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Abstract 

Use of nanotechnology has proven to be a promising approach toward remediation of all phases of 

environment. The aim of this work is to investigate the effects of different parameters on using iron III oxide 

nanoparticles in a continuous flow configuration for the removal of Cd
2+

 ions
 
from contaminated soils. Also 

selective sequential extraction tests are carried out to evaluate the nanoparticle tendency to remove cadmium 

from different fractions of soils. In order to achieve this goal, a specific flow rate of a nanoparticle solution 

was passed through a soil sample in a column with 3 cm diameter and 4 cm height. Up to 100% of cadmium 

removal was achieved by providing a nano-fluid concentration of 500 ppm, pH of 6.5, treatment duration of 

24 hours, and flow rate of 0.5 mL/min. Evaluation of the results obtained showed that the tendency of the 

iron oxide nanoparticles to remove cadmium from different fractions of contaminated soil was in the order of 

exchangeable > carbonates > oxides and hydroxides > organic matter > residual. The results obtained from 

this work can be used to develop an appropriate remediation protocol for contaminated soils. 

 

Keywords: Selective Sequential Extraction, Iron(III) Oxide Nanoparticles, Continuous Flow Configuration, 

Cd
2+

 Removal. 

1. Introduction 

Contamination of soils with heavy metals is a 

serious environmental problem throughout the 

world as it could threaten the ecosystems and 

human health [1]. Cadmium is considered as an 

extremely significant pollutant due to its high 

transfer rate from soil to plants and its strong  

bio-toxicity [2]. As many studies show, soil is an 

important source for human intake of cadmium [3, 

4]; it is also a potentially toxic heavy metal, which 

can accumulate in human organs that may cause 

significant human health problems, specifically as 

lung, kidney, and liver deficiencies [5]. 

It is highly desirable to apply suitable remedial 

methods that can reduce the risk of heavy metal 

contamination in soils. Development of new  

low-cost, efficient, and environmentally friendly 

remediation technologies is one the goals of 

recent research activities in environmental science 

and technology [6, 7]. 

Soil washing is a technology that extracts heavy 

metals into a solution by either desorption or 

solubilization [8]. The effectiveness of washing is 

closely related to the ability of the extracting 

solution to dissolve the metal contaminants in 

soils. Acids, surfactants, electrolytes, and 

chelating agents have been widely used as the 

extracting solutions [9]. Recently, engineered 

nano-materials have been designed for the 

purposes of heavy metal removal, extraction, and 

remediation from aqueous solutions and soils 

[10]. Compared to the most commonly used 

traditional techniques suggested for soil 

remediation, unique physico-chemical properties 

and availability of different forms of  

nano-materials make them notable candidates for 

removal of organic and inorganic pollutants from 

the environment [11]. 
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A survey of 155 articles (2004–2014) provides 

evidence that work is being carried out to remove 

heavy metals from wastewaters [12, 13] using 

inorganic nano-adsorbents. According to the these 

studies, ZnO nanoplates show a complete removal 

of Cu(II) in aqueous solutions. Hierarchical 

structures such as flower-like shapes of Fe2O3 and 

titanium have been engineered to enhance the 

properties of metal oxides for heavy metal 

removal, and generally, the Fe3O4 nano-materials 

have been shown to have the appropriate ability 

for heavy metal removal from aqueous solutions 

[13]. Recently, nano-Fe3O4 has been successfully 

used to rapidly remove Cu, Ni, and Pb from 

aqueous solutions [14]. Iron(III) oxide 

nanoparticles are a non-toxic and environmentally 

friendly material, and in addition, a magnetic 

nano-scale iron particle (NIP). 

Considering the efficiency of nano-scale iron 

particles in removal of heavy metals from aqueous 

solutions (i.e. water and wastewater), along with a 

lack of comprehensive studies on heavy metal 

removal from soils, this research work focuses on 

the use of Fe3O4 nanoparticles in the removal of 

cadmium from contaminated soils. 

Toxic metals exist in various chemical forms and 

with different characteristics. The solubility and 

potential bio-availability of metals and their 

distribution in different fractions of soil are 

strongly related to their chemical speciation. [15]. 

