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Abstract: 

         This study aimed to evaluate the efficiency of bentonite mineral in the management of soils 

contaminated with lead (Pb) and cadmium (Cd) by reducing their mobility and improving soil 

physical properties. A factorial experiment was conducted including different contamination levels 

of lead (0, 10, 100, and 200 mg kg⁻ ¹) and cadmium (0, 5, 15, and 25 mg kg⁻ ¹), with two levels of 

bentonite application (25% and 50%), in addition to a control treatment without amendment. Several 

soil physical and hydrological properties were measured, including bulk density, particle density, 

total porosity, hydraulic conductivity, saturation percentage, field capacity, and permanent wilting 

point, as well as the residual concentrations of lead and cadmium in the soil. The results revealed 

significant differences among treatments at the 0.05 probability level. Bentonite application 

markedly improved soil physical properties; bulk density decreased from 1.57 μg m-3  in the control 

treatment to approximately 1.40 g cm⁻ ³ with 50% bentonite addition, while total porosity increased 

from 39.67% to 43.33%. Electrical conductivity decreased from 4.16 to 3.51 dS m
-1

 , whereas 

saturation percentage increased from 37.87% to 46.27%, and field capacity increased from 15.57% 

to 21.53% . The results also demonstrated that bentonite was more effective in immobilizing lead 

compared with cadmium. Overall, the findings confirm that bentonite acts as an effective physical 

amendment in the management of Pb- and Cd-contaminated soils, as it enhances soil structure and 

hydrological properties while simultaneously reducing heavy metal mobility and associated 

environmental risks. 

Keywords: Bentonite, Lead and cadmium pollution, Soil physical properties, Heavy metal 

immobilization stabilization, Water retention characteristics. 

Introduction 

Heavy metal contamination in soils is 

considered one of the most serious 

environmental challenges threatening 

modern agricultural systems, as it reduces 

soil fertility and poses significant risks to 

environmental sustainability and human 

health. Among toxic elements, lead (Pb) 

and cadmium (Cd) are of particular 

concern due to their persistence, non-

biodegradable nature, and high toxicity, in 

addition to their ability to accumulate in 

soil–plant systems and subsequently enter 

the food chain  

 , leading to a reduction in soil fertility and 

posing direct threat on human health and 

environment. Of heavy metals, both lead 

(Pb) and cadmium (Cd) is most widely 

distributed and are toxicants since they are 

non-biodegradable, have a high toxicity 

rate and can accumulate in soil as well as 

in plants; thereafter gain access to the food 

chain (2(؛)1)  

. This calls for the development and 

applicaton of viable options that can be 

used to manage soils polluted with these 

elements. 
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Pb and Cd in the soil are derived from 

various sources.[3] highlighted that 

industrial operations, mining tailings, 

production of phosphate fertilizers, and 

irrigation with contaminated water are the 

most common means by which these 

metals enter into soils. These elements 

accumulate, resulting in changes in soil 

chemical and physical status, such as 

lowered Soil pH, increased soil EC value 

and modifications of the soil structure and 

pore system. Such alterations are 

detrimental to the productivity of soil and 

to environmental sustainability. 

These metals could have mobility and 

bioavailability are not only directly related 

to its total content, but also significantly 

depends on soil physical and chemical 

characteristics such as bulk density, 

porosity, hydraulic conductivity and cation 

exchange capacity. Any change in these 

properties may promote the leaching of 

heavy metals, or increase plant availability, 

which lead to higher environmental 

risks[4]. 

Soil amendments have been employed as 

sustainable alternative for the treatment of 

contaminated soil in this scenario. 

discussed that these amendments 

constituted an environmentally and 

economically sustainable alternative to 

conventional removal techniques since, 

compared to the classic ones, they have 

been found capable of immobilizing 

pollutants in soils without negatively 

impacting on soil structure. Among these 

materials, bentonite was extensively 

studied because of its unique physical and 

chemical feature [5] . 

