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Graphical abstract 

This work describes the synthesis and application of a novel magnetic metal-organic framework 

to preconcentrate trace amounts of heavy metals.  

 

(a) A schematic diagram of Fe3O4 functionalization by ethylenediamine. (b) The schematic 

illustration of synthesized magnetic MOF nanocomposite. 
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Abstract 29 

This work describes the synthesis and application of a novel magnetic metal-organic framework 30 

(MOF) [(Fe3O4-ethylenediamine)/MIL-101(Fe)] to preconcentrate trace amounts  of Cd(II), 31 

Pb(II), Zn(II) and Cr(III)  ions and their determination by flame atomic absorption spectrometry. 32 

A Box-Behnken design was used to find the parameters affecting the preconcentration procedure 33 

through response surface methodology. Three variables including sorption time, amount of the 34 

magnetic sorbent, and sample pH were selected as affecting factors in sorption step, and four 35 

parameters including type, volume, concentration of the eluent, and elution time were selected in 36 

elution step for the optimization study. These values were 29 mg , 15 min, 6.1, EDTA+HNO3, 37 

4.2 mL, 0.7 mol L
-l 

EDTA in 0.07 mol L
-l 

HNO3 solution, 17.0 min, for amount of the magnetic 38 

sorbent, sorption time, sample pH, type, volume, and concentration of the eluent, and elution 39 

time, respectively. The limits of detection (LOD) were 0.15, 0.8, 0.2 and 0.5 ng mL
-1

 for Cd(II), 40 

Pb(II), Zn(II) and Cr(III) ions, respectively. The relative standard deviations (RSD) of the 41 

method were less than 7.6% for five separate batch experiments in the determination of 30 µg L
-1 

42 

of Cd(II), Pb(II), Zn(II) and Cr(III) ions. The sorption capacity of [(Fe3O4-43 

ethylenediamine)/MIL-101(Fe)] was 155 mg g
−1

 for cadmium, 198 mg g
−1

for lead, 164 for zinc 44 

and 173 mg g
-1

 for chromium. Finally, the magnetic MOF nanocomposite was successfully 45 

applied to rapidly extract trace amounts of heavy metal ions in agricultural samples. 46 

Keywords: Functionalized magnetic metal-organic framework nanocomposite; Heavy metal ions; 47 

Extraction; Agricultural samples. 48 

 49 

 50 

 51 
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1. Introduction 52 

Heavy metal ions are toxic pollutants which exist in wastewaters and their presence concerns 53 

industries and environmental organizations all over the world. Most of these pollutants are very 54 

toxic and dangerous for human health. Thus determination of trace amounts of heavy metals is 55 

often a major task for the analytical chemists, as it is a good tool for the identification and 56 

monitoring of toxicants in environmental samples. Among heavy metals that exist in the 57 

environment, cadmium monitoring is very vital due to the fact that cadmium concentrations in 58 

the environment are increasing dramatically. 
1,2

 Cadmium exposure can be linked to diseases 59 

associated with aging such as osteoporosis, prostate, and pancreatic cancer. 
3,4 

Lead is one of the 60 

most toxic and hazardous elements in human health, because it can cause detrimental effect on 61 

metabolic processes of human beings. 
5
 It has been proven to be a carcinogenic agent. Zinc 62 

deficiency might lead to several disorders such as growth retardation, diarrhea, immunity 63 

depression, eye and skin lesions, malfunction of wound healing, and other skin diseases. 
6
 Cr(III) 64 

is an essential nutrient for humans. Cr(III) is effective on the mechanism of the glucose and 65 

cholesterol metabolism. In larger amounts and in different forms, chromium can be toxic and 66 

carcinogenic. 
7
 Though trace amounts of metals such as zinc are biotic for humans, the excess 67 

utilization can be harmful and toxic, so it should be used in the case of physiological needs. Thus 68 

the determination of trace amounts of heavy metals is one of the most important topics in 69 

analytical chemistry. 70 

Various instrumental techniques, including electrothermal atomic absorption spectrometry 71 

(ETAAS),
8,9

 inductively coupled plasma-optical emission spectrometry (ICP-OES),
10

 flame 72 

atomic absorption spectrometry (FAAS),
11

 inductively coupled plasma-mass spectrometry (ICP-73 

MS),
12

 and total reflection XRF-spectrometry
13

 have been used for the determination of heavy 74 
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metals. Since the heavy metals concentration level in environmental samples is fairly low and the 75 

complexity of matrices is a main problem; thus preconcentration techniques are often required. 
14

