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Abstract 
 
The objective of this research was to evaluate the effect of applying increasing doses of bentonite to the soil on the miscible 
displacement of copper, quantifying copper retention in the soil and elimination by leachate, in order to prevent potential risks for 
environmental contamination. The experiment was conducted on a laboratory using leaching columns filled by a sandy texture soil 
contaminated with 250 mg kg-1 of copper each. The experimental design was a completely randomized with four doses of 
bentonite, 0; 30; 60 and 90 t ha-1, and three replications totalizing 12 experimental units. The leaching columns were made with 
PVC tubes constituted by three rings, overlaid and joined with silicone glue. Each column was filled with 4 kg of Cu contaminated 
soil, mixed with the doses of bentonite specified by the treatments (0; 45; 90 and 135 g). After the filling of the columns, each one 
received five pore volumes of distillated water, and left to percolation under a steady state flux. After percolation, the Cu 
concentrations in the soil and in the percolate, the breakthrough curves of the flux density and the percolation velocity were 
determined. The results were submitted to variance analyses using the F test and regressions. The increasing doses of bentonite 
until 90 t ha-1 increased the adsorption of copper by the soil, reducing the percolation of this element around 72%. Bentonite 
application to the soil decreased the flux density and flux velocity of the copper percolation, diminishing the potential risks for the 
environment contamination. 
 
Keywords: copper adsorption, breakthrough curves, flux density, velocity of flux.  
Abbreviations: Cu_copper; Zn_zinc; B0_soil without bentonite; B30_ soil mixed with bentonite dose 30 t ha-1; B60_ soil mixed with 
bentonite dose 60 t ha-1;B90_ soil mixed with bentonite dose 90 t ha-1; Pv_pore volume; r_radius; h_height; ds_soil density; 
dp_density of the particles; q_flow density; Q_volume of water passed in a given area; A_area;T_time; Pr_percolation velocity; 
P_porosity 
 
Introduction 
 
Contamination of the soil by heavy metals comes mainly 
from the disposal of urban and industrial waste and also 
from the increasing use of fertilizers and pesticides in 
agriculture, becoming a risky activity, related with the 
addition of heavy metals on the soil and groundwater. 
According to Oliveira and Marins (2011), heavy metals 
compromise environmental health because they are 
persistent, since they are not biodegradable, remaining long 
periods of time in the environment. The excess of heavy 
metals in the soil increases the possibility of their insertion 
in the food chain and, consequently, the contamination of 
the biotic members. In addition, leaching of these metals 
may occur with subsequent contamination of the 
groundwater (Machado et al., 2011). 
The higher or lower mobility of heavy metals is determined 
by soil attributes, such as clay content, pH, cation exchange 
capacity, organic matter content and other factors 
influencing adsorption/desorption reactions, precipitation/ 
dissolution, complexation, oxidation (Bertol et al., 2010) and 
percolation velocity (Costa, 2002). Copper, due to the low 
mobility in the soil profile, which accentuates with 

increasing clay content, tends to accumulate in the 
superficial layer (Gomes et al., 2001), therefore, in general, 
have low leaching potential. However, excessive water 
applications (rain and or irrigation) can cause subsurface 
losses (Sistani et al., 2008). 
To reduce the mobility of ions in the soil, several technics 
can be used such as, coagulation, precipitation, ion-
exchange, electrochemical methods, membrane processes, 
extraction and adsorption. The adsorption process is carried 
out by adsorbent surfaces, as is the case with clay minerals. 
In this sense, studies by Bhattacharyya and Gupta (2007), 
Ghorbel-Abid et al. (2010) and Jiang et al. (2010) have 
pointed out the potential of clays in the retention of heavy 
metals in the soil matrix in order to avoid problems of 
contamination of groundwater. 
The bentonites, composed predominantly of argilominerals 
of the group of smectite or montimorilonite and impurities, 
are organized on octahedral gypsum slide between two 
tetrahedral silica slides (2: 1 clay), which allows them to 
have a greater capacity of water adsorption and ion 
exchange. They present a higher degree of plasticity when 
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compared to 1: 1 clays, for example kaolinite, because they 
contain an extra layer in the chemical structure. Bentonite 
clay, being an anionic solid, has a remarkable affinity with 
metals, particularly heavy metals in solution (Bhattacharyya 
and Gupta, 2008). 
The use of bentonite clays as adsorbents have advantages 
upon many other commercially available adsorbents in 
terms of low-cost, an abundant availability, high specific 
area, excellent adsorption properties, nontoxic nature and 
great potential for ion exchange.  Tito et al. (2012), 
evaluating the effect of bentonite on the mobility of zinc and 
copper in columns of Argisol soil irrigated with contaminated 
water, observed that copper was strongly adsorbed by the 
soil / bentonite complex. The constant concern with soil and 
groundwater pollution has resulted in several studies of 
solutes displacement in soil columns. These studies are 
important tools to understand the transport of adsorptive 
and non-adsorptive solutes to the soil (Shukla et al., 2003); 
as well as to estimate the magnitude of the damages caused 
by these elements (Costa and Prunty, 2006). The objective of 
this research was to evaluate the effect of applying 
increasing doses of bentonite to the soil on the miscible 
displacement of copper, evaluating the amount   retained by 
the soil and eliminated in the leachate, aiming to evaluate 
and prevent potential risks for the environment 
contamination. 
 
