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Abstract 25 

Zinc oxide nanofluid (ZnO-NF) based vortex assisted liquid liquid microextraction (ZnO-NF 26 

VA-LLME) was developed and employed in extraction of inorganic mercury (Hg
2+

) in 27 

environmental water samples, followed by cold vapor atomic fluorescence spectrometry (CV-28 

AFS). Unlike other dispersive liquid liquid microextraction techniques, ZnO-NF VA-LLME is 29 

free of volatile organic solvents and dispersive solvent consumption. Analytical signals were 30 

obtained without back-extraction from the ZnO-NF phase prior to CV-AFS determination. Some 31 

essential parameters of the ZnO-NF VA-LLME and cold vapor generation such as composition 32 

and volume of the nanofluid, vortexing time, pH of the sample solution, amount of the chelating 33 

agent, ionic strength and matrix interferences have been studied. Under optimal conditions, 34 

efficient extraction of 1 ng/mL of Hg
2+

 in 10 mL of sample solution was achieved using 50 μL of 35 

ZnO-NF. The enrichment factor before dilution, detection limits and limits of quantification of 36 

the method were about 190, 0.019 and 0.064 ng/mL, respectively. The intra and inter days 37 

relative standard deviations (n=8) were found to be 4.6% and 7.8%, respectively, at 1 ng/mL 38 

spiking level. The accuracy of the current method was also evaluated by the analysis of certified 39 

reference materials, and the measured Hg
2+

 concentration of GBW08603 (9.6 ng/mL) and 40 

GBW(E)080392 (8.9 ng/mL) agreed well with their certified value (10 ng/mL). The method was 41 

applied to the analysis of Hg
2+

 in effluent, influent, lake and river water samples, with recoveries 42 

in the range of 79.8 – 92.8% and 83.6 – 106.1% at 1 ng/mL and 5 ng/mL spiking levels, 43 

respectively. Overall, ZnO-NF VA-LLME is fast, simple, cost-effective and environmentally 44 

friendly and it can be employed for efficient enrichment of the analyte from various water 45 

samples. 46 

 47 
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1. Introduction 50 

Sample preparation, one of the stages in analytical procedure which results in the 51 

isolation and enrichment of target analytes, plays a vital role in analytical methods. It is the most 52 

challenging process, and can affect the quality as well as the precision of analytical data [1]. The 53 

most widely employed strategies in the pool of literature for the extraction of liquid samples are 54 

liquid liquid extraction [2] and solid-phase extraction [3]. The field of microextraction has 55 

gained wide attention from green analytical chemistry (GAC) perspective due to limited 56 

consumption of the extraction solvent (<100 µL) [2]. There are various microextraction 57 

approaches like dispersive liquid liquid microextraction (DLLME) [4-7], solid phase 58 

(micro)extraction [8-12], single drop microextraction [13] and hollow fiber supported liquid 59 

phase microextraction [14] which have been investigated for the isolation and enrichment of 60 

trace analytes from the complex samples prior to detection. 61 

DLLME is cheap, simple and fast microextraction technique which presents high 62 

enrichment factor [15], even though difficulty to automation and the use of environmentally 63 

unfriendly solvents have been narrated as its limitations. One of the disadvantages of this 64 

technique is the use of dispersive solvent, which may cause environmental problem and decrease 65 

the value of distribution ratio. Therefore, addition of such solvents should be avoided from the 66 

extraction procedures as much as possible. To avoid the use of dispersive solvent in DLLME, 67 

emulsification techniques like ultrasonication and vortexing have been investigated [16]. In 68 

addition to replacing the dispersive solvent, these techniques also improve the analyte extraction, 69 

eliminate the coalescence effect and stirring-induced heating effect, and also help for ease phase 70 

separation in centrifugation [17]. Vortexing, the physical agitation method for the complete 71 
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mixing of sample and extraction solvent, is more cost effective than ultrasonication and form 72 

thermodynamically unstable dispersion that facilitates the phase separation [16]. 73 

The use of aforementioned microextraction techniques reduce environmental impact and 74 

the exposure of personnel to solvent vapors [16]. This can be stated as one step advancement in 75 

greening the sample preparation strategies. However, avoiding the consumption of toxic 76 

solvents, using relatively green reagents, further reducing solvent consumption, minimizing 77 

waste generation, extraction time and labor are still of interesting from GAC point of view. Very 78 

recently, we reported the use of ionic liquid-based zinc oxide nanofluid (IL-ZnO-NF) as 79 

alternative environmentally benign solvent for single drop microextraction of selected fungicides 80 

from environmental waters [18]. Nanofluids, obtained from suspension of nanoparticles (size, 81 

