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Abstract 16 

A green and very fast method for digestion of biological marine samples in choline chloride– 17 

oxalic acid deep eutectic solvent under microwave radiation was developed. These samples 18 

were then used for the determination of Cu, Fe, Ni, and Zn by inductively coupled plasma– 19 

optical emission spectrometry (ICP–OES). Key parameters that influence analyte recovery 20 

were investigated and optimized using the fish protein certified reference material (DORM– 21 

3). Features of the sample preparation method include: a) microwaves assisted dissolution of 22 

the samples in deep eutectic solvent at atmospheric pressure in just 20 sec, b) addition of 7.0 23 

mL HNO3 (2.0 M) to the cooled solution, and c) centrifugation, filtration and dilution of the 24 

solution to a predetermined volume before being subjected to analysis by ICP–OES. The 25 

Student’s t–test (P = 0.05) showed an excellent agreement between the obtained results and 26 

the certified values, the recovery of all the elements being greater than 96.1 %. The proposed 27 

method was successfully applied in the determination of analytes in marine samples (fish 28 

muscle and liver tissues, and macroalgae). For comparison, a conventional acid digestion 29 

method was also used. The simplicity of the procedure, high extraction efficiency, short 30 

analysis time, absence of concentrated acids and oxidizing agents, and the use of safe and 31 

inexpensive components describe the high potential of the proposed method for routine trace 32 

metal analysis in biological samples. 33 
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 41 

Introduction 42 

Within the framework of green sample preparation methods, microwave–assisted digestion 43 

methods occupy a significant place [1]. Microwave heating is a very efficient, energy and 44 

cost saving process as the microwaves couple directly with the molecules present in the 45 

reaction vessel and lead to a rapid rise in temperature [2, 3]. Two different systems are 46 

available for microwave–assisted digestion, pressurized closed–vessel systems and focused 47 

open systems (working under atmospheric pressure) [4–6]. In general, microwave–assisted 48 

digestions in closed–vessel systems are preferred, since it minimizes possible contamination 49 

of the digest and avoids loss of volatile elements [7, 8]. For example, EPA 3052 and AOAC 50 

999.10 are methods that involve digestion in closed–vessel microwave systems and are 51 

employed for the determination of heavy metals in a variety of matrices, including soil, 52 

sediments, oils, biological and botanical materials [8, 9]. However, a microwave–assisted 53 

digestion typically takes about 30–35 min to complete, with an additional 15–30 min cooling 54 

time to ensure safe handling [7, 10, 11]. Moreover, along with the high pressure, there is a 55 

risk of explosion associated with heating concentrated acids and oxidizing reagents in closed– 56 

vessel systems [4–6, 11]. To avoid these problems, focused microwave–induced combustion 57 

(FMIC) methods have been developed [12, 13]. These procedures involve the initial digestion 58 

of the sample with microwaves while maintaining oxygen flow, which is then followed by 59 

refluxing the sample in dilute nitric acid (4M) [14, 15]. However, the consumption of large 60 

amounts of oxygen (15 L min–1 for 10 min) to complete the combustion of a sample may lead 61 
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to an increase in the cost of the analysis [14]. In contrast, there are some methods such as 62 

microwave–assisted alkaline digestion that use mild microwave radiations for relatively fast 63 

(about 4 min) digestion of biological samples [16–18], but these methods are usually more 64 

suitable for extraction of organometallic compounds such as methylmercury from their 65 

matrices.  66 

An alternate approach for the accelerated extraction of analytes from biological samples is 67 

the use of ionic liquids (ILs) in combination with microwave irradiation [19]. The widespread 68 

use of ILs in both academia and industry is attributed to their unique properties that include 69 

negligible vapor pressure, high thermal stability, low/no volatility and ease of handling [20, 70 

21]. The ionic nature of these liquids allow for their effective coupling with microwave 71 

energy via mechanisms such as ionic conduction and dipole rotation [19–22]. For example, 72 

Ma et al. [23] demonstrated that alkaloids from biological samples can be quantitatively 73 

extracted from their matrices by microwave–assisted digestion in ILs in a considerably 74 

shorter time (2 min) when compared to the time consumed in other conventional methods. 75 

