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ABSTRACT: The time-dependent efficiency of Zero-Valent Metals (ZVMs) including Al0 and Zn0 

and their bimetals (Fe/Al and Fe/Zn, 0.1 g shell metal/g core metal) to reduce Cr(VI) in three 

contaminated soils (calcareous, non-calcareous near neutral and slightly acidic) was studied.  

The Cr(VI)-contaminated soils (100 and 500 mg/kg) were amended with the reductants (0, 5, and 10 g/kg) 

and the concentration of exchangeable Cr(VI) was determined after 0.5, 4, 24, 48 and 168 hours.  

It was found that the average reducing capacity of the bimetallic particles (11.4 mg Cr/g) was much 

higher than the ZVMs (3.3 mg Cr/g). The ZVMs showed rapid passivation within only a few minutes, 

while the bimetallic particles preserved their reactivity even up to one hour. In addition, the efficiency 

of ZVMs in the slightly acid soil was much higher than in two other soils. There was a good 

performance of Fe/Al in the calcareous soil with a higher hazard potential than the two other soils. 

The Cr(VI) reduction capacity of the bimetallic particles in non-calcareous near-neutral soil was  

two times more than in calcareous soil. The pseudo-first-order Cr(VI) reduction rate constant 

for the bimetals (0.248 h-1) was on average higher than those of the ZVMs (0.074 h-1).  
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INTRODUCTION  

A combination of surface adsorption and reduction  

may be currently the best strategy to clean up Cr(VI)-

contaminated environments [1]. Some Zero-Valent Metals 

(ZVMs) have a high electron-donating tendency to various 

contaminants, including Cr(VI). Most of the Cr(VI) 

reduction studies have focused on zero-valent iron (ZVI), 

because it is expected to be more cost-effective [2] and less 

environmentally disruptive [3]. However, ZVI has some 

disadvantages such as a relatively high dose of application  

 

 

 

and long reaction time [4]. Likewise, the Cr(VI) reduction 

by ZVI is a self-inhibiting reaction due to the formation of 

Fe(III)-Cr(III) oxy/hydroxide thin layer on ZVI surface. 

The insulating nature of the layers hinders electron transfer 

from the ZVI to the surface, thereby stopping the redox 

reaction [5]. Furthermore, the efficiency of Cr(VI) 

reduction is low under alkaline conditions. This is because 

of proton consuming nature of the reaction [6] and the fact 

that the pH may be high enough to maintain durable  
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passive film [7], but simultaneously alkaline pH enhances 

the Cr(III) co-precipitation in the form of insoluble 

oxy/hydroxides [8]. Apart from the deteriorated nature, 

ZVIs provided from different sources may have different 

reactivates [9]. For example, the Cr(VI)-removal 

efficiency of laboratory reagent grade microscale ZVI  

in our results was only 6.9% [10]. Utilization of other 

ZVMs with lower standard reduction potential (E0) than 

ZVI (E0= -0.44 V) exhibits good prospects to be an alternative 

way for Cr(VI) decontamination. ZVMs like Al (E0= -1.66 V), 

Zn (E0= -0.76 V) and Mg (E0= -2.37 V) appear strong 

reductants to be easily oxidized by some environmental 

contaminants including chlorinated organic compounds [11], 

perchlorate [12], chromate [13] and nitrate [4].  

When Cr(VI) comes in contact with ZVMs under 

favorable conditions, Cr(VI) reduces to Cr(III). This 

reaction is linked to the reaction of ZVMs oxidation. 

Eventually, Cr(III) is released into the solution and 

precipitated as hydroxides covering the surface of the soil 

at pH>5.5 [14]. With respect to this, the ZVMs like Al0 and 

Zn0 can be easily oxidized by oxygen in the air to create an 

oxide layer (passivation layer) on the surface which 

inhibits their reactivity [15]. Acid-washing of ZVMs and 

deposition of secondary metals on ZVM surfaces are the 

methods commonly used to overcome this problem [16]. 

Coating of the primary metal surface with a second 

catalytic metal such as Pd, Cu, and Ni which are nobler than 

the primary metal has been reported in some studies [17]. 

However, because of the toxic behavior of noble metals, 

some investigators have preferred to use another type of 

bimetallic particle in which a metal with a high 

thermodynamic driving force (e.g. Al or Zn) is coated with 

iron. In these bimetallic systems, electron transfer from 

core to shell facilitates the removal performance [18].  

Most research on Cr(VI) decontamination has been 

focused on aqueous solutions and there are few attempts to 

deal with the Cr(VI) contaminated soils [19, 20]. ZVMs 

and bimetals are much less toxic than mobile chromate and 

may be potential amendment candidates to alleviate  

the migration of Cr(VI) in these soils. However, failure of 

low ZVI dosages for efficient Cr(VI) removal has recently 

been demonstrated [21]. For this, it is required to test some 

other metals as well as bimetals with lower E0 values that 

may guarantee an efficient Cr(VI) removal from 

contaminated soils.  In this research, first, two ZVMs (Al0 

and Zn0) and two bimetals from both groups (Fe/Al and 

Fe/Zn) were used for reducing Cr(VI) in an aqueous 

solution. Then, a time-dependent experiment was conducted 

to investigate the efficiency of these reductants to reduce 

Cr(VI) in three Cr(VI)-contaminated soils.  

 

EXPERIMENTAL SECTION 

Materials and chemicals 

Zero-valent aluminum (Al0) with particle size less than 

70 µm (Art. no. 1056, ≥99% purity) and zero-valent zinc 

(Zn0) with particle size less than 45 µm (Art. no. 108789, 

≥95% purity) were obtained from Merck company. Other 

reagents with analytical grade or better were purchased 

from Merck Company. 

 

Acid pretreatment of zero-valent metals (ZVMs) 

Acid-washed Al0 and Zn0 were used in all the 

experiments. For the preparation of activated Al0, 13 mL 

of concentrated HCl was added to 5.0 g Al0 powder soaked 

in about 10 mL of deionized water. The suspension  

was mixed thoroughly by a stirrer until the fume evolution 

was detected. Thereafter, a small amount of deionized 

water was added and the acid-washed Al0 was filtered and 

then rinsed successively with 500 mL of deionized water. 

Finally, the pretreated Al0 was dried under a stream of N2 

for 2 hours and immediately used [12]. To prepare acid-

washed Zn0, 2.0 g of Zn0 was stirred in 5 mL 2% HCl  

for 1 min and then filtered. After that, the activated Zn0 

was washed with 5 mL of 2% HCl, 3 times with 5 mL of 

deionized water, twice with 5 mL of 95% ethanol, and 

once with 5 mL of absolute ether. Finally, it was dried 

under N2 stream for 2 hours and immediately used [22]. 

 

Preparation and characterization of bimetallic particles 

(Fe/Al and Fe/Zn)  

The bimetallic Fe/Al particles (0.1 g Fe/g Al) were prepared 

as follows [23]: 1- A 30 mL aqueous solution containing 

1.30 g of FeCl3.6H2O was immediately added to 2.70 g  

of the acid-washed Al0, 2- The suspension was mixed  

on a stirrer for 20 minutes, 3- The bimetallic Fe/Al particles 

were then consecutively rinsed with 1000 mL deionized 

water and 30 mL acetone and allowed to dry in a stream of 

N2 for 2 hours. For the preparation of bimetallic Fe/Zn 

particles (0.1 g Fe/g Zn) the following procedure was used 

[24]: 1-A respective amount of FeCl2·4H2O (1.70 g)  

was dissolved in 25 mL of absolute ethanol containing 

2% HCl and then 5 g of the acid-washed zinc were added to it, 
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Fig. 1: SEM images and EDX spectra of bimetallic particles (0.1 g shell metal/g core metal) (a) Fe/Al, (b) Fe/Zn 

 

2- The suspensions were shaken at 180 rpm for 20 min 

before being rinsed with deionized water and acetone,  

3- Finally, the prepared bimetals were dried by purging 

with N2 gas for 2 hours. 