<100 nm) in base fluids [19], have got great attention in the field of analytical chemistry because 82 

of their ability to enhance the mass transfer coefficient in extraction processes [20-22]. 83 

Mercury (Hg) is a chemical element which exists in several forms (organic and 84 

inorganic) in the environment. Due to the high toxicity of Hg and its ability to bio-accumulate in 85 

organisms on one side, and the main incorporation route to human body is via drinking water on 86 

the other side, its level in waters should be monitored [23]. The permitted (threshold) level of Hg 87 

in drinking water was set to be 1 ng/mL [24] or 2 ng/mL [25]. However, the concentration of Hg 88 

is commonly in the range of low ng/L in environmental waters [23] which indicate that sample 89 

pretreatment and sensitive detection techniques are essential for its quantitative analysis. 90 

Moreover, appropriate sampling and storage conditions are also necessary to avoid any external 91 

contamination or analyte inter conversions [26,27]. 92 

The aim of the present work was to combine the advantages of IL-ZnO-NF, vortex 93 

emulsification and LLME technique in order to develop zinc oxide nanofluid based vortex-94 
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assisted liquid liquid microextraction (ZnO-NF VA-LLME) for the extraction of Hg
2+

 in aqueous 95 

samples. In the method, ZnO-NF was used as a dispersive and extraction solvent. The extraction 96 

procedure was carried out using ammonium pyrrolidine dithiocarbamate (APDC) as a chelating 97 

agent and without any additional dispersive solvent. After vortex emulsification, centrifugation 98 

and diluting in ethanol, the Hg species was determined directly by cold vapor atomic 99 

fluorescence spectrometry (CV-AFS). 100 

 101 

2. Experimental 102 

2.1. Instrumentation 103 

An AFS-8130 atomic fluorescence spectrometer (Titan Instruments Co., Ltd, Beijing, 104 

China) equipped with a flow injection system was used for the determination of Hg
2+

. The 3% 105 

(m/v) HNO3 and 1% (m/v) KBH4 in 0.5% (m/v) KOH were used as a carrier solution and 106 

reducing agent, respectively. Fully-automatic intermittent pump is adopted for delivering sample 107 

and KBH4 solutions in hydride generation. The generated elemental mercury (Hg
0
) was carried 108 

to the detection cell by argon stream. Hg hollow cathode lamp was employed as radiation source. 109 

Concentration of Hg
2+

 in the samples was determined using calibration curve. AFS-830 software 110 

(AFS-8x) was used for data acquisition. The experiment conditions of CV-AFS are given in 111 

Table 1. 112 

 113 

Table 1 Suggested here 114 

 115 

2.2. Chemicals and reagents 116 
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Compressed argon (purity, ≥99.99%) was purchased from Beijing Haikeyuanchang 117 

Practical Gas Co., Ltd. (Beijing, China). Stock standard solution of Hg
2+

 (1000 mg/L) was 118 

obtained from National Center of Analysis and Testing for Nonferrous Metals and Electronic 119 

Materials (Beijing, China). APDC (purity, 98%) was purchased from Alfa Aesar China (Tianjin) 120 

Co., Ltd. (Tianjin, China). NaCl and KOH (both GR Grade), and NaOH (purity, ≥96%) were 121 

obtained from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). KBH4 (purity, ≥98.5%) 122 

was obtained from Tianjin Institute of Fine Chemicals (Tianjin, China). Mineral acid, 65% 123 

HNO3 was purchased from Merck KGaA (Darmstadt, Germany). Ionic liquid, 1-hexyl-3-124 

methylimidazolium hexafluorophosphate ([HMIM][PF6]) was obtained from Aladdin Industrial 125 

Corporation (Shanghai, China). Ethanol (AR, 99.7%) was purchased from Beijing Chemical 126 

Works (Beijing, China). High-purity water (Millipore water) obtained by MilliQ water 127 

purification system (Millipore, Billerica, MA, USA) was used throughout the experiments. The 128 

interference study was performed using 1000 mg/L stock solutions of each metals. 129 