Reactivity of the species or binding forms of 

heavy metals in solids could be assessed by 

various extraction media. One of the most popular 

methods of operationally defined speciation is 

selective sequential extraction (SSE). The first 

SSE procedure was introduced by Crawford and 

McLaren in 1973. Accordingly, trace elements in 

several fractions of the natural soil including 

exchangeable, residual, organic, and oxides were 

determined [16]. The BCR sequential extraction 

procedure devised by Community Bureau of 

Reference is another SSE procedure that is widely 

applied to soil and sediment samples [17]. Based 

on the BCR method, heavy metals could be 

extracted from three fractions of soils, namely 

exchangeable, reducible, and oxidizable. One of 

the best-known sequential extraction schemes by 

which heavy metals could be extracted from five 

fractions of soils and sediments, namely 

exchangeable, carbonate, iron and manganese 

oxides, organic matter, and residual was proposed 

by Tessier in 1979 [18]. This procedure was 

adapted and improved upon by Yong in 1993 

[19]. The Yong’s method is considered as the 

most complete SSE procedure, and has been 

implemented in many studies [20-22]. According 

to this procedure, heavy metals could be extracted 

from six fractions of soils and sediments, namely 

soluble, exchangeable, carbonates, oxides and 

hydroxides, organic matter, and residual. 

Considering the efficiency of nano-scale iron 

particles in heavy metal removal from aqueous 

solutions (i.e. water and wastewater), in this work, 

iron(III) oxide nanoparticles were applied for the 

removal of Cd from contaminated soil. In 

addition, to evaluate the binding mechanisms, 

selective sequential extraction (SSE) using 

Yong’s method was employed, while the test was 

performed in a continuous flow configuration for 

a better adjustment to real conditions in 

contaminated sites. Thus the binding mechanism 

in this work was determined to evaluate the 

distribution of species in the solid phase. 

2. Material and method 

2.1. Nanoparticle solution 

Nanoiron oxide (III) with a 99.5% purity and an 

average particle size of 44.5 nm was obtained 

from Pasteur Institute in Iran. It was stabilized by 

polyacrylic acid (PAA) (Sigma Aldrich Co.) 

based on the method proposed by Golzar et al. 

[23]. Accordingly, a specified value of the 

nanoparticles in distilled water of one-fifth of the 

final solution volume was placed in an ultrasonic 

bath (40 KHz, 50 W) for 30 min. In another flask, 

PAA (the weight ratio of PAA to the nanoparticles 

was 2:1) was mixed with four-fifth of the final 

volume of distilled water at a speed of 500 rpm 

for one h. These two solutions were mixed 

together and placed in the ultrasonic bath for one 

h. 

2.2. Synthetic contaminated soil 

The soil sample was prepared from clean standard 

materials to eliminate any interaction between 

pollutants that might appear in the natural soils. 

An appropriate composition was selected after 

several preliminary tests. This composition and 

the related weight percentages are presented in 

Table 1. 

 
Table 1. Composition and weight percentages of soil structure. 

Sand Silt Kaoline Red clay Organic matter CaCO3 CaO 

8% 40% 10% 20% 10% 10% 2% 
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The soil sample prepared with the above 

composition was mixed with 500 ppm of a 

cadmium solution, prepared from cadmium nitrate 

(Merck Co.). The ratio of the volume of the 

solution (mL) to the weight of the soil (g) was 

20:1. The container was agitated for 48 h in a 

shaking incubator (Wise Cube 20-R) at room 

temperature (80 rpm). Then the supernatant 

solution was separated from the soil part using a 

centrifuge (3500 rpm for 20 min). In the last step, 

the soil was washed with distilled water to remove 

all the unabsorbed contaminants. 

The prepared contaminated soil was dried at room 

temperature, and the sieve analysis was 

performed. A noticeable amount of the soil could 

pass from sieve No. 400 (opening size: 0.037 

mm). Thus this part of the soil was analyzed using 

a Laser Particle Sizer ANALLISETE 22 

(FRITISH Co.). The contaminated soil 

composition was also tested by the XRD test. 

2.3. Total Cd content of contaminated soil 

In order to determine the total cadmium content, 

the soil was digested by the standard method 

recommended by Environment Canada (1990) as 

follows: 

1. 1.00 g of the sediment was placed in a 1-L 

beaker. 

2. 100 mL of 16 N nitric acid was added to 

the beaker over a minimum period of 2 min. 