 76 

Different procedures such as: liquid-liquid extraction (LLE),
15

 cloud point extraction,
16

 chemical 77 

precipitation,
17

 ion exchange,
18

 and solid phase extraction (SPE) have been developed for the 78 

extraction and preconcentration of heavy metals in natural matrices. 
19-21

 79 

Among mentioned methods, the most commonly used technique for the preconcentration of 80 

heavy metal ions from environmental samples is solid phase extraction. Its common application 81 

is due to its simplicity, rapidity, minimal cost, and low consumption of reagents. 
22

 By the advent 82 

of SPE, various diverse sorbents have been utilized such as carbon nanotubes, 
23,24

 magnetic 83 

nanoparticles,
25,26

 solid sulfur,
27

 Cotton,
28

 and modified porous materials. 
29,30

 Porous materials 84 

are defined as solids containing empty voids which can host other molecules. The fundamental 85 

features of these materials are their porosity, the ratio between total occupied and empty space, 86 

the (average) size of the pores and the surface area. Typical surface area values for the porous 87 

materials applied in technological processes range between 2000 and 8000 m
2
 g

-1
. 

31
 The most 88 

important applications of such materials are the storage of small molecules and filtering .The 89 

metal organic frameworks are defined as a nanocomposite material which can be consisted of 90 

either inorganic or organic materials. MOFs have shown high potential in gas storage, separation, 91 

chemical sensing, drug delivery, and heterogeneous catalysis applications. 
32

 In general, the 92 

flexible and highly porous structure of MOFs allows guest species such as metal ions to diffuse 93 

into their bulk structure. The shape and size of the pores lead to selectivity over the guests that 94 

may be adsorbed. These features make MOFs an ideal sorbent in solid phase extraction of heavy 95 

metals. However, there is little information about MOFs as an adsorbent. 
33 

96 
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In this work, for the first time a magnetic metal organic framework immobilized with Fe3O4- 97 

ethylenediamine (Fe3O4@En) has been utilized as a novel adsorbent for the fast separation and 98 

the preconcentration of Cd(II), Pb(II), Zn(II) and Cr(III) ions in various matrixes. The magnetic 99 

sorbent was characterized by, X-ray diffraction (XRD), Fourier transform infrared spectroscopy 100 

(FT-IR), scanning electron microscopy (SEM) and elemental analysis. The magnetic property of 101 

the sorbent causes a rapid and easy separation of the new solid phase from the solution. The 102 

presence of ethylenediamine in the sorbent helps the new solid phase to show selectivity towards 103 

these heavy metals. Also MOF cavities can increase the surface area and sorption capacity of this 104 

new sorbent. A Box-Behnken design was used in order to find the optimum conditions of the 105 

method through response surface methodology. Finally, the sorbent was used for the 106 

preconcentration and determination of Cd(II), Pb(II), Zn(II) and Cr(III) ions in different real 107 

samples and satisfactory results were obtained. 108 

 109 

2. Experimental  110 

2.1. Reagents and solutions 111 

All reagents of analytical grade (FeCl2, FeCl3.6H2O, 3H2O, HCl, HNO3, K2SO4, NaOH, KCl, 112 

thiourea (TU), EDTA, N-(2-Aminoethyl)-3-(aminopropyl)trimethoxysilane (AEAPTMS), 113 

benzene-1,4-dicarboxylic acid (H2BDC), toluene, triethylamine (TEA), tetrahydrofuran (THF), 114 

dimethylformamide (DMF) ethanol, dimethylformamide, methanol and acetone) were purchased 115 

from Merck (Darmstadt, Germany) or from Fluka (Seelze, Germany) and were used without 116 

further purification. Standard solutions of 1000 mg L
-1

 of Cd(II), Pb(II), Zn(II) and Cr(III) were 117 

purchased from Merck. All solutions were prepared using double distilled water. 118 
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 119 

2.2. Instrumentation 120 

An AA-680 Shimadzu (Kyoto, Japan) flame atomic absorption spectrometer with a deuterium 121 

background corrector was used for the determination of Cd(II), Pb(II), Zn(II) and Cr(III) ions. 122 

Cadmium, lead, zinc and chromium hollow cathode lamps (HCL) were used as the radiation 123 

sources with wavelengths of 228.8, 283.3, 213.9 and 357.9 nm, respectively. All measurements 124 

were carried out in an air/acetylene flame. The pH of the solutions were measured at 25 ± 1 ºC 125 

with a digital WTW Metrohm 827 Ion analyzer (Herisau, Switzerland) equipped with a 126 

combined glass-calomelelectrode. IR spectra were recorded by a Bruker IFS-66 FT-IR 127 