 130 

2.3. Sample collection and preservation 131 

Environmental water samples, effluent, influent, lake and river waters, were collected and 132 

employed to investigate the applicability of the current method. The effluent and influent water 133 

samples were collected from Qinghe wastewater treatment plant (Beijing, China), the lake water 134 

sample was collected from Weiming Lake located in Peking University (Beijing, China) and the 135 

river water was collected from Chaobai River (Beijing, China). The samples were filtered with 136 

0.22 µm pore size filter membrane and stored at 4 
o
C until analysis time. 137 

 138 

2.4. Preparation of ZnO-NF 139 
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The two-step method, preparation of the nanoparticles and then dispersion in base fluid, 140 

was used in preparation of the nanofluid [18]. In brief, known amount of ZnO NPs, prepared and 141 

characterized in our recent report [18] (data not shown here) was dispersed in [HMIM][PF6], 142 

base fluid, and homogeneously distributed and then sonicated for about 90 min to break up any 143 

potential clusters of the NPs. Nanofluids with various ZnO NPs compositions were prepared and 144 

employed as extraction solvent. 145 

 146 

2.5. ZnO-NF VA-LLME procedure 147 

A 10 mL of sample solution (pH 4) spiked with 1 ng/mL Hg
2+

 were placed in 15 mL 148 

centrifuge tube with a conic bottom, and 100 µL of 0.3% (m/v) APDC was added as a chelating 149 

agent followed by addition of 50 μL of ZnO-NF as extraction solvent. Then, the sample mixture 150 

was continuously agitated (vortexing rate, 3000 rpm) for 2 min to allow efficient extraction of 151 

the chelated Hg to the ZnO-NF droplets. After that, the mixture was centrifuged for 10 min at 152 

5000 rpm so that the dispersed ZnO-NF droplets were joined together and sedimented at the 153 

bottom of the centrifuge tube. After careful removal of the aqueous phase, the nanofluid phase 154 

was diluted to 2 mL with ethanol and then investigated by CV-AFS. The schematic 155 

representation of ZnO-NF VA-LLME procedure is provided in Fig. 1. 156 

 157 

Fig. 1 Suggested here 158 

 159 

2.6. Quality control/quality assurance 160 

The sample solution were pretreated with acid to avoid the possible contamination and loss of 161 

the target analytes. All the glassware employed in the current study were soaked in acid bath 162 
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(10% HNO3) for 24 hr., rinsed with Millipore water and dried before use. Blank samples were 163 

investigated passing through the whole extraction procedure in the same way to the sample 164 

solutions. The analyte were quantitatively determined using 10 calibration points. Linearity of 165 

the method was obtained by investigating water samples spiked with concentration range of the 166 

analyte from 0.1 to 10 ng/mL. The LOD and LOQ was calculated as 3*(s/m) and 10*(s/m), 167 

respectively (where s is the standard deviation of the y-intercepts and m is the slope of 168 

calibration curve after extraction, n=8) [28]. Intra-day and inter-day relative standard deviations 169 

(RSDs) at eight replicates (n=8) investigated with water samples containing 1 ng/mL of the 170 

analyte were used to evaluate the precision of the method. The robustness of the method in 171 

different waters was reflected by the recoveries determined for various water samples spiked at 1 172 

and 5 ng/mL. 173 

 174 

3. Results and Discussion 175 

3.1. Study of the chemical vapor generation 176 

Cold vapor generation of Hg
0
 from the ZnO-NF in the dilution solvent was studied to 177 

figure out suitable vapor generation condition for the best analytical sensitivity. Since KBH4 was 178 

employed as reductant, its appropriate concentration was optimized to avoid the side effects of 179 

the reaction in the closed CV system. The influence of KBH4 and HNO3 concentrations on CV-180 

AFS analytical signals was studied in the range of 0.1 – 2% (m/v) (in 0.5% (m/v) KOH) and 0.5 181 

– 5% (v/v), respectively. The analytical signal of Hg
2+

 increased with increasing concentration of 182 

the KBH4 and HNO3 up to 1% (m/v) and 3% (v/v), respectively. It was verified that the best 183 

analytical signal was obtained at 1% (m/v) reductant concentration and 3% (v/v) HNO3 and these 184 

concentrations were adopted as optimized compositions in the subsequent experiments. 185 
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 186 