Bentonite has such a large specific surface 

area, abundant negative charges and strong 

cation exchange capacity that can readily 

adsorb and immobilize the heavy metal 

ions.[6] had verified the reorganization of 

soil particles 

It has also been postulated by some 

researchers that enhancement of soil 

physical properties is a key consideration 

in minimizing heavy metal mobility in soil 

profile. A decrease in hydraulic 

conductivity and an increase in water 

holding capacity are able to retard the flow 

of water, which subsequently restricts 

leaching transport. [7] also reported that 

use of bentonite improved some soil 

hydraulic parameters and increased water 

retention capacity, promoting lower 

mobility of Pb and Cd and lowering the 

hazard concerning groundwater pollution. 

On the other hand, [8] recorded distinct 

behaviour of Pb and Cd in clay treated 

soils. Lead is typically more immobilized 

as compared to cadmium, because it has 

higher sorption coefficient in and stronger 

affinity for the surfaces of clay minerals, 

while cadmium is relatively leachable in 

soil solution. 

Therefore, this research aims to assess the 

potential of bentonite to reduce the risks of 

heavy metal pollution with promote the 

sustainable use of contaminated soil, as 

well as enhancing soil physical and 

hydrological properties.

 

 

 

 

Material and Methods 

Study Area and Soil Sampling 
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Soil samples were taken from one of the 

fields belonging to College of Agriculture, 

University of Al‐ Qaidissiya at a depth 0–

30 cm. These samples corresponded to the 

soil employed in this work. To establish 

soil properties before applying treatments 

and commencing the pot experiment, the 

air-dried soil was crushed with a 

polyethylene hammer and sieved through a 

2-mm sieve for chemical as well as 

physical analysis. 

Experimental Design and Treatments 

The experiment was arranged in 

Randomized Complete Block Design 

(RCBD) with three replications. Means 

were separated using LSD test (P< 0.05) 

through the GenStat software based on 

statistical analysis of data. The study 

involved various degrees of lead (Pb) and 

cadmium (Cd) contamination. Lead 

treatments comprised of four levels (0, 10, 

100 and 200 mg kg⁻ ¹) and cadmium 

treatments contained four levels (0, 5, 15 

and 25 mg kg⁻ ¹). Bentonite was used at 

two levels (25% and 50%) and a control 

treatment had no heavy metals or 

bentonite. The Objective  from that to 

compare the combined and separate effects 

of heavy metals and bentonite on soil 

properties, as well as the movement of 

heavy metals. 

Preparation of Soil and Pot Experiment 

Soil was air-dried, ground, and sieved to 

pass through a 4 mm mesh for pot 

cultivation (but part of it was passed 

through a 2 mm mesh for physical-

chemical analysis before planting). Plants 

were grown in plastic pots of 15 kg 

capacity (30 cm upper diameter, 25 cm 

base diameter and 33 cm height), filled 

with 10 kg soil, each. 

Soil Pollution and Bentonite 

Application 

Soil pollution was achieved with lead and 

cadmium nitrate salts in the experimental 

levels. Bentonite was applied as a dry 

powder at specified application rates. The 

mixture was well homogenized and 

allowed to settle for two days before 

planting. 

Planting Experiment and Crop 

Management 

The test plant was the brown Indian 

Mustard (Brassica juncea). Plants were 

grown from seeds (27/10/2024) and after 

30 days, thinned to obtain one plant in 

each pot. The amount of NPK per pot was 

6 g in accordance with recommended 

fertilization practice. The crop was 

irrigated with tap water at field capacity 

and watering began again after attaining 

50% of available water. 

