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1. INTRODUCTION 

Sanitary landfill liners are waterproofing barriers that aim to 

prevent the offsite migration of liquid and gaseous byproducts 

generated by landfills, avoiding a possible contamination of 

the underground, surface and groundwaters. The most used 

liners in landfill bases are composed by compacted layers of 

clayey soils or by the combination of these layers with ge-

osynthetics, regarding minimum waterproofing requirements 

(LOCASTRO and DE ANGELIS, 2016). The exclusive use of cla-

yey soils in landfill liners represents a more advantageous and 

economic alternative for regions of low economic power with 

availability of quarries in the surroundings, considering strict  

geotechnical engineering criteria.   

The liquid byproduct produced by landfills, known as leachate, 

has as main toxic component heavy metals. These metals can 

be transported in soil by physical processes of advection or 

dispersion, and can also be retained as a result of chemical 

processes, such as adsorption (FETTER et al, 2018). The un-

derstanding of the influence of physico-chemical properties of 

soils in the adsorption of heavy metals is essential for the 

choice of materials to be used as base liners in sanitary 

landfills, and also contributes to an effective protection of na-

tural resources.  
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Abstract  

The adsorption of heavy metals by sanitary landfill liners represents a measure of protection of surface and groundwa-

ters against contamination by metals, mitigating risks to public health. Hence, this research aimed to identify, from 

correlations, the influence of physico-chemical properties of soils applied in landfill liners using nickel adsorption pa-

rameters. Batch equilibrium tests with initial nickel concentrations of 45 to 1440 mg.L-1 were performed in clayey sand 

and bentonite clay soil, as well as in mixtures. Nickel adsorption parameters from Freundlich and Langmuir isotherm 

models were obtained, exhibiting a better adjustment in the Freundlich model based on R² and RMSE criteria. Thus, 

the addition of bentonite clay improved the adsorption to nickel, and the cationic exchange capacity (CEC) was the 

property that considerably influenced the metal retention in the studied soils.  

 

Resumo 

 

A adsorção de metais pesados por liners de aterros sanitários representa mais uma medida de proteção às águas 

subterrâneas e superficiais contra a contaminação por metais, amenizando os riscos à saúde pública. O objetivo deste 

trabalho foi identificar, a partir de correlações, a influência de propriedades físico-químicas de solos utilizados em liners 

de aterros sanitários com parâmetros de adsorção do níquel. Os solos de estudo, areia argilosa e argila bentonítica, 

foram submetidos a ensaios de equilíbrio em lote individualmente e em misturas, com solução contaminante de níquel 

de 45 a 1440 mg.L-1. Os parâmetros de adsorção do níquel foram obtidos pelos modelos de isotermas de Langmuir e 

Freundlich, apresentando melhor ajuste pelos critérios de R² e REQM no de Freundlich. Constatou-se melhor adsorção 

ao níquel à medida em que a argila bentonítica foi adicionada às misturas, sendo a capacidade de troca catiônica (CTC) 

a propriedade que mais influenciou na retenção do metal.  
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Urban solid residues (USR) have a considerable variety of ma-

terials composed by heavy metals, which incorporate to the 

leachate during the degradation process in the internal part of 

landfills. Among these materials are metal alloys, which may 

have additional percentages of nickel (ALBERTI et al, 2015). 

These alloys can be degraded in isolated environments, al-

lowing the dissolution of non-leached metals (MARTINELLI et 

al, 2014). Generally, nickel can be in concentrations that ex-

trapolate the limits required by regulations for leaching testes 

with USR (SILVA et al., 2015). However, even in the case these 

limits are not exceeded, long term contamination occurs, 

which represents an environmental threat if the metal flow is 

not contained by landfill liners.  

Nickel mobility in soils is higher than the mobility of other me-

tals with higher molar mass and atomic radius, such as lead, 

copper, and zinc (ELBANA et al., 2018). Thus, nickel is more 

susceptible to reach surface and groundwaters and can be in-

troduced in the food chain, endangering human health (HA-

QUE, 2017; ABDELWAHEB et al., 2019).  