3.2. Optimization of the ZnO-NF VA-LLME 187 

Various experimental parameters affecting the extraction capability of ZnO-NF VA-188 

LLME (Section 2.5) like composition of the NF, volume of the NF, vortexing time, amount of 189 

the chelating agent, pH of the sample solution, and ionic strength were optimized based on Hg
2+

 190 

recovery (%) under different experimental conditions and all experiments were performed in 191 

replicate (n=3). 192 

 193 

3.2.1. Composition of the ZnO-NF 194 

Pure [HMIM][PF6] and four ZnO-NFs obtained by dispersing various amounts of ZnO 195 

NPs, 0.005, 0.01, 0.05 and 0.1% (m/m), in [HMIM][PF6] [18] were applied as extraction solvent, 196 

to investigate the effect of ZnO NPs composition on the extraction method. As can be seen in 197 

Fig. 2, the highest recovery (%) was obtained with 0.005% (m/m) ZnO-NFs. Dispersing the NPs 198 

in the IL enhanced the extraction efficiency which is in line with our recent report [18] and this 199 

might be attributed to the higher coefficient of mass transfer due to Brownian motion 200 

[20,21,29,30]. The high extraction efficiency at lower ZnO NPs composition may be attributed to 201 

saturation of the ILs at higher composition [18,31] which may prevents the extraction of the Hg-202 

APDC complex. Therefore, 0.005% (m/m) ZnO-NF was selected as a proper solvent in the 203 

subsequent experiments. 204 

 205 

Fig. 2 Suggested here 206 

 207 

3.2.2. Effect of the volume of ZnO-NF 208 
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To examine effect of the extraction solvent volume, 10 – 120 µL of 0.005% ZnO-NF 209 

were subjected to the ZnO-NF VA-LLME procedure by 10 µL interval. As shown in Fig. 3, the 210 

recovery (%) continuously increases with volume of the ZnO-NF in the range of 10 – 50 µL, and 211 

then exhibited similar recovery (%) with further increase in the solvent volume. Therefore, 50 212 

µL of the solvent was considered as optimal volume in further experiments. 213 

 214 

Fig. 3 Suggested here 215 

 216 

3.2.3. Effect of the vortexing time 217 

The extraction time was optimized using 50 µL of 0.005% ZnO-NF by increasing the 218 

extraction time from 0 to 3 min at 0.5 intervals. Until equilibrium point, the extraction efficiency 219 

of liquid liquid microextraction increases with time, and further longer extraction time could 220 

decrease the extraction efficiency due to the possible dissolution of the ZnO-NF. The effect of 221 

extraction time on the extraction efficiency shown in Fig. 4 depicts that the highest recovery (%) 222 

was obtained in 2 min, and further vortexing does not have significant effect on the extraction 223 

process. Therefore, 2 min was taken as the optimized extraction time. 224 

 225 

Fig.4 Suggested here 226 

 227 

3.2.4. Effect of the amount of the chelating agent 228 

The effect of amount of APDC on the recovery (%) of ZnO-NF VA-LLME was 229 

investigated and the results are presented in Fig. 5. The volume of 0.3% (m/v) APDC was 230 

investigated in the range of 0 – 150 µL, and the extraction recovery (%) increases with the 231 
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amount of APDC and attained its maximum value at 100 µL. Therefore, 100 µL was selected as 232 

optimized amount of the chelating agent solution. 233 

 234 

Fig. 5 Suggested here 235 

 236 

3.2.5. Effect of pH of the sample solution 237 

The extraction of Hg
2+

 with ZnO-NF VA-LLME involves prior complexation of the 238 

analyte for efficient extraction [32,33] and the complex formation is dependent on the pH of the 239 

sample solution [4]. In this study, the possible pH effect on the complex formation and extraction 240 

of Hg
2+

 was investigated in the pH range of 2–10. The result showed that the pH of sample 241 

solution demonstrated significant effect, raised significantly up to pH 4 and exhibited declining 242 

tendency beyond pH 4 (Fig. 6). Similar optimum pH value has been also reported for the 243 

enrichment of Hg
2+

 from waters [4,32]. On the basis of these results, pH 4 was selected in the 244 

subsequent experiments. 245 

 246 

Fig. 6 Suggested here 247 

 248 

3.2.6. Effect of the ionic strength 249 

The addition of salt increases the ionic strength of aqueous solution and decreases the 250 

solubility of the analyte in the sample solution which improve the extraction efficiency [34]. The 251 

influence of ionic strength on ZnO-NF VA-LLME performance was investigated by adding 252 

different amounts of NaCl (0–10%, w/v) to the sample solution. It was found that the salt 253 

concentration exhibited insignificant effect on the recovery (%) (Fig. 7). However, at higher 254 
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concentration, there might be possible dissolution of the ZnO-NF due to high concentration of 255 