Spectrophotometer. High-angle X-ray diffraction patterns were obtained using a Philips-PW 17C 128 

diffractometer with Cu Kα radiation (Philips PW, The Netherlands). CHN analysis was 129 

performed on a Thermo Finnigan Flash EA112 elemental analyzer (Okehampton, UK). Scanning 130 

electron microscopy (SEM) was performed by gently distributing the sample powder on the 131 

stainless steel stubs, using an SEM (KYKY-3200, Beijing, China) instrument. Transmission 132 

electron microscopy (TEM) analysis was performed by a LEO 912AB electron microscope (Leo 133 

Ltd., Germany). 134 

 135 

2.3. Preparation of standard solution 136 

Standard Stock solutions (1000 mg L
-1

) of K
+
, Na

+
, Ag

+
, Ca(II), Mg(II), Fe(III), Cu(II), Mn(II), 137 

Al(III), Ni(II), Hg(II), Co(II), and AsO4
3-

 were prepared in a 2% (v/v) HNO3 solution. The 138 

working standard solutions were prepared by diluting an appropriate amount of the stock 139 

solution with double distilled water.  All of these solutions were stored in ambient temperature. 140 
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 141 

2.4. Synthesis of magnetic metal-organic framework nanocomposite 142 

2.4.1. Synthesis of Fe3O4@ethylenediamine 143 

Fe3O4 nanoparticles were synthesized according to previously reported procedure. 
25

 It was then 144 

modified with AEAPTMS. In a typical reaction, 1.5 g of Fe3O4 was suspended in 50 mL 145 

toluene, and the mixture was stirred for 45 min. Then AEAPTMS (1.5 mL) was added to the 146 

mixture and it was refluxed for 12 h under nitrogen atmosphere. 
34

 Thereafter the solid was 147 

removed from the solvents by magnetic separation washed with methanol and acetone and then 148 

dried at room temperature (Fig. 1a). The synthesis of ethylenediamine-functionalized Fe3O4 149 

(Fe3O4@En) was characterized by IR spectroscopy, high-angle X-ray diffraction, scanning 150 

electron microscopy, and elemental analysis. 151 

 152 

2.4.2. Synthesis of MIL-101(Fe) metal-organic framework 153 

MIL-101(Fe) metal-organic framework was synthesized according to the previously reported 154 

procedure. 
35

 A solution containing 1.03 g of H2BDC and 3.25 g of FeCl3.6H2O in 100 mL of 155 

DMF was sonicated for 15 min and then under vigorous stirring. The mixture was transferred 156 

into an autoclave and it was heated at 110 
o
C for 24 h. The obtained powder was recovered by 157 

centrifugation, washed once with water and then with ethanol four times to remove impurities. 158 

Afterwards, it was dried under vacuum at 100 °C for 16 h and kept under dry nitrogen until 159 

further use. The synthesized MOF was characterized by IR spectroscopy, CHN analysis, SEM, 160 

and XRD. 161 

 162 

2.4.3. Synthesis of magnetic metal-organic framework nanocomposite 163 
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Magnetic MOF nanocomposite was synthesized according to the following procedure (Fig. 1b). 164 

First 0.5 g Fe3O4@En was dispersed in a solution containing 3.38 g of FeCl3.6H2O and 40 mL 165 

DMF by sonicating for 15 min. Then this mixture was added to another solution containing 1.03 166 

g of H2BDC in 50 mL DMF and sonicated for 10 min. Thereafter the mixture was transferred 167 

into an autoclave and it was heated at 110 
o
C for 24 h. Finally, the product was isolated from the 168 

supernatant solution by magnetic decantation and washed with water (50 mL) and hot ethanol 169 

(15 mL × 5). Magnetic sorbent was characterized by IR spectroscopy, CHN analysis, SEM, and 170 

XRD. 171 

 172 

2.5. Sorption and elution step  173 

Extraction of heavy metal ions from aqueous solutions was investigated by batch analysis. 174 

Sorptions were performed in test tubes containing 25 µg of Cd(II), Pb(II), Zn(II) and Cr(III) ions 175 

in 50 mL of double distilled water. According to a preliminary experimental design, the pH of 176 

the solutions were adjusted by the drop wise addition of 1.0 mol L
-1

 ammonia and 1.0 mol L
-1 

177 

hydrochloric acid. Then magnetic sorbent was added into the solutions. After that, the mixture 178 

was stirred for an appropriate time to extract these heavy metal ions from the solution 179 

completely. Finally, the test tubes were exposed to a strong magnet (15 cm × 12 cm × 5 cm, 1.4 180 