3. 40 mL of H2O2 (30%) was added to the 

beaker. The beaker was left for 5 min for the 

reaction to occur. 

4. The beaker was placed on a hot plate 

(Fisher Stirring Hotplate) till boiling. Then it was 

removed from the heat and cooled to room 

temperature. 

5. A solution of 1000 mL aqua regia was 

made through the following process: 

o 200 mL of concentrated nitric acid was 

added to a 1000-mL flask. 

o 500 mL of distilled water was added to 

the flask. 

o 50 mL of concentrated hydrochloric acid 

was added to the flask. 

o The flask was filled with distilled water to 

the 1000-mL mark. 

6. 200 mL of aqua regia was added to the 

beaker. 

7. The beaker was filled with distilled water 

to the 500-mL level. 

The supernatant solution was analyzed by a UV 

spectrophotometer according to the procedure 

mentioned on Section 2.6. The total cadmium 

content of the contaminated soil was measured at 

9500 mg per Kg of soil. 

2.4. Soil washing procedure in continuous flow 

configuration 

In order to evaluate the in situ approach for 

remediation of contaminated soils, the soil 

samples were washed with a nano-fluid in a 

continuous flow configuration. For this purpose, 

glass cylindrical cells (column) of 3-cm diameter 

and 4-cm height were used to wash 5 g of soil 

samples. Both the inlet and outlet tubings had the 

same diameter. A Masterflex peristaltic pump 

model 7518-00 was used to provide the dynamic 

head for the flow (Figure 1). 

The nano-fluid was placed in a tank at room 

temperature. As the first try, the ratio of soil mass 

(g) to nano-fluid volume (mL) was adjusted to 

1:150 (this ratio has been introduced as the 

optimum ratio in the batch test [24]). Ensuring the 

exhausting of air from the column, the flow was 

pumped and entered the column from its lowest 

level. The column was filled from bottom to top 

by Teflon rings, punctuated Teflon disc (as a 

filter), filter paper, 5 g soil, filter paper, 

punctuated Teflon disc, and Teflon rings. The 

flow rate was adjusted with a valve in the 

downstream of the column. The effluent was 

collected and the Cd content was then determined. 

The effects of a variety of parameters including 

the duration of treatment, multiple washing, and 

flow rate were optimized in the continuous flow 

configuration. 

 

 
Figure 1. Schematic view of continuous flow configuration. 
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2.5. Selective sequential extraction (SSE) 

technique 

The SSE procedure, proposed by Yong et al. 

(1993) [19], was adapted in this research work. 

After each step of the procedure, the solutions 

were completely separated from the solid phase 

using a centrifuge (3500 rpm for 20 min), 

followed by filtration. Moreover, the Cd 

concentration was determined by the UV 

spectrophotometer based on the procedure 

described in Section 2.6. Then the samples (soil 

that remained from the previous step) were 

washed with distilled water to be prepared for the 

next step. Subsequently, 1.5 g of soil (before and 

after the washing procedure) was taken, and SSE 

tests were performed according to the following 

procedure: 

1. To determine the soluble fraction, the soil 

was washed by the nanoparticle solution and 

distilled water (as the control). 

2. The exchangeable fraction was extracted 

after washing the soil at room temperature for 1 h 

with 8 mL of 1 M MgCl2 (pH 7). 

3. The soil obtained from the previous step 

was washed at room temperature with 8 mL of 1 

M NaOAc
1
 adjusted to pH 5 with acetic acid for 5 

h to extract the carbonate phase. 

4. The soil from (3) was washed with 20 mL 

of 0.04 M NH2OH.HCl in 25% (v/v) acetic acid 

(pH 2.5) at 96 ºC for 6 h to extract the oxide and 

hydroxide phase of the soil. 

5. This soil (4) was washed with 3 mL of 

0.02 M HNO3 and 5 mL of 30% H2O2 (pH 2) for 2 

h at 85 ºC, followed by 3 mL of 30% H2O2 (pH 2) 

at 85 ºC for 3 h, and then 5 mL of 3.2 M 

NH4OACl in 20% (v/v) HNO3 diluted to 20 mL at 

room temperature for 30 min, and the organic 

matter was extracted. 