Cl
-
 in the solution or displacement of the PF6

-
 of the IL could hence decrease the extraction 256 

efficiency, which was also observed in our previous work [18]. Therefore, no salt was added in 257 

the optimized experiments. 258 

 259 

Fig. 7 Suggested here 260 

 261 

3.3. Interference study 262 

The effects of coexisting metal ions regularly found in water samples were studied by 263 

determining the analytical signals in the presence of constant Hg
2+

 concentration and different 264 

amounts of the co-existing ions ([interference]/[Hg
2+

] ratios of 100:1 and 1000:1, Table 2). The 265 

recoveries of Hg
2+

 in the presence of foreign ions were in the range of 81.7 – 101.4% and 81.3 – 266 

94.27% at 100 and 1000 [interference]/[Hg
2+

] ratios, respectively, except for Ni
2+

, Cr
3+

 and Al
3+

 267 

which exhibited 56.2, 56.6 and 66.7% recovery values, respectively at 1000 [interference]/[Hg
2+

] 268 

ratio. This investigation indicates that the effect of interferences from the foreign ions is not 269 

significant and can be ignored, suggesting the applicability of the proposed method for 270 

preconcentration and determination of the Hg species in environmental water samples with 271 

complex composition. 272 

 273 

Table 2 Suggested here 274 

 275 

3.3. Method Validation 276 
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The analytical performance of the proposed method was evaluated based on the limits of 277 

detection (LOD) and quantification (LOQ), linear range, enrichment factor and precision. The 278 

LOD and LOQ were calculated to be 0.019 and 0.064 ng/mL, respectively. The calibration curve 279 

showed good linearity with a correlation coefficient (R
2
) of 0.9951. High enrichment factor 280 

before dilution (190) was obtained as the ratio of the analyte concentration in the nanofluid 281 

before dilution to its concentration in the sample solution. The intra-day and inter-day relative 282 

standard deviations were obtained to be 4.6% and 7.8%, respectively, which showed good 283 

precision of the method. 284 

Besides, the proposed method was validated by the analysis of two certified reference 285 

materials, GBW08603 and GBW(E)080392, with a certified value and the difference between 286 

the certified and obtained values was insignificant as confirmed using t-test (Table 3). 287 

 288 

Table 3 Suggested here 289 

 290 

3.4. Analysis of real samples 291 

Applicability of the developed method was assessed using the ZnO-NF VA-LLME for 292 

the determination of Hg
2+

 in four real water samples. Trace Hg
2+

 in the samples were 293 

preconcentrated and determined using the procedure described in ZnO-NF VA-LLME. However, 294 

the analyte species was not detected according to the optimized procedure, indicating that its 295 

concentration was below the method LOD. In order to evaluate applicability of the proposed 296 

method, the water samples were spiked with 1 and 5 ng/mL of Hg
2+

 and analyzed with the 297 

proposed technique. The obtained recovery values of the analyte in effluent, influent, lake and 298 

river water samples were in the ranges of 79.8 – 92.8% and 83.6 – 106.1% at 1 and 5 ng/mL 299 
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spiking levels, respectively (Table 4). The recovery values were satisfactory, and it can be said 300 

that the matrix effect from the water samples on the ZnO-NF VA-LLME and CV-AFS for Hg
2+

 301 

determination was not significant. 302 

 303 

Table 4 Suggested here 304 

 305 

3.5. Comparison with other methods  306 

Determination of Hg
2+

 in different waters by ZnO-NF VA-LLME was compared with 307 

other DLLME methods and the results are presented in Table 5. As can be seen in the table, the 308 

ZnO-NF VA-LLME is simple and exhibited short extraction time, lower solvent and sample 309 

consumption and lower detection limits which are in line with the principles of GAC. Therefore, 310 