Studies have evidenced that the effects of excessive nickel 

concentrations in human beings include skin irritation, da-

mage to nervous and respiratory systems, and genetic modifi-

cations; it has also toxic and carcinogenic potential, whether 

by inhalation or when dissolved in water (NICKEL INSTITUTE, 

2018). In face of this, environmental legislations have showed 

concern regarding the level of nickel concentration in soils and 

in surface and groundwaters for human consumption (CO-

NAMA, 2005, 2008, 2009). 

One of the existing alternatives aiming to the retention of he-

avy metals by soil is the adsorption technique, which is viable 

as it is a low cost and environmentally adequate application 

(TRIPATHI et al., 2016). The use of soil in landfill liners as a 

barrier for the metal flow represents a form of application of 

this technique. For a better efficiency of adsorption in soils, 

factors such as clay content, organic matter, pH, cation ex-

change capacity (CEC), presence of oxides, and soil mineralogy 

should be considered (ALLEONI et al., 2005).  

Research involving adsorption of heavy metals have been per-

formed to evaluate the efficiency of the adsorptive capacity of 

soils. Some researchers have determined that characteristics 

such as organic matter and iron oxides have good correlation 

with the adsorptive capacity of metals in soil (SILVEIRA et al., 

2002), which depends on the variation of pH in the medium 

(ZHU et al., 2018). Regarding sanitary landfills, recent studies 

have been developed aiming to improve the behavior of liners 

and mitigate the negative environmental impacts, such as 

hydric contamination (MOHAMMED et al., 2016; BURAGOHAIN 

et al., 2018; BUDIHARDJO, 2018; SOBTI and SINGH 2019).  

Heavy metals retention in soils can be quantified using adsor-

ption isotherms, representing the affinity of the metal in soil in 

function of the solute equilibrium concentration (SELIM, 

2014). Langmuir and Freundlich isotherm models are widely 

used to evaluate the adsorption of metals in soils (SPARKS, 

2003), as they provide parameters that can be correlated to 

physico-chemical properties of the soil.  

This work aims to identify, from correlations, the influence of 

physico-chemical properties of soils used in sanitary landfill li-

ners in the nickel adsorption parameters estimated by 

Freundlich and Langmuir non-linear models. 

2. MATERIAL AND METHODS 

2.1. Studied soils   

The soils used in this work compose the base liners in the Cam-

pina Grande Sanitary Landfill (CGSL), located in the 

countryside of Paraíba state (Brazil), at geographic coordina-

tes 7º16’44’’S and 36º00’44’’W. The CGSL occupies a total 

area of 64 ha and receives approximately 500 tons/day of 

USR from 28 cities of the state, as presented in Figure 1. 

These liners are composed by a mixture of two soils: 80% of 

clayey sand and 20% of bentonite clay. The clayey sand is from 

a quarry located in the CGSL, and the bentonite clay is from a 

quarry in the city of Boa Vista – PB, apart 25 km from the CGSL.  

Figure 1 - Geographic location of the CGSL and cities involved in the USR destination 
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The soil samples were collected at disposal sites around the 

CGSL, stored in plastic bags, and transported to the Environ-

ment Geotechnics Laboratory at Federal University of Campina 

Grande (UFCG) for the determination of geotechnical and 

physico-chemical properties, as detailed in Table 1. A minera-

logical analysis was also performed using energy dispersive X-

ray spectroscopy (EDX) and X-ray diffraction (DRX), aiming to 

determine the oxides and silicates composition, respectively.  

The nickel adsorption was individually analyzed for both soils 

(clayey sand and bentonite clay) and the mixture (80% of cla- 

yey sand and 20% of bentonite clay). In addition, it was also 

compared the adsorption of this metal for an intermediate mix-

ture of 90% of clayey sand and 10% of bentonite clay, to verify 

if the use of bentonite clay in smaller amounts would result in 

similar adsorptive capacities as those observed in the 20% 

mixture employed in CGSL liners. Thus, the focus was to inves-

tigate the effects of bentonite clay additions in the nickel ad-

sorption capacity and understand how the physico-chemical 

properties of each soil and mixtures interfered in the adsor-

ption of the metal.  