Soil Physical and Chemical Analyses 

Soil pH: Soil pH was measured in a 1:1 

soil-to-water suspension using a pH meter 

according to [9] 

Electrical Conductivity (EC): Electrical 

conductivity was determined in a 1:1 soil-

to-water suspension using an EC meter 

following [9] 

Cation Exchange Capacity (CEC): CEC 

was determined using the methylene blue 

method suitable for calcareous and 

gypsiferous soils according to [10] 

Bulk Density: Bulk density was measured 

using the core method according to [11] 

Particle Density: Particle density was 

determined using the pycnometer method 

following [11] 

Total Porosity: Total porosity was 

calculated from bulk and particle density 

values according to the standard 

relationship described by  [12] 

Saturation Percentage: Saturation 

percentage was determined as the 
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percentage of water retained at full 

saturation according to standard 

procedures described by [12] 

Field Capacity and Permanent Wilting 

Point: Field capacity and permanent 

wilting point were determined using  the 

soil moisture Characteristic  curve 

described 

 by [13] 

Hydraulic Conductivity: Hydraulic 

conductivity was determined using the 

standard laboratory method for measuring 

water movement through saturated soil 

according to [14] 

Results and Discussion 

Soil Chemical Properties (pH, EC and 

CEC) 

The findings indicated that there were 

statistically significant differences at the 

probability level (P ≤ 0.05) in soil 

chemical characteristics resulting from the 

introduction of lead (Pb) and cadmium 

(Cd) with bentonite. Treatment C0 showed 

the highest pH value (8.08), indicating an 

alkaline nature of the soil before heavy 

metal contamination and clay amendment. 

All treatments and adition of lead nitrate 

alone and chemical form cadmium nitrate 

with bentonit statistically reduced pH 

compared to controls but the values were 

still within alkaline range. (several 

interacting effects). Cadmium nitrate 

(Cd(NO₃ )₂ ) and lead nitrate (Pb(NO₃ 2)) 

cause the release of Cd²⁺  and Pb²⁺  ions 

in the soil solution. These cations take part 

in exchange reactions with the adsorbed 

Ca²⁺  and Mg²⁺  on clay and carbonate 

surfaces, which brings about the release of 

H⁺  ions into the soil solution that caused 

to decreased pH. Not all target substance 

will undergo chemical reaction with soil 

during the extraction, as most Pb and Cd 

salts in the leachate are hydroxides or basic 

carbonates which are chemically unstable 

due to their hydrolysis when present in 

solution, and cation exchange may be an 

additional reason for it [15] [16]. The 

findings showed that the decrease in pH 

induced by Pb was more significant than 

that provoked by Cd. This is probably due 

to the chemical properties of Pb (especially 

its higher ionic radius and stronger 

adsorption affinity for clay minerals, iron 

oxides than Cd)[17]; [18]. However, there 

was little change in the overall pH 

reduction. [19] reported that alkaline soils 

were of high buffering capacity and hence 

there was limited propensity for large 

changes in soil reaction. The decrease in 

pH from lithification to post-dewatering 

conditions was also due, in part, to the 

addition of bentonite. Bentonite is a 2:1 

expanding clay mineral with permanent 

negative charges and high specific surface 

area that promote surface reactions and 

cation exchange. Some types of bentonite 

may also contain mineral impurities or 

exchange sites partly saturated with 

replaceable cations, that could affect ionic 

balance in the soil solution leading to a 

minor pH decrease. This is also in line 

with the results of [20] and [21] who 

mentioned that bentonite or clays like can 

alter soil reaction, in particular when 

materials are combined with sources of 

mineral contamination. For electrical 

conductivity (EC), the treatments were 

significantly different. The least EC value 

(3.51 dS m⁻ ¹) due to untreated soil, 

expressed the lower soluble salts content 

for control treatment. The amendment of 

lead and cadmium nitrates into bentonite 

raised EC values in all treatments, 

Especially bentonite with lead at a 

concentration of 50% bentonite addition. 

This enhanced level could be as a result 

of higher concentration of soluble ions in 

the soil solution following the dissociation 

of Pb and Cd nitrate salts to Pb²⁺ , Cd²⁺ , 

NO₃ ⁻  ions leading to an increase in ionic 

strength and EC [15] [16] Furthermore, 

soma inhibitores might have temporarily 

increased EC in a manner similar to the 
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release of exchangeable cations such as 

Ca²⁺ , Mg²⁺  and Na⁺  through soil wetting 

with bentonite micronization treatment 

resulting in increase of total soluble salt. 