The residual concentration of covering metals in each 

precursor solution was much less than the concentration of 

the stock solutions and could be considered negligible. 

Hence, assuming that all the covering metals were 

deposited onto the surface of the core metals, the content 

of the covering metals in the core metals will be 10%  

by weight [25]. Elemental and morphological analyses  

of two bimetallic particles were conducted using a Scanning 

Electron Microscope (SEM) (MIRA3 FEG-SEM, Tescan, 

Czech) with Energy-Dispersive X-ray (EDX) at 10 kV  

(for Fe/Zn) or 15 kV (for Fe/Al).  

 

Characterization of the bimetallic particles  

The Scanning Electron Microscopic (SEM) images  

of the bimetallic particles (Fe/Al and Fe/Zn) are present  

in Fig. 1. The micrograph of Fe/Al bimetallic particles  

in Fig. 1 (a) shows particles with relatively smooth 

surfaces, but meanwhile, some bright knobs can be clearly 

seen on the surface of the aluminum core, which may be 

considered the deposition of an iron shell. By contrast,  

the Fe/Zn particles exhibited a dispersed spherical 

morphology with deposition of Fe onto the zinc surface 

which increases their total surface area (Fig. 1(b)). The 

content of metallic elements in the synthesized bimetallic 

particles was estimated by Energy Dispersion X-ray (EDX) 

procedure. The Energy Dispersion Spectrum (EDS) of the 

Fe/Al specimen is presented in Fig. 1(a). The EDS exhibits 

distinct peaks for Al and Fe indicating the presence of both 

elements. Additionally, in contrast to some reports  

in the literature [23] no oxygen peak was detected in the 

spectrum. The spectrum of Fe/Zn sample shows expected 

distinct peaks of the corresponding metals, but meanwhile, 

oxygen peaks (about 0.52 keV) were detected, which  

may be originated from the partial oxidation of the surface 

due to its exposure to the ambient atmosphere and 

diffusion of the molecular oxygen [26].   
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Table 1: Some properties of the studied soils. 

Soil  pH1:1 Easily reducible Mn (mg/kg) Texture CEC1 (cmolc/kg) OC2 (g/kg) CCE3 (g/kg) 

1 8.15 207 Sandy clay loam 14.4 9.0 68 

2 7.05 323 Loam 20.7 19.5 nil* 

3 6.10 196 Silty loam 42.3 35.0 nil* 

1: Cation exchange capacity, 2: Organic carbon, 3: Calcium carbonate equivalent 

*The soils did not produce vigorous effervescence of CO2 when treated with 0.1 N HCl. 

 

Cr(VI) reduction in aqueous solutions by ZVMs and 

bimetallic particles 

0.05 g of activated ZVMs or bimetallic particles (with 

a compositional ratio of 10%) were added to 50 ml of 

aqueous solutions containing 20.0 mg Cr(VI)/L and mixed 

at 120 rpm in a shaker incubator (25±0.5 °C) for 24 hours. 

After that, supernatants were harvested by centrifugation 

and filtration to analyze the final Cr(VI) concentration  

as described below. The Cr(VI) reduction efficiency, 

which is the percent ratio of (initial [Cr(VI)] −  final 

[Cr(VI)])×100/(initial [Cr(VI)]), was calculated. No 

attempt was made to adjust pH.  

 

The soils under investigation  

Three different soils regarding pH values and organic 

carbon contents were taken from 0-20 cm depth of 

agricultural lands in the provinces of East Azerbaijan (soil 1, 

calcareous soil, Calcaric Cambisols) and Gilan (soils 2 and 3, 

non-calcareous near neutral and slightly acid soils, 

respectively, Haplic Luvisols) in northwest and north of 

Iran, respectively. The sampled soils were air-dried, ground, 

and homogenized to pass a 2-mm sieve. Particle size 

distribution [27], Field Capacity (FC) moisture content [28], 

electrical conductivity (EC) (1:1, w/v) [29], pH (1:1, w/v) [30], 

Organic Carbon (OC) content [31], Cation Exchange 

Capacity (CEC) [32], Calcium Carbonate Equivalent (CCE) [33] 

and easily reducible manganese [34] were determined  

in the soils. Exchangeable Cr(VI) in the soils was extracted 

using the method described by James and Bartlett [35], 

and then the Cr(VI) concentration was measured by the 

diphenyl carbazide method [36]. The absorbance was read 

at 540 nm on a spectrophotometer (HACH, DR 2000). 

None of the three soil samples had detectable 

exchangeable Cr(VI).   

Some physical and chemical characteristics of the 

investigated soils are shown in Table 1. The soils differed 

in pH, CCE, and organic carbon. Soil 1 with less than 10 g/kg 

organic carbon was alkaline (pH = 8.15) and calcareous 

(CCE = 68 g/kg), whereas soils 2 and 3 (both free of 

calcium carbonate) were near neutral (pH = 7.05) and 

slightly acidic (pH=6.1) and contained 19.5 and 35 g/kg 

organic carbon, respectively.  

 

Spiking the soils with Cr(VI) 

One kg of each of the three soils was contaminated with 

desired amounts of K2CrO4 to establish the levels of  

100 and 500 mg Cr(VI)/kg (abbreviated as Cr0). The 

volume of Cr(VI)-containing solutions added was adjusted 

to make FC condition. The soils were incubated and 

exposed to several cycles of wetting and drying at room 

temperature for one month. This was done to minimize 

self-attenuation of Cr(VI)-contaminated soils during the 

batch experiment. Complete reduction of Cr(VI) at the above 

levels occurred within the incubation period in soil 3 and 

hence, an excessive level of Cr(VI) (1000 mg Cr(VI)/kg) 

was added in order to maintain a residual amount of 

Cr(VI). Following that, the soils were mixed thoroughly to 

pass a 2 mm sieve and kept in plastic bags in the 

refrigerator at 4°C until use. Before batch experiments, the 

concentration of exchangeable Cr(VI) in the soils (Crexch.) 

was determined. Moreover, in order to find the maximum 

concentration of Cr(VI) in which complete reduction 

occurs, different initial concentrations of Cr(VI) were added 

to the soils.  

 

Batch experiments 

These experiments were performed in 250 mL 

Erlenmeyer flasks containing 45 mL of 0.03 M KCl  

(as background solution) and 5.0 g of the contaminated 

soils that were left to stand for 24 hours for equilibration [37]. 

This prevents the participation of different initial changes 

following wetting in the chemical reaction involved. 

Following this pre-equilibration, 0 (control), 5 and  

10 g/kg of different reductants including Al0, Zn0, Fe/Al  
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(0.1 g Fe g-1 Al) and Fe/Zn (0.1 g Fe g-1 Zn) were added 

to the suspensions. All reductants were passed through  

a 325 mesh sieve before the experiment. The soil 

suspensions were agitated at 120 rpm for 0.5, 4, 24, 48, and 

168 hours at 25±0.5°C. The flasks were opened once a day 

and the suspensions were thoroughly stirred to keep away 

from anaerobic conditions. After that, 5 mL of 1.6 M  

(0.8 M KH2PO4/0.8 M K2HPO4) buffer solution (pH=7.2)  

was added to the suspensions [35]. In a preliminary 

experiment, the desired concentration and volume of 

extraction phosphate buffer solution were achieved. The 

soil suspensions were agitated at 120 rpm for 2 hours. 