 

Table 1 - Methods used to determine geotechnical and physico-chemical properties of soils  

Test Method 

Sample preparation  NBR 6457/16 

Bulk density NBR 6458/16 

Grain size distribution NBR 7181/16 

Liquid limit NBR 6459/16 

Plastic limit NBR 7180/16 

Permeability to water (variable charge) 
NBR 14545/00 

Compaction NBR 7182/16 

CEC 

Embrapa (2017) 

Organic matter 

pH in H2O 

pH in KCl 

 
2.2. Batch equilibrium method  

The adsorptive capacity of nickel by soils was determined in 

laboratory using the batch equilibrium test, following the requi-

rements of test method D4646 (ASTM, 2016). Initially, soil and 

mixture samples were dried in air, ground, homogenized, and 

sieved using a 2.0 mm sieve.    

The contaminant solutions were prepared using as reagent 

nickel II nitrate hexahydrate (Ni(NO3)2.6H2O), diluting it in dis-

tilled water in the following initial concentrations of the metal: 

45, 90, 180, 360, 720, and 1440 mg.L-1. These values were 

defined aiming to understand the adsorptive behavior in a 

wide concentration range. Although this range is considerably 

higher than the nickel concentrations in leachates and the li-

mits set by environmental test methods, the increase was ne-

cessary to guarantee the quantification of palpable values of 

the metal concentration in the atomic absorption spectroscopy 

equipment. 

In sequence, the pH of each solution was determined using a 

mPA210 measurer of MS Tecnopon.  In addition, the electrical 

conductivity was measured for each solution using a Quimis 

benchtop conductivity meter model Q795A2, confirming the 

proportionality of conductivity and the amount nickel ions in 

solutions.  

The batch test was performed using soil-solution suspensions 

in the proportion 1:25 (1g of dry soil for 25 ml of contaminant 

solution), inserting them in Erlenmeyer flasks (capacity 125 

ml). The suspensions were agitated in a frequency of 100 rpm 

in an Orbital shaker, model SL 180 from Solab, during 24 h 

(necessary time to reach the equilibrium concentration) and in 

a controlled temperature of 22 ± 2 °C by means of air conditi-

oning system. After agitation, the pH was registered.  

To separate solid and liquid phases, the suspensions were in-

serted in Falcon tubes with capacity of 50 ml in a Novatecnica 

centrifuge model NT 815, in a frequency of 3000 rpm (radius 

of 9.5 cm) during 15 min. In sequence, the supernatant was 

filtered by a Qualy filter, with pore opening of 14 µm and thi-

ckness of 205 µm, collected in Falcon tubes and preserved at 

5 °C in an Adamo incubator type BOD. The nickel concentra-

tion was quantified using an Agilent flame atomic absorption 

spectroscopy model AA 240FS. 

Isotherms and adsorption parameters  

Adsorption isotherms, which are curves obtained from the 

batch test at a constant temperature, were plotted considering 

the amount of nickel adsorbed by the soils and mixtures with 

the respective equilibrium concentrations of suspensions. The 

amount of adsorbed nickel was determined by the difference 

between initial and equilibrium concentration values, as in 

Equation 1. 

𝑆 = (𝐶0 − 𝐶𝑒)
𝑉

𝑚
 

(1) 

where S (mg.g-1) is the concentration of adsorbed nickel by 

the soil; C0 (mg.L-1) is the initial concentration of the solution; 

Ce (mg.L-1) is the equilibrium concentration of the suspension; 
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V (L) is the volume of the contaminant solution of nickel; m (g) 

is the mass of dry soil.   

The adsorption of nickel by soils and mixtures was analyzed 

using the Langmuir isotherm, defined by Equation (2). This mo-

del estimates the maximum adsorptive capacity of the soil for 

the metal and can be applied extrapolating the experimental 

points.  