ZnO-NF VA-LLME can be used as a preconcentration technique in trace analysis of Hg
2+

 in 311 

different aqueous solutions. 312 

 313 

Table 5 Suggested here 314 

 315 

4. Conclusions 316 

In this study, we developed a simple, fast, cost-effective and reliable ZnO-NF VA-LLME 317 

technique for preconcentration of Hg
2+

 in water samples for CV-AFS analysis. Ionic liquid based 318 

ZnO-NF is proposed as dispersive and extraction solvent in the microextraction approach. The 319 

proposed method exhibited efficient extraction of Hg
2+

 in various real water samples with 320 

reasonable linearity, high precisions, and satisfactory relative recoveries. The merits of the 321 

current method include the use of ZnO-NF as extraction solvent instead of volatile organic 322 
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solvents, which is relatively safe and environmentally compatible, low LOD, precise, and 323 

acceptable recovery values. In addition to these qualities, the short extraction time and the 324 

absence of additional dispersive solvent indicate its high potential. In conclusion, ZnO-NF based 325 

VA-LLME presents a simple, effective, fast and relatively environmentally benign technique 326 

with low sample consumption that can be used for the preconcentration of Hg
2+

 in various water 327 

samples. 328 
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Figure Captions 398 

Fig. 1. Schematic illustration of ZnO-NF VA-LLME procedure. 399 

 400 

Fig. 2. Effect of ZnO NPs composition on the recovery (%) of ZnO-NF VA-LLME. Error bars, 401 

standard deviation (n = 3); Extraction conditions: vortexing time, 2 min; vortexing rate, 3000 402 

rpm; pH, 4; chelating agent, 100 µL 0.3% (m/v) APDC; volume of the extraction solvents, 50 403 

µL; salt addition, no salt addition. 404 

 405 

Fig. 3. Effect of the volume of 0.005% (m/m) ZnO-NF on the recovery (%) of Hg
2+

 in ZnO-NF 406 

VA-LLME. Error bars, standard deviation (n = 3); Extraction conditions: vortexing time, 2 min; 407 

vortexing rate, 3000 rpm; pH, 4; chelating agent, 100 µL 0.3% (m/v) APDC; salt addition, no 408 

salt addition. 409 

 410 

Fig. 4. Effect of the vortexing time on the recovery (%) of Hg
2+

 in ZnO-NF VA-LLME. Error 411 

bars, standard deviation (n = 3); Extraction conditions: vortexing rate, 3000 rpm; pH, 4; 412 

chelating agent, 100 µL 0.3% (m/v) APDC; volume of the 0.005% (m/v) ZnO-NF, 50 µL; salt 413 

addition, no salt addition. 414 
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 415 

Fig. 5. Effect of the amount of APDC on the recovery (%) of Hg
2+

 in ZnO-NF VA-LLME. Error 416 

bars, standard deviation (n = 3); Extraction conditions: vortexing time, 2 min; vortexing rate, 417 

3000 rpm; pH, 4; volume of the 0.005% (m/v) ZnO-NF, 50 µL; salt addition, no salt addition. 418 

 419 

Fig. 6. Effect of the pH of the sample solution on the recovery (%) of Hg
2+

 in ZnO-NF VA-420 

LLME. Error bars, standard deviation (n = 3); Extraction conditions: vortexing time, 2 min; 421 

vortexing rate, 3000 rpm; 100 µL 0.3% (m/v) APDC; volume of the 0.005% (m/v) ZnO-NF, 50 422 

µL; salt addition, no salt addition. 423 

 424 

Fig. 7. Effect of the ionic strength on the recovery (%) of Hg
2+

 in ZnO-NF VA-LLME. Error 425 

bars, standard deviation (n = 3); Extraction conditions: vortexing time, 2 min; vortexing rate, 426 

3000 rpm; pH, 4; chelating agent, 100 µL 0.3% (m/v) APDC; volume of the 0.005% (m/v) ZnO-427 

NF, 50 µL. 428 

 429 

 430 

 431 

 432 

 433 

 434 

 435 

 436 

 437 
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 438 

 439 

 440 

 441 

 442 

 443 

Table 1. CV-AFS conditions for Hg
2+

 determination. 444 

 445 

Parameters Optimized Values 

Lamp Mercury HCL 253.7 nm 

Lamp current 30 mA 

PMT voltage -300 V 

Argon flow rate 300 mL/min 

Atomization temperature Room temperature 

KBH4 concentration 1% (m/v) in 0.5% KOH (m/v) 

