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Abstract
Contamination with heavy metals and petroleum hydrocarbons is considered as an environmental 
problem. Thus, this research was done to evaluate the effect of montmorillonite nano-clay on the 
changes in petroleum hydrocarbon degradation and cadmium (Cd) concentration in plant grown in 
a Cd-polluted soil. Treatments consisted of two levels of montmorillonite nano-clay (0 and 1% W/W) 
in a Cd-polluted soil (0, 5, 10 mg Cd/kg soil) and crude oil-polluted soil (0, 1 and 2% W/W). The 
plant used in this study was Tall Fescue (Festuca arundinacea L.). After 20 weeks, the concentration of 
Cd in plants was measured by atomic absorption spectroscopy and the total petroleum hydrocarbon 
(TPHs) in the soil was determined using the GC-mass spectrometry. Soil respiration was determined 
according to the method used by Qiao et al. ANOVA was used for statistical analysis of data. The 
least significant difference (LSD) test was used to determine the differences between the means. 
The application of 1% (w/w) montmorillonite nano-clay in Cd-polluted soil (10 mg Cd) without 
crude oil decreased Cd concentration in plant and increased microbial respiration by 18% and 34%, 
respectively. In addition, the application of 1% montmorillonite nano-clay in soil polluted with 1% 
crude oil and 10 mg Cd enhanced TPHs degradation by 27%. The use of montmorillonite nano-clay 
increased Cd adsorption in soil which resulted in an increase in microbial respiration and, hence the 
degradability of petroleum hydrocarbon in the soil.
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1. Introduction
Petroleum hydrocarbons are the most common 

pollutants in the environment (1). Today, there is a 
lot of contaminated soil in different parts of the world, 
which is an environmental catastrophe in many parts of 
the world, especially in petroleum-rich countries such 
as Iran. In general, when crude oil tanks are discovered 
in one place, pollution occurs in that place. This 
problem is known to be a contaminated site because it 
can penetrate into groundwater and cause cancerous 
diseases (2). Petroleum hydrocarbons are poorly soluble 
or insoluble in water and have lower specific gravity than 
water. The decomposition rate of organic compounds 
depends on the environmental conditions such as the 
availability of oxygen and the presence of appropriate 
microbial population in addition to the sensitivity and 
degradability of these materials (3,4) . In general, linear 
chain hydrocarbons are more degradable than non-
linear hydrocarbons or cycloalkanes. The presence of 

heavy metals such as cadmium (Cd) in combination with 
hydrocarbons in the soil can have a major impact on its 
various characteristics and functions, which can reduce 
soil quality and cause soil contamination. In addition, 
Cd has a negative effect on human health. Houdaji et al 
reported that there is a significant association between 
the exposure to absorbable contaminants such as Cd and 
the prevalence of multiple sclerosis (5). 

Remediation of polluted soil with these components 
is very difficult (6) because these compounds can enter 
the surface and subsurface waters, be absorbed by plants 
and enter the human food chain (7,8). Therefore, finding 
a suitable way to remediate soil is necessary (9,10). 
Generally, there are several plants that can extract pollution 
from petroleum-polluted soil (3,11,12). However, the 
results of previous studies show that grass and legume 
species are suitable because of their root systems for 
phytoremediation of soils contaminated with petroleum 
compounds (13). Alavi Bakhtiarvand et al investigated 
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the phytoremediation efficiency of the Aeluropus littoralis 
for degradation of petroleum hydrocarbons in silty clay 
soil and concluded that physicochemical conditions of 
soil could have a significant effect on the plant growth 
process. In addition, they reported that the high salinity 
and soil contamination can have a negative effect on plant 
growth and phytoremediation processes (14). Kechavarzi 
et al have mentioned the use of the plant as an effective 
method for removing hydrocarbons from the soil. In this 
regard, in their study, physicochemical conditions of soil 
played a significant role in plant growth and subsequent 
removal of hydrocarbons from soil (15). 