6. To extract the residual fraction, the soil 

from (5) was digested at 90 ºC with 25 mL of 

diluted aqua regia (50 mL HCl, 200 mL HNO3, 

and 750 mL water) for 3 h. 

2.6. Spectrophotometric determination of 

Cadmium concentration 

A UV spectrophotometer (CECIL CE 7000 

Series) was used for the spectrophotometric 

determination of the cadmium concentration in the 

solution. In the present work, the APDC complex 

in Tween 80 media was used as a colorant agent. 

The detection limit for a good linearity was 0.05 

µg mL
-1

, and the maximum wavelength of the 

Cd
2+ 

complex appeared at 324 nm [25]. 

                                                           
1
- Ac denotes acetate. 

A 1.0% (w/v) Tween 80 solution was prepared by 

dissolving 1.0 g of Tween 80 in 100 mL of 

distilled water in a volumetric flask with stirring. 

A phosphate buffer solution (pH = 7.0) was 

prepared by appropriately mixing 0.1 M KH2PO4 

and 0.1 M NaOH (500 mL of 0.1 M KH2PO4 and 

20 mL of 0.1 M NaOH were mixed, and then the 

solution was filled up to 1 L with distilled water). 

Since APDC slowly decomposes in aqueous 

solution, the 0.1% APDC solution was made 

whenever it was necessarily required [25]. 

Standard Cd
2+

 solutions were prepared in the 

range of 0.5-2.5 mg L
-1 

of cadmium using a stock 

solution of 1000 mg L
-1

. Also the latter was made 

of cadmium prepared by Cd(NO3)2 in 10-mL 

volumetric flasks. 0.5 mL of APDC and 1 mL of 

Tween 80 were added to each standard solution of 

Cd
2+ 

in 1 mL samples. The solutions were then 

filled up to 10 mL with the phosphate buffer 

solution. A blank solution was also prepared by 

the above procedure without Cd solution. After 20 

minutes, the Cd concentration could be 

determined by a UV-visible spectrophotometer 

[25]. 

2.7. Quality and control 

All the materials used in this work were prepared 

from clean standard materials. Additionally, the 

verified and standard methods in several parts of 

experiments were as follow: 

1. Nano-iron oxide (III) was stabilized by 

PAA based on the method proposed by Golzar et 

al. [23]. 

2. The soil was digested by the standard 

method recommended by Environment Canada 

(1990). 

3. Selective sequential extraction was 

performed using the Yong method. 

4. Spectrophotometric determination of the 

cadmium concentration in solution was done by 

the method proposed by Lee and Choi [25]. 

5. The test was repeated for several times (at 

least three times) to ensure the quality of the 

results. 

3. Results and discussion 

3.1. Size distribution of nanoparticles in 

solution 

The results of the size distribution test for the 

stabilized nanoparticle solution in the optimum 

conditions is presented in Figure 2. The results of 

size distribution by number show that the peak 

number was attributed to the nanoparticles with 

the size of 216.7 nm. 
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Figure 2. Size distribution of nanoparticles in solution. 

 

3.2. Synthetic contaminated soil properties 

The result of the sieve analysis is shown in Figure 

3. Regarding this test, more than 54% of soil 

could pass from sieve No. 400 (opening size: 

0.037 mm). Thus this part of the soil was analyzed 

by the Laser Particle Sizer ANALLISETE 22 

(FRITISH Co.). The result obtained is presented 

in Figure 4. 

According to the results of sieve analyses, based 

on the AASHTO soil classification, the sample 

contained 29% sand and 17% silt. On the other 

hand, according to the laser particle analyses, the 

fine part of soil consisted of 41% silt and 13% 

clay. Therefore, the soil consisted of 29% sand, 

58% silt, and 13% clay. 

The contaminated soil composition was also 

evaluated by the XRD test, and the result obtained 

was presented in Figure 5. According to the result, 

the main mineral composition of this artificial 

contaminated soil with maximum weight percent 

was 37.6% “Kutnohorite”, which is a member of 

the dolomite group and 31.2% quartz. The 

amounts of pH and EC of the contaminated soil 

were determined using the EPA SW-846 method 

9045 (1:1 of soil to water) and EPA, 2006 (1:5 

soil to water), respectively. The soil pH could be 

considered as the basic amount (pH 7.8), and EC 

was measured at 224 µS/cm. 