𝑆 =
𝑆𝑚𝐾𝐿𝐶𝑒

(1 + 𝐾𝐿𝐶𝑒)
 

(2) 

 

where Sm (mg.g-1) is the maximum adsorption capacity and 

KL (L.g-1) is the  Langmuir constant.   

The commonly used Freundlich model, also employed in this 

work, is described in Equation (3).  The use of this model is 

limited to the concentration range of the experimental data, as 

the model does not predict a maximum adsorptive capacity, as 

in the Langmuir model. 

𝑆 = 𝐾𝑓𝐶𝑒
𝑁 (3) 

where Kf (L.g-1) and N (dimensionless) are the coefficient and 

exponent of Freundlich isotherm, respectively.    

The Freundlich model can be simplified by a linear adsorption 

model. This simplification occurs when the exponent N is equal 

to one, as presented in Equation (4). Thus, the angular coeffi-

cient of the line is defined as Kd, also known as distribution 

coefficient, generally represented in terms of L.g-1. 

𝑆 = 𝐾𝑑𝐶𝑒 (4) 

The use of the linear model is best represented in situations in 

which there is a proportional increase of the adsorptive capa-

city of the soil with the equilibrium concentration of solute, as 

if the saturation of exchange sites available in the soil was ne-

ver reached. Such situations are particularly observed for low 

concentrations, as is the case of the concentration of metals 

in USR (SILVA et al., 2015). 

2.3. Retardation factor   

The nickel mobility was indirectly determined by the retarda-

tion factor (R). This factor was obtained using Equation (5), 

which considers the mobility of metals in saturated soils and 

relates adsorption to the distribution coefficient. Higher R va-

lues reflect a higher capacity of retardation of the metal flow 

in the soil.    

𝑅 = 1 +
𝜌

𝑛
𝐾𝑑 

(5) 

where ρ (g.dm-3) is the bulk density and n (dimensionless) is 

the porosity of the soil. 

The retardation factor was obtained for specimens previously 

saturated and compacted in the optimum humidity using stan-

dard Proctor energy, simulating sanitary landfill liners.    

Although only the 20% mixture is used in base liners in the 

CGSL, the retardation factor of nickel was also determined for 

the 10% mixture and for the clayey sand, considering the situ-

ations in which the proportion of 20% is not strictly respected 

in practice. The retardation factor was not calculated for the 

bentonite clay individually, because this material is not ade-

quate to totally compose liners due to its expansivity potential 

(GHADR and ASSADI-LANGROUDI, 2018), which can lead to 

crack formation.  

2.4. Statistical analysis    

The adjustments in the isothermal models were performed 

using the Gauss-Newton iterative method, applying the least 

squares methodology using the STATISTICA software version 

12.0. A convergence criterion with a value of 10-6 was used, 

involving a total of 100 iterations. The determination coeffici-

ent (R²) and the Root of the Mean Square Error (RMSE) were 

adopted as a criterion to analyze the adjustment of the models 

to the experimental points. The parameter to analyze the qua-

lity of the adjusted models was the p-value, with a significance 

level of 5%. The mathematical formulas that define the values 

of R² and RMSE are reproduced by Equations (6) and (7), res-

pectively. 

𝑅2 =
∑ (�̂�𝑖 − �̅�)𝑛

𝑖=1

∑ (𝑦𝑖 − �̅�)𝑛
𝑖=1

 
(6) 

𝑅𝑀𝑆𝐸 = [
1

𝑛
∑(�̂�𝑖 − �̅�𝑖)2

𝑛

𝑖=1

]

1
2⁄

 

 

(7) 

where �̂�𝑖 is the estimated variable, 𝑦𝑖 is the observed variable, 

�̅� is the mean of the variables and n is the number of values 

of the observed variable. 

The R² varies within 0 and 1, being your model better fits your 

data closer it reaches one, while the RMSE indicates better 

adjustment of the model the smaller the obtained value (MON-

TGOMERY and RUNGER, 2012).  