T), where permanent magnet in the wall caused the particles to aggregate on one side of the test 181 

tube. The adsorbed amounts of Cd(II), Pb(II), Zn(II) and Cr(III) ions were determined using 182 

FAAS due to the concentration change for these ions in solution after sorption. The instrument 183 

response was periodically checked with known Cd(II), Pb(II), Zn(II) and Cr(III) ions standard 184 

solutions. Extraction percentage for each ion was calculated using the following equation: 185 
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���������	%	 = 	
� − �

�
× ��� 

where CA and CB are initial and final concentrations (mg L
-1

) of each ion in the solution, 186 

respectively. In the elution step, 4.2 mL 0.7 mol L
-l 

EDTA in 0.07 mol L
-l 

HNO3 solution as an 187 

eluent was added to the magnetic sorbent and shaken. This mixture was again exposed to a 188 

strong magnet and the clear solution of eluent, containing the eluted heavy metal ions was 189 

introduced to FAAS in order to determine the amount of each ion. 190 

 191 

2.6. Real sample pretreatment 192 

2.6.1. Agricultural samples 193 

The agricultural samples including leek, fenugreek, parsley, radish, radish leaves, beetroot 194 

leaves, garden cress, basil and coriander were collected from Tehran growing areas (Shahriyar-195 

Tehran). Cleaned polyethylene bags were applied to supply the samples according to their type. 196 

After washing samples with distilled water, they were dried at 100 °C for 2 days. For the 197 

preparation of spiked samples, 1.0 mL of the standard working solution was added to 1.0 g of 198 

each sample. They were then allowed to stand at room temperature for the evaporation of the 199 

solvent; therefore, the equilibration between the analytes and the agricultural products was 200 

achieved. After grinding the dry samples (spiked or non-spiked), microwave-assisted acid 201 

digestion was carried out by adding 2 mL of distilled water, 4 mL of nitric acid 65%, and 2 mL 202 

of hydrogen peroxide 33% (w/v) to 0.5 g of each sample. The reactors were then subjected to the 203 

microwave program as following: 
36

 2.5 min at room temperature, 6 min at 140 °C, 5 min at 200 204 
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°C in power of 550 W. After acid digestion was completed, the acid digests were diluted up to 25 205 

mL with distilled water and kept in a refrigerator before magnetic solid phase extraction. 206 

 207 

2.6.3. Reference material 208 

The concentration of the heavy metal ions was determined at optimum conditions in standard 209 

reference materials (NIST SRM 1573a tomato leaves and NIST SRM 1515 apple leaves). The 210 

standard material was digested according to the mentioned procedure for agricultural samples. 211 

The pH of the solution was adjusted to 6.1 for the separation and preconcentration of Cd(II), 212 

Pb(II), Zn(II), and Cr(III) ions form the solution. Finally, the preconcentration procedure 213 

mentioned above was applied to the resulted solutions. 214 

 215 

 216 

2.7. Experimental design methodology 217 

In order to fully understand the effect of the experimental variables that can significantly affect 218 

the extraction procedure, individual factors must be considered along with nonlinear effects and 219 

interaction terms. The chemometric approach has a rational experimental design, which allows 220 

simultaneous variation of all experimental factors, reducing the required time and number of 221 

trials which results in the reduction the overall required costs. The Box-Behnken design (BBD) 222 

is probably the most widely used experimental design applied for fitting a second-order response 223 

surface. This cubic design is characterized by a set of points lying at the midpoint of each edge 224 

of a multidimensional cube and center point replicates whereas the ‘missing corners’ help the 225 

experimenter to avoid using the combined factor extremes. This property prevents a potential 226 

loss of data in those cases. 
37

 227 
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In this study the StatGraphics plus 5.1 package was used for the analysis of the experimental 228 

design data and calculating the predicted responses. 229 

 230 

3. Results and discussion 231 

3.1. Characterization studies 232 

3.1.1. FT-IR spectra and elemental analysis 233 

The FT-IR spectra of MOF, and magnetic nanocomposite were recorded using KBr pellet 234 

method. The advent of the absorption peaks due to Fe-O (585 cm
-1

), Si-O-Si (1039 cm
-
1), C-H 235 

aliphatic (2933 and 2885 cm
−1

), and N-H (3441 cm
-1

) confirmed the immobilization of MOF by 236 

Fe3O4@En. Moreover, elemental analysis showed the presence of 3.2% N in the structure of the 237 

magnetic nanocomposite. This data indicates that Fe3O4@En had been sufficiently immobilized 238 

in the structure of magnetic nanocomposite (C: 23.5%, H: 1.6%, N: 3.2%). 239 

 240 

3.1.2. Scanning electron microscopy 241 

To investigate the surface morphology of the Fe3O4@En NPs, MOF and magnetic 242 

nanocomposite, the samples were characterized by TEM or SEM (Fig. 2). As it is illustrated in 243 