Accordingly, phytoremediation is a useful method 
to reduce petroleum pollutants or heavy metals in soil. 
However, the high level of contamination reduces the plant 
biomass and, as a result, decreases the phytoremediation 
efficiency in some cases. The choice of the method for 
reducing the availability of heavy metals or petroleum 
pollutants in the soil depends on several factors including 
pollution type and pollution concentration (16-18).

Due to the fact that in industrial cities there is a possibility 
of simultaneous presence of heavy metals and petroleum 
products (19,20), the phytoremediation method cannot 
be a successful approach due to the reduction of plant 
biomass. In this regard, using stabilizing compounds 
such as nano-clay (21) with high specific surface area 
may affect plant growth due to decreasing heavy metal 
concentration in soil. Merrikhpour and Sobhan Ardakani 
conducted a study on the effect of applying nano-clay on 
heavy metal removal and concluded that nano-clay is a 
suitable material for removing heavy metal from aqueous 
solutions (22). On the other hand, decreasing heavy metal 
concentration may affect the activity of micro-organisms, 
thereby increasing the degradation of petroleum 
hydrocarbon in the soil. Therefore, the aim of this study 
was to investigate the effect of montmorillonite nano-clay 
on the changes in degradation of petroleum hydrocarbon 
in soil contaminated with petroleum hydrocarbon and Cd.

2. Materials and Methods
This study was done as a factorial experiment in 

the layout of randomized completely block design. 
For determining the effect of nano-clay on Cd uptake 
by the plant, non-polluted soil sample was collected 
from the fields of the agricultural research station in 
Rudasht (32°29′N, 52°10′E), located approximately 40 

km east of Isfahan, Iran. Treatments ( treatments with 
three replications) consisted of contamination of soil 
by crude oil at three levels of 0 (P0), 1 (P1) and 2 (P2) 
%, contamination of soil by Cd at concentrations of 0 
(Cd0), 5 (Cd5), and 10 (Cd10) mg/kg soil and application 
of montmorillonite nano-clay at 2 levels of 0 (M0) and 1 
(M1) % (W/W). Physico-chemical properties of nano-
clay are shown in Table 1. It should be noted that the 
montmorillonite nano-clay produced by Southern Clay 
Company under the trade name of Cloisite 15A was used 
in this study, 90% of which had a particle size less than 
10 µm. 

The non-polluted soil was contaminated with 0, 
1 and 2% crude oil and allowed for 3 weeks to reach 
equilibrium. After 2 weeks, Cd (0, 5, and 10 mg/soil)  was 
added to the soil and incubated for three weeks at 25ºC to 
reach equilibrium. After this time, the soil samples were 
mixed with 0 and 1% (w/) montmorillonite nano-clay 
and incubated for 3 weeks again. Then, 100 seeds of Tall 
Fescue (Festuca arundinacea L) were planted. The plants 
were irrigated to keep soil moisture at approximately 
75% of field capacity. Irrigation rates were based on 
evapotranspiration data collected at the local weather 
station of Rudasht. The irrigation water had an electrical 
conductivity (EC) of 0.8 dS m−1. After 120 days, plants 
were harvested and Cd concentration in the plants was 
measured using atomic absorption spectroscopy (Perkin 
Elmer, model: 3030) (23). Soil pH was measured in a 
1:5 solid/liquid aqueous extract (24). Cation exchange 
capacity (CEC) of soil was measured by BaCl2 method 
(25). The total petroleum hydrocarbons (TPHs) in soil 
were extracted from 30 g soil subsamples by Soxhlet using 
150 mL of a mixture of dichloromethane and n-hexane 
(1:1, v/v) after 24 hours. The concentration of TPHs in 
soil extracts was determined using gas chromatography 
(GC) (26). Soil microbial respiration was determined 
by titration with 0.25 N sulfuric acid using the method 
applied in a study by Qiao et al (27). The soil microbial 
respiration was measured as evolved CO2. The statistical 
analysis was done by SAS software version 9.2. ANOVA 
was used for statistical analysis of the data. The least 
significant difference (LSD) test was used to determine 
the differences between the means

3. Results and Discussion 
Based on the results of this study, the use of nano-

Table 1. Physico-chemical Properties of Montmorillonite Nano-Clay Used in this Study