[22] and [20] observed that moderate rise 

of EC after the amendment of clay is often 

encountered and it may not be a 

detrimental process if values are 

maintained within thresholds for non-

saline stress. All EC values obtained in the 

current communication were within the 

moderate salinity (<4 dS−1) category 

suggesting that application of bentonite 

had not caused deleterious salinity but 

brought about enhancement in other soil 

properties.

Table 1. Some Chemical Properties of Soil as Affected by Lead, Cadmium, and 

Bentonite Treatments. 

Cation 

Exchang

e 

Capacity 

(CEC) 

Cmol(+) 

kg
-1

 

Electri

cal 

Condu

ctivity 

(EC) 

dS m⁻ ¹ 

 

pH 

Treatments 

 

Cation 

Exchang

e 

Capacit

y (CEC) 

Cmol(+) 

kg
-1

 

Electri

cal 

Condu

ctivity 

(EC) 

dS m⁻ ¹ 

 

pH 

 

Treatments 

 

11.73 3.51 8.08 0cd  + 0 

Bentonite  =  

X0 (Control) 

11.73 3.51 8.08 0Pb  + 0 

Bentonite  =  X0 

15.90 3.68 7.81 5cd+ 25 

Bentonite  =  

X1 

18.27 3.72 7.73 10Pb  + 25 

Bentonite  =  X1 

23.67 4.06 7.75 5cd+ 50 

Bentonite  =  

X2 

25.27 3.89 7.65 10Pb  + 50 

Bentonite  =  X2 

17.37 3.83 7.84 15cd+ 25 

Bentonite  = X3 

17.93 3.69 7.72 100Pb  + 25 

Bentonite  =  X3 

24.43 4.06 7.80 15cd+ 50 

Bentonite =  X4 

24.87 4.13 7.61 100Pb  + 50 

Bentonite  =  X4 

16.67 3.76 7.92 25cd+ 25 

Bentonite =  X5 

17.53 3.78 7.63 200Pb  + 25 

Bentonite  =  X5 

22.77 3.95 7.87 25cd+ 50 

Bentonite =  X6 

24.40 4.16 7.58 200Pb  + 50 

Bentonite  =  X6 

0.1391 0.0278

1 

0.0319

3 

L.S.D 0.05 

 

0.2590 0.0361

7 

0.0403

7 

L.S.D 0.05 

 

The values of cation exchange capacity 

(CEC) are indicated in Table (1). This had 

a considerable increase in the case of 

bentonite application. The lowest CEC 

value, 11.73 cmol(+) kg⁻ ¹ was recorded in 

the control  , while there were appreciable 

increase of these with the treatments 

containing bentonite . The highest values 

were obtained for X4 (24.43 cmol(+) 

kg⁻ ¹) treated with cadmium and group X2 

(25.27 cmol (+) kg⁻ ¹) with lead . Overall, 

the results in the table 1 show that the 

treatments of bentonite with lead have 

shown significant differences, unlike the 

treatments of bentonite with cadmium. 

The increased CEC values were 

manifested directly in soil by the behavior 
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of Pb and Cd. Lead was more immobilized 

than cadmium because of its strong 

adsorption affinity and the occurrence of 

more stable complexes, whereas cadmium 

still stayed mobile relatively in solution but 

with less availability after addition of 

bentonite [23] 

Soil Physical Properties (Bulk Density, 

Total Porosity, and Particle Density) 