Finally, the supernatants were passed through a 0.45 μm 

filter paper (Whatman UK). Aliquots of the soil extracts 

were taken to measure Cr(VI) concentration as described 

above.  

 

Calculations  

The efficiency of Cr(VI) self-attenuation (Rs) that 

indicates the reducing ability of the soil itself was calculated 

as follows [38]: 

ex ch .

s

C r C r
R

C r


 

0

0

100      (1) 

Where Cr0 is the concentration of added Cr(VI) to the 

soils (mg/kg) and Crexch. is the concentration of exchangeable 

Cr(VI) (mg/kg) after incubation for one month.  

The amendment-induced Cr(VI) reduction efficiency 

(Ra) that indicates the performance of reducing agents  

was computed with the following formula: 

c o n tro l a m e n d e d

e x c h . e x c h .

a c o n tro l

e x c h .

C r C r
R

C r


  1 0 0     (2) 

where, 
c o n tro l

e x c h .
C r  and 

a m e n d e d

e x c h .
C r  are the concentration 

of exchangeable Cr(VI) at zero and any specified level  

of the amendment at given times of batch experiment, 

respectively. Because of self-attenuation, the values of this 

efficiency were not calculated based on the initial 

concentration of Cr(VI).     

The Cr(VI) reducing capacity (Rc) of metals or 

bimetals (mg/g) was calculated as follows [39]: 

co n tro l am en d ed

ex ch . ex ch .

c

C r C r
R

A


      (3) 

Where A is the rate of added reducing agent (g/kg). 

Finally, the pseudo-first-order equation was fitted  

to the data (Ra vs. time) by a nonlinear procedure  

using SPSS software, and values of the rate constants  

were obtained [40]: 

 
k t

a ae
R R e


 1      (4) 

Where Ra and Rae are the Cr(VI) reduction efficiency  

at a given time (t) and at the equilibrium, respectively and 

k is the rate constant (h-1).  

All experiments were conducted in duplicate and mean 

values with standard deviation error bars were reported. 

 

RESULTS AND DISCUSSION 

Cr(VI) reduction efficiency of ZVMs and bimetals in 

aqueous solutions 

The Cr(VI) reduction efficiency of ZVMs and 

bimetallic particles in solutions containing Cr(VI) is 

presented in Fig. 2. Results showed the following order of 

Cr(VI) reduction efficiency: Fe/Al(80.5%) > 

Fe/Zn(49.0%) ≈ Al0(42.3%)> Zn0(13.5%). Bimetallic 

particles were significantly more efficient than ZVMs  

in reduction of Cr(VI), which is previously reported for the 

treatment of chlorinated organic compounds [41].  

The combination of two metals allows the primary metal 

to act as an electron donor and the secondary metal serves 

as a catalyst or assistant to enhance the efficiency of 

Cr(VI) reduction [42]. This is not true for ZVMs in which 

the metal itself is consumed to form a passive layer 

slowing down or ceasing the remediation process.  

The Fe/Al bimetallic particles showed the highest Cr(VI) 

reduction efficiencies. Fu et al. [18] reported a fast and 

highly efficient removal of Cr(VI) by Fe/Al in aqueous 

solutions. The reactivity of Fe/Al microparticles toward 

Cr(VI) was expected to be low, as it is deduced from its 

smooth morphology. Nevertheless, no build-up of iron 

corrosion products on the Fe/Al surface greatly increased 

its reactivity. This may be because of the low standard 

reduction potential (E0) of Al0 leading to the protection of 

iron from corrosion. The Fe/Zn bimetal and Al0 exhibited 

statistically the same reduction efficiencies that were much 

higher than that of Zn0. The better performance of Al0 

compared with Zn0 under high pH conditions may also be 

due to the role of OH- ions to remove aluminum oxide  

from the surface of Al0 [43]: 

A l O O H A lO H O


 
2 3 2 2

2 2     (5) 
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Fig. 2: The Cr(VI) reduction efficiency of metals and bimetals 

in aqueous solutions (20 mg Cr(VI)/L with a reductant dosage 

of 1 g/L). Bimetallic particles were synthesized as 0.1 g shell 

metal/g core metal. 

 

As a whole result, bimetallic particles had much more 

reactivity compared with their core metals. The iron 

coating on Al0 increased its reduction efficiency nearly 

two-fold. Also, Zn0 coating with iron enhanced Cr(VI) 

reduction efficiency 3.6 fold, respectively.  

 

Reduction of Cr(VI) in the contaminated soils  

The self-attenuation efficiencies of the Cr(VI)-

contaminated soils (Rs values) after one-month incubation 

ranged from 13 to 100% and decreased significantly 

(p<0.01) with increasing the level of added Cr(VI).  

The average value of Rs at 50 and 500 mg Cr(VI)/kg for 

the three soils showed the order of soil 3(100%)> soil 

2(78.3)> soil 1(27%). The figure was 96.2% at 1000 mg 

Cr(VI) kg-1 for soil 3. Soil 3 with a lower pH and higher 

organic carbon content had higher self-attenuation 

efficiency than soils 1 and 2. In the presence of soil organic 

matter, Cr(VI) reduces to Cr(III), especially under acidic 

and neutral conditions [14]. This is the reason for the extra 

application of Cr(VI) (1000 mg/kg) in this soil. Complete 

Cr(VI) reduction for soils 1, 2, and 3 was observed  

at maximum Cr(VI) concentrations of 1, 50 and 500 mg 

Cr(VI)/kg, respectively. This finding indicates that to 

ensure no emission of Cr(VI) into the aquatic environments, 

the exchangeable Cr(VI) concentration in the soils under 

study should not exceed the limits specified above. 

 

Reduction of Cr(VI) by ZVMs and bimetallic particles 

Figs. 3 and 4 present the amendment-induced Cr(VI) 

reduction efficiencies of ZVMs and their bimetallic 

particles (Ra values) as a function of time. Treatments 

without the addition of reductants (controls) showed  

no detectable change in the concentration of exchangeable 

Cr(VI) over the experiment time. The reduction process  

in treatments containing reductants began with a fast initial 

reaction followed by a subsequent slow reaction. At short 

times, when active sites on the surface of the particles were 

free to contact with Cr(VI), the reaction was fast. At longer 

times, a passivating film of oxy/hydroxides may be 

deposited on the surface of metals and bimetals which 

impedes the electron transfer, and eventually, the Cr(VI) 

reduction is hindered [18]. The ZVMs showed rapid 

passivation within only a few minutes, while the bimetallic 

particles preserved their reactivity even up to one hour.  