Using the data analysis tool of the Excel version 2013, it was 

determined a simple correlation between physico-chemical 

properties of soils and mixtures with the adsorption parame-

ters of nickel and the retardation factor. The physico-chemical 

properties were the percentages of sand, silt, and clay, the 

CEC, organic matter, and pH in H2O. The expression that defi-

nes the correlation coefficient (r) is reproduced by Equation 

(8). 

𝑟 =
∑ (𝑥𝑖  𝑦𝑖)𝑛

𝑖=1 −
1
𝑛

(∑ 𝑥𝑖
𝑛
𝑖=1 )(∑ 𝑦𝑖

𝑛
𝑖=1 )

[∑ 𝑥𝑖
2 −

1
𝑛

(∑ 𝑥𝑖
𝑛
𝑖=1 )

2𝑛
𝑖=1 ] [∑ 𝑦𝑖

2 −
1
𝑛

(∑ 𝑦𝑖
𝑛
𝑖=1 )

2𝑛
𝑖=1 ]

 

 

 

(8) 

 

where 𝑥𝑖 and 𝑦𝑖 are values of the observed variables and n is 

the number of values of the observed variables.  

3. RESULTS AND DISCUSSION 

3.1. Soils Characterization 

The geotechnical properties obtained are detailed in Table 2 It 

was observed that the 20% mixture presented a percentage of 

fines (clay + silt) higher than that of the 10% mixture; however, 

the clay fraction was similar in both mixtures, and they were 

classified as SC (clayey sand) in the Unified Soil Classification 

System (USCS), as described by standard D2487 (ASTM, 

2000).  
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The permeability to water for the 20% mixture, which is the one 

employed in CGSL base liners, presented a value of 10-8 m.s-

1. According to test method NBR 13896 (ABNT, 1997), this is 

an admissible value for waterproofing of sanitary landfill base 

liners (lower than 5 x 10-7 m.s-1). However, CETESB (1993) 

and USEPA (1993) require values lower than 10-9 m.s-1. For 

the 10% mixture and the clayey sand, the values obtained 

were 10-7 and 10-6 m.s-1, respectively, indicating the water-

proofing behavior was improved with addition of bentonite 

clay.   

In the mineralogical analysis, it was observed the prevalence 

of silica (SiO2), aluminum (Al2O3), and iron (Fe2O3) in similar 

percentages for both bentonite clay and clayey sand, as shown 

in Table 3. The main silicate minerals identified in the soils are 

also indicated in Table 3, with emphasis on the predominance 

of quartz and feldspar in both soils and the presence of mont-

morillonite and kaolinite in bentonite clay and sand clay, res-

pectively. The presence of montmorillonite can explain the bet-

ter waterproofing behavior of the bentonite clay, because this 

clay mineral can expand when accumulates water in its inter-

nal layers, decreasing fluids percolation (MASSAD, 2016). 

          Table 2 - Geotechnical and physico-chemical properties of soils 

          SC: clayed sandy; CL: sandy clay. 

 

      Table 3 - Mineralogical characterization of bentonite clay ad clayey sand  

Soil 
 Main oxide minerals (%) 

Main silicate minerals (%) 
SiO2 Al2O3 Fe2O3 K2O CaO 

Clayey sand 61,2 19,6 8,0 4,3 2,4 

quartz 

feldspar 

kaolinite 

 

69,3 

18,5 

7,1 

Bentonite 

clay 
62,3 21,2 6,7 1,9 2,4 

quartz 

feldspar 

montmorillonite 

 

61,1 

13,6 

8,9 

Table 2 also presents the physico-chemical properties of soils. 

The organic matter content was higher for the clayey sand 

compared to the bentonite clay, while in the mixtures, the con-

tents were similar to the one of clayey sand. In contrast, the 

CEC values were higher for the bentonite clay compared to the 

clayey sand, indicating a higher tendency of cation exchange 

with the addition of clay in the mixtures. This occurs due to the 

high negative electrical charge and higher specific surface of 

Soil characteristics 

 

 