 

 
Figure 3. Size distribution of contaminated soil by sieving. 
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Figure 4. Results of laser particle sizing of soil. 

 

 
Figure 5. XRD test for contaminated soil. 

 

3.3. Cd content in contaminated soil 

The Cd content, determined by the method 

mentioned in Section 2.6, was 10000 mg in 1 Kg 

of the soil. 

3.4. Study of nano-fluid concentration 

5 g of contaminated soil was washed in the 

column with the blank (distilled water) and the 

nano-fluid of different concentrations including 

100, 300, 500, and 1000 ppm. Other parameters 

were constant (flow rate = 2.5 mL/min, pH = 8.5, 

ratio of soil mass (g) to nano-fluid volume (mL) = 

1:150). The results obtained are shown in Figure 

6. The results of removal by distilled water are not 

shown since cadmium was detected in the final 

solution. 

The results obtained showed that the removal rate 

directly increased with increase in the 

concentration of the nano-fluid up to 85%, which 

occurred at 1000 ppm. As shown in Figure 6, the 

Cd
2+

 sorption rate has a direct relationship with 

the nano-fluid concentration. At higher 

concentrations, a higher amount of nanoparticles 

existed, so more sorption sites were found. Since 

the nanoparticles were coated with PAA, the 

higher concentrations are not practical due to the 

intense increase in the viscosity of the solution. 

Thus the concentration of 500 ppm with a removal 

rate of 80% was selected. 
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Figure 6. Removal of Cd by nano-fluid at different nano-fluid concentrations (flow rate = 2.5 mL/min, pH = 8.5, 

ratio of soil mass (g) to nano-fluid volume (mL) = 1:150). 

 

3.5. Study of pH 

In order to obtain the optimized amount of pH, 5 g 

of contaminated soil was washed in the column 

with 750 mL of 500 ppm nano-fluid at pH values 

varying from 5 to 10 with a flow rate of 2.5 

mL/min. At pH values less than 5 and more than 

10, the nano-fluid could not be stabilized; 

therefore, the range was limited to 5 through 10. 

The results obtained are shown in Figure 7. 

According to the results obtained, the maximum 

Cd removal was recorded at pH = 6 (84%), and it 

was very similar to pH = 7 (83%). The percentage 

removal of cadmium at pH = 6.5 was also 84%, so 

this pH was selected. 

Cd removal from the soil using the nano-fluid 

depends on both the solubility of cadmium and the 

properties of nanoparticles. According to the 

solubility curve of cadmium, as the pH increases, 

its solubility is decreased. Therefore, by reducing 

the solubility of the ions in the nano-fluid at a 

higher pH, its separation from the soil is also 

reduced. The nano-fluid had the most stabilized 

situation at pH 7.9 ± 0.1. The optimum pH for 

cadmium removal from the soil in this work (6.5) 

can be a result of both factors, the further Cd 

solubility at a low pH value and creation of a 

stable colloidal solution at a pH value of about 

7.9. 

 

 
Figure 7. Removal of Cd by nano-fluid at different nano-fluid pH (nano-fluid concentration = 500 ppm, flow rate 

= 2.5 mL/min, ratio of soil mass (g) to nano-fluid volume (mL) = 1:150). 
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3.6. Study of flow rate 

5 g of contaminated soil was washed in the 

column with a solution of 500 ppm iron (III) 

oxide nanoparticles at flow rates of 0.5, 1, 2.5, and 

5 mL/min. The test was repeated with distilled 

water as the control. The other parameters were 

kept constant (pH = 6.5, ratio of soil mass to 

nano-fluid volume is equal to 1 (g): 150 (mL)). 

The results obtained are shown in Figure 8. The 

results of removal by distilled water are not shown 

since no removal was detected in this series of 

tests. As shown in Figure 8, 100% of removal 

occurred at 0.5 mL/min of flow rate. 

The results obtained depict that the Cd removal 

increases considerably with decrease in the flow 

rate when the amount of nano-fluid is constant. 

Indeed, at a lower flow rate, a more desirable 

contact time for a specific volume of nano-fluid 

was prepared for desorption of cadmium from the 

contaminated soil. Similar results in evaluation of 

adsorption in continuous configurations (the 

adsorbent was fixed as a column, and the flow rate 

and other parameters of untreated water were 

studied) expressed that at higher flow rates, a 

more contact time, and accordingly, more 

adsorbent would be required to achieve the 

determined adsorption [26]. 