Similarly, Jin et al. [24] reported a microwaves induced increase in the dissolution rates of 76 

medicinal plants in ILs. 77 

However, many reports have highlighted the hazardous nature and poor biodegradability of 78 

most ILs [25]. In addition, processes for the synthesis of ILs are not always environment 79 

friendly [26].  80 

     To overcome the limitations of high price and toxicity of ILs, a new generation of green 81 

solvents—deep eutectic solvents (DESs)—have emerged [27]. A DES is generally composed 82 

of two or three non–toxic components that are capable of associating with each other through 83 

hydrogen bonds [28]. DESs typically have a very high depression in freezing point and are 84 

liquids at temperatures ranging from 21 C to 70 °C [29]. Choline chloride (ChCl), an 85 

inexpensive, biodegradable, and non–toxic quaternary ammonium salt is widely used as one 86 
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of the components in the formation of DESs [29]. When combined with non–toxic hydrogen 87 

bond donors (HBDs) such as carboxylic acids (e.g., oxalic acid), urea, or polyols (e.g., 88 

glycerol), ChCl is capable of rapidly forming a DES [28]. These mixtures can be prepared 89 

with high levels of purity and do not react with water, therefore, allowing for easy storage. 90 

They are also biodegradable, biocompatible, non–toxic, non–flammable, and inexpensive 91 

[29]. Additionally, it is suspected that some DESs are formed in living cells and are 92 

responsible for solubilizing, storing, and transporting non–water soluble metabolites [30]. 93 

Liquid ChCl mixtures have been used in applications related to various fields, including drug 94 

solubilization [31], biodiesel purification [32], electrodeposition of metals [29], and 95 

extraction of bioactive compounds [33].  96 

In 2012, Singh et al. [34] reported, for the first time, a combination of DES and ultrasonic 97 

radiation for clean and efficient synthesis of oxazole derivatives. However, to the best of our 98 

knowledge, there is no report pointing out the effect of microwave radiation on the 99 

dissolution of samples in DESs. For a better determination of some biologically significant 100 

elements (e.g., Cu, Fe, Ni, and Zn) in specific environmental matrices, it is important to 101 

develop more convenient and accurate methodologies. Herein, we present the first report of a 102 

safe, efficient, simple, and low–cost method for the quick dissolution of marine biological 103 

samples in choline chloride–oxalic acid (ChCl–Ox) DES under microwave radiation at 104 

atmospheric pressure. This dissolution procedure was followed by the addition of dilute nitric 105 

acid to the sample for completing the extraction of Cu, Fe, Ni, and Zn from their matrices 106 

prior to their estimation by ICP–OES. Key parameters (temperature, time, volume and 107 

composition of the DES) that influence the dissolution of a marine sample were optimized 108 

using the certified reference material (CRM), DORM–3.  109 

 110 

Experimental 111 
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Reagents and solutions. All reagents were analytical grade and used without further 112 

purification. Choline chloride (C5H14NClO, 98.0%) was purchased from Sigma (St. Louis, 113 

MO, USA). High–purity oxalic acid (Ox) and HNO3 (65%) were supplied by Merck 114 

(Darmstadt, Germany). Deionized water (DW) was used throughout the experimental work. 115 

A multi–element standard solution (PerkinElmer) containing all of the examined elements, 116 

each at a concentration of 10 µg mL−1, in 5% (v/v) HNO3 solution was used for ICP–OES 117 

calibration. Fresh solutions used for calibration were prepared each day from stock solutions. 118 

Fish protein CRM for trace metals (DORM–3) was obtained from the National Research 119 

Council Canada (NRCC, Ontario, Canada). To minimize the risk of metal contamination, all 120 

glassware was soaked in HNO3 (5 M) for a minimum of 24 h, rinsed with DW, and dried in a 121 

laminar flow hood before use. 122 

 123 

Instrumentation. The measurements were performed using a PerkinElmer Optima 7300DV 124 

ICP–OES instrument (Shelton, CT, USA) equipped with WinLab32 (Version 4.0) software 125 

for simultaneous measurement of all analyte wavelengths of interest. The operating 126 

conditions for ICP–OES and metal ion emission lines are presented in Table 1. An ETHOS 127 