Clayey 

sand 

Bentonite 

clay 
10% Mixture 20% Mixture 

Grain size 

Gravel (%) 4 0 3 2 

Sand (%) 68 43 58 54 

Silt (%) 10 21 12 17 

Clay (%) 18 36 27 27 

Specific weight of grains (kN.m-3) 26.60 27.74 26.80 27.38 

Liquid limit (%) - 82 22 24 

Plastic limit (%) - 38 17 18 

Plasticity index (%) - 44 5 6 

Activity index - 1.52 0.18 0.22 

USCS classification SC CL SC SC 

Optimum humidity content (%) 13 - 14 17 

Maximum dry density (g.cm-3) 1.86 - 1.82 1.76 

Permeability to water (m.s-1) 10-6 - 10-7 10-8 

Physico-chemi-

cal characteriza-

tion 

Total CEC (cmolc.kg-1) 12.28 35.91 13.51 14.82 

Organic matter (g.kg-1) 11.00 3.99 10.82 9.03 

Organic carbon (g.kg-1) 6.38 2.31 6.28 5.24 

pH H2O (1:2.5) 5.63 9.40 7.40 8.30 

pH KCl (1:2.5) 4.71 7.68 6.27 6.63 

Potential of zero charge (PZC) 3.79 5.96 5.14 4.96 
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clay minerals that compose the bentonite clay (BOSCOV, 

2008).  

The pH values obtained for soils and mixtures were higher than 

the respective values of potential of zero charge (PZC) which 

represents the equality condition of opposed superficial char-

ges. Soils with this characteristic have a predominance of ne-

gative superficial charge (OH-), favoring the adsorption of ca-

tions (APEEL et al., 2003).  

Due to the alkaline pH of the bentonite clay and the pH of the 

clayey sand under 6.0, as presented in Table 2, the equilibrium 

concentrations obtained in the batch test exhibited pH in the 

range of 4.4 to 5.0 for the clayey sand and 6.4 to 6.8 for ben-

tonite clay and mixtures. Levels of acid pH in soil indicate high 

concentration of H+ protons, hindering adsorption reactions of 

metal in soil (PINCOVSCHI et al., 2017). Thus, the addition of 

bentonite clay to the clayey sand can decrease the mobility of 

nickel ions due to the increase of negative charges, conse-

quently mitigating surface and groundwaters contamination.    

3.2. Adsorption isotherms   

The Freundlich and Langmuir isotherms were adjusted to the 

experimental points of the batch test with nickel and plotted in 

Figure 2. These adjustments allowed the estimation of adsor-

ption parameters related to each model, as presented in Table 

4.  

 
Figure 2 - Adsorption isotherms of nickel, representing the concentration of the adsorbed metal in the soil (S) as a function of equilibrium con-

centration in the solution (Ce), for: (a) clayey sand soil, (b) bentonite clay soil, (c) mixture with 10% and (d) 20% of bentonite clay soil.  

 

 

  

The maximum adsorption capacity of nickel estimated in the 

Langmuir model was estimated the highest value for the ben-

tonite clay (7.885 mg.g-1) and the lowest for the clayey sand 

(2.611 mg.g-1). For the mixtures, the maximum adsorption ca-

pacity decreased with the reduction in the bentonite clay con-

tent. High adsorption capacities suggest lower probability of 

leaching of metal towards soils and surface and groundwaters 

(SOBTI and SINGH 2019). Abdelwaheb et al. (2019) studied 

nickel adsorption in mixtures of sandy and clayey soils with 

CEC of 3.5 and 25 meq/100g, respectively, and obtained ma-

ximum adsorption capacity (Sm) values in the range of 0.19 to 

0.58 mg.g-1 for a temperature of 19 ± 1°C and pH range of 7 

to 7.8. Despite the alkaline pH, the CEC of soils may have con-

tributed to the low Sm values, when compared to the results 

obtained to the CGSL soils (CEC > 12 cmolc.kg-1).  
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Table 4 - Adsorption parameters of nickel and adjustment criteria to the isotherm models 

 