An exception was observed in the case of soil 3 (a slightly 

acid soil with a higher amount of organic matter), where 

ZVMs provided much better efficiency than that in two 

other soils. Furthermore, little difference in the time-trend 

of Cr(VI) reduction between ZVMs and bimetals was 

observed in this soil. More availability of protons in this 

soil not only facilitates the reduction of Cr(VI) [1] but 

disfavors the formation of the passivating film [44]. Also, 

more complexation of Cr(III) with humic substances [45] 

that forces the forward reduction reaction could be 

responsible. Application of Fe/Al bimetallic particles 

caused a significant increase (p<0.01) in mean values of 

maximum Cr(VI) reduction efficiency after 168 hours 

when compared with application of Al0 (16.8%, 48.8%, 

and 37.4% in soils 1, 2 and 3, respectively). Also, 

supplementation of Fe/Zn particles in soils 1, 2 and 3 

provided respectively 22%, 60.7% and 22.3% higher 

Cr(VI) reduction efficiency (p<0.01) than Zn0. The highest 

difference was observed in soil 2 (a non-calcareous near-

neutral soil that contains a medium amount of organic 

matter). However, increasing the initial concentration of 

Cr(VI) from 100 to 500 mg Cr(VI)/kg in this soil was 

concomitant with a great decrease in Cr(VI) reduction 

efficiency (72.6% and 48.5% for Fe/Al and Fe/Zn, 

respectively). However, in the case of soil 1 (a calcareous 

soil with low organic matter content), a little decrease  

was observed. As illustrated by the drawing in Fig. 5, 

the Al metal particles could capture Cr(VI) from suspension 

and convert it to less soluble precipitates. Meanwhile, 

bimetallic particles have limited active sites which become 

saturated only at high Cr(VI) concentrations [6]. However, 

because of high pH and resulting low anion adsorption  
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Fig. 3: The Cr(VI) reduction efficiency (Ra values) of Al0 and Fe/Al with different dosages (5 and 10 g/kg soil) versus time:  

(a) and (b) 100 and 500 mg Cr(VI)/kg soil 1, respectively, (c) and (d) 100 and 500 mg Cr(VI)/kg soil 2, respectively. Fe/Al bimetallic 

particles were synthesized as 0.1 g shell metal/g core metal. 
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Fig. 4: The Cr(VI) reduction efficiency (Ra values) of Zn0 and Fe/Zn with different dosages (5 and 10 g/kg soil) versus time:  

(a) and (b) 100 and 500 mg Cr(VI)/kg soil 1, respectively, (c) and (d) 100 and 500 mg Cr(VI)/kg soil 2, respectively. Bimetallic particles 

were synthesized as 0.1 g shell metal/g core metal. 
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Fig. 5: The mechanism of iron catalysis to improve the Cr(VI) reduction by aluminum. 

 

the capacity of soil 1, it is expected that a large portion  

of added Cr(VI) should be present in the soil solution.  

The higher presence of Cr(VI) in soil solution at its higher 

concentrations tends towards higher access of reducing 

particles to Cr(VI) which could lead to an easy reduction 

process. Bimetallic particles reduced Cr(VI) two times, on 

average, higher in soil 2 than in soil 1. This may be due to 

the rapid passivation of bimetals in soil 1. The 

effectiveness of bimetallic particles is deeply affected by 

the formation of precipitates, especially Cr(OH)3, on their 

surfaces [46]. The calcareous nature of soil 1 may be the reason 

for the very low efficiency of bimetallic particles in this 

soil. Higher concentrations of bicarbonate and calcium  

in soil 1 compared with two other soils likely played  

a major role in surface passivation. The impact of 

bicarbonate ions on bimetallic particles for Cr(VI) 

reduction may be attributed to the passivation from 

carbonate precipitates on the bimetallic particles. Another 

explanation is the competition between bicarbonate and 

chromate ions for the reactive sites on the bimetallic 

particles [16]. Moreover, the oxidizing ability of 

bicarbonate adsorbed on the Fe0 has been well known [47]. 

In addition, the coexistence of bicarbonate and calcium 

and thereby calcium carbonate (CaCO3) precipitation 

further enhances the passivation, leading to deterioration 

in Cr(VI) reduction by bimetallic particles [16]. Soil 3 

exhibited a quite different situation of Cr(VI) reduction. 

The efficiency of bimetals in this soil was, on average, 

lower than soil 2. This might be attributed to the 

application of a higher level of Cr(VI) in soil 3 compared 

to soil 2. Although, this was not the case for ZVMs. Soil 3 

with slightly acidic conditions allows to more easily 

remove of the passivating film, but in the meanwhile, 

complexation of organic compounds with active surface 

sites of bimetallic particles can decrease Cr(VI) reduction [48].  

However, indirect favorable effects of organic matter 

on Cr(VI) reduction can be found in the literature. In fact, 

the varied nature of soil organic matter greatly influences 

the reaction mechanisms involved in the Cr(VI) reduction. 

Humic substances enriched with acidic functional groups, 

generally favored the Cr(VI) reduction effectiveness, by 

forming complexes with Fe(III) and Cr(III) and preventing 

their precipitation on the bimetallic particles. Conversely, 

in the presence of non-humic substances, the reduction 

inhibition may be due to the adsorption of dissolved 

organic compounds on to the surface of bimetallic 

particles, thus reducing the availability of free active 

reaction sites [49]. The addition of Fe/Al and Fe/Zn 

bimetallic particles into the contaminated soil 2 (100 mg 

Cr(VI)/kg) at a dosage of 5 g/kg, led to the complete 

removal of Cr(VI). Also, the addition of Fe/Al and Fe/Zn 

at the dosage of 10 g/kg in soil 3 led to complete Cr(VI) 

reduction. The differences between the Cr(VI) reduction 

efficiency of ZVMs and their bimetallic particles 

augmented with increasing the reductant dosage and the 

initial Cr(VI) concentration in soil 1 and especially in soil 

2. Conversely, these differences diminished with 

increasing the reductant dosage in soil 3 as discussed 

above. Table 2 presents the Cr(VI) reducing capacity  

(Rc values) of metals and bimetals. In order to compare  

the values of Cr(VI) removal capacity (g/kg), the reductant 

dosage of 5 g/kg was considered for the contaminated soils 

1 and 2 (500 mg Cr(VI)/kg) and for the contaminated soil 

3 (1000 mg Cr(VI)/kg) after 48-hour contact time. Among 

the five reductants, the reducing capacity of Zn0 in soil 1 

and that of Al0 in soils 2 and 3 were the lowest. The highest 

capacity was observed for either Fe/Al or Fe/Zn or both  

in all three soils. The order of Rc values observed was  

as follows: Fe/Al≈ Fe/Zn> Al0> Zn0 in soil 1, Fe/Zn> Fe/Al> 

Zn0≈ Al0 in soil 2 and Fe/Al≈ Fe/Zn> Al0≈ Zn0 in soil 3.  
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Table 2: The Cr(VI) reducing capacity (mg/g) of the reductants. 

Soil 

 Al0 Zn0 Fe/Al Fe/Zn 

1 5.66±0.53 2.40±0.56 17.32±0.65 16.49±0.83 

2 2.31±0.20 2.59±0.28 7.05±0.41 14.37±0.66 

3 3.19±0.15 3.75±0.112 6.40±0.07 6.91±0.16 

Initial concentration of Cr(VI): 500 mg Cr(VI)/kg in soils 1 and 2, 1000 mg Cr(VI)/kg in soil 3. Reductant dosage: 5 g/kg. Bimetallic particles were 

synthesized as 0.1 g shell metal/g core metal. 

 
Table 3: Rate constants of pseudo-first order reaction of Cr(VI) reduction by ZVMs and bimetallic particles. 