Fig. 2a, the spherical structure of Fe3O4 NPs was approximately preserved after modification 244 

with AEAPTMS. In this figure, two regions with different electron densities can be distinguished 245 

which confirms the formation of the core-shell structure: 
38

 an electron dense region which 246 

corresponds to Fe3O4 cores with a uniform size of about 10-30 nm and a less dense and more 247 

translucent region surrounding these cores that is AEAPTMS coating shell with a thickness of 248 

about 10-15 nm. Furthermore, the TEM micrograph confirmed that the Fe3O4@En NPs are nano-249 

sized with an average particle size of 30 nm. The crystals of original MIL-101 (Fe) sample have 250 
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a smooth surface with an average size of 200 nm (Fig. 2b). However, surface of the magnetic 251 

nanocomposite tends to be rougher after Fe3O4@En immobilization (Fig. 2c). It was apparent 252 

that the modified Fe3O4 NPs were linked to the external surface of the MIL-101 crystals. 253 

 254 

 255 

3.1.3. X-ray diffraction analysis 256 

For further study, MOF and magnetic nanocomposite were characterized by XRD. All of the 257 

diffraction peaks of MIL-101 (Fe) can be seen in Fig. 1S (Electronic Supplementary Data) before 258 

modification. For magnetic nanocomposite, modification of MIL-101 (Fe) with Fe3O4@En 259 

resulted in a loss of crystalline order in the framework. It is evidenced by a significant decrease 260 

in diffraction intensities (Fig. 3b), which is due to the partial decomposition of the crystalline 261 

MIL-101 (Fe). 
33,35

 The advent of five characteristic peaks for Fe3O4 in the XRD parent of 262 

magnetic MOF and also the presence of three characteristic peaks for MIL-101 (Fe) revealed that 263 

this hybrid material was composed of Fe3O4@En and MIL-101 (Fe). 264 

 265 

3.2. Optimization of the preconcentration procedure 266 

3.2.1. Sorption step 267 

The optimization step for the sorption of metal ions on the magnetic nanocomposite was carried 268 

out using Box-Behnken design (BBD). Variables affecting the extraction efficiency were chosen: 269 

pH, amount of the magnetic nanocomposite, and extraction time. Other parameters involved in 270 

the extraction were kept constant, especially the concentration of heavy metal ions (0.5 mg L
-1

). 271 

This design permitted the responses to be modeled by fitting a second-order polynomial, which 272 

can be expressed as the following equation: 273 
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� = 	�� +	���� + ����	 +	���� +	�������	 +	�������	 

+	�������	 + �����
� +	�����

� + ������
�  

where, x1, x2, and x3 are the independent variables, β0 is an intercept, β1- β33 are the regression 274 

coefficients, and Y is the response (removal% or recovery%). The number of experiments (N) is 275 

defined by the expression below:  276 

� = ��	�� − �� + 	o 277 

where K is the number of variables and Co is the number of center points. 
39

 In this study, K and 278 

Co were set at 3 and 6 respectively, which meant that 18 experiments had to be done. The levels 279 

of the factors are listed in Table 1. The analysis of variance (ANOVA) results producing the 280 

Pareto chart of main and interaction effects which are shown in Fig. 3a. The standard effect was 281 

estimated for computing the t-statistic for each effect. The vertical line on the plot shows 282 

statistically significant effects. The bar extracting beyond the line corresponds to the effects that 283 

are statistically significant at 95% confidence level. 
40-44

 Furthermore, the positive or negative 284 

sign (corresponding to a colored or colorless response) can enhance or reduce the extraction 285 

efficiency, respectively, while increasing from the lowest to the highest level set for the specific 286 

factor. According to Pareto chart the pH of the solution has the most significant positive effect 287 

on the extraction efficiency. The sorption of heavy metal ions increases as the pH increases. In 288 

acidic solution, sorption is very low. This observation is due to the protonation of the magnetic 289 

nanocomposite active sites especially N atoms of ethylenediamine. As the pH increases, the 290 

protonation of these active sites decreases and the condition becomes more favorable for 291 

complex formation and adsorption of heavy metal ions to the magnetic nanocomposite. At pH > 292 

