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Introduction

Industries situated in urban areas choose to dispose of 
their solid waste in a favorable site where municipal solid 
waste is disposed of. The heavy metals contained therein 
were unaffected during degradation of organic waste, 
and as such, when it accumulated beyond the allowable 

concentration limit, the heavy metals produce toxicity 
that affects living organisms and causes environmental 
problems. The proper treatment and safe disposal of 
the leachate is a major concern throughout the world 
[1]. Therefore, the issue of heavy metals is a topic of 
concern along with the design of a liner system in waste 
disposal landfills. The studies done in the past reveal 
that the concentrations of arsenic, mercury, chromium, 
cadmium, lead, nickel, and zinc (As, Hg, Cr, Cd, Cu, 
Pb, Ni and Zn) were estimated and found to be in mg/kg 
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levels in municipal solid waste and in μg/L in leachates 
and water extracts. The status of heavy metals distribution 
in municipal solid waste disclosed that the concentration 
of Cr was comparatively less than that of other metals  
(Cu and Pb). In certain cases, metal contents were beyond 
the limits, as prescribed for compost by the Central 
Pollution Control Board (CPCB) [2].

Compacted natural clay soil was used for liners 
and covers in waste containment facilities. Clay was 
preferred as an abundant and a low-cost material, and 
more importantly it has the highest attenuation factor and 
adsorption capacity for ion exchange sites. The primary 
function of a landfill liner system is to protect groundwater 
due to the impact of leachate [3, 4]. Soil liners were 
reported and used for many years and served as an 
engineered hydraulic barrier for solid waste contaminant 
facilities [5, 6]. On the other hand, quarry fines are the 
waste material with inherent fraction of an aggregate 
passing through a 0.063 mm sieve. Quarry waste 
consists mainly of excess fines generated from crushing, 
washing, and screening operations at quarries. Waste 
from quarry and fabrication operations could be unsafe 
and environmentally detrimental. Bulk utilization of this 
quarry waste material is possible through geotechnical 
applications like embankments, back-fill material, and 
sub-base material. It would be a useful additive to the 
natural soil to improve the strength characteristics of the 
soil. The adsorption receives considerable interest with 
high efficiency for removal of heavy metal than other 
methods like ion exchange, chemical settling, and reverse 
osmosis [7]. 

The adsorption of heavy metal ions on clay has 
been comprehensively studied [8-10]. Kaolinite, 
montmorillonite, and their poly and tetra butyl ammonium 
derivatives were used for removing Cd (II) from aqueous 
solution [11]. The removal of metal ions from aqueous 
solutions by adsorption has been reported by various 
studies: Pb(II), Zn(II), Cd(II), and Cu(II) onto natural 
clay [12]; radio nuclides (137Cs) on kaolinite [13]; Pb(II), 
Cu(II), Fe(III), Mn(II), and Zn(II) onto kaolinite clay 
[14]; Cd(II), Cu(II), Pb(II), and Zn(II) onto waste calcite 
sludge [15]; Zn(II), Cd(II), Pb(II), and Cu(II) onto natural 
Jordanian zeolite[16]; Pb(II), Cu(II), Cd(II), and Ni(II) 
onto  Iranian natural zeolite [17]; Pb(II) and Cd(II) onto 
clay mineral beidellite [18]; and Zinc(II) onto modified 
Brazilian gray clay [19].

This study was aimed at investigating the removal of 
copper ions from aqueous solution. The effects of pH, 
clay admixture amount, metal concentration, and contact 
time on copper removal by the liner material comprising  
natural clay admixed with quarry fines was studied.

Materials and Methods

Standard Solution

Stock standard solution of Cu(II) was prepared by 
dissolving the appropriate amount of CuSO4·5H2O in 

double-distilled water. This stock solution was then 
diluted to the required concentrations by varying pH using 
0.1N hydrochloric acid (HCl) and 0.1N sodium hydroxide 
(NaOH). All chemicals used were of analytical grade and 
supplied from Madras Scientific Company.