One laboratory microwave system (Milestone, Sorisole, Italy) equipped with temperature and 128 

pressure feedback controls, magnetic stirring capability and operating at a maximum exit 129 

power of 1800 W was employed for the digestion and extraction processes. Ten high– 130 

pressure Teflon reaction vessels (100 mL inner volume) were cleaned with concentrated 131 

nitric acid (5 mL) before each digestion. The fish and algae samples were dried in a Zirbus 132 

freeze–drier (Zirbus VaCo 2–E, Bad Grund, Germany) with a condenser temperature of −50 133 

°C and a chamber pressure P < 0.08 mbar. 134 

 135 

<Table 1> 136 
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 137 

 Sampling and sample pre–treatment. A sample of the fish Kafshak (Platichthys flesus) 138 

was bought fresh from a local fish market in Khorramshahr, Iran. These fish are usually 139 

caught from the Musa estuary (northwestern region of the Persian Gulf, Iran); they are widely 140 

consumed by the people in this region. The sample was transported to the laboratory in an 141 

icebox. In the laboratory, the fish was washed thoroughly with DW. Different tissues, 142 

including the muscle and liver, were separated and cut into small pieces. Marine green 143 

macroalgae samples (Enteromorpha intentinalis) were freshly collected from Bushehr, 144 

Persian Gulf, Iran. They were rinsed thoroughly with DW. Then, all samples (fish tissues and 145 

algae) were freeze–dried for about 14 h, ground to a fine powder and sieved through a 125 146 

mesh. The processed samples were preserved in clean polyethylene bottles at 4 °C. 147 

 148 

Preparation of ChCl–Ox eutectic mixtures. There is no limit to the number or type of 149 

DESs that can be prepared from available chemicals, because there are a large number of 150 

salts and hydrogen bond donors that can be used to prepare these solvent mixtures [27, 28]. 151 

Our preliminary experiments indicated that ChCl–Ox DES systems have more ability to 152 

dissolve marine biological samples and extraction the elements from their matrices than other 153 

common eutectic solvents such as ChCl–urea and ChCl–glycerol. Therefore, in this work, the 154 

eutectic mixtures of ChCl–Ox were prepared at molar ratios of 2:1, 1:1, 1:1.5, 1:2, and 1:2.5, 155 

and utilized as solvents for the extraction of the metal ions form the biological samples. To 156 

prepare these eutectic mixtures, ChCl was mixed with Ox in a 100 mL microwave vessel and 157 

heated by microwaves at 300 W for 1 min. The temperature was continuously monitored with 158 

a thermometer inside the vessel, and the two components were stirred together till the 159 

formation of a homogeneous, colorless liquid. During this process, the temperature of the 160 

DES raised to 70 ± 3 °C. Since the obtained DES has very low vapor pressure, no pressure 161 

change was observed.  162 
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 163 

 Microwave–assisted digestion by ChCl–Ox (general procedure). About 0.10 g of the fish 164 

protein sample CRM was added to a pre–determined volume (1.5–3.5 mL) of the prepared 165 

ChCl–Ox DES. The sample was mixed thoroughly by stirring at 120 rpm for 1 min, 166 

following which; it was placed in the microwave oven at a pre–determined power for 20–65 167 

sec, to reach the maximum temperature (150 °C) for fast dissolution. During this stage, the 168 

entire sample dissolved and resulted in a relatively uniform solution. After 5 min, the 169 

temperature of the sample was decreased to 80 °C and the door of the microwave instrument 170 

was opened. Then, 7 mL HNO3 (0.5–2.5 M) was added to the vessel. The sample was 171 

centrifuged for 4 min at 8000 rpm. The supernatant was filtered through a 0.45 µm membrane 172 

filter and diluted in a volumetric flask with DW to 10 mL. These solutions were stored at 4 173 

°C until analysis (usually within 48 h). With each series of extractions, a similar blank 174 

procedure was also conducted.  175 

     The percentage recovery of each metal ion was calculated and compared with the certified 176 

amounts (DORM–3) using the following equation: 177 

                                                     Obtained value (µg g−1) 178 

                           Recovery (%) =                  × 100 179 

                                                     Certified value (µg g−1)  180 

 181 

After optimization, this method was applied to determine the prevalence of the 4 heavy 182 

metals in the algae sample and fish tissues. 183 

 184 

Conventional acid digestion. A conventional acid digestion (CAD) method was also used 185 

for the determination of the elements in the fish tissues and the algae sample. To do this, 1.0 186 

g of each sample was placed in a polytetrafluoroethylene (PTFE) digestion tube and 10 mL of 187 