Characteristic Unit Amount Components % Components %

Density g/cm3 5.5 Sio2 50.9 K20 0.8

Specific area m2/g 1-2 Al2O3 19.6 Cao 1.9

pH --- 6.3 Li2O 15.4 TiO2 0.6

CEC me/100g 48 Fe2O3 5.6

Color --- Yellow MgO 3.2

Humidity % 1-2 Na2O 0.9
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clay montmorillonite did not have a significant effect 
on soil pH (Fig. 1a) but significantly increased soil 
absorption properties such as cation exchange capacity 
(CEC) (Fig. 1b) , which may be related to its high 
specific surface area (28). The application of 1% (W/W) 
montmorillonite nano-clay in soil increased soil CEC by 
13.2% (Fig. 1b). In addition, applying montmorillonite 
nano-clay significantly decreased Cd availability in soil 
(Fig. 1c). Montmorillonite has an octahedral sheet of 
alumina and a two-sided silica sheet with a net negative 
charge on its surface that reduces the availability of Cd 
in the soil (Fig. 1c) based on electrostatic force (29). In 
an experiment, Wang et al mentioned that the use of 
organic additives is an effective method for reducing 
the availability of heavy metals in soil (30). Baghaie 
investigated the role of organic amendment in decreasing 
the availability of heavy metals in soil and concluded that 
application of organic amendments such as sewage sludge 
increased the soil CEC, thereby reducing the availability 
of heavy metals in the plants (25). The result of a study 
by Kwiatkowska-Malina confirms this matter clearly (31). 
Considering the fact that the solubility of heavy metals 
such as Cd increases with decreasing pH (25), the use of 
montmorillonite nano-clay had no significant effect on 
decreasing soil pH (Fig. 1a) in the current study, which 
can be considered as an environmentally positive point. 
In addition, based on the results of this study, the effect 
of using montmorillonite nano-clay on soil electrical 
conductivity (EC) was not significant, which is a positive 
point in environmental pollution because Cd solubility is 
directly affected by soil salinity.

The highest Cd concentration in plant belonged 
to P2Cd10M0 treatment (Table 2), while the lowest 
concentration was observed in P0Cd5M1 treatment. 

The application of 1% (W/W) montmorillonite nano-
clay in soil contaminated with 10 mg Cd decreased Cd 
concentration in plants by 18% which may be related to 
the role of nano-clay in decreasing Cd solubility in soil 
(32). This matter was also presented by Monajjem et al 
(33). In their research, they mentioned that 2: clays had 
a high specific surface area and CEC which increases 
sorption properties of soil, thereby decreasing the 
availability of Cd in soil (33). However, the adsorption 
rate of heavy metals on the exchange sites of soil varies 
depending on their concentration and type (34). Based on 
the results of this study, contamination of soil by crude oil 
can increase Cd concentration in plant which is similar 
to the results of a study conducted by Askary Mehrabadi 
et al (35). It should be noted that contamination of soil 
by crude oil had a significant effect on Cd concentration 
in plant, as Cd concentration was 2.2 times greater in 
P2Cd5M1 compared to P0Cd5M1 treatment. 

The contamination of soil by crude oil or Cd had a 
significant effect on microbial respiration. The lowest 
and highest microbial respiration belonged to the 
P0cd10M0 and P2Cd0M1, respectively (Table 3). Adding 
montmorillonite nano-clay to the non-polluted soil 
did not have any significant effect on the soil microbial 
respiration, however, it was effective in polluted soil. 
The application of 1% montmorillonite nano-clay in soil 
polluted with crude oil (2% (W/W)) and Cd (5 mg/kg 
soil) significantly increased microbial respiration in soil 
(0.2 units). On the other hand, increasing Cd pollution 
decreased microbial respiration in soil, as increasing the 
Cd level from 5 to 10 mg in a crude oil-polluted soil (2% 
(W/W)) decreased microbial respiration in soil by 0.9% 
(Table 3).