3 2 1 Soil 

1000 500 100 500 100 

Initial 

concentration of 

Cr(VI) (mg/kg) 

10 5 10 5 10 5 10 5 10 5 
Reductant 

dosage  (g/kg) 

           

Al0 
0.263±0.01

0 

0.225±0.00

1 

0.094±0.00

6 

0.038±0.00

4 

0.125±0.00

3 

0.074±0.00

5 
0.052±0.004 

0.034±0.00

2 

0.056±0.00

6 
0.049±0.004 k 

0.914 0.942 0.942 0.993 0.874 0.923 0.825 0.988 0.973 0.998 r2 

           

Zn0 
0.035±0.00

1 

0.025±0.00

1 

0.072±0.00

6 

0.047±0.00

5 

0.083±0.00

1 

0.080±0.00

3 
0.035±0.001 

0.028±0.00

4 

0.045±0.00

4 
0.027±0.002 k 

0.873 0.990 0.904 0.984 0.785 0.991 0.782 0.967 0.952 0.980 r2 

           

Fe/Al 
0.303±0.00

7 

0.286±0.01

1 

0.177±0.00

5 

0.054±0.00

2 

0.177±0.00

5 

0.803±0.00

6 
0.295±0.009 

0.137±0.02

3 

0.235±0.00

4 
0.217±0.006 k 

0.716 0.716 0.845 0.931 0.939 0.945 0.925 0.887 0.901 0.948 r2 

           

Fe/Zn 
0.198±0.01

2 

0.185±0.00

5 

0.380±0.03

4 

0.274±0.01

0 

0.285±0.00

9 

0.192±0.01

1 
0.212±0.008 

0.184±0.00

7 
0.21±0.009 0.162±0.012 k 

0.801 0.736 0.886 0.937 0.944 0.926 0.768 0.795 0.883 0.884 r2 

k: Rate constant (h-1), *: Reduction of Cr(VI) was completed in less than 0.5 h.   

 
These results indicate that ironed aluminum (Fe/Al) can be 

an attractive candidate for the reduction of Cr(VI) in 

contaminated soils. In the present research, the complete 

Cr(VI) removal was attained at the (Fe/Al)/Cr(VI) ratio of 

5000/100 (mg/mg) in soil 2. In a recent investigation, 

the same result appeared at the nZVI/Cr(VI) ratio of 

1000/11 (mg/mg) [21] in an acid soil that was 

approximately twice that of Fe/Al in a near-neutral soil. 

The corresponding ratio (nZVI/Cr(VI) in another acid soil 

was reported to be about 50000/200 (mg/mg) which was 

much greater than that observed for Fe/Al in our study [50]. 

Nevertheless, ratios as low as 60/120 (mg/mg) can be found 

when using bimetallic modified nZVI (Fe/Cu) [51].  

The pseudo-first-order kinetic model was considered  

to be the best fit for the reaction, and the values of rate 

constants are presented in Table 3. The average value of 

rate constants in soil 1 was in the order of Fe/Al > Fe/Zn 

>> Al0 > Zn0. The figure in soil 2 was in the order of Fe/Zn 

> Fe/Al > Al0 ≈ Zn0. The average value of rate constants 

in soil 3 was in the order of Fe/Al > Al0 > Fe/Zn >> Zn0. 

The Fe/Al application instead of using Al0 increased the 

rate constant by a factor of 4.6, 1.5, and 1.2 in soils 1, 2, 

and 3, respectively. Similarly, with the use of Fe/Zn rather 

than Zn0, the rate constant increased by a factor of 5.8, 4.2, 

and 6.5 in soils 1, 2, and 3, respectively. The results 

indicate that the Fe/Al showed its rapid performance in soil 

1, whereas the speed of Cr(VI) reduction by Fe/Zn bimetal 

was almost the same for all three soils. 
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CONCLUSIONS 

A number of previous reports showed that the removal of 

Cr(VI) by metals (e.g. ZVI) is inefficient because of the low 

rate of Cr(VI) reduction. The incorporation of a second metal 

with a high thermodynamic driving force can improve the 

performance of such amendments. In this research, two 

ZVMs (Al0 and Zn0) and their bimetals (Fe/Al and Fe/Zn) 

were evaluated to reduce the soil Cr(VI) to Cr(III) in a batch 

experiment. The ZVMs showed relatively low Cr(VI) 

reduction efficiency in two non-acid soils, except in slightly 

acid soil. This is in consistent with the fact that acid conditions 

favor Cr(VI) reduction. The efficiency of bimetallic particles 

to reduce Cr(VI) was higher in non-calcareous near-neutral 

soil than in calcareous soil. The findings of our research 

revealed difficulties in dealing with the remediation of 

calcareous Cr(VI)-contaminated soils. Reasonable reduction 

of Cr(VI) contamination was achieved by Fe/Al and Fe/Zn  

in both aqueous and soil environments. But, the Fe/Zn 

bimetallic particles are not environmentally friendly as 

compared to Fe/Al. In addition to superior reduction capacity, 

Fe/Al provided a high speed of Cr(VI) reduction, particularly  

in calcareous soil. According to the results of this study,  

it is expected that bimetallic particles would be promising 

candidates for the remediation of Cr(VI)-contaminated soils. 

Further research is, however, required to find safe alternatives 

that are not only highly efficient and stable but rapid in action 

to reduce Cr(VI) over a wide range of pH in soil and sediment 

environments. 

 

Received : Apr. 24, 2021  ;  Accepted :July 1, 2021 

 

REFERENCES 

[1] Riahi Samani M., Borghei S.M., Olad A., Chaichi M.J., 

Influence of Polyaniline Synthesis Conditions on Its 

Capability for Removal and Recovery of Chromium 

from Aqueous Solution. Iran. J. Chem. Chem. Eng. 

(IJCCE), 30(3): 97-100 (2011).  

[2] Blowes D.W., Ptacek C.J., Jambor J.L., In-Situ 

Remediation of Cr(VI)-Contaminated Groundwater 

Using Permeable Reactive Walls: Laboratory Studies, 

Environ. Sci. Technol. 31:3348–3357 (1997). 

[3] Madhavi V., Prasad T.N.V.K.V., Reddy B.R.,  

Reddy A.V.B., Gajulapalle M., Conjunctive Effect of 

CMC–Zero-Valent Iron Nanoparticles and FYM  

in the Remediation of Chromium-Contaminated Soils, 

Appl. Nanosci., 4:477–484 (2014).  

[4] Kumar M., Chakraborty S., Chemical Denitrification 

of Water by Zero-Valent Magnesium Powder,  

J. Hazard Mater., 135:112-121 (2006). 

[5] Melitas N.T., Farrell J., Chuffe-Moscoso O., Kinetics 

of Soluble Chromium Removal from Contaminated 

Water by Zerovalent Iron Media: Corrosion 

Inhibition and Passive Oxide Effects, Environ. Sci. 

Technol., 35:3948–3953 (2001). 

[6] Kaplan D.I., Gilmore T.J., Zero-Valent Iron Removal 

Rates of Aqueous Cr(VI) Measured under Flow 

Conditions, Water Air Soil Poll., 155: 21-33 (2004). 

[7] Chang L.Y., Chromate Reduction in Wastewater  

at Different pH Levels Using Thin Iron Wires - A 

Laboratory Study, Environ Prog., 24: 305-316 (2005). 

[8] Choppala G, Bolan N, Seshadri B., Chemodynamics  

of Chromium Reduction in Soils: Implications to 

Bioavailability, J Hazard Mater. 261: 718-724 (2013). 

[9] Lee C.L., Jou C.J.G., Wang H.P., Enhanced 

Degradation of Chlorobenzene in Aqueous Solution 

Using Microwave-Induced Zero-Valent Iron and 

Copper Particles, Water Environ Res., 82: 642-647 

(2010).  

[10] Alidokht L., Khataee A.R., Reyhanitabar A., Oustan S., 

Reductive removal of Cr(VI) by Starch-Stabilized Fe0 

Nanoparticles in Aqueous Solution, Desalination, 

270:105-110 (2011). 

