

HLLME-FA-ETAAS 9.7 0.5-200 0.1 1 660 This work

Table 5. Determination of molybdenum in tap, well, sea and river water and relative recovery of spiked molybdenum 

Sample
Concentration of Mo / (µg L-1) ± SDa  

n = 3
Added Mo / (µg L-1)

Found Mo / (µg L-1) ± SDa  
n = 3

Relative recovery / %

Tap waterc n.d.b 10.0 9.6 ± 0.8 96

River waterd 2.1 ± 0.2 10.0 11.5 ± 1.3 94

Well watere 1.5 ± 0.2 10.0 10.7 ± 1.0 92

Sea waterf n.d. 10.0 9.0 ± 1.2 90

aStandard deviation; bnot detected; ctaken from our laboratory (Tehran. Iran); dtaken from Anzali River (Gilan, Iran); etaken from Mazandaran area (Sari, 
Iran); ftaken from Caspian Sea (Sari, Iran).
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ETAAS for the quantitative analysis of molybdenum in 
water samples. The developed method was sensitive, 
reproducible and linear over a wide concentration range. 
The developed method was convenient for the usage of 
low-density extraction solvents. Air flotation was used to 
break up organic solvent in water emulsion and to finish 
the extraction process. The performance of this procedure 
in molybdenum extraction from different water samples 
with various matrices was satisfactory and no matrix effect 
was observed. The main characteristics of the proposed 
method are simplicity, low cost, short analysis time and 
low consumption of toxic organic solvents.
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Table 6. Results of Mo determination in certified reference materials

Certified reference material
Mo concentration / (µg L-1)

Proposed method Certified value

NASS-5 (seawater) 9.2 (7.6) 9.6 (1.0)

TMRAIN-95 (rain water) 0.18 (9.8) 0.17 (0.10)

The relative standard deviations (in %) (n = 6) are given in parentheses.