According to the results of this study, increasing crude 

Figure 1. Effect of Montmorillonite Nano-clay on Soil pH (a), Soil CEC (b), Availability of Cd in Soil (c) and Plant Yield (d).
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oil pollution increased microbial respiration in soil 
(Table 3), indicating that the hydrocarbon composition 
is probably used as a source of carbon substrate for 
microorganisms and it is not toxic to them.  However, 
higher levels of crude oil may reduce the population of 
microorganisms (24, 36). Kianpour Barjoei et al reported 
that the gram-positive bacteria of Streptomyces were 
able to decompose petroleum components and use it 
as the only source of carbon. On the other hand, based 
on their results, contamination of the soil by Cd caused 
a significant decrease in microbial respiration due to its 
toxicity to microorganisms (37). The results of a study by 
Zhang et al on the effect of heavy metal toxicity on the 
reduction of microbial population confirm this matter 
clearly (8). 

The highest and lowest TPHs degradation rates were 
observed in P2Cd0M0 and P1Cd10M0, respectively (Table 
4). Application of 1% montmorillonite nano-clay did 
not have a significant effect on TPHs degradation in soil 
without Cd, however, using the same amount of nano-clay 
in Cd-polluted soil (10 mg/kg soil) showed a significant 
increase in TPHs degradation, as the application of 1% 
montmorillonite nano-clay in Cd (10 mg/kg soil) and 
crude oil (2% (W/W)) polluted soil increased TPHs 
degradation by 17%. On the other hand, with increasing 
crude oil pollution from 1 to 2% in the soil without Cd-
pollution, THPs degradation rate increased by 10.1% 
(Table 4). 

The use of montmorillonite nano-clay decreased 
available Cd in soil (Fig. 1c) which can increase microbial 
activity and microbial respiration. Reducing the microbial 
respiration with increasing Cd-pollution (3 ) in the soil in 

this research confirms this matter clearly. Based on the 
results of this study, the decrease of microbial respiration 
in soil was simultaneous with increasing Cd concentration 
in plant and decrease of plant yield (Fig. 1d), indicating 
that the reduction of microbial respiration in soil was 
directly affected by Cd availability. The results of a study 
by Hussain et al confirm our results clearly (38). 

Based on the results of this study, the highest TPHs 
degradation rate (Table 4) and microbial respiration (Table 
3) belonged to the P2Cd0M1 treatment suggesting that soil 
microorganisms can use hydrocarbons as a carbon source 
for decomposition of petroleum hydrocarbons, which 
is similar to the results of a study by Melali et al. (39). 
Besalatpour et al studied the reclamation of petroleum-
contaminated soils using combined landfarming-
phytoremediation and concluded that microorganisms in 
soils contaminated with petroleum hydrocarbons adapted 
to pollution in less than two days and their microbial 
respiration increased (40).

4. Conclusion
According to the results of this study, applying 1% 

(W/W) nano-clay montmorillonite has an important 
role in increasing the soil CEC which decreased 
Cd concentration in soil and plant. Decreasing Cd 
concentration of soil could affect TPHs degradation. On 
the other hand, using montmorillonite nano-clay had 
a significant effect on increasing microbial respiration 
in Cd-polluted soil. It is noteworthy that due to the 
different chemical properties of petroleum hydrocarbons, 
it is necessary to study the role of different nano-clays 
(with different sorption characteristics) on remediation 

Table 2. The Effect of Montmorillonite Nano-Clay on Cd Concentration in Plants Grown in Soil Contaminated with Cd and Crude Oil

Treatment
Cd0 Cd5 Cd10

M0 M1 M0 M1 M0 M1

P0 Nd* Nd 2.2j 1.7k 6.4c 5.3e*

P1 Nd Nd 3.2h 2.6i 7.2b 6.1d

P2 Nd Nd 4.1f 3.8g 7.8a 7.1b

*ND: not detected by atomic absorption spectroscopy; means with the similar letters are not significant (P=0.05)

Table 3. The Effect of Montmorillonite Nano-clay on Microbial Respiration (mg C-CO2/kg soil) in Soil Contaminated with Cd and Crude Oil