Adsorbent

The natural clay used for the study was collected from 
a natural deposit in Lalkudi-Trichy, Tamilnadu (India). 
The quarry fines were obtained from the SRC Projects 
quarry site in Salem. The samples were dried in an oven 
at approximately 105°C and used in their natural state with 
no chemical modifications. Clay (C) and quarry fines (QF) 
were blended to prepare composite liner. The proportion 
of quarry fines used in the mixture was 0%, 5%, 10%, 
15%, 20%, and 25% of the total weight of composite 
sample labelled as CQF1, CQF2, CQF3, CQF4, CQF5, 
and CQF6, respectively.

Instrumentation

The adsorption experiments were studied by batch 
technique using a Remi orbital shaker. An Elico model 
SL-243 atomic absorption spectrophometer was used for 
determining concentration of metal ions. The following 
conditions are used for testing of Cu: wave length  
324.7 nm, slit width 0.125 nm, lamp current 7.7 ma, 
and an air-acetylene burner. The flow rate of acetylene 
and air was adjusted as per manufacturer guidelines. 
A Remi R-4C model digital centrifuge was used to 
centrifuge the samples. X-ray diffraction was used to 
determine basic mineralogical composition of the natural 
clay. XRD patterns of clay were obtained on a Bruker 
AXS D8 Advance with CuKα radiation X-ray powder 
diffractometer. To identify the involvement of binding 
groups present on the adsorbent surface, Fourier transform 
infrared spectroscopy (FTIR) images were recorded on 
PerkinElmer FTIR Spectrum BXI using the KBr pellets 
method, and spectra were recorded in the range of  
400-4,000 cm-1.

Adsorption Procedure

The laboratory-scale adsorption experiment was 
carried out using 100 ml of Cu metal ion solution of 
desired concentration (20 mg/L). Six batch adsorption 
test in series were performed to determine the adsorption 
behavior of the clay and quarry fines for copper removal. 
In the first series, the clay was used without admixtures. 
In successive series, the same set of experiments was 
carried out for the clay with quarry fines mixed in 
different proportions as discussed earlier. For each of 
the individual adsorbents during the experiment the 
following variations and inferences were made: adsorbent 
treatment time, adsorbent dose, pH of the solution, and 
initial concentration. The effect of contact time on the 
adsorption capacity of the adsorbents with copper solution 
was investigated in the range of 3-120 min for an initial 
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concentration of 20 mg/L. For the given concentration of 
20 mg/L, the dose of adsorbents varied from 0.1 to 1 g and 
the effects of pH from 2 to 8 also were studied. 

The sample was withdrawn from the shaker at 
predetermined time intervals and filtered through the 
centrifuge apparatus, which runs at 3,000 rpm, for  
5 minutes. The concentration of copper left out in 
the solution was analyzed by atomic absorption 
spectrophotometry. Langmuir isotherm and Freundlich 
isotherm constants were found for clay liner composites.

The percent adsorption of metal ions was calculated 
as follows:

               (1)

The sorption capacity at time t, qe(mg/g) was obtained by 
Eq.(2):

                    (2)

… where Ci and Ce (mg/L) were the initial and equilibrium 
concentrations of Cu(II), V was the solution volume (L), 
and m the mass of adsorbent (g).

Results and Discussion

XRD Characterization

The X-ray powder diffraction (XRD) analysis was 
performed on bulk sample to identify the major clay and 
non-clay minerals present. The existence of minerals 
in natural clay was identified by comparing ‘d’ values 
(Selected Powder Diffraction Data for Minerals, 1974; 
Powder Diffraction File Search Manual Minerals, 
1974) [20]. Fig. 1 shows the X-ray diffraction pattern 
of the bulk sample. The main clay minerals present are 

kaolinite Al2Si2O5(OH)4 (card No. 5-0143) and illite 
KAl2Si3AlO10(OH)2 (card No. 2-0056) in lower proportion. 
The sample contains quartz SiO2 (card No. 81-0069) and 
calcite CaCO3 (card No. 3-0593) as secondary phases.