HNO3 concentration 3% (v/v) in water 

Sampling time 5s 

Injection time 15s 

Signal collection time 5 s 

 446 

 447 

 448 

 449 

 450 
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 451 

 452 

 453 

 454 

 455 

 456 

 457 

 458 

Table 2. Effects of co-existing ions on the extraction efficiency of ZnO-NF VA-LLME 459 

(mean±SD, n=3). 460 

 461 

Metal Recovery (%) 

[M]/[Hg
2+

], 100  [M]/[Hg
2+

], 1000  

Ca
2+

 91.4±5.72 94.27±7.19 

Fe
3+

 89.97±4.61 84.19±5.98 

Cu
2+

 99.65±6.83 83.63±4.40 

Mg
2+

 99.24±2.39 82.64±3.89 

Zn
2+

 86.51±4.36 80.84±3.83 

Ni
2+

 81.69±4.10 56.15±4.91 

Al
3+

 101.43±9.32 66.69±3.76 

Cr
3+

 89.41±3.07 56.38±6.09 

Pb
2+

 81.71±6.52 81.27±3.73 

 462 

 463 

 464 
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 466 

 467 

 468 

 469 

 470 

 471 

 472 

Table 3. Analytical results of the application of ZnO-NF VA-LLME on certified reference 473 

materials (mean±SD, n=4). 474 

 475 

Sample Hg
2+

 concentration (ng/mL) tex t0.05,3 

Certified Determined 

GBW08603 10 9.6±0.5 1.6 3.18 

GBW(E)080392 10 8.9±0.8 2.75 3.18 

 476 

 477 

 478 

 479 

 480 

 481 

 482 

 483 

 484 

 485 

 486 

 487 
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 488 

 489 

 490 

 491 

 492 

 493 

 494 

Table 4. Analytical results of the application of ZnO-NF VA-LLME on the real samples 495 

(mean±SD, n=3). 496 

 497 

Sample Recovery (%) 

1 ng/mL spiking level 5 ng/mL spiking level 

Effluent 89.4±4.4 91.4±2.2 

Influent 92.8±3.8 106.1±4.5 

Lake 88.8±3.0 85.9±2.6 

River 79.8±3.2 83.6±2.1 

 498 

 499 

 500 

 501 

 502 

Table 5. Comparison of ZnO-NF VA-LLME with similar microextraction techniques for the 503 

preconcentration of Hg
2+

 in environmental samples. 504 

Extraction 

technique 

Detection 

method 

Extraction solvent (ES), 

Dispersive solvent (DS) 

LOD 

(ng/mL) 

Extraction 

time (min) 

Reference 



24 
 

and volume (µL) 

VA-LLME HPLC-CV-

AFS 

1% (m/v) L-Cysteine 

(100 µL) 

0.029 3 [35] 

TSIL USA 

DLLME 

CV-AAS TSIL (30 µL) 0.03 7 [4] 

DLLME UV–vis ES: Chloroform (70 µL) 

DS: Ethanol (750 µL) 

0.15 1 [5] 

DLLME CE-UV ES: Benzyl bromide (50 

µL) 

DS: Ethanol (600 µL) 

1.5 1 [6] 

D-DLLME GF-AAS ES: Carbon tetrachloride 

(48 µL) 

DS: Methanol (500 µL) 

0.019 2 [7] 

LIS-HS-

SDME 

ET-AAS Dispersed Pd
0
 (25 µL) 0.48 5 [13] 

In-situ IL-

DLLME 

SPCnAuEs [HMIM][NTf2] 20 µL 

and 10 µL 4 M HCl 

aqueous solution 

0.2 14 [36] 

ZnO-NF VA-

LLME 

CV-AFS IL-ZnO-NF (50 µL) 0.019 2 Current 

study 

 505 

Highlights 506 

 507 

 ZnO nanofluid based vortex assisted liquid liquid microextraction was developed 508 



25 
 

 Hg
2+

 in waters was extracted prior to CV-AFS detection 509 

 Free from dispersive solvent and no requirement of back extraction 510 

 The method is simple, fast, inexpensive and environmental friendly 511 

 512 

 513 

 514 
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 518 



28 
 

 519 

 520 