Treatment
Cd0 Cd5 Cd10

M0 M1 M0 M1 M0 M1

P0 3.4j 3.4j  2.8m  3.3k 2.3n 3.1l*

P1 7.3bc 7.2c  6.3f 6.7d 6.2i 5.8h

P2 8.6a 9.7a  7.2c 7.4b  6.1g 6.5e

*Means with the similar letters are not significant (P=0.05)

Table 4. Effect of Montmorillonite Nano-clay on TPHs Degradation in Soil Contaminated with Cd and Crude Oil

Treatment
Cd0 Cd5 Cd10

M0 M1 M0 M1 M0 M1

P0 - - - - - -

P1 60.1c 61.1c 47.3e 52.4d 32.8g *44.7f

P2 70.2a 70.3a 60.4c 64.1b 45.1f 53.2d

*Means with the similar letters are not significant (P=0.05)
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efficiency of polluted soils. In other words, the role of 
different physico-chemical properties of soil such as soil 
texture and effect of other heavy metals on the degradation 
of petroleum hydrocarbon and concentration of heavy 
metal in the plant should be considered in future studies.

Conflict of Interest Disclosures 
The authors declare that they have no conflict of interests.

Acknowledgements
The authors gratefully acknowledge the Islamic Azad University of 
Arak Branch for analyzing the samples.

References
1. Varjani SJ. Microbial degradation of petroleum hydrocarbons. 

Bioresour Technol. 2017;223:277-86. doi: 10.1016/j.
biortech.2016.10.037.

2. Ugochukwu UC, Ochonogor A, Jidere CM, Agu C, Nkoloagu 
F, Ewoh J, et al. Exposure risks to polycyclic aromatic 
hydrocarbons by humans and livestock (cattle) due to 
hydrocarbon spill from petroleum products in Niger-delta 
wetland. Environ Int. 2018;115:38-47. doi: 10.1016/j.
envint.2018.03.010.

3. Saum L, Jimenez MB, Crowley D. Influence of biochar 
and compost on phytoremediation of oil-contaminated 
soil. Int J Phytoremediation. 2018;20(1):54-60. doi: 
10.1080/15226514.2017.1337063.

4. Zhou J, Huang R, Cheng S, Tang J, Fan H. Effects of bacterial-
feeding nematodes and organic matter on microbial activity 
and oil degradation in contaminated soil. Environ Sci Pollut 
Res Int. 2018;25(35):35614-22. doi: 10.1007/s11356-018-
3460-6.

5. Houdaji M, Khosravi E, Rouzbahani R. The relationship 
between the soil cadmium and multiple sclerosis. Journal of 
Isfahan Medical School. 2015;33(332):615-21.   

6. Alshahri F, El-Taher A. Assessment of Heavy and Trace Metals 
in Surface Soil Nearby an Oil Refinery, Saudi Arabia, Using 
Geoaccumulation and Pollution Indices. Arch Environ 
Contam Toxicol. 2018;75(3):390-401. doi: 10.1007/s00244-
018-0531-0.

7. Rajasekhar B, Nambi IM, Govindarajan SK. Human health 
risk assessment of ground water contaminated with petroleum 
PAHs using Monte Carlo simulations: A case study of an 
Indian metropolitan city. J Environ Manage. 2018;205:183-
91. doi: 10.1016/j.jenvman.2017.09.078.

8. Zhang C, Nie S, Liang J, Zeng G, Wu H, Hua S, et al. Effects of 
heavy metals and soil physicochemical properties on wetland 
soil microbial biomass and bacterial community structure. 
Sci Total Environ. 2016;557-558:785-90. doi: 10.1016/j.
scitotenv.2016.01.170.

9. Ma Y, Li X, Mao H, Wang B, Wang P. Remediation of 
hydrocarbon–heavy metal co-contaminated soil by 
electrokinetics combined with biostimulation. Chem Eng J. 
2018;353:410-8. doi: 10.1016/j.cej.2018.07.131.

10. Wawra A, Friesl-Hanl W, Puschenreiter M, Soja G, 
Reichenauer T, Roithner C, et al. Degradation of polycyclic 
aromatic hydrocarbons in a mixed contaminated soil 
supported by phytostabilisation, organic and inorganic soil 
additives. Sci Total Environ. 2018;628-629:1287-95. doi: 
10.1016/j.scitotenv.2018.02.156.