Results and Discussion 
 

Copper concentration in the soil and in the soil leachate  
 
All treatments had a significant effect on the amount of 
copper (Cu) retained in the soil and present in the leachate 
(Table 1). The passage of distilled water through the 
columns promoted the displacement of Cu present in the 
soil of the columns, mainly in the soil without bentonite. 
Copper leachead 168.58; 94.84; 51.91 and 47.98 mg for the 
0; 30; 60 and 90 t ha-1 bentonite doses, respectively (Fig 1A). 
This corresponded to a reduction of 0; 43.7; 69.2 and 71.5% 
of the leaching obtained with the dose of 0 t ha-1 (control). 
Since the amounts of copper in the leachate decreased as a 
function of the increasing bentonite doses, the amounts of 
this element retained in the soil (Fig 1B), were 837.86; 
895.67; 954.90 and 977.03 mg corresponding to the doses of 
0; 30; 60 and 90 t ha-1, respectively. The decrease of copper 
in the leachate and the increase of the retained in the soil, is 
attributed to the application of bentonite to the soil, since it 
is a predominantly smectite clay, with high microporosity 
and specific surface (375 m2 g-1), increasing the available 
sites for the adsorption, favoring a great capacity of cationic 
exchange (48 meq/100g), corroborating Huang et al. (2014). 
According to these authors, the fine soil aggregates and clay 
minerals have a great capacity to retain heavy metals due to 
their great surface area, corroborating Bertol et al. (2010) 
and Li et al. (2018). Tito et al. (2012) observed that the 
incorporation of bentonite in a soil contaminated with 
copper, favored the adsorption of this element, avoiding the 
percolation and potential contamination of the groundwater. 
 
Copper concentration in the leachate related to the volume 
of water applied 
 
According to the analysis of variance, the volume of water 
percolated in the soil columns (in pore volumes) had a 

significant effect on the concentrations of copper in the 
leachate in all the leaching columns, that is, in all treatments, 
whose best regression model was the quadratic one (Fig 2). 
It is observed that the copper concentrations in the 
percolates after applying one pore volume of distilled water 
in the columns with the treatments B0, B30, B60 and B90 
were 63.31; 37.12; 22.17 and 19.66 mg L-1, respectively (Fig 
2). The higher copper concentration in the percolate related 
to the treatment B0, soil without bentonite, was due to the 
fact that the copper was few retained in the soil and thus 
remaining susceptible to leaching. After application of two, 
three, four and five pore volumes of distilled water in all 
columns, copper concentrations decreased. 
In the soil columns  without bentonite (B0) and with the 
treatments B30, B60 and B90 it was necessary to apply  4.66; 
3.73; 3.61 and 3.72 pore volumes of water to reduce the 
copper concentrations in the percolates to a practically 
constant value, 7.82; 5.48; 1.63 and 1.91 mg L-1, respectively. 
With the application of 60 and 90 t ha-1 bentonite the 
elution curves were similar and the copper concentrations in 
the percolates were lower than in the other treatments 
because of the higher retention of copper in the soil making 
it less susceptible to leaching. 
 