6.1 the extraction efficiencies of target ions decreased due to the formation of insoluble 293 

hydroxide forms of metals. To avoid the precipitation of metal ions at higher pH values, pH 6.1 294 
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was selected as optimum. The response surface methodology (RSM) and two-dimensional 295 

contour plot (Fig. 3b) was applied to analysis simultaneous effects of sorption time and pH 296 

variables on the response. The sorption efficiency of heavy metal ions increased along with the 297 

increase in pH while the extraction time had a non-significant positive effect on the extraction of 298 

these ions. Sorption time and amount of the magnetic nanocomposite both showed positive and 299 

significant effect on the extraction efficiency. According to the overall results of the optimization 300 

study, the following experimental conditions were chosen: pH, 6.1; sorption time, 15 min; 301 

amount of the magnetic nanocomposite, 29 mg. 302 

 303 

3.2.2. Selection of eluent 304 

In this work several eluents including HCl, HNO3, K2SO4, NaOH, KCl, thiourea, EDTA solution 305 

and mixture of them were examined as the desorption solvent. Other factors were kept constant 306 

during the optimization (pH, 6.1; sorption time, 15 min; amount of the magnetic nanocomposite, 307 

29 mg; eluent volume, 7.0 mL; elution time, 20 min). Results showed that HNO3 containing 308 

EDTA can recover the target ions. In the next step the effect eluent volume and its concentration 309 

as well as elution time were optimized. 310 

 311 

3.2.3. Elution step 312 

Three factors were studied in elution step using experimental design: eluent volume (mL), 313 

elution time (min), HNO3 concentration (mol L
-l
) and EDTA concentration (mol L

-l
). In these 314 

conditions, a response surface design could be done without previously performing a screening 315 

design. The BBD was chosen because it requires the least number of experiments (29 run). The 316 

data obtained were evaluated by ANOVA. The results of the experimental design were evaluated 317 
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at 5% of significance and analyzed by standardized Pareto chart (Fig. 4a). Based on BBD, all 318 

parameters showed positive and significant effect on the recovery of target ions. These 319 

observations are most possibly due to increased protonation of the hetero atoms of the sorbent as 320 

the concentration of the eluent increases as well as coordination of heavy metal ions with EDTA 321 

and also fast kinetics of elution process is of great importance. As Fig. 4a shows, EDTA 322 

concentration has the greatest influence on the extraction recovery. The RSM and two-323 

dimensional contour plot (Fig. 4b) were applied to analyze simultaneous effects of the elution 324 

time and eluent volume on the responses. The extraction efficiency of the heavy metal ions 325 

increased along with an increase in the eluent volume and also elution time. According to the 326 

overall results of the optimization study, the following experimental conditions were chosen as 327 

the optimized ones: eluent volume, 4.2 mL; elution time, 17 min; and eluent concentration, 0.70 328 

mol L
-l 

EDTA in 0.07 mol L
-l 

HNO3 solution. 329 

 330 

3.3. Effect of breakthrough volume 331 

In the analysis of real samples, the sample volume is one of the important parameters affecting 332 

the preconcentration factor. The breakthrough volume of sample solutions was investigated by 333 

dissolving 1 mg of each Cd(II), Pb(II), Zn(II) and Cr(III)  ion in 100, 250, 500, 750, 1000, 1250 334 

and 1500 mL of distilled water. Then the SPE protocol was performed. The results demonstrated 335 

that the dilution effect was not significant for sample volumes of 1000 mL for each ion on the 336 

magnetic nanocomposite. Thus, the new sorbent enabling an enrichment factor of 238 was 337 

obtained for Cd(II), Pb(II), Zn(II) and Cr(III)  ions. 338 

 339 

3.4. Effect of the potentially interfering ions 340 
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To investigate the effect of the potentially interfering ions found in natural samples, various 341 

metal ions were added to 250 mL of a solution containing 10 µg of each ion. The degree of 342 

tolerance for potentially interfering ions is presented in Table 1S (Electronic Supplementary 343 