One of the parameters obtained by the Freundlich isotherm 

was the exponent N which reflects the degree of heterogeneity 

of the adsorbent surface. When this parameter is equal to one, 

it is established a linear relationship for the adsorption (ZU-

QUETTE et al., 2008). Elbana et al. (2018) obtained N values 

in the range of 0.54 to 0.90 for the adsorption of nickel in ten 

types of soils, using maximum initial concentrations of 150 

mg.L-1. In this adsorption study with CGSL soils, the N was in 

the range of 0.21 to 0.39 likely due to using of high concentra-

tions up to 1440 mg.L-1. Among other characteristics of soil 

and contaminant solution, high concentrations of metallic ions 

in solution tend to decrease the availability of adsorption sites 

in the surface of the adsorbent, distancing it from a linear 

behavior (SOUSA NETO et al., 2012).  

The adjustment criteria, R² and RMSE, indicate that the 

Freundlich model presented a better fit for soils and mixtures, 

when compared to the Langmuir model. As the value of all ad-

justed models was lower than the level of significance, it can 

be said that the quality of these adjusted models was signifi-

cant (Table 4). It was observed that the Langmuir model was 

more representative for bentonite clay, possibly due to the 

characteristic of this soil as the best adsorbent. The Freundlich 

model is based on the adsorption of metals on heterogeneous 

surfaces, which is typical in soils, while the Langmuir model is 

based on adsorption on a homogeneous monolayer surface 

(JIANG et al., 2010). 

Ma, X et al. (2019) had also achieved a better adjustment to 

the Freundlich model for the adsorption of nickel in soils. In 

addition, an increase in nickel adsorption was observed due to 

the presence of organic matter and the rise of temperature, 

obtaining adsorption rates of 99.57 and 99.84% for sediments 

of lake and soils, respectively. 

3.3. Retardation factor    

Table 4 presents values of distribution coefficient (Kd), bulk 

density, porosity, and retardation factor (R) obtained in com-

pacted specimens for each mixture and for the clayey sand. 

For higher contents of bentonite clays, it was observed an in-

crease in Kd values, which means an increase of the angular 

coefficient of the linear isotherm, indicating higher adsorption 

capacities. The additions of clay have also provoked lower bulk 

densities of specimens and higher porosity values which can 

be explained by the increase in the percentage of fines in mix-

tures, enabling the water to be strongly adsorbed by the clay 

minerals of the soil.  

The R value increased with the addition of bentonite clay as 

consequence of the higher CEC, pH, and fine fraction (clay + 

silt) values of mixtures with 10 and 20%, compared to the cla-

yey sand. In fact, these characteristics are directly related to a 

higher retention of metals by the colloids of the soil, as obser-

ved by several authors (COSTA et al., 2017; OLIVEIRA et al., 

2018). 

Considering the CGSL liners, the mixture with 20% of bentonite 

clay represented an increase of 24.6% and 3.4% of the R value 

when compared to the clayey sand individually and the 10% 

mixture, respectively. Thus, although the R is only an indirect 

estimative of the mobility of metals in the soil, the results ob-

tained indicate a better adsorption of nickel for the 20% mix-

ture, followed by the 10% mixture and the clayey sand.   

 

 

 

 

Soil Model Parameter 
Estimated 

value 
R² RMSE p-value 

Clayey Sand 

Freundlich 
Kf1 0.219 

0.636 0.193 8,2.10-3 
N 0.335 

Langmuir 
KL2 0.006 

0.631 0.194 8,4.10-3 
Sm3 2.611 

Bentonite clay 

Freundlich 
Kf 2.058 

0.948 0.256 1,6.10-4 
N 0.214 

Langmuir 
KL 0.090 

0.944 0.265 1,9.10-4 
Sm 7.885 

Mixture with 10% of 

bentonite clay 

Freundlich 
Kf 0.213 

0.918 0.112 3,6.10-4 
N 0.387 

Langmuir 
KL 0.005 

0.864 0.145 1,0.10-3 
Sm 3.706 

Mixture with 20% of 

bentonite clay 

Freundlich 
Kf 0.722 

0.956 0.089 4,8.10-5 
N 0.242 

Langmuir 
KL 0.016 

0.717 0.228 2,0.10-3 
Sm 3.831 

1 (L.g-1); 2 (L.g-1); 3 (mg.g-1) 
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Table 4 - Retardation factor (R) for the clayey sand and mixtures, with distribution coefficient (Kd), bulk density (ρ), and porosity (n)  

                values 

Soil / mixture Kd (L.g-1)  ρ (g.dm-3) n R 

Clayey sand 0.002258 1.82 0.31 14.04 

10% Mixture  0.003226 1.73 0.35 16.92 

20% Mixture  0.003605 1.68 0.37 17.50 

 