Percolation velocity and flux density of copper in the 
leaching columns 
 
The flux density and the copper percolation velocity in the 
soil columns were significantly influenced at the 5% 
probability level by the addition of bentonite (Table 2). As 
the flux density and percolation velocity are influenced 
mainly by porosity of the soils, and since the soil in the 
present study was loamy sand with a high percentage of 
macropores, before the application of bentonite the soil had 
a high drainage capacity, 68.24 cm h-1. By increasing the 
microporosity, due to the application of bentonite clay, the 
percolation rate was reduced to 48.27; 35.87 and 31.02 cm 
h-1 for the bentonite doses of 30; 60 and 90 t ha-1, a 
reduction of 29.3; 47.4 and 54.4 %, respectively, when 
compared to the treatment B0, without bentonite (Fig 3). 
The flux density in the leaching column without bentonite 
was 26.62 cm h-1, while in the columns receiving doses of 
bentonite 30; 60 and 60 t ha-1, were 18.79; 13.84; 11.77 cm 
h-1, which corresponded to a reduction of the flux of 29.4; 
48.0 and 55.8%, respectively (Fig 3). 
Besides the increase of porosity with the bentonite 
application, the reduction of the percolation velocity and 
flux density can also be due, according to Churchman et al. 
(2006), to the fact that bentonites are negatively charged 
minerals with a high cation exchange capacity and high 
specific surface area, making them very effective in 
adsorbing cations in the soil solution. This is in agreement 
with Bertol et al. (2010) who observed that the nature and 
clay content, together with other factors, influence the 
adsorption / desorption reactions, the precipitation / 
dissolution, complexation and oxidation. Menezes et al. 
(2016), studying the mobility of Cu and zinc (Zn) in three 
types of soil, verified that the low flux density affected the 
contamination front displacement of the evaluated 
elements, allowing a great contact time of the displacing 
solution with the soil matrix promoting adsorption of Cu and 
Zn. 
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Table 1. Summary of the analyses of variance for the amount of copper retained in the soil and leached in the columns, with 
increasing doses of bentonite  

 
Source of Variation  

 
DF 

Mean Square 

Leachate Soil  

Bentonite 3 9411.46** 13401.00**  

Linear Regression 1 24568.93** 38516.80**  

Quadratic Regression 1 3655.43** 1564.08ns  

Deviation 1 10.02ns 122.12ns  

Error 8 81.85 948.29  

VC (%) 9.96 3.37  

Mean (mg) 90.83 913.87  
 (**),  (ns):  (p≤0.01) and  not significant respectively. DF= Degree of Freedom. VC = Variation Coefficient. 
 
 

 
Fig 1. Amount of copper present in the leachate (A) and in the soil (B)  as a function of increasing doses of bentonite. 
 
 
Table 2. Summary of the analyses of variance for flow density and percolation velocity in the columns, with increasing doses of 
bentonite  

 
Source of Variation  

 
   DF 

Mean Square  

        Flux density Percolation velocity  

Bentonite     3 129.32* 850.26*  

Linear Regression      1 356.24** 2342.50**  

Quadratic Regression     1 25.69ns 168.75  

Deviation     1 6.02ns 39.67ns  

Error     8 24.58 161.67  

VC (%) 27.79 27.80  

Mean (cm h-1) 17.84 45.74  

(**), (*), (ns):  (p≤0.01) and (p≤0.05) and not significant respectively. DF= Degree of Freedom. VC = Variation Coefficient. 
 
 
 
 

 
Fig 2. Copper concentration in the leachate as a function of the number of pore volumes applied, for treatments B0, B30, B60 and 
B90. 
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Fig 3. Percolation velocity and flux density of copper in the leach columns as a function of increasing bentonite doses. 
 
 
Materials and Methods  
 
 Experimental apparatus 
 
This study was conducted at the Irrigation and Salinity 
Laboratory of the Federal University of Campina Grande 
located in Campina Grande, Paraiba State, using lysimeter 
columns. 
Four kg of uncontaminated air dry soil were mixture with 0; 
45; 90 and 135 g of bentonite, corresponding to the doses of 
0; 30; 60 and 90 t ha-1 denoted by B0; B30; B60 and B90. The 
mixtures of soil and bentonite were contaminated with 250 
mg kg-1 of copper sulphate incubated for 30 days allowing a 
reaction between them. After this period the mixtures were 
air dried and placed into the columns leaving a 0.10m space 
on the top for a hydraulic head of 0.08 m. 
 
Design and treatments 
 
A completely randomized design with four doses of 
bentonite, 0; 30; 60 and 90 t ha-1, and three replications was 
established totalizing 12 experimental units.  
 