Data). From the tolerance results, it can be seen that even high levels of the potentially 344 

interfering ions has no impact on the preconcentration of Cd(II), Pb(II), Zn(II) and Cr(III)  ions 345 

at pH 6.1. So the method could be applied to determine these heavy metal ions in complicated 346 

matrix samples. 347 

 348 

3.5. Sorption capacity study and reusability of the sorbent 349 

In order to investigate the sorption capacity of the magnetic nanocomposite a standard solution 350 

containing 7.0 mg L
-1

 of Cd(II), Pb(II), Zn(II) and Cr(III) ions was used. In order to evaluate the 351 

maximum sorption capacity, the initial and equilibrium amounts of heavy metal ions were 352 

determined by FAAS. The maximum sorption capacity is defined as the total amount of heavy 353 

metal ions sorbed per gram of the magnetic nanocomposite. The obtained capacities of the 354 

magnetic nanocomposite were found to be 155, 198, 164, and 173 mg g
−1 

for Cd(II), Pb(II), 355 

Zn(II) and Cr(III)  ions, respectively. 356 

The reusability of magnetic nanocomposite was tested by assessing the change in the recoveries 357 

of the analytes through several sorption-elution cycles under the opted conditions. The results 358 

revealed that the synthesized nanosorbent could be reused up to 12 times. 359 

 360 

3.6. Analytical performance of the method 361 

Under the optimal conditions, calibration curves were constructed for the determination of 362 

Cd(II), Pb(II), Zn(II) and Cr(III) ions, according to the mentioned procedure. Linearity was 363 
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within the range of 0.5-100 ng mL
-1

 for Cd(II), 2.5-250 ng mL
-1

 for Pb(II), 0.6-120 ng mL
-1

 for 364 

Zn(II) and 1.5-150 ng mL
-1

 for Cr(III) in initial solution. The correlation of determination (r
2
) 365 

was 0.9975 for Cd(II), 0.9964 for Pb(II), 0.9938 for Zn(II) and 0.9955 for Cr(III) ions. The limit 366 

of detection is defined as LOD = 3Sb/m, where Sb is the standard deviation of 10 replicate blank 367 

signals and m is the slope of the calibration curve after preconcentration. For a sample volume of 368 

1000 mL, it was found to be 0.15 ng mL
-1 

for Cd(II), 0.8 ng mL
-1 

for Pb(II), 0.2 ng mL
-1 

for 369 

Zn(II), and 0.5 ng mL
-1 

for Cr(III) ions. The precision of the method for a standard solution 370 

containing 30 ng mL
-1

 of heavy metal ions (n = 5) was evaluated as the relative standard 371 

deviation (RSD%) and was found to be 7.6, 4.9, 6.8 and 5.5%, for Cd(II), Pb(II), Zn(II) and 372 

Cr(III) ions respectively. 373 

 374 

3.7. Validation of the method 375 

 The concentrations of Cd(II), Pb(II), Zn(II) and Cr(III) ions obtained by current method were 376 

compared to the exact concentration of these ions in the standard reference materials. For this 377 

reason, the concentration of the heavy metal ions was determined at optimum conditions in 378 

standard reference materials (NIST SRM 1573a tomato leaves and NIST SRM 1515 apple 379 

leaves). As it can be seen in Table 2, good correlation was achieved between the estimated 380 

content by the present method and reference materials. Therefore, the magnetic nanocomposite 381 

can be used as a reliable solid phase for the extraction and determination of Cd(II), Pb(II), Zn(II) 382 

and Cr(III) ions in agricultural samples. 383 

 384 

3.8. Determination of target ions in agricultural samples 385 
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Since natural samples have complex matrices, non-specific background absorption is always 386 

caused by interfering species of the sample matrix. To reduce this undesirable effect, the 387 

magnetic nanocomposite was applied for the selective extraction of Cd(II), Pb(II), Zn(II) and 388 

Cr(III) ions in pH 6.1. Table 3 shows the Cd(II), Pb(II), Zn(II) and Cr(III) ions recovery in 389 

various agricultural samples which in all cases, were almost quantitative. 390 

 391 

Conclusion 392 

 A simple, fast, reproducible, and selective solid-phase extraction procedure, a novel magnetic 393 

metal-organic framework nanocomposite, for determining of cadmium, zinc, chromium and lead 394 

ions has been developed. In comparison with other solid-phases, the magnetic nanocomposite 395 

has the advantages of high enrichment capacity, low limit of detection, and high enrichment 396 

factor (Table 2S, Electronic Supplementary Data). Other advantages of this method are: (1) low 397 

time-consumption due to the magnetically-assisted separation of the adsorbent and higher 398 

surface area; therefore, satisfactory results can be achieved by using fewer amounts of the 399 

adsorbents. Due to the relatively high preconcentration factor, trace amounts of heavy metal at 400 

ng mL
-1 

levels in high-volume samples can be quantified by the magnetic nanocomposite. 401 
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Figure captions 

Fig. 1: (a) A schematic diagram of Fe3O4 functionalization by En. (b) The schematic illustration 

of synthesized magnetic MOF-En nanocomposite. 