3.4.  Correlations between soil properties and adsorption pa-

rameters 

Table 5 presents correlation coefficients obtained from 

physico-chemical properties of soils with the Freundlich and 

Langmuir adsorption parameters and the R factor. Among the 

analyzed properties, the CEC was the one that presented a bet-

ter correlation, indicating its significative influence in the ad-

sorption of metals in soils. The increase of CEC provoked 

higher values of Kf, KL, Sm, and R, indicating a higher nickel 

adsorption capacity and, as a consequence, a lower availabi-

lity of this metal to be transported towards surface and 

groundwater resources. The N parameter was the only one 

that exhibited a negative correlation with the CEC, which sug-

gests a possible saturation of available exchange sites in the 

surface of soils (MUSTAFA et al., 2004).  

The percentages of silt and clay had a positive influence on the 

nickel adsorption. This occurs due to the considerable pre-

sence of clay minerals, whose negative electrical charges at-

tract metallic cations of the soil solution. The pH had also a 

positive influence on the nickel adsorption,  as  higher  pH  va- 

lues provided high OH- concentrations and, as a consequence, 

favored the formation of covalent bonds with nickel ions in so-

lution (PINCOVSCHI et al., 2017). The pH influence was obser-

ved in the adsorption of other heavy metals, such as lead (OLI-

VEIRA et al., 2018). 

The sand fraction had unfavorable influence on metal adsor-

ption, as it has greater particle diameters and, consequently, 

smaller contact area of grains with the nickel solution compa-

red to silt and clay fractions.  For organic matter, although it 

favors the adsorption of metal cations, the results did not indi-

cate a positive correlation with the parameters Kf, KL, Smax 

and R. This was probably due to the lower content of organic 

matter quantified in bentonite clay. In addition, the correla-

tions are not able to indicate the particular influence of each 

property of the soil, but in a joint way, suggesting a trend of 

behavior between the values of a given property of the soil with 

the adsorption parameters of the soil metal. Other studies, in 

turn, pointed to good positive correlations between organic 

matter and metal adsorption parameters (SILVEIRA et al., 

2002; ALLEONI et al., 2005). 

Table 5 - Correlation coefficients of physico-chemical properties of soils and nickel adsorption and retardation factor parameters 

Soil properties Kf N KL Sm R 

% Sand 

 
-0.90 0.73 -0.86 -0.93 -0.99 

% Silt 0.93 -0.89 0.87 0.89 0.88 

% Clay 0.86 -0.61 0.84 0.93 0.96 

CEC 0.98 -0.71 0.99 0.99 0.97 

Organic matter -0.99 0.82 -0.99 -0.98 -0.78 

pH in H2O 0.83 -0.73 0.77 0.86 0.99 

 

4. CONCLUSIONS 

The isotherms of nickel adsorption for soils and mixtures were 

better adjusted to the Freundlich model, considering R² and 

RMSE criteria.  

Additions of bentonite clay to the clayey sand improved the ad-

sorptive capacity of nickel and decreased the mobility of this 

metal, particularly the mixture with 20% of bentonite clay, in-

dicating this composition can be used as liners in sanitary 

landfills aiming to reduce the migration of nickel towards soils 

and surface and groundwaters.   

The CEC was the most influencing physico-chemical property 

in the adsorption of nickel in soils and mixtures, contributing 

to a better retention of the metal and its lower availability in 

transport flows.  

The study of metal adsorption in soils used as liners in sanitary 

landfills should be encouraged and extended to bioremedia-

tion of soils in areas contaminated by heavy metals.  
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