concentrated HNO3 was added. The sample was initially heated at 90 °C for 30 min, 188 

following which, the temperature was raised to 140 °C and the heating continued for 4 h or 189 
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until a clear solution was obtained. The interior walls of the tube were washed down with a 190 

minimum quantity of DW. After cooling, the solution was filtered through a 0.45 µm filter 191 

and then transferred quantitatively to a 25 mL volumetric flask and diluted with DW to make 192 

up the remaining volume [35]. The concentrations of the metals in the marine samples were 193 

determined by ICP–OES. 194 

 195 

Results and discussion 196 

Optimization of microwave conditions. Time, temperature, pressure, and irradiation power 197 

in a microwave–assisted digestion method are the basic parameters that should be carefully 198 

controlled and optimized for the best extraction efficiencies as well as to ensure risk–free 199 

microwave operation [7–11]. Our previous work showed that the complete dissolution of the 200 

marine biological samples in ChCl–Ox DES occurred when samples were heated for 45 min 201 

in a conventional oil bath at temperatures above 100 °C; at lower temperatures, the 202 

dissolution of the CRM was incomplete, leading to relatively low extraction efficiency and 203 

precision [36]. 204 

In the current method, the temperature and time required for optimal dissolution were studied 205 

in detail at 4 power levels: 500, 800, 1000, and 1500 W. To optimize these parameters, 0.10 g 206 

of the CRM DORM–3 sample and 2.5 mL ChCl–Ox DES were used in procedures. The 207 

extractions were repeated in triplicate (n = 3). Preliminary experiments at each power level 208 

indicated that the maximum temperature allowed for dissolution of the samples in ChCl–Ox 209 

could not be greater than 150 °C, since at higher temperatures (>160 °C), some of the 210 

dissolved sample was carbonized and stuck to the walls of the vessel. The carbonized sample 211 

could not be re–dissolved in dilute acid. Therefore, we selected 150 °C as the optimum 212 

temperature for fast and complete dissolution of the samples. This temperature is about 30 to 213 

70 °C lower than those typically used in the microwave–based digestion methods [11–15, 214 
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37–40]. In Table 2, the time required to reach this temperature at each power level is 215 

presented (n = 5). As can be seen, by increasing the irradiation power of the microwave 216 

system from 500 to 1500 W, the time needed to reach the desired temperature decreases. 217 

<Table 2> 218 

Next, to determine the best level of microwave power to be used in the extraction procedure, 219 

the recovery of elements at each level of microwave power was investigated. For these 220 

studies, the time needed to reach the maximum temperature was kept constant in accordance 221 

with the values in Table 2. As shown in Fig. 1, reproducible (n = 3) extraction recoveries of 222 

the elements were greater than 94.1% at 500 and 800 W but, with a slight increase, reached to 223 

maximum levels (96.0–98.1%) at 1000 and 1500 W. Therefore, for highest extraction 224 

recoveries as well as for the shortest dissolution time, a power of 1500 W and its 225 

corresponding time (20 sec) were used in the remainder of this work. Typically, complete 226 

dissolution and digestion of a sample in microwave–assisted digestion methods takes about 227 

35 min [7–11, 37–41], therefore it can be concluded that the current method of digestion in 228 

ChCl–Ox DES is at least 100 times faster. The observed fast rates for the dissolution of the 229 

biological samples in ChCl–Ox DES are likely the result of the good absorption of 230 

microwaves by the eutectic solvent mixture. 231 

The initial pressure inside the vessel was constant at 1 bar and did not change during the 232 

microwave heating, consistent with the low vapor pressure characteristic of DESs. The lack 233 

of high pressure during operation and the lack of use of concentrated acids together with the 234 

non–toxicity of ChCl–Ox offer a safe and green method of sample dissolution. Additionally, 235 

reaction vessels of several types of materials, such as borosilicate glass, quartz, and PTFE, 236 

can be used as the dissolution takes place at atmospheric pressure. 237 

<Fig. 1> 238 

 239 
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 Effect of ChCl–Ox composition. DESs are a unique class of multi–component solvent 240 

systems with varying physico–chemical properties [29]. Therefore, changing the type and/or 241 

the composition of the DES can significantly impact the dissolution of the metals and their 242 

efficient extraction from the matrices. For example, Abbott et al. [27] demonstrated that 243 