Bentonite analysis 
 
The bentonite clay used in this experiment was collected in 
the Primavera deposit located in the municipality of Boa 
Vista, Paraíba State. Through X-ray fluorescence, analysis, 
using an EDX 720 equipment, the bentonite samples were 
analyzed showing the following constituents: SiO2 = 76.784%; 
Al2O3 = 13.339%; Fe2O3 = 6.347%; MgO = 2.225%; CaO 
=0.759%; other oxides = 0.545%. According to the X-ray 
diffractogram of bentonite, the characteristic peaks were of 
smectite or montmorillonite mineral clay,  main component 
of bentonite, tridimite peaks (silicate mineral and a high 
temperature quartz polymorph), as well as the presence, of 
few amounts of quartz. 
The cation exchange capacity and the specific area of the 
bentonite were determined by the methylene blue method 
(Hanger and Brindley, 1970). 
 
Soil analysis 
 
The characteristics of the Typical Quartzipisamment soil 
used in the experiment, according to the methodology of 
Embrapa (2011), were the following: pH (H2O) = 5.0; Ca = 

0.51 cmolc kg-1; Mg = 0.20 cmolc kg-1; Na = 0.05 cmolc kg-1; K 
= 0.18 cmolc kg-1; H + Al = 0.56 cmolc kg-1; OM = 2.0 g kg-1; P 
= 5.4 mg kg-1; Cu = 6.05 mg kg-1; sand = 845.6g kg-1; silt = 
47.2 g kg-1; clay = 107.2 g kg-1.  
 
Conduction of study 
 
The lysimeter columns were constructed in PVC with a 
diameter of 0.10m and 0.50m height formed by two 0.20 m 
rings and one 0.10 m high ring, overlaid and joined with 
silicone glue. At the bottom of the lysimeter was placed a 
0.10m PVC cap with a drain adapted in its center. On the 
bottom of the cap was placed a screen made with nylon 
fabric, to support the solid material. The lysimeter was filled 
in such a way as to provide a uniformity soil density 
throughout the column.  
The lysimeters were placed in a vertical support and the soil 
saturated by capillary ascension with distilled water. Then, a 
Mariotte bottle containing distilled water was connected, 
keeping a constant water head of 0.08 m on the soil. 
Afterward the percolation began, passing through the soil 
five pore volumes of distilled water (five liters of water), and 
the leachates sampling started  collecting, consecutively, 10 
aliquots of 0.5  pore volumes. The leachates were collected 
in polypropylene flasks, previously washed in 5% 
hydrochloric acid solution and distilled water for 
decontamination, and stored in a refrigerator until the 
quantification of copper (Cu) by atomic absorption 
spectrophotometry. 
The pore volume of each lysimeter was determined by 
Equation (1): 

 )/1(2 dpdshrPv           (1)                                                               

 
where, Pv - pore volume (cm³); r - lysimeter radius (cm); h – 
lysimeter height (cm); ds - soil density; dp - density of the 
particles. 
Flux density was determined using Darcy’s law (1856), 
according to Equation (2):  

                                          𝑞 =
𝑄

𝐴𝑡
              (2)                                                                   

where q = flux density, cm h-1; Q = volume of water passed 
in a given area, cm3; A = lysimeter cross-sectional area, cm2; 
T = leaching time, h. 
The percolation velocity was determined according to the 
Equation (3): 

y = 0.0042x2 - 0.7916x + 68.242
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                                              𝑃𝑟 =
𝑞

𝑃
            (3)                                                                    

where, Pr = percolation velocity, cm h-1; q = flux density, cm 
h-1; P = porosity, %. 
 
The leaching dynamics of Cu in the soil lysimeters, for the 
treatments evaluated were analyzed by the construction of 
concentration curves of Cu leachate versus the number of 
pore volume in the collected effluents. 
At the end of the tests, the lysimeters were disassembled by 
separating the rings that composed them. The solid material 
contained in each ring was air dried, sieved in a 2 mm mesh 
and the Cu concentration determined, according to Embrapa 
(2011). 
 
 Statistical analysis 
 
The experimental data was analyzed by the analysis of 
variance using the F test at 5% significance level (ANOVA). In 
case of significant effect, the results were submitted to 
regression analyses. All the analyses were performed using 
the statistical software SISVAR (Ferreira, 2011). 
 
Conclusions 
 
The increasing doses of bentonite until 90 t ha-1 increased 
the adsorption of copper by the soil, reducing the 
percolation of this element around 72%. 
Bentonite application to the soil decreased the flux density 
and flux velocity of the copper percolation, diminishing the 
potential risks for the environment contamination. 
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