Data in Table 2 show that soil physical 

properties exhibited a slightly significant 

difference between treatments at the 

probability level of (P ≤ 0.05) as a result 

of adding lead (Pb), cadmium (Cd) in 

conjuction with bentonite. The highest 

bulk density value (1.57) μg m
-3

 was 

observed in the control treatment C0, 

which probably cultivates soil with no 

amendment to ameliorate its structure. This 

resulted in the elevation of particle 

consolidation and a decrease in the total 

porosity, which destabilized the soil 

aeration and water flowing through of root 

movement. However, there were consistent 

reduction in bulk density among all 

treatments when bentonite was applied 

compared with control. The decrease was 

greater in the higher application rate and 

the treatment (X2 Pb 200) contaminated 

with lead, cadmium showed lower bulk 

density (1.39 and 1.40 g cm⁻ ³), 

respectively. This decrease may be due to 

the physical properties of bentonite as a 

fine-grained clay with low bulk density 

and high specific surface area. It increases 

aggregation of finer particles and 

contributes to a more stable soil structure, 

reducing compaction and increasing 

porspace  [24]; [25] 

These results were also reflected in the 

effect of different contents Pb and Cd on 

soil bulk density, which did not play a 

direct role when bentonite were equal to 

each other, it can be implied that it is 

unlikely for heavy metals to change soil 

structure. Nevertheless, the incidence of 

Pb²⁺  and Cd²⁺  might indirectly affect 

stability structural due to their interaction 

with clay mineral and FeO surfaces 

although not as much as that by [17]; [18]. 

The decrease in bulk density was 

immediately translated to an increase in 

total porosity. The lowest porosity 

(39.67%) was found in the control 

treatment, while bentonite-amended 

treatments presented higher values, 

exceeding 43.23% and 43.10% 

respectively in treatment (X2) polluted by 

cadmium and lead. This increase could 

also emphasize the efficient keystone of 

bentonite in enhancing soil structure by 

creating micro and macropores that results 

to more total pore volume and good 

distribution of pores. Recent evidences 

demonstrated that application of expanding 

clay minerals such as bentonite improved 

the total porosity and reduced compaction 

even in heavy metal contaminated soils  

[26]; [27].
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Table 2. Some Physical Properties of Soil as Affected by Lead, Cadmium, and Bentonite 

Treatments. 

 

The data of soil particle density were 

significantly different at this level. The 

control treatment registered the highest 

particle bulk density (2.61 μg m⁻ ³) , 

indicating the presence of primary 

minerals with high density like quartz and 

feldspar in the untreated soil. Particle 

density in all the treatments between with 

the application of bentonite (2.44 to 2.56  

μg m⁻ ³). The minimum values were 

recorded from cadmium and lead 

contaminated treatments (X4 and X2, 

respectively) whereas the maximum 

particle dense condition was observed in 

cadmium treated one (X3). 

This decrease could be explained by the 

high content of smectite minerals in 

bentonite and that the particle density is 

lower than that of primary minerals 

contained in the soils. As a result, the 

overall average particle density is reduced 

with inclusion of bentonite in the soil. 

With increasing bentonite content modified 

apparent mineral composition can be 

obtained and the soil particles 

arrangement can also be changed to an 

extent, which is beneficial to improving 

general soil physical properties [26]; [28] 

In conclusion, these findings suggest that 

bentonite and Pb and Cd had acted as a key 

contributor to alteration in soil physical, 

chemical and surface interaction without 

significantly affect the structural 

Total 

Soil 

Poros

ity 

(%) 

 

Partic

le 

Densi

ty 

 

 

Bulk 

Densi

ty 

μ g 

m⁻ ³ 

 

          

Treatments 

Total 

Soil 

Poros

ity 

(%) 

 

Partic

le 

Densi

ty 

 

Bulk 

Densi

ty 

μ g 

m⁻ ³ 

 

          Treatments 

39.67 2.61 1.57 0cd  + 0 

Bentonite  =  

X0 (Control) 