carboxylic acid–based DESs exhibit a much higher ability than other DESs, such as ChCl– 244 

urea and ChCl–ethylene glycol, for dissolving metal oxides. This is likely due to the protons 245 

from the carboxylic acids acting as good oxygen acceptors from the metal complexes, leading 246 

to the formation of chlorometalate species. Therefore, the effect of varying the composition 247 

of ChCl–Ox mixture on the recovery of the metals from 0.10 g of the CRM was evaluated 248 

under the optimized microwave heating conditions. To do this, ChCl was mixed with Ox at 249 

different molar ratios to obtain 5 different ChCl–Ox compositions. As shown in Fig. 2, by 250 

increasing the content of Ox (ChCl: Ox, 1:2), >96 % of the metals were recovered after the 251 

extraction in all cases. This property was relatively unchanged when the relative composition 252 

of Ox was increased up to 1:2.5 (ChCl:Ox). It should be noted here that with an increase in 253 

the molar ratio of Ox, the formation of the liquid eutectic ChCl–Ox solvent from its solid 254 

constituents takes place at higher temperatures. Therefore, the molar ratio of 1:2 (ChCl:Ox) 255 

was selected as the optimal composition of DES for the microwave–assisted fast dissolution 256 

of metals in marine biological samples. This method was then used for further optimization 257 

of other parameters. 258 

<Fig. 2> 259 

 260 

Effect of the DES volume. The volume of ChCl–Ox (1:2) has a significant effect on the 261 

microwave–assisted dissolution of the biological samples and its constituent metals. Different 262 

volumes (1.5–3.5 mL) of ChCl–Ox (1:2) were added to 0.10 g of the CRM and the samples 263 

were processed according to the general procedure. As can be seen from Fig. 3, the best 264 
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metal–extraction efficiencies and precisions were achieved when 2.5–3.5 mL of the DES was 265 

added to the CRM. However, an increase in the volume of ChCl–Ox (1:2) above 2.5 mL led 266 

to an increase in the time required to reach the maximum temperature (150 °C) during the 267 

microwave heating. The time required at 1500 W was close to 30 sec for 3.5 mL of ChCl–Ox 268 

(1:2). Therefore, we used 2.5 mL of the liquid ChCl–Ox (1:2) in all assays for fast dissolution 269 

of the metals contained in biological samples. Lower volumes of ChCl–Ox (1:2) were 270 

insufficient for complete dissolution of the biological samples and led to lower extraction 271 

efficiency and precision.  272 

<Fig. 3> 273 

 274 

Effect of acid addition on recovery. After microwave–assisted dissolution of the fish 275 

protein CRMs in 2.5 mL ChCl–Ox (1:2) under the optimized conditions, varying 276 

concentrations (0.5–2.5 M) of 7.0 mL HNO3 were added to the solutions in the microwave 277 

vessel. As a control, we also tested the effect of diluting the solution with DW. Addition of 278 

the aqueous solution, either DW or acid, led to the appearance of some suspended solid 279 

particles in the solution. A similar observation was reported when an aqueous solution was 280 

added to dissolve cellulose in ILs [40]. These solids were removed from the solution by 281 

centrifugation at 8000 rpm for 4 min and the resulting supernatant was used for analysis. As 282 

shown in Fig. 4 (at zero concentration of HNO3), the extraction recoveries of all elements 283 

were 87.0–90.7% when the sample was diluted with DW. These relatively high extraction 284 

recoveries may be related to the formation of very soluble chlorometalate complexes in the 285 

ChCl–Ox DES system which then can be easily extracted from their matrices to DW. The 286 

extraction recoveries of Cu could not exceed 91.6% when samples were diluted with 0.5 and 287 

1.0 M HNO3; however, the recoveries of Fe, Ni, and Zn were in the 92.2 to 95.9 % range. 288 

This variation may be related to the different binding affinities of Zn, Cu, Ni, and Fe for 289 
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nitrogen– and sulfur–containing proteins and other cellular macromolecules [41]. By 290 

increasing the concentration of HNO3 to 1.5 M, >95 % recovery of all metals could be 291 

obtained. This level of recovery was maintained through a concentration increase up to 2.5 M 292 

HNO3. While the levels of extraction recoveries in 1.5 to 2.5 M HNO3 range were relatively 293 

constant, more reproducible results were obtained in the 2.0 to 2.5 M range (Fig. 4). 294 