Fourier-transform Infrared Spectroscopy (FTIR)

Comparisons were made using the  FTIR spectra of 
CQF5 before and after Cu(II) adsorption to observe the 
surface functional groups occupied in the binding of Cu(II) 
ions as shown in Figs 2 a, b and Table 1.The triclinic layer 
structure of pure Kaolinite exposes four well-resolved 
(-OH) bands in the IR spectrum. Three of these bands were 
assigned to the stretching vibrations of surface hydroxyl 
groups (3694 cm-1) while the fourth (3620 cm-1) was 
attributed to the vibrations of inner hydroxyl groups [21, 
22]. The structural OH bending modes exist in the regions 
3,800-3,400 cm-1 and 1,300-400 cm-1, respectively [23]. 
The FTIR spectrum peaks at 3,694.56-3,435.73 cm-1 in all 
the spectra ranges was assigned to OH stretching of inner 
surface hydroxyl groups (3,694.56 cm-1), OH stretching 
of inner hydroxyl groups (3,620.31 cm-1), and OH 
stretching of water (3,435.73 cm-1). The spectra ranges 
1,651.06 cm-1 and 1,618.47 cm-1 indicates the OH 
deformation of water [24]. The Si-O stretching of 
spectra peaks 1,044.03 cm-1, 790.30 cm-1, 692.39 cm-1, 
540.53 cm-1, 476.32 cm-1, and 424.43 cm-1describes the in-
plane Si-O stretching, Si-O, Si-O perpendicular, Al-O-Si 
deformation, Si-O-Si deformation, and Si-O  deformation 
are respective as suggested [25]. The emerging Si-O-Si 
and Si-O bands also support the presence of quartz [26]. 
The presence of bands at 3,694.56 cm-1, 3,623.23 cm-1, 
3,435.73 cm-1, 2,359⋅78 cm-1, 1,651⋅06 cm-1, 1,044⋅03 cm-1, 
and 790⋅3 cm-1 designate the possibility of the presence of 
illite [27]. 

In CQF5 after Cu(II) adsorption the OH stretching 
of inner hydroxyl groups 3,620.30 cm-1 was shifted 
as 3,623.23 cm-1, indicating the interactions of CQF5 

Fig. 1. XRD diffractogram of the bulk sample clay.
Fig. 2. FTIR spectrum of CQF5 (a) before and (b) after copper 
adsorption.
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adsorbent with Cu(II) solutions. Further evidence of Cu(II) 
adsorption of CQF5 was shifted to the OH deformation 
of water and peaks from 1,651.06 cm-1 and 1,618.47 
cm-1 to 1,652.98 cm-1 and 1,608.32 cm-1, respectively, 
at the same time before Cu(II) adsorption of CQF5 both 
peaks are narrow and the after Cu(II) adsorption of CQF5 
peaks were narrow and broader [9]. The Si-O stretching  
of spectra peaks in Cu(II) adsorption of CQF5 was 
shifted in inplane Si-O stretching at 1,044.03 cm-1 to 
1,028.44 cm-1, and the Si-O stretching bonded band 
shifted by 15.58 cm-1, indicating the presence of Cu SO4 
with CQF5. Similarly, the Si-O and Si-O perpendicular 
bonded bands got shifted from 790.30 cm-1 to 788.80 
cm-1 and from 692.39 cm-1 to  693.23 cm-1 as very few 
peak variations, and the vibrations observed at 692.39 cm-

1and 693.23 cm-1shows the possibility of the presence of 
calcite [28]. Si-O stretching bands also were observed at  
643.45 cm-1, which was presented in Si-O quartz [29] 
after Cu(II) adsorption of CQF5. Considering Al-O-Si 
deformation and Si-O-Si deformation, the peaks shifted 
at 540.53 cm-1 and from 476.32 cm-1 to 535.89 cm-1 and 
466.70 cm-1 based on the interactions of Cu (II) adsorption 
with CQF5.