[11] Arnold W.A., Roberts A.L., Pathways of Chlorinated 

Ethylene and Chlorinated Acetylene Reaction with 

Zn(0), Environ Sci Technol. 32:3017-3025 (1998). 

[12] Lien H.L., Yu C.C., Lee Y.C., Perchlorate Removal 

by Acidified Zero-Valent Aluminum and Aluminum 

Hydroxide, Chemosphere, 80:888-893 (2010). 

[13] Lin C.J., Wang S.L., Huang P.M., Tzou Y.M., Liu J.C., 

Chen C.C., Chen J.H., Lin C., Chromate Reduction 

by Zero-Valent Al Metal as Catalyzed by 

Polyoxometalate, Water Res., 43:5015-5022 (2009). 

[14] Bartlett R.J., Kimble J.M., Behavior of Chromium  

in Soils: II. Hexavalent forms, J Environ Qual., 5: 

383-386 (1976). 

[15] Landolt, D., Corrosion and Surface Chemistry of 

Metals. CRC Press, Boca Raton, FL, US (2007). 

[16] Lai K.C.K., Lo I.M.C., Removal of Chromium (VI) 

by Acid-Washed Zero-Valent Iron Under Various 

Groundwater Geochemistry Conditions, Environ Sci 

Technol., 42: 1238-1244 (2008). 

https://www.ijcce.ac.ir/article_6240_694a671aeed0e48304ccafca19e63c42.pdf
https://www.ijcce.ac.ir/article_6240_694a671aeed0e48304ccafca19e63c42.pdf
https://www.ijcce.ac.ir/article_6240_694a671aeed0e48304ccafca19e63c42.pdf
https://pubs.acs.org/doi/abs/10.1021/es960844b
https://pubs.acs.org/doi/abs/10.1021/es960844b
https://pubs.acs.org/doi/abs/10.1021/es960844b
https://link.springer.com/article/10.1007/s13204-013-0221-1
https://link.springer.com/article/10.1007/s13204-013-0221-1
https://link.springer.com/article/10.1007/s13204-013-0221-1
https://www.sciencedirect.com/science/article/abs/pii/S0304389405007417
https://www.sciencedirect.com/science/article/abs/pii/S0304389405007417
https://pubs.acs.org/doi/10.1021/es001923x
https://pubs.acs.org/doi/10.1021/es001923x
https://pubs.acs.org/doi/10.1021/es001923x
https://pubs.acs.org/doi/10.1021/es001923x
https://link.springer.com/article/10.1023/B:WATE.0000026518.23591.ac
https://link.springer.com/article/10.1023/B:WATE.0000026518.23591.ac
https://link.springer.com/article/10.1023/B:WATE.0000026518.23591.ac
https://onlinelibrary.wiley.com/doi/abs/10.1002/ep.10082
https://onlinelibrary.wiley.com/doi/abs/10.1002/ep.10082
https://onlinelibrary.wiley.com/doi/abs/10.1002/ep.10082
https://www.sciencedirect.com/science/article/abs/pii/S0304389413002276
https://www.sciencedirect.com/science/article/abs/pii/S0304389413002276
https://www.sciencedirect.com/science/article/abs/pii/S0304389413002276
https://www.jstor.org/stable/27870356
https://www.jstor.org/stable/27870356
https://www.jstor.org/stable/27870356
https://www.jstor.org/stable/27870356
https://www.sciencedirect.com/science/article/abs/pii/S0011916410008568
https://www.sciencedirect.com/science/article/abs/pii/S0011916410008568
https://pubs.acs.org/doi/abs/10.1021/es980252o
https://pubs.acs.org/doi/abs/10.1021/es980252o
https://pubs.acs.org/doi/abs/10.1021/es980252o
https://www.sciencedirect.com/science/article/pii/S0045653510005709
https://www.sciencedirect.com/science/article/pii/S0045653510005709
https://www.sciencedirect.com/science/article/pii/S0045653510005709
https://www.sciencedirect.com/science/article/abs/pii/S0043135409005181
https://www.sciencedirect.com/science/article/abs/pii/S0043135409005181
https://www.sciencedirect.com/science/article/abs/pii/S0043135409005181
https://dl.sciencesocieties.org/publications/jeq/abstracts/5/4/JEQ0050040383?access=0&view=pdf
https://dl.sciencesocieties.org/publications/jeq/abstracts/5/4/JEQ0050040383?access=0&view=pdf
https://www.routledge.com/Corrosion-and-Surface-Chemistry-of-Metals/Landolt/p/book/9780429146602
https://www.routledge.com/Corrosion-and-Surface-Chemistry-of-Metals/Landolt/p/book/9780429146602
https://pubs.acs.org/doi/10.1021/es071572n
https://pubs.acs.org/doi/10.1021/es071572n
https://pubs.acs.org/doi/10.1021/es071572n


Iran. J. Chem. Chem. Eng. Reductive Remediation of Cr(VI)-Contaminated Soils ... Vol. 41, No. 4, 2022 

 

Research Article                                                                                                                                                                1173 

[17] Hu C.Y., Lo S.L., Liou Y.H., Hsu Y.W., Shih K., Lin C.J., 

Hexavalent Chromium Removal from Near Natural 

Water by Copper–Iron Bimetallic Particles, Water 

Res., 44: 3101- 3108 (2010). 

[18] Fu F., Han W., Cheng Z., Tang B., Removal of 

Hexavalent Chromium From Wastewater by Acid-

Washed Zero-Valent Aluminum, Desalin. Water 

Treat., 57:5592-5600 (2016). 

[19] Reyhanitabar A., Alidokht L., Khataee A.R., Oustan S., 

Application of Stabilized Fe0 Nanoparticles for 

Remediation of Cr(VI)‐Spiked Soil, Eur. J. Soil Sci., 

63: 724–732 (2012). 

[20] Hoseini S.R., Alidokht L., Oustan S., Aliasgharzad N., 

Najafi N., Kinetics of Cr(VI) Removal by Iron Filings 

in Some Soils, Soil Sediment. Contam., 24:554–572 

(2015). 

 [21]  Reginatto C., Cecchin I., Heineck K.S., Thome A., 

Reddy K.R., Use of Nanoscale Zero-Valent Iron for 

Remediation of Clayey Soil Contaminated with 

Hexavalent Chromium: Batch and Column Tests,  

Int. J. Environ. Re.s Public Health., 17(3): 1001 (2020). 

[22] Wijayaratne T., 2-Deoxy-C-Glycofuranosides from 

D-Glucose. An Approach to N-Acetylneuraminic 

Acid from Carbohydrate Precursors (Part 2). Ph.D. 

Thesis, the Graduate College of the University of 

Arizona, Arizona, USA (1993). 

[23] Chen L.H., Huang C.C., Lien H.L., Bimetallic  

Iron–Aluminum Particles for Dechlorination of 

Carbon Tetrachloride, Chemosphere, 73:692-697 

(2008). 

[24] Cushman C.S., Destruction of Chlorinated 

Hydrocarbons by Zero-Valent Zinc and Bimetllic 

Zinc Reductants in Bench-Scale Investigations, MSc 

thesis, Department of Earth and Environmental 

Sciences, Wright State University (2014). 

[25] Lien H.L., Zhang W., Enhanced Dehalogenation of 

Halogenated Methanes by Bimetallic Cu/Al. 

Chemosphere, 49:371–378 (2002). 

[26] Lee G., Park J., Harvey O.R., Reduction of  

Chromium(VI) Mediated by Zero-Valent Magnesium 

Under Neutral pH Conditions, Water Res., 47: 1136-

1146 (2013). 