Therefore, an optimum concentration of 2.0 M HNO3 was used in all subsequent studies. To 295 

ensure proper mixing of 2.0 M HNO3 with the dissolved sample in the DES and the release of 296 

the remaining metal ions bound to the solid matrix or stuck to the walls of the microwave 297 

vessel, it was necessary to add 7.0 mL of HNO3. Lower volumes of the acid led to a decrease 298 

in the recovery and precision. Compared to other microwave–assisted acid digestion 299 

methods, the concentration of the acid consumed in this method is considerably lower and is 300 

required primarily for completing the extraction of the target analytes from their matrices 301 

after complete microwave–assisted dissolution [8–15, 38–40]. 302 

<Fig. 4> 303 

 304 

Effect of the amount of the sample.  The amount of the CRM sample (0.05, 0.10, 0.15, and 305 

0.20 g) that can be dissolved in 2.5 mL ChCl–Ox (1:2) was also investigated under the pre– 306 

determined optimal conditions (Fig. 5). We found that, although the concentration of the 307 

metals in the final solution increased with increasing amounts of the sample, the highest 308 

recovery for all elements was obtained from either 0.05 g or 0.10 g CRM samples. Therefore, 309 

0.10 g of the CRM or marine biological sample was used throughout.  310 

<Fig. 5> 311 

  312 

Analytical performance 313 
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Precision and accuracy. The precision and accuracy of the procedure were assessed by 314 

determining the concentration of Cu, Fe, Ni, and Zn ions in the fish protein CRM, DORM–3. 315 

Five–replicates of the CRM sample were subjected to the ChCl–Ox (1:2)–based microwave 316 

digestion procedure followed by the ICP–OES analysis for the determination of trace metals. 317 

The data are presented in Table 3. As can be seen, the recoveries of elements are 96.1–98.0%. 318 

Comparison of the mean values by applying the Student’s t–test (95% confidence range) 319 

verified that there was no significant difference between the results obtained from the 320 

proposed method and the certified values (Table 3). These results indicate that the established 321 

ChCl–Ox (1:2)–based microwave digestion procedure combined with ICP–OES is potentially 322 

applicable to the analysis of biological samples. 323 

<Table 3> 324 

 325 

Method detection limits. The method detection limit (MDL) was defined as 3Sb, where Sb is 326 

the standard deviation corresponding to 10 blank measurements by the proposed method [42]. 327 

The MDLs of Cu, Fe, Ni, and Zn were calculated to be 0.08, 0.56, 0.04, and 0.23 µg g−1 for 328 

Cu, Fe, Ni, and Zn, respectively. The calculated MDLs for the proposed method were 329 

sufficiently low to allow for the determination of these elements in certified and test or other 330 

biological samples. 331 

 332 

Application. The proposed method was used to determine the levels of Cu, Fe, Ni, and Zn in 333 

different parts (i.e., muscle, liver) of a marine fish, Platichthys flesus, and the marine 334 

macroalgae Enteromorpha intentinalis. All samples were collected and processed following 335 

the procedure described in the section of sample pretreatment, to give fine powders. Five 336 

replicates of each sample were then subjected to the microwave–assisted digestion by ChCl– 337 

Ox (1:2) followed by analysis on ICP–OES. The results are presented in Table 4. As can be 338 
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seen, the concentration of Ni is considerably lower than the concentration of other metals in 339 

all the samples, but the reproducibility of the results (expressed as RSD %) was in the range 340 

of 0.2 to 6.1 %. Interestingly, the same level of reproducibility was observed in determining 341 

the concentrations of the most abundant metals in the samples, i.e. Fe and Zn in the fish–liver 342 

tissue and the macroalgae sample. Therefore, it can be concluded that the proposed 343 

microwave–assisted digestion by ChCl–Ox can successfully prepare samples for estimation 344 

of metals in various biological tissues. 345 

<Table 4> 346 

 347 

Comparison with conventional acid digestion. For the sake of comparison, the 348 

concentrations of the metals in the marine samples were also determined in a process that 349 

constituted an initial dissolution by CAD followed by ICP–OES analysis. The results are 350 

presented in Table 4. The results show a good agreement in the determined concentrations 351 

when the sample dissolution is conducted either by CAD or microwave–assisted ChCl–Ox. 352 