 

 
Figure 8. Removal of Cd by nano-fluid at different flow rates (nano-fluid concentration = 500 ppm, pH = 6.5, 

ratio of soil mass (g) to nano-fluid volume (mL) = 1:150) 

 

3.7. Duration of treatment 

To optimize the duration of treatment, 5 g of the 

soil in a column was washed with 500 ppm of 

nano-fluid (500 ppm of iron oxide nanoparticles) 

and a flow rate of 0.5 mL/min at pH = 6.5 for 

different durations of treatment including 15 and 

30 minutes and 1, 5, 12, and 24 hours. The results 

obtained are shown in Figure 9. 0.5 mL/min was 

the minimum applicable flow rate in this 

continuous flow configuration, and it was not 

possible to achieve lower flow rates. 

The results obtained depicted that Cd removal 

increased considerably with increase in the 

duration of treatment up to 24 h (from 2% in 15 

min to 100% in 1440 min). Thus it was possible to 

remove the Cd(II) ions completely from the 

contaminated soil at optimized conditions. 

In a continuous flow configuration, the specific 

amount of nano-fluid contacts with contaminated 

soil in the specific period of time. Thus with 

increase in the duration of treatment, more dosage 

of adsorbent would be available for Cd
2+

 

adsorption. The same results were reported by 

Mohammad by evaluation of the adsorption 

capacity of a column [26]. 

Cadmium extraction from contaminated soil by 

this method is considerably effective in 

comparison with the previous study’s results. The 

efficiencies of cadmium removal from the soil 

using acetic acid and EDTA were 70.6% [27] and 

87% [28], respectively. Study of Cd extraction 

from contaminated soil by NZVI as a nano-iron 

oxide showed a 100% removal rate [29]. Fe3O4 

nanoparticles, as another important iron oxide 

nanoparticles, has been used for heavy metal 

adsorption from aqueous medium, and could 

remove Cu, Pb, and Cr with the removal rates of 

99% [30], 98% [31], and 92% [32], respectively. 

There is lack of literature for the removal of Cd
2+

 

ions from contaminated soil using Fe3O4 

nanoparticles. The result of the present study 

illustrated that Cd was completely removed from 

contaminated soil by the iron(III) oxide 

nanoparticles. 
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Figure 9. Removal of Cd by nano-fluid at different durations of treatment (concentration = 500 ppm, pH = 6.5, 

flow rate = 0.5 mL/min). 

 

3.8. SSE tests 

Considering the removal rate at optimized 

conditions, Cd was completely removed from all 

fractions of soil; thus it was not possible to 

determine the order of tendency of nanoparticles 

for removal of Cd
2+

 ions under this condition. 

Therefore, the test was repeated for a time less 

than the optimized duration of treatment (18 h). 

The results of SSE for control samples indicated 

that Cd removal did not occur by washing the soil 

with distilled water. According to the results 

obtained, the accumulation of Cd in soil fractions 

was 0.0% in soluble, 4.82% in exchangeable, 

54.99% in carbonates, 25.76% in oxides and 

hydroxides, 1.75% in organic matter, and 12.67% 

in the residual fraction. 

The SSE results for samples that were washed for 

18 h in the continuous flow configuration at pH = 

6.5 showed that 68.56% of the Cd content was 

removed from soil by the nano-fluid (soluble 

fraction). 

The order of Cd removal from other fractions of 

contaminated soil and their related changes 

compared to the control samples after 18 h in a 

continuous flow system are shown in Figure 10. 

Removal from the soil fractions using iron oxide 

nano-fluid in this study occurred as follows: 

 Exchangeable: The highest removal 

(100%) occurred in this fraction, where cadmium 

was completely removed. The Cd content in this 

part was reduced from 4.82% to 0%; 

 Carbonate: 82.75% of Cd was removed 

from the carbonate phase, and the Cd content 

decreased from 54.99% to 9.49%; 

 Oxides and hydroxides: Cd removal 

occurred in this fraction with the mass fraction of 

57.99%, and the Cd content changed from 25.76% 

to 10.82%; 

 Organic matter: 48.03% Cd was removed 

from this fraction of soil. In this phase, the Cd 

content decreased from 1.75% to 0.91%; 

 Residual: Cd was removed from this part 

of soil with a removal rate of 19.37%. The Cd 

content in this fraction decreased from 12.67% to 

10.22%. 
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Figure 10. Sequential extraction of Cd in soil washed by iron(III) oxide nanoparticles (concentration = 500 ppm, 

pH = 6.5, flow rate = 0.5 mL/min, duration of treatment = 18 h). 