[27] Gee G.W., Bauder J.W., Particle-Size Analysis, In: 

Klute A, (Editor). “Methods of Soil Analysis, Part 1”. 

America Society of Agronomy, Madison WI, p. 383–

411 (1986). 

[28] Cassel D.K., Nielsen D.R., Field Capacity and 

Available Water Capacity, In: Klute A., (Editor). 

“Methods of Soil Analysis, Part 1”. American  

Society of Agronomy, Madison WI, p. 901-926 

(1986). 

[29] Smith J.L., Doran J.W., Measurement and Use of pH 

and Electrical Conductivity for Soil Quality Analysis, 

In: Doran J.W., Jones A.J., (Editors). “Methods for 

Assessing Soil Quality”. Soil Science Society of 

America, Madison WI, p. 169-185 (1996).   

[30] Lierop W.V., Soil pH and Lime Requirement 

Determination, In: Westerman R.L., (Editor). “Soil 

Testing and Plant Analysis”, Soil Science Society of 

America, Madison WI, p. 73-126 (1990). 

[31] Nelson D.W., Sommers L.E., Total Carbon, Organic 

Carbon, and Organic Matter, In: Page A.L.,  

Miller R.H., Keeney D.R., (Editors), “Methods of Soil 

Analysis”, America Society of Agronomy, Madison WI, 

p. 539-580 (1982). 

[32] Chapman H.D., Cation Exchange Capacity, In: Black C.A., 

Evans D.D., Ensminger L.E., White J.L., Clark F.E., 

(Editors). “Methods of Soil Analysis, Part 2.’ 

American Society of Agronomy, Madison WI,  

p. 891-901 (1965). 

[33] Allison L.E., Moodie C.D., Carbonate. In: Black 

C.A., Evans, D.D., Ensminger, L.E., White, J.L., and 

Clark, F.E., (Editors). “Methods of Soil Analysis, Part 

2”. American Society of Agronomy, Madison WI,  

p. 1379-1400 (1965). 

[34] Gambrell R.P., Patrick W.H., Manganese. In: Page A.L.,  

Miller R.H., Keeney D.R., (Editors). “Methods of 

Soil Analysis”. America Society of Agronomy, 

Madison WI, p. 313-322 (1982). 

[35] James B.R., Bartlett R.J., Behavior of Chromium  

in Soils: VI. Interaction between Oxidation-Reduction 

and Organic Complexation. VII. Adsorption and 

Reduction of Hexavalent Forms, J Environ Qual. 

12:173-181 (1983). 

[36] United State Environmental Protection Agency 

(USEPA)., “Chromium Hexavalent (Colorimetric)”. 

SW-846, 3rd ed., Update V, Method 7196A, US 

Government Printing Office: Washington DC (1992). 

[37] Kantar C, Cetin Z, Demiray H., In situ Stabilization of 

Chromium (VI) in Polluted Soils Using Organic ligands: 

The Role of Galacturonic, Glucuronic and Alginic 

Acids, J. Hazard. Mater. 159:287-293 (2008). 

https://www.sciencedirect.com/science/article/abs/pii/S0043135410001582
https://www.sciencedirect.com/science/article/abs/pii/S0043135410001582
http://www.tandfonline.com/author/Han%2C+Weijiang
https://www.tandfonline.com/doi/abs/10.1080/19443994.2015.1006259
https://www.tandfonline.com/doi/abs/10.1080/19443994.2015.1006259
https://www.tandfonline.com/doi/abs/10.1080/19443994.2015.1006259
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2389.2012.01447.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-2389.2012.01447.x
https://www.tandfonline.com/doi/abs/10.1080/15320383.2015.994056
https://www.tandfonline.com/doi/abs/10.1080/15320383.2015.994056
https://www.semanticscholar.org/author/C.-Reginatto/12569129
https://www.semanticscholar.org/author/Iziquiel-Cecchin/12589677
https://www.semanticscholar.org/author/K.-Reddy/144818145
https://pubmed.ncbi.nlm.nih.gov/32033384/
https://pubmed.ncbi.nlm.nih.gov/32033384/
https://pubmed.ncbi.nlm.nih.gov/32033384/
https://www.researchgate.net/publication/277877363_Part_1_2-Deoxy-C-glycofuranosides_from_D-glucose_Part_2_An_approach_to_N-acetylneuraminic_acid_from_carbohydrate_precursors/link/57d9597d08ae5f03b49a0433/download
https://www.researchgate.net/publication/277877363_Part_1_2-Deoxy-C-glycofuranosides_from_D-glucose_Part_2_An_approach_to_N-acetylneuraminic_acid_from_carbohydrate_precursors/link/57d9597d08ae5f03b49a0433/download
https://www.researchgate.net/publication/277877363_Part_1_2-Deoxy-C-glycofuranosides_from_D-glucose_Part_2_An_approach_to_N-acetylneuraminic_acid_from_carbohydrate_precursors/link/57d9597d08ae5f03b49a0433/download
https://www.ncbi.nlm.nih.gov/pubmed/18701127
https://www.ncbi.nlm.nih.gov/pubmed/18701127
https://www.ncbi.nlm.nih.gov/pubmed/18701127
https://corescholar.libraries.wright.edu/etd_all/1181/
https://corescholar.libraries.wright.edu/etd_all/1181/
https://corescholar.libraries.wright.edu/etd_all/1181/
https://www.sciencedirect.com/science/article/pii/S0045653502002485?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0045653502002485?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0043135412008408
https://www.sciencedirect.com/science/article/abs/pii/S0043135412008408
https://www.sciencedirect.com/science/article/abs/pii/S0043135412008408
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2136/sssabookser5.1.2ed.c15
https://acsess.onlinelibrary.wiley.com/doi/10.2136/sssabookser5.1.2ed.c36
https://acsess.onlinelibrary.wiley.com/doi/10.2136/sssabookser5.1.2ed.c36
https://acsess.onlinelibrary.wiley.com/doi/10.2136/sssaspecpub49.c10
https://acsess.onlinelibrary.wiley.com/doi/10.2136/sssaspecpub49.c10
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2136/sssabookser3.3ed.c5
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2136/sssabookser3.3ed.c5
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2134/agronmonogr9.2.2ed.c29
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2134/agronmonogr9.2.2ed.c29
https://acsess.onlinelibrary.wiley.com/doi/10.2134/agronmonogr9.2.c6
https://acsess.onlinelibrary.wiley.com/doi/10.2134/agronmonogr9.2.c40
https://acsess.onlinelibrary.wiley.com/doi/10.2134/agronmonogr9.2.2ed.c18
https://www.researchgate.net/publication/255130722_Behavior_of_Chromium_in_Soils_VII_Adsorption_and_Reduction_of_Hexavalent_Forms1/link/574ca74f08ae8bc5d15a4e00/download
https://www.researchgate.net/publication/255130722_Behavior_of_Chromium_in_Soils_VII_Adsorption_and_Reduction_of_Hexavalent_Forms1/link/574ca74f08ae8bc5d15a4e00/download
https://www.researchgate.net/publication/255130722_Behavior_of_Chromium_in_Soils_VII_Adsorption_and_Reduction_of_Hexavalent_Forms1/link/574ca74f08ae8bc5d15a4e00/download
https://www.researchgate.net/publication/255130722_Behavior_of_Chromium_in_Soils_VII_Adsorption_and_Reduction_of_Hexavalent_Forms1/link/574ca74f08ae8bc5d15a4e00/download
https://www.epa.gov/sites/production/files/2015-12/documents/7196a.pdf
https://www.sciencedirect.com/science/article/abs/pii/S0304389408002471
https://www.sciencedirect.com/science/article/abs/pii/S0304389408002471
https://www.sciencedirect.com/science/article/abs/pii/S0304389408002471
https://www.sciencedirect.com/science/article/abs/pii/S0304389408002471


Iran. J. Chem. Chem. Eng. Khorshid M. et al. Vol. 41, No. 4, 2022 

 

1174                                                                                                                                                                Research Article 

[38] Lv X., Hu Y., Tang J., Sheng T., Jiang G., Xu X., 

Effects of co-existing Ions and Natural Organic 

Matter on Removal of Chromium (VI) from Aqueous 

Solution by Nanoscale Zero Valent Iron (nZVI)-

Fe3O4 Nanocomposites, Chem. Eng. J., 218:55-64 

(2013). 