However, in most cases the results obtained from the ChCl–Ox (1:2)–based microwave 353 

digestion procedure are more reproducible (expressed as RSD %, n = 5) than the CAD 354 

method. The proposed method is also safer as it involves neither high pressure nor 355 

concentrated acids. Moreover, quantities of reagents consumed and acid–waste generated are 356 

considerably lesser than those in the CAD method. In addition, the time taken for the 357 

digestion of the sample in the ChCl–Ox (1:2)–based microwave digestion method (about 20 358 

sec) was significantly lower than the time typically used in the CAD method (about 4.5 h). 359 

These advantages highlight the high efficiency of the ChCl–Ox (1:2)–based microwave 360 

digestion method in dissolution and extraction of metal ions from biological matrices. 361 

 362 

Conclusion 363 
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     In this study, we developed a green and efficient digestion method, involving a quick 364 

microwave–assisted dissolution of biological samples in ChCl–Ox (1:2) DES, for extraction 365 

of Cu, Fe, Ni, and Zn ions prior to their estimation by ICP–OES. This is the first application 366 

that incorporates microwave heating with ChCl–Ox DES for dissolution of biological 367 

samples. This new method provides operational advantages, such as simplicity of the 368 

experimental procedure, use of low–cost materials, and relatively high speed of sample 369 

preparation. Moreover, because of the non–toxic nature and low vapor pressure of the DESs 370 

along with the absence of concentrated acids or oxidizing agents in the digestion mixture, the 371 

microwave–assisted digestion of the marine samples can be conducted under safe operating 372 

conditions. The sufficiently low detection limits (0.04–0.56 µg g–1) are well–suited for 373 

quantitation of these metals in environmental samples. Agreement of the results obtained 374 

from the digestion of the fish protein CRM at optimized conditions with the certified values 375 

validated the precision and accuracy of this method. This method was successfully applied in 376 

the digestion of different marine samples (muscle and liver tissues from a marine fish, and 377 

macroalgae) possessing a broad range of metal concentrations. The results of digestion of the 378 

samples with CAD corresponded well with those obtained by the proposed method. The time 379 

taken for the ChCl–Ox (1:2)–based microwave digestion method of a marine sample is at 380 

least 100 times lower when compared to that consumed in other digestion methods, thereby, 381 

leading to reduction in the consumption of both time and energy. It is expected that a broad 382 

range of metals in varied biological matrices can be determined by employing this method. 383 

Moreover, considering the unique properties of DESs, the proposed method will have a broad 384 

applicability as an environmental friendly technique of sample preparation. 385 
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 462 

Figure captions 463 

Fig. 1. Effect of the microwave power on the recovery of Cu, Fe, Ni, and Zn (n = 3). 464 

Conditions: volume of ChCl:Ox, 2.5 mL; temperature, 150 °C; dissolution time, 20 sec; 465 

amount of sample, 0.10 g; concentration of HNO3, 2.0 M. 466 

 467 

Fig. 2. Effect of the composition of ChCl:Ox on the recovery of Cu, Fe, Ni, and Zn (n = 3). 468 

Conditions: volume of ChCl:Ox, 2.5 mL; microwave power, 1500 W; temperature, 150 °C; 469 

dissolution time, 20 sec; amount of sample, 0.10 g; concentration of HNO3, 2.0 M. 470 

  471 

Fig. 3. Effect of the volume of ChCl:Ox (1:2) on the recovery of Cu, Fe, Ni, and Zn (n = 3). 472 

Conditions: microwave power, 1500 W; temperature, 150 °C; dissolution time, 20 sec; 473 

amount of sample, 0.10 g; concentration of HNO3, 2.0 M. 474 

 475 

Fig. 4. Effect of the concentration of HNO3 added to dissolved sample on the recovery of Cu, 476 

Fe, Ni, and Zn (n = 3). Conditions: volume of ChCl:Ox (1:2), 2.5 mL; microwave power, 477 

1500 W; temperature, 150 °C; dissolution time, 20 sec; amount of sample, 0.10 g. 478 

 479 

Fig. 5. Effect of the amount of the sample on the recovery of Cu, Fe, Ni, and Zn (n = 3). 480 

Conditions: volume of ChCl:Ox (1:2), 2.5 mL; microwave power, 1500 W; temperature, 150 481 