39.67 2.61 1.57 0Pb  + 0 Bentonite  

=  X0 

41.23 2.53 1.49 5cd+ 25 

Bentonite  =  

X1 

40.37 2.53 1.51 10Pb  + 25 

Bentonite  =  X1 

43.23 2.46 1.40 5cd+ 50 

Bentonite  =  

X2 

43.10 2.44 1.39 10Pb  + 50 

Bentonite  =  X2 

40.57 2.56 1.52 15cd+ 25 

Bentonite  = X3 

40.63 2.51 1.49 100Pb  + 25 

Bentonite  =  X3 

42.13 2.44 1.42 15cd+ 50 

Bentonite =  X4 

42.27 2.46 1.42 100Pb  + 50 

Bentonite  =  X4 

40.37 2.51 1.50 25cd+ 25 

Bentonite =  X5 

40.50 2.54 1.51 200Pb  + 25 

Bentonite  =  X5 

42.43 2.45 1.41 25cd+ 50 

Bentonite =  X6 

42.93 2.45 1.40 200Pb  + 50 

Bentonite  =  X6 

0.807

8 

0.009

64 

0.021

03 

L.S.D 0.05 

 

0.588

3 

0.014

87 

0.017

58 

L.S.D 0.05 
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modification. The improvement in the 

physical properties by the application of 

bentonite was also responsible for the 

decrease in mobility of Pb²⁺  and Cd²⁺  in 

soil as microporosity increases, allowing to 

improve soil structure, favoring not only 

retention power on these metals, but also 

preventing them from being absorbed by 

plants. 

Soil Hydrological Properties  

According to the Table (3), there were 

significant differences at probability level 

(P ≤ 0.05) between hydrological 

properties of soil contaminated with lead 

and cadmium as affected by bentonite 

addition. The LSD (0.05) for saturation 

percentage was 0.1700 and for Cd, 

respectively, at 0.2704 for Pb; it was 

0.2114 and 0.2202 for field capacity; it 

was 0.1639 and 0.1662 for permanent 

wilting point, and finally Hydraulic 

conductivity was 0.1027 and this value is 

considered more accurate than other 

methods due to high flexibility in 

estimation of small uncertainties of the 

model-generated data like hydraulic 

conductivity. 

The lowest saturation percentage value of 

37.87% of the control (X0) was observed 

in both introductive treatments, indicating 

that untreated soil had poor water holding 

capacity due to low porosity and lack of 

expanding clay minerals (Hillel, 2004[12]; 

Brady&Weil, 2017). [29] All the addition 

of bentonite dramatically enhanced 

saturation percentage, which could reach 

45.53% in Cd treatment (X2), and it was 

used to be up to 46.03% in X6, meanwhile 

for Pb treatments, it reached 45.63 % ( X2) 

and higher 46.27%(X4). This increase is 

explained through the large water 

adsorption/retention capacity occurring in 

bentonite interlayer spaces as well as an 

increasing relative proportion of 

micropores holding water at saturation 

[30];  [31] 

Bentonite application also led to a 

significantly higher field capacity for both 

metals. Under Cd treatment, it increased 

from 15.57% (in the control) to 20.80–

20.83%, while under Pb treatment it 

attained 21.27–21.53%. This improvement 

is the result of greater capacity of soil for 

holding plant available water after 

drainage gravity, because of the 

fenestration improvement caused by the 

incorporation of bentonite fine and middle 

pores [32].[33]

 

Table 3. Some Hydrological Properties of Soil as Affected by Lead, Cadmium, and 

Bentonite Treatments.

 

Hydr

aulic 

Cond

uctivi

ty 

Perma

nent 

Wilting 

Point 

(PWP) 

% 

Fiel

d 

Cap

acit

y 

(FC) 

Satur

ation 

Capa

city 

 

Treatmen

ts 

Hydr

aulic 

Cond

uctivi

ty 

Perma

nent 

Wilting 

Point 

(PWP) 

% 

Fiel

d 

Cap

acit

y 

(FC) 

Satu

rati

on 

Cap

ac 

ity  

 

Treatment

s 

4.73 6.43 15.5

7 

37.87 0cd  + 0 

Bentonite  

=  X0 

4.73 6.43 15.5

7 

37.8

7 

0Pb  + 0 

Bentonite  

=  X0 



Euphrates Journal of Agricultural Science-18 (1):1811-1822, (Mar.2026)          Hashim& Alabadi                           