[39] Singh K.P., Singh A.K., Gupta S., Sinha S., 

Optimization of Cr(VI) Reduction by Zero-Valent 

Bimetallic Nanoparticles Using the Response Surface 

Modeling Approach, Desalination, 270: 275-284 

(2011). 

[40] Ho Y.S., McKay G., A Comparison of Chemisorption 

Kinetic Models Applied to Pollutant Removal on 

Various Sorbents, Trans IChemE, 76: 332-340  

(1998). 

[41] Choi J.H., Kim Y.H., Reduction of 2,4,6-

Trichlorophenol with Zero-Valent Zinc and Catalyzed 

Zinc, J. Hazard. Mater., 166: 984–991 (2009). 

[42] Li T., Farrell J., Reductive Dechlorination of 

Trichloroethene and Carbon Tetrachloride Using Iron 

and Palladized-Iron Cathodes, Environ. Sci. Technol. 

34:173-179 (2000).  

[43] Birnbaum H.K., Buckley C., Zeides F., Sirois E., 

Rozenak P., Spooner S., Lin J.S., Hydrogen in Aluminum, 

J. Alloys. Compd., 253-254: 260-264 (1997). 

[44] Zhu H., Xu F., Zhao J., Jia L., Wu K., Catalytic 

Hydrodechlorination of Monochloroacetic Acid  

in Wastewater Using Ni-Fe Bimetal Prepared by Ball 

Milling, Environ. Sci. Pollut Res., 22: 14299–14306 

(2015). 

[45] Wu P., Zhang Q., Dai Y., Zhu N., Dang Z., Li P., Wu J., 

Wang X., Adsorption of Cu(II), Cd(II) and Cr(III) 

Ions from Aqueous Solutions on Humic Acid 

Modified Ca-Montmorillonite, Geoderma, 164: 215–

219 (2011). 

[46] Zhou S., Li Y., Chen J., Liu Z., Wang Z., Na P., 

Enhanced Cr(VI) Removal from Aqueous Solutions 

Using Ni/Fe Bimetallic Nanoparticles: Characterization, 

Kinetics and Mechanism. RSC Advances, 4:50699- 

50707 (2014). 

[47] Agrawal A., Ferguson W.J., Gardner B.O., Chrsit J.A., 

Bandstra J.Z., Tratnyek P.G., Effects of Carbonate 

Species on the Kinetics of Dechlorination of 1,1,1-

Trichloroethane by Zero-Valent Iron, Environ Sci 

Technol., 36:4326-4333 (2002). 

[48] Gueye M.T., Di Palma L., Allahverdeyeva G., 

Bavasso I., Petrucci E., Stoller M., Vilardi G., The 

Influence of Heavy Metals and Organic Matter on 

Hexavalent Chromium Reduction by Nano Zero Valent 

Iron in Soil, Chem Engin Trans., 47:289-294 (2016). 

[49] Rivero-Huguet M., Marshall W.D., Reduction of 

Hexavalent Chromium Mediated by Micro- and 

Nano-Sized Mixed Metallic Particles, J. Hazard. 

Mater., 169: 1081-1087 (2009). 

[50] Pei G., Zhu Y., Wen J., Pei Y., Li H., Vinegar Residue 

Supported Nanoscale Zero-Valent Iron: Remediation 

of Hexavalent Chromium in Soil, Env. Pollut., 256: 

113407 (2020). 

[51] Zhu F., Li L., Ma S., Shang Z., Effect Factors, 

Kinetics and Thermodynamics of Remediation in the 

Chromium Contaminated Soils by Nanoscale Zero 

Valent Fe/Cu Bimetallic Particles, Chem. Eng. J., 

302: 663–669 (2016). 

https://www.sciencedirect.com/science/article/pii/S138589471201666X
https://www.sciencedirect.com/science/article/pii/S138589471201666X
https://www.sciencedirect.com/science/article/pii/S138589471201666X
https://www.sciencedirect.com/science/article/pii/S138589471201666X
https://www.sciencedirect.com/science/article/abs/pii/S0011916410008854
https://www.sciencedirect.com/science/article/abs/pii/S0011916410008854
https://www.sciencedirect.com/science/article/abs/pii/S0011916410008854
https://www.sciencedirect.com/science/article/abs/pii/S0957582098707657
https://www.sciencedirect.com/science/article/abs/pii/S0957582098707657
https://www.sciencedirect.com/science/article/abs/pii/S0957582098707657
https://www.ncbi.nlm.nih.gov/pubmed/19171423
https://www.ncbi.nlm.nih.gov/pubmed/19171423
https://www.ncbi.nlm.nih.gov/pubmed/19171423
https://pubs.acs.org/doi/10.1021/es9907358
https://pubs.acs.org/doi/10.1021/es9907358
https://pubs.acs.org/doi/10.1021/es9907358
https://www.sciencedirect.com/science/article/abs/pii/S0925838896029684
https://link.springer.com/article/10.1007/s11356-015-4675-4
https://link.springer.com/article/10.1007/s11356-015-4675-4
https://link.springer.com/article/10.1007/s11356-015-4675-4
https://link.springer.com/article/10.1007/s11356-015-4675-4
https://www.sciencedirect.com/science/article/pii/S0016706111001819
https://www.sciencedirect.com/science/article/pii/S0016706111001819
https://www.sciencedirect.com/science/article/pii/S0016706111001819
https://link.springer.com/article/10.1007/s11356-015-4675-4
https://link.springer.com/article/10.1007/s11356-015-4675-4
https://link.springer.com/article/10.1007/s11356-015-4675-4
https://pubs.acs.org/doi/abs/10.1021/es025562s
https://pubs.acs.org/doi/abs/10.1021/es025562s
https://pubs.acs.org/doi/abs/10.1021/es025562s
https://www.cetjournal.it/index.php/cet/article/view/CET1647049
https://www.cetjournal.it/index.php/cet/article/view/CET1647049
https://www.cetjournal.it/index.php/cet/article/view/CET1647049
https://www.cetjournal.it/index.php/cet/article/view/CET1647049
https://www.sciencedirect.com/science/article/abs/pii/S0304389409006323
https://www.sciencedirect.com/science/article/abs/pii/S0304389409006323
https://www.sciencedirect.com/science/article/abs/pii/S0304389409006323
https://www.sciencedirect.com/science/article/abs/pii/S0269749119317853
https://www.sciencedirect.com/science/article/abs/pii/S0269749119317853
https://www.sciencedirect.com/science/article/abs/pii/S0269749119317853
https://www.sciencedirect.com/science/article/abs/pii/S1385894716307082
https://www.sciencedirect.com/science/article/abs/pii/S1385894716307082
https://www.sciencedirect.com/science/article/abs/pii/S1385894716307082
https://www.sciencedirect.com/science/article/abs/pii/S1385894716307082