°C; dissolution time, 20 sec; concentration of HNO3, 2.0 M. 482 

 483 

 484 

 485 

 486 

Page 19 of 27 Analytical Methods

A
n

al
yt

ic
al

 M
et

h
o

d
s 

A
cc

ep
te

d
 M

an
u

sc
ri

p
t



20 
 

Figure 1 487 
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Figure 2 504 
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Figure 3 522 
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Figure 4 540 
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Table 1 574 

 575 

The operating parameters for determination of elements by ICP–OES.                  576 

Sample flow rate (mL min–1)   1.50   577 

Plasma gas flow rate (L min–1)   15.0 578 

Auxiliary gas flow rate (L min–1)   0.5 579 

Nebulizer gas flow rate (L min–1)   0.65 580 

RF generator power (W)    1450 581 

Analytical lines (nm)    Cu (324.756), Fe (259.934) 582 
 Ni (231.602), Zn (213.855)  583 

 584 
 585 
 586 
 587 
 588 
 589 
 590 
 591 
 592 
 593 
 594 
 595 
 596 
 597 
 598 
 599 
 600 
Table 2 601 
 602 
The time required to reach the maximum temperature at each power 603 

Power (W)  500  800  1000  1500 604 

Temperature (°C) 150  150    150    150 605 

Time (Sec) a   65   45       30                  20 606 

a Based on 5 replications. 607 

 608 
 609 
 610 
 611 
 612 
 613 
 614 
 615 
 616 
 617 
 618 
 619 
 620 
 621 
 622 
 623 
 624 
 625 
 626 
 627 
 628 
 629 
 630 
 631 
 632 
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Table 3 633 

Determination of Cu, Fe, Ni and Zn in the fish protein CRM (DORM–3) by the proposed method. 634 

Analytes           Certified values  Obtained values       Recovery  tCalc.
a
   635 

  (µg g–1)         (µg g–1)       (%)                  636 
                      637 
Cu  15.50 ± 0.63 15.16 ± 0.40  97.8  1.90 638 

Fe  347 ± 20  333.64 ± 11.14  96.1  2.68 639 

Ni  1.28 ± 0.24 1.25 ± 0.33   97.7  0.21       640 

Zn  51.3 ± 3.1 50.30 ± 1.96 b  98.0   1.14         641 

a Student’s t–test. tcalc = calculated absolute value, tcritic = 2.78 (P = 0.05).  642 
b Mean ± standard deviations (%95) based on 5 replications.  643 
 644 
 645 
 646 
 647 
 648 
 649 
 650 
 651 
Table 4 652 

 653 

Analytical results of Cu, Fe, Ni, and Zn in marine biological samples for this method and a conventional  654 
acid digestion (CAD) method. 655 

Sample                Analyte   This method                CAD   656 

    Obtained value (µg g–1)       RSD (%)   Obtained value (µg g–1)        RSD (%)   657 

Fish  658 
  659 
  Muscle  Cu 15.40 ± 1.20a  6.3  14.08 ± 0.96  5.5  660 

  Fe 63.50 ± 1.76  2.2  58.49 ± 5.49  7.5 661 

  Ni 3.71 ± 0.01  0.2  3.77 ± 0.27  5.8 662 

Zn 48.82 ± 3.82  6.3  49.90 ± 2.7  4.4 663 

  Liver  Cu 94.45 ± 6.90   7.3  85.42 ± 7.23  6.8 664 

Fe 330.22 ± 6.65  1.6  319.43 ± 21.55  5.4  665 

Ni 2.10 ± 0.16  6.1  1.73 ± 0.10  4.6 666 

 Zn 1103.86 ± 21.24  1.5  1073.31 ± 51.52  3.9 667 

Macroalgae  668 

  Cu 8.50 ± 0.51  4.8  8.66 ± 0.58  5.4  669 

   Fe 945.00 ± 18.14  1.5  936.19 ± 21.77  1.8  670 

  Ni 7.75 ± 0.44  4.5  7.94 ± 0.68  6.9  671 

  Zn 840.98 ± 40.58  3.9   821.91 ± 19.84  1.9   672 
a Mean ± confidence interval (95%) based on 5 replications. 673 
 674 

 675 

  676 
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Graphical Abstract 

 

This is the first application that incorporates microwave heating with deep eutectic 

solvent (DES) for dissolution of biological samples. 
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