 

4. Conclusions 

Cadmium removal from contaminated soil in a 

continuous flow configuration would be affected 

by several parameters such as the nano-fluid 

concentration, pH, flow rate, and time. This 

process was investigated in the present work. 

According to the findings of this work,  

nano-Fe3O4 stabilized with PAA could remove up 

to 100% of cadmium (50 mg) from the soil in a 

column as a continuous flow system at the 

optimized conditions including nano-fluid 

concentration = 500 ppm, pH = 6.5, duration of 

treatment = 24 h, and flow rate = 0.5 mL/min. In 

this situation, the mass of adsorbent was 0.36 g, so 

the adsorption capacity was about 139 mg Cd/g 

adsorbent. 

Then the tendency of iron(III) oxide nanoparticles 

to remove cadmium from each fraction of the soil 

was studied using the SSE technique. 

Accordingly, partitioning of cadmium in different 

fractions of the contaminated soil before washing 

tests was in the order of carbonates > oxides and 

hydroxides > residual fraction > exchangeable > 

organic matter. The tendency of nano-Fe3O4 to 

adsorb cadmium from different fractions of the 

soil was in the order of exchangeable > carbonate 

> oxides and hydroxides > organic matter > 

residual. 

An economical assessment shows that this method 

is slightly more expensive than the traditional 

methods that have been used for real world 

projects. However, it was more economical than 

some other new methods proposed in the recent 

research works such as using surfactants. In 

addition, it would be noticeable that the Fe3O4 

nanoparticles are magnetic, and it is possible to 

recover them from the soil. Also these 

nanoparticles are recognized as harmless particles 

for the environment. It should also be considered 

that new technologies to produce nanoparticles are 

growing fast, and accordingly, their production 

costs are reduced. Thus considering the high 

removal rate (100%) of cadmium from 

contaminated soil and ability to remove 

contaminate from all fractions of the soil, iron(III) 

oxide nanoparticles stabilized by polyacrylic acid 

is strongly recommended to be considered as a 

washing agent for soil remediation. 
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 چکیده:

زیست استت  هتدف از انمتام ایتو پتژوهز، ارزیتابی اثتر پارامترهتای          ها از فازهای مختلف محیط استفاده از نانو تکنولوژی یک روش اثبات شده برای حذف آلاینده

همچنیو ارزیابی تتوالی حتذف   های فلز سنگیو کادمیوم از خاک با استفاده از نانو ذره اکسید آهو سه ظرفیتی در یک سامانه پیوسته جریان،  مختلف در حذف یون

ی استخراج انتخابی متوالی بوده است  بدیو منظور سیال حاوی نانو ذرات اکسید آهتو در آ  بتا   ها زیآزمای ریکارگ  بههای مختلف خاک آلوده با  کادمیوم از بخز

، ppm 011برابتر   الیست  نتانو در ایو ستامانه شتامغ ظلظتت     عبور داده شد  با ایماد شرایط بهینه cm 4و ارتفاع  cm 9دبی مشخص از ستون خاک آلوده به قطر 

0/6=pH ساعت و دبی  74، زمان تماسmL/min 0/1 ،711 آمده نشان داد که تمایغ حتذف کتادمیوم    دست بهحذف شد  ارزیابی نتایج  آلوده% کادمیوم از خاک

 :استهای مختلف خاک مورد آزمایز به ترتیب ذیغ  با استفاده از نانو ذره اکسید آهو سه ظرفیتی از بخز

 تبادل پذیر >کربنات  >اکسیدهای آهو و منگنز  >بخز آلی  > مانده یباقبخز 

 ی آلوده استفاده شود ها خاکی مناسب برای ساز پاکوتکغ برای ایماد یک پر تواند یمآمده از ایو تحقیق  دست بهنتایج 
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