11. Afegbua SL, Batty LC. Effect of single and mixed polycyclic 
aromatic hydrocarbon contamination on plant biomass yield 
and PAH dissipation during phytoremediation. Environ Sci 
Pollut Res Int. 2018;25(19):18596-603. doi: 10.1007/s11356-

018-1987-1.
12. Escobar-Alvarado LF, Vaca-Mier M, Lopez R, Rojas-Valencia 

MN. Hydrocarbon Degradation and Lead Solubility in a 
Soil Polluted with Lead and Used Motor Oil Treated by 
Composting and Phytoremediation. Bull Environ Contam 
Toxicol. 2018;100(2):280-5. doi: 10.1007/s00128-017-2211-
6.

13. Hussain I, Puschenreiter M, Gerhard S, Schoftner P, Yousaf S, 
Wang A, et al. Rhizoremediation of petroleum hydrocarbon-
contaminated soils: Improvement opportunities and field 
applications. Environ Exp Bot. 2018;147:202-19. doi: 
10.1016/j.envexpbot.2017.12.016.

14. Alavi Bakhtiarvand S, Ahmadimoghadam M, Parseh I, 
Jafarzadeh N, Chehrazi M, Chorom M. Assessment of 
Phytoremediation Efficiency on reducing oilhydrocarbons 
from clay-silt soil using Aeluropus littaralis. Iran J Health 
Environ. 2014;7(1):73-84.

15. Kechavarzi C, Pettersson K, Leeds-Harrison P, Ritchie L, Ledin 
S. Root establishment of perennial ryegrass (L. perenne) in 
diesel contaminated subsurface soil layers. Environ Pollut. 
2007;145(1):68-74. doi: 10.1016/j.envpol.2006.03.039.

16. Choppala G, Kunhikrishnan A, Seshadri B, Park JH, Bush 
R, Bolan N. Comparative sorption of chromium species as 
influenced by pH, surface charge and organic matter content 
in contaminated soils. J Geochem Explor. 2018;184:255-60. 
doi: 10.1016/j.gexplo.2016.07.012.

17. Li F, Li Z, Mao P, Li Y, Li Y, McBride MB, et al. Heavy metal 
availability, bioaccessibility, and leachability in contaminated 
soil: effects of pig manure and earthworms. Environ Sci Pollut 
Res Int. 2018. doi: 10.1007/s11356-018-2080-5.

18. Sharma A, Nagpal AK. Soil amendments: a tool to reduce 
heavy metal uptake in crops for production of safe food. Rev 
Environ Sci Biotechnol. 2018;17(1):187-203. doi: 10.1007/
s11157-017-9451-0.

19. Wang J, Zhou Q, Zhang Q, Zhang Y. Single and joint effects 
of petroleum hydrocarbons and cadmium on the polychaete 
Perinereis aibuhitensis Grube. J Environ Sci (China). 
2008;20(1):68-74. doi: 10.1016/S1001-0742(08)60010-8.

20. Khan AB, Kathi S. Evaluation of heavy metal and total 
petroleum hydrocarbon contamination of roadside surface 
soil. Int J Environ Sci Technol. 2014;11(8):2259-70. doi: 
10.1007/s13762-014-0626-8.

21. Sehaqui H, de Larraya UP, Liu P, Pfenninger N, Mathew 
AP, Zimmermann T, et al. Enhancing adsorption of heavy 
metal ions onto biobased nanofibers from waste pulp 
residues for application in wastewater treatment. Cellulose. 
2014;21(4):2831-44. doi: 10.1007/s10570-014-0310-7.

22. Merrikhpour H, Sobhan Ardakani S. Investigation of the 
efficiency of bentonite nanoclay as an adsorbent for removal 
of Cr and Co from aqueous solutions: Adsorption isotherm 
and kinetics studies. Journal of Neyshabur University of 
Medical Sciences. 2017;5(3):9-24.