 

  ISSN 2072-3857           

 
1819 

 

(Control) 

4.07 8.20 18.4

7 

42.00 5cd+ 25 

Bentonite  

=  X1 

3.77 8.47 18.7

0 

42.1

3 

10Pb  + 25 

Bentonite  

=  X1 

3.17 9.37 20.8

0 

45.53 5cd+ 50 

Bentonite  

=  X2 

2.93 9.83 21.2

7 

45.6

3 

10Pb  + 50 

Bentonite  

=  X2 

3.97 8.47 18.1

7 

41.80 15cd+ 25 

Bentonite  

= X3 

3.93 8.27 18.8

3 

41.9

7 

100Pb  + 

25 

Bentonite  

=  X3 

3.00 9.77 20.8

3 

45.20 15cd+ 50 

Bentonite 

=  X4 

3.03 9.50 21.5

3 

46.2

7 

100Pb  + 

50 

Bentonite  

=  X4 

4.10 7.77 18.0

0 

41.57 25cd+ 25 

Bentonite 

=  X5 

3.90 7.83 18.6

0 

41.8

3 

200Pb  + 

25 

Bentonite  

=  X5 

3.10 10.20 20.6

3 

46.03 25cd+ 50 

Bentonite 

=  X6 

3.07 9.83 21.2

3 

45.4

7 

200Pb  + 

50 

Bentonite  

=  X6 

0.102

7 

0.1639 0.21

14 

0.170

0 

L.S.D 0.05 

 

0.115

4 

0.1662 0.22

02 

0.27

04 

L.S.D 0.05 

Indeed, followed by an increase in the 

PWP of 6.43% detected between CT and 

treatments where NPK were placed at the 

top or inside the columns; significant 

increase in water stress also occurred to 

reach up to 10.20% for Cd contaminant 

(X2) and 9.83% for Pb one (X2,X6) at 

highest rate application of bentonite. Such 

increase could be due to the higher volume 

of micropores which are persistent under 

high matric forces as well as the expansive 

nature of bentonite and high water holding 

capacity within its lamellar structure [34]. 

Hydraulic conductivity (Kₕ) values are 

also reported in Table (3). The value of 

Kₕ was highest in the control (4.73), 

while bentonite application significantly 

decreased Kₕ to 3.00 under Cd treatments 

and ranged from 2.93 to 3.93 in Pb 

treatments, respectively. This decline is 

due to the swelling of bentonite-plates, 

obstructing or compressing large pores 

conducting water rapidly and reducing 

deep percolation losses and enhancing 

water retention efficiency in the root zone 

[35]; [36] 

It was found that bentonite was the main 

factor for changing soil hydrological 

properties. By contrast] its changes of Pb 

or Cd content had little effect directly 

when the content of bentonite was 

constant, which explained the role of clay 

amendment in alleviat-ING sensitivity of 

heavy metal contamination to soil system. 

Conclusions and Recommendations 

The findings showed that the addition of 

bentonite was efficient in immobilizing 

soil-born lead (Pb) and cadmium (Cd), 

which reduced their leachability, short-

term extractability, and bioavailability in 

the decreasing order of Pb>Cd. The main 

effects of bentonite are physical and 

hydrological, decreasing bulk density, 

increasing total porosity and water 

retention capacity, and reducing hydraulic 
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conductivity; in turn the principal effects 

of Pb and Cd are chemical (minimal 

decrease in pH) with increases below 

regulation permitted standards. According 

to the results, bentonite can be 

recommended as an efficient and 

environmentally friendly amendment for 

soils contaminated with Pb and Cd. Higher 

application rates are suggested, especially 

for severely contaminated soils, to improve 

the structure and water holding ability of 

soil with low risk of HMs. Application of 

bentonite treatment in sustainable soil 

management programs is recommended, 

as well future long-term studies to test the 

stability of Pb and Cd immobilization and 

the interaction with crops and fertilizers to 

ensure its field applicability. 
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