Effects of pH

It has been reported that the removal of heavy metals 
by adsorption was dependent on pH values [30]. pH is 
one of the most important monitoring parameters in the 
process of adsorption. Thus, the effect of pH on copper 
adsorption by clay admixed with quarry fines was 
studied by varying solution pH from 2-8 at the constant 

adsorbent dose of 1 g/100ml using an initial concentration 
of Cu(II) as 20 mg/L. Fig. 3 (a) shows the effect of pH 
on adsorption of Cu(II) onto clay and clay admixture 
with quarry fines. Adsorption capacity increased when 
initial pH of the solution was increased from 2 to 5.6 and 
adsorption performance decreased from 5.6 to 8. Clay 
and clay admixture with quarry fine adsorbents shows an 
increasing trend of the removal process of copper, if the 
acidity of environment decreases. The optimum pH was 
chosen as 5.6 because the precipitation of metal hydroxide 
was observed at pH greater than 5.6. Fig. 3 (a) confirms 
that the optimum pH for removal of copper from aqueous 
solution using clay and clay admixture with quarry fines 
is 5.6.The presence of high numbers of H+ ions generate 
a competition with copper ions for the clay surface 
sites, which were negatively charged. However, at high 
pH values, the concentration of H+ ions diminishes and 
copper was under a hydroxide form CuOH+ [3]. At low 
pH values adsorption was low where surfaces have a  
strong positive charge similar to that of the ions. Still, 
adsorption takes place at low pH values [31]. In highly 
alkaline environments heavy metal ions could be 
transformed to hydroxides that were hardly soluble 
and precipitate as well. At pH values higher than 6 the 
formation of copper hydroxyl compounds affects the 
sorption process [32].

Effect of Dose

Adsorbent dosage was an important parameter to 
determine the capacity of an adsorbent for a given initial 
adsorbate concentration [33]. In dose analysis, the clay 
with quarry fines mass fraction varied from 0.1 to 1g in 
order to determine the maximum removal of copper ions 
while the copper ion solution concentration (20 mg/L) 
and its volume (100 ml) were kept constant. The results 
are shown in Fig. 3 (b). In the removal of copper, it was 
observed that the adsorption efficiency increased as the 
clay amount increased. Increasing solid-to-liquid ratio for 
clay and clay with quarry fines admixture increases the 
number of active sites available for absorption [31, 33]. 
As seen in Fig. 3 (b), the optimum dose that can be used 
in copper removal is 0.8 g/100 mL and the Cu(II) removal 
percentage was found to be 36.01% at clay dosage CQF1 
of 0.1 g /L, while it reached up to 90.46% when the clay 
dosage CQF1 was 0.8 g/ L. The slower reduction in 
percent removal was found to exist when admixed quarry 
fines with clay, 39.8% at the CQF2 dosage of 0.1 g /L and 
it reached up to 86.6% when its dosage was 0.8 g/ L, a 
similar trend was observed up to the mix proportion CQF5. 
The removal percent 68.9% has shown serious decreasing 
changes when CQF6 adsorbent was compared to mix 
proportions. This trend suggests that the equivalency 
for clay CQF1 was ranging until CQF5. The increase in 
efficiency could be explained by the increase in negative 
charge and decrease in electrostatic potential near the 
solid surface that favors solid-solute interaction. A similar 
result has been reported when using clay admixed with 
microsilica for liner material [34].

Table 1. FTIR bands of CQF5 before and after Cu(II) adsorption 
with possible assignments.