23. Alaboudi KA, Ahmed B, Brodie G. Phytoremediation of Pb 
and Cd contaminated soils by using sunflower (Helianthus 
annuus) plant. Ann Agric Sci. 2018;63(1):123-7. doi: 
10.1016/j.aoas.2018.05.007.

24. Besalatpour A, Hajabbasi MA, Khoshgoftarmanesh 
AH, Dorostkar V. Landfarming Process Effects on 
Biochemical Properties of Petroleum-Contaminated 
Soils. Soil Sediment Contam. 2011;20(2):234-48. doi: 
10.1080/15320383.2011.546447.

25. Baghaie A. Effect of municipal waste compost and zeolite 
on reduction of cadmium availability in a loamy soil (A 
case study: Arak municipal waste compost). Journal of Soil 
Management and Sustainable Production. 2017;6(4):103-17. 
doi: 10.22069/ejsms.2017.10398.1616.

http://ajehe.com/en/
https://doi.org/10.1016/j.biortech.2016.10.037
https://doi.org/10.1016/j.biortech.2016.10.037
https://doi.org/10.1016/j.envint.2018.03.010
https://doi.org/10.1016/j.envint.2018.03.010
https://doi.org/10.1080/15226514.2017.1337063
https://doi.org/10.1007/s00244-018-0531-0
https://doi.org/10.1007/s00244-018-0531-0
https://doi.org/10.1016/j.jenvman.2017.09.078
https://doi.org/10.1016/j.scitotenv.2016.01.170
https://doi.org/10.1016/j.scitotenv.2016.01.170
https://doi.org/10.1016/j.cej.2018.07.131
https://doi.org/10.1016/j.scitotenv.2018.02.156
https://doi.org/10.1007/s11356-018-1987-1
https://doi.org/10.1007/s11356-018-1987-1
https://doi.org/10.1007/s00128-017-2211-6
https://doi.org/10.1007/s00128-017-2211-6
https://doi.org/10.1016/j.envexpbot.2017.12.016
https://doi.org/10.1016/j.envpol.2006.03.039
https://doi.org/10.1016/j.gexplo.2016.07.012
https://doi.org/10.1007/s11356-018-2080-5
https://doi.org/10.1016/S1001-0742(08)60010-8
https://doi.org/10.1007/s13762-014-0626-8
https://doi.org/10.1007/s10570-014-0310-7
https://doi.org/10.1016/j.aoas.2018.05.007
https://doi.org/10.1080/15320383.2011.546447
https://doi.org/10.22069/ejsms.2017.10398.1616


                                 Avicenna J Environ Health Eng,  Volume 5, Issue 2, 2018 105

                 The Role of Montmorillonite Nano-Clay in the Degradation of Petroleum Hydrocarbon 

26. Besalatpour A, Khoshgoftarmanesh AH, Hajabbasi MA, Afyuni 
M. Germination and growth of selected plants in a petroleum 
contaminated calcareous soil. Soil Sediment Contam. 
2008;17(6):665-76. doi: 10.1080/15320380802425113.

27. Qiao JL, Wang L, Tang YS, Hu YH, Jia JW. Distribution and 
characteristics of total petroleum hydrocarbons in Jiuduansha 
tidal wetland and their potential impact on soil microbial 
respiration. J Environ Sci Health A Tox Hazard Subst Environ Eng. 
2012;47(2):319-25. doi: 10.1080/10934529.2012.640912.

28. Yadav VB, Gadi R, Kalra S. Clay based nanocomposites 
for removal of heavy metals from water: A review. J 
Environ Manage. 2019;232:803-17. doi: 10.1016/j.
jenvman.2018.11.120.

29. Mallakpour S, Moslemi S. Dispersion of chiral amino acid 
organomodified Cloisite Na+ in poly (vinyl alcohol) matrix 
for designing of novel bionanocomposite films. Progress 
in Organic Coatings. 2012;74(1):8-13. doi: 10.1016/j.
porgcoat.2011.09.010.