Fig. 2: (a) The TEM image of Fe3O4@En, the SEM images of (b) MOF, and (c) magnetic MOF 

nanocomposite.  

Fig. 3: (a) Pareto chart of the main effects in the BBD (uptake step). AA, BB and CC are the 

quadratic effects of sample pH, the uptake time and the nanosorbent amount, respectively. AB, 

AC and BC are the interaction effects between sample pH and the uptake time; pH and the 

nanosorbent amount and the uptake time and the nanosorbent amount, respectively. (b) RSM and 

two-dimensional contour plot obtained by plotting pH vs. uptake time using the BBD. 

Fig. 4: (a) Pareto chart of the main effects in the BBD (elution step). AA, BB, CC and DD are 

the quadratic effects of HNO3 concentration, EDTA concentration, eluent volume and elution 

time, respectively. AB, AC, AD, BC, BD and CD are the interaction effects between HNO3 

concentration and EDTA concentration; HNO3 concentration and eluent volume, HNO3 

concentration and elution time, EDTA concentration and eluent volume, EDTA concentration 

and elution time, and eluent volume and elution time respectively. (b) RSM and two-dimensional 

contour plot obtained by plotting eluent volume vs. elution time using the BBD. 
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Fig. 2 
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Fig. 3 
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Fig. 4  
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Table1 

Experimental variables and levels of the Box Behnken design (BBD). 

 
 

 
Level  

 
 Lower Central Upper 

 A: pH 2.0 5.0 8.0 

Sorption step B: Uptake time (min) 5.0 12.5 20.0 

 C: Nanocomposite amount (mg) 5 25 45 

 
A: HNO3 concentration (mol L

-1
)  

0.01 0.055 0.1 

Elution step B: EDTA concentration (mol L
-1

)  
0 0.5 1.0 

 C: Eluent volume (mL) 
2.0 4.0 6.0 

 D: Elution time (min) 
10.0 15.0 25.0 
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Table 2 
Determination of heavy metal ion recovery in certified reference materials. 

Sample 
Concentration (µg g

-1
) 

Relative error% 
Element Certified Found 

NIST SRM 1515 apple leaves 

Cd 0.013 0.012 -7.7 

Zn 12.5 12.0 -4.0 

Pb 0.47 0.51 8.5 

Cr - BDL - 

SRM 1570a spinach leaves 

Cd 1.52  1.56 2.6 

Zn - BDL - 

Pb - BDL - 

Cr 1.99  2.06 3.5 

BDL: below the detection limit. 
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Table 3 

Determination of heavy metal ions in agricultural samples.  

Sample Element Real sample (µg g
-1

) Added (µg g
-1

) Found (µg g
-1

) Recovery (%) 

Leek 

Cd 4.5 5.0 9.0 90.0 

Pb 9.4 10.0 19.2 98.0 

Zn 267 250 526 104 

Cr 4.4 5.0 9.6 104 

Fenugreek 

Cd 3.2 5.0 8.0 96.0 

Pb 41.0 50.0 92.1 102 

Zn 105 100 196 91.0 

Cr 4.2 5.0 9.6 108 

Garden cress 

Cd 1.7 2.0 3.6 95.0 

Pb 59.1 50.0 104 89.8 

Zn 192 200 380 94.0 

Cr 3.3 5.0 8.1 96.0 

Radish 

Cd 3.2 5.0 8.1 98.0 

Pb 52.6 50.0 104 103 

Zn 102 100 204 102 

Cr 4.5 5.0 9.2 94.0 

Radish leaves 

Cd 2.2 5.0 7.3 102 

Pb 4.7 5.0 9.5 96.0 

Zn 203 200 398 97.5 

Cr 6.4 10.0 15.5 91.0 

Beetroot leaves 

Cd 1.4 5.0 6.5 102 

Pb 9.0 10.0 18.6 96.0 

Zn 152 150 296 96.0 

Cr 7.4 10.0 18.0 106 

Basil 

Cd 1.0 2.0 2.9 95.0 

Pb 7.2 10.0 16.8 96.0 

Zn 145 150 284 92.7 

Cr 8.5 10.0 18.6 101 

Coriander 

Cd 1.9 2.0 4.1 110 

Pb 16.5 10.0 27.1 106 

Zn 169 150 300 87.3 

Cr 5.6 5.0 10.0 88.0 

Parsley 

 

Cd 2.8 5.0 7.5 94.0 

Pb 18.3 20.0 38.4 106 

Zn 200 200 393 96.5 

Cr 5.6 10.0 15.3 97.0 
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