Functional 
groups

CQF5
Before 
Cu(II) 
loaded

CQF5
After Cu(II) 

loaded

OH stretching of inner-
surface hydroxyl groups 3694.56 3692.12

OH stretching of inner 
hydroxyl groups 3620.31 3623.23

OH stretching of water 3435.73 3438.03

OH deformation of water 1651.06 1652.98

OH deformation of water 1618.47 1608.32

In-plane Si–O stretching 1044.03 1028.44

Si-O 790.30 788.80

Si-O perpendicular 692.39 693.23

Si-O quartz - 643.45

Al–O–Si deformation 540.53 535.89

Si–O–Si deformation 476.32 466.70

Si–O  deformation 424.43 -
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Effect of Metal Concentration

The initial metal ion concentration varied between 5 
and 30 mg/L in order to obtain optimum concentration. It 
would be seen from Fig. 3c that the percentage of metal ions 
adsorbed increases with increases in initial concentration. 
The increase in percentage of metal ions adsorbed was 
attributed to the increase in active sites on the adsorbents 
evident of the fact that more metal ions are adsorbed 
[31]. The removal percentage at metal concentration  
20 mg/L was 90.356% by CQF1 and 72.534% by CQF6. 
Moreover, the effect of admixing quarry fines with clay 
from CQF1 to CQF6 on the adsorption efficiency of 

various concentrations of copper is shown in Fig. 3c. 
Close assessment of the figure shows that the adsorption 
efficiency between CQF1 to CQF4 is almost constant 
whereas CQF5 and CQF6 move away to a great extent 
from CQF1. The saturation occurred on the surface where 
the adsorption takes place and no more metal ions could 
be adsorbed.

Effects of Time

Contact time was an important parameter because this 
factor determines the adsorption kinetics of an adsorbent 
at a given initial concentration of the adsorbent [31]. The 

Fig. 3. Adsorption characteristics of clay admixed with quarry fines.
a) Effect of pH on the removal of copper by clay admixed with quarry fines. Initial metal concentrations 20 mg/L, clay dosage  
1g/100 mL, contact time 120 min.
b) Effect of clay dosage on the removal of copper by clay admixed with quarry fines. Initial metal concentrations 20 mg/L,  
pH 5.6, contact time 120 min.
c) Effect of metal concentration on the removal of copper by clay admixed with quarry fines. Clay dosage 0.8 g/100 mL, pH 5.6,  
contact time 120 min.
d) Effect of contact time on the removal of copper by clay admixed with quarry fines. Initial metal concentration 20 mg/L,  
clay dosage 0.8g/100 mL, pH 5.6.
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study on contact time was carried out to ascertain how 
extended time would take for the adsorbent to adsorb 
metal ions at optimum pH [9]. The influence of mixing 
time from 3 to 120 min on Cu(II) adsorption and removal 
of various composite mixtures were examined using 
the optimized parameters from the previous section. 
The results of this investigation presented in Fig. 3d 
demonstrate that the chemical equilibrium attained rapidly. 
As contact time increased from 3 to 15 min, the amount of 
metal ions adsorbed was found to have increased and at  
15 min the amount of removal was found to be a maximum 

of 94.5%. However, after 15 min the amount of metal 
ions adsorbed remained approximately constant. The 
removal of copper was rapid, but it gradually decreased 
with time until it reached equilibrium. This rapid removal 
could be elucidated by a significant attraction of the solid 
support toward copper, as well as with a relatively high 
drive of this metal in an aqueous solution. The two-phase 
sorption mechanism with the first swift and quantitatively 
predominant and the second slower and quantitatively 
insignificant, has been extensively reported in literature 
[18, 35].

Data Fitting Analysis

Adsorption isotherms convey valuable information 
on optimizing the use of adsorbing agents. For instance, 
a detailed description on the affinity between sorbates and 
sorbents, as well as bond energy and adsorption capacity, 
would be inferred from the isotherm equilibrium models of 
adsorption processes. Freundlich and Langmuir isotherms 
were the two most commonly employed models for 
adsorption studies. Langmuir isotherm models the single 
coating layer on adsorption surface. This model supposes 
that the adsorption takes place at a specific adsorption 
surface [36]. Langmuir isotherm and its formulas were 
described below as:

qe= Vmk Ce / 1 + k Ce                     (3)

…where qe was the amount of adsorbed copper unit 
adsorbent (mg/g), Vm was the monolayer capacity, k was 
the equilibrium constant, and Ce was the equilibrium 
concentration of the solution (mg/L). The above equation 
can be written in the following linear form:

Ce/qe  = 1/(kVm) + Ce/Vm                        (4)
   

The linear plot between Ce and Ce/qe of Langmuir 
adsorption isotherms was used to calculate the adsoption 
isotherm constants for CQF1, CQF3, and CQF5  
(Fig. 4a). The values of adsorption constants are presented  
in Table 2. It was observed that the adsorption coefficient 
(K), maximum adsorption capacity (mg/g), and correlation 
coefficient for copper were found to be 0.0943 lmg-1 for 
CQF1, 0.1009 lmg-1forCQF3, and 0.1061 lmg-1for CQF5 
and maximum adsorption capacity 13.21 (mg/g) for CQF1, 
8.49 (mg/g) forCQF3, and 7.42 (mg/g) for CQF5, and it 

Fig. 4. Adsorption isotherms for copper interactions on clay 
admixed with quarry fines.     
a) Langmuir isotherm b) Freundlich isotherm

Table 2. Parameters obtained from Langmuir and Freundlich Isotherms for copper adsorption.

Clay with 
Quarry fine 
Admixture

Langmuir isotherm constants Freundlich isotherm constants

K(l/mg) Vm(mg/g) R2 RL
Kf

(l/mg)
n

(mg/g) R2

CQF1 0.0943 13.21 0.9395 0.3464 1.3864 1.4939 0.986

CQF3 0.1009 8.49 0.9167 0.3204 1.1189 1.7247 0.9744

CQF5 0.1061 7.42 0.9098 0.3579 1.1389 1.6895 0.9611
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is clearly showing that the adsorption capacity decreased 
with the increasing quarry fines content. The correlation 
coefficient was 0.9395, 0.9167, and 0.9098 for CQF1, 
CQF3, and CQF5, respectively.

The Freundlich isotherm does not have a limit boundary 
on the maximum capacity of adsorption. Freundlich 
isotherm was used for modelling the adsorption on 
heterogeneous surfaces. This isotherm could be explained 
by the following equation:

qe= KfCe 
1/n                                                  (5)

…where Kf was the Freundlich constant (mg/g) and 1/n 
was the adsorption intensity. The linear form of the above 
equation can be written as:

logqe = logKf +(1/n) logCe                              (6)

The Freundlich adsorption isotherm was a logarithmic 
plot between (Ce) and qe and it was used to caluate the 
adsoption isotherm constants for CQF1, CQF3, and CQF5 
(Fig. 4b). It was observed that the adsorption coefficient 
(Kf) for copper was found to be 1.3864 lmg-1 for CQF1, 
1.1189 lmg-1 for CQF3, and 1.1389 lmg-1 for CQF5. An 
adsorption intensity (n) was found to be 1.4939 mg/g for 
CQF1, 1.7247 mg/g for CQF3, and for CQF5 the ratio 
had an increased value of 1.6895 mg/g. The correlation  
co-efficient was 0.986, 0.9744, and 0.9611 for CQF1, 
CQF3, and CQF5, respectively.

Conclusions

The results of the present investigation show that 
clay admixed with quarry fines, as a liner material in 
landfill, has suitable adsorption capacity with regard to the 
removal of copper ions from its aqueous solutions. The 
adsorption process was a function of the adsorbent and 
adsorbate concentrations, pH, and time of agitation. The 
effective pH for copper removal was 5.6. Equilibrium was 
achieved practically in 15 min with removal of 94.5%. 
The equilibrium sorption data fits well for Langmuir 
and Freundlich models but gave a relatively better fit 
with the Freundlich model. The adsorption isotherms 
and maximum adsorption factors from batch experiment 
signify that natural clay admixed with quarry fines has 
high adsorption capacity on copper heavy metal. The 
clay replacement level shall be restricted to 20%, as 
percentage removal of copper decreases adversely beyond 
this replacement level. The clay admixed with quarry fines 
was an encouraging aspect from the performance point of 
copper removal. 
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