30. Liu Y, Wang Y, Lu H, Lonappan L, Brar SK, He L, et al. Biochar 
application as a soil amendment for decreasing cadmium 
availability in soil and accumulation in Brassica chinensis. 
J Soils Sediments. 2018;18(7):2511-9. doi: 10.1007/s11368-
018-1927-1.

31. Kwiatkowska-Malina J. Functions of organic matter in polluted 
soils: The effect of organic amendments on phytoavailability 
of heavy metals. Appl Soil Ecol. 2018;123:542-5. doi: 
10.1016/j.apsoil.2017.06.021.

32. Feizi M, Jalali M, Renella G. Effects of nanoparticles and 
modified clays on Cd, Cu, Ni and Zn release from sewage 
sludge-amended soil assessed through a kinetic study. 
J Geochem Explor. 2018;192:60-71. doi: 10.1016/j.
gexplo.2018.06.002.

33. Monajjem MA, Heidari A, Bagheri Marandi GH. Comparison 
The Ability Of Nano-Clays And Clays Extracted From Different 

Soils In Retention of Some Heavy Metals. Journal of Water 
and Soil Conservation. 2016;23(3):189-205. doi: 10.22069/
jwfst.2016.3193.

34. Sheet I, Kabbani A, Holail H. Removal of heavy metals using 
nanostructured graphite oxide, silica nanoparticles and silica/
graphite oxide composite. Energy Procedia. 2014;50:130-8. 
doi: 10.1016/j.egypro.2014.06.016.

35. Askary Mehrabadi M, Amini F, Sabeti P. Evaluation of 
phytoremediation of petroleum hydrocarbon and heavy 
metals with using Catharanthus roseus. Iranian Journal of 
Plant Biology. 2014;6(21):111-26.

36. Mohammadzadeh Karkaragh R, Chorom M, Motamedi H, 
Mohabat A. Biosorption and bioaccumulation of Cd and 
Ni in competitive solution by three bacteria isolated from 
polluted soils to sewage sludge. Journal of Microbial World. 
2014;7(3):241-51.

37. Kianpour Barjoei R, Motamedi H, Bamzadeh Z. Isolation and 
identification of petroleum hydrocarbon degrading bacteria 
from oil reservoirs located at Asmari, Ahwaz. Journal of 
Microbial World. 2016;9(2):145-55.

38. Hussain A, Ali S, Rizwan M, Rehman MZU, Qayyum MF, 
Wang H, et al. Responses of wheat (Triticum aestivum) plants 
grown in a Cd contaminated soil to the application of iron 
oxide nanoparticles. Ecotoxicol Environ Saf. 2019;173:156-
64. doi: 10.1016/j.ecoenv.2019.01.118.

39. Melali AR, Hajabbasi MA, Afyuni M, Khoshgoftarmanesh 
AH. Phytoremediation of Petroleum Hydrocarbons Sewage 
Sludge in Isfahan Refinery. Journal of Water and Soil Science. 
2011;15(56):155-67.  

40. Besalatpour AA, Hajabbasi MA, Dorostkar V, Torabi GH. 
Reclamation of petroleum-contaminated soils using combined 
landfarming-phytoremediation method. Journal of Water and 
Soil Science. 2010;14(53):129-43.

http://ajehe.com/en/
https://doi.org/10.1080/15320380802425113
https://doi.org/10.1080/10934529.2012.640912
https://doi.org/10.1016/j.jenvman.2018.11.120
https://doi.org/10.1016/j.jenvman.2018.11.120
https://doi.org/10.1016/j.porgcoat.2011.09.010
https://doi.org/10.1016/j.porgcoat.2011.09.010
https://doi.org/10.1007/s11368-018-1927-1
https://doi.org/10.1007/s11368-018-1927-1
https://doi.org/10.1016/j.apsoil.2017.06.021
https://doi.org/10.1016/j.gexplo.2018.06.002
https://doi.org/10.1016/j.gexplo.2018.06.002
https://doi.org/10.22069/jwfst.2016.3193
https://doi.org/10.22069/jwfst.2016.3193
https://doi.org/10.1016/j.egypro.2014.06.016
https://doi.org/10.1016/j.ecoenv.2019.01.118

