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Abstract 
 
Even though carbonate fraction of soils significantly influences soil contaminant retention, there are few reports in the literature on 
the influence of temperature on contaminant retention of carbonated soils. Therefore, this study was conducted to investigate the 
effect of temperature on buffering capacity in carbonated and decarbonated kaolinite and on changes in intensity of x-ray diffraction 
for major peak of kaolinite. To achieve this aim, samples of kaolinite containing 2.5% carbonate and also the decarbonated samples 
were assessed using various tests such as X-ray diffraction, titration analysis, buffering capacity, and pH in a temperature ranges of 
25 to 1000°C. Results showed that, in order to use buffering capacity of carbonate phase through its interaction with contaminants, 
temperature should be kept below 500°C. At temperatures above than 500°C, decomposition of calcium carbonate was found to be 
associated with a pH increase, which is responsible for an increase in the soil buffering capacity. At a temperature ranges from 800 
to 1000°C, major peak of kaolinite completely disappeared and its buffering capacity was close to that of the control sample.  
Results indicate that, by adding copper nitrate, intensity of major peak of kaolinite for all the samples containing carbonate was 
larger than that of the decarbonated samples. At high concentrations of copper nitrate, pH levels of the kaolinite and decarbonated 
kaolinite samples became almost equal attributing to neutralization role of carbonate in soil buffering capacity at presence of copper 
ions. 
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1. Introduction 
 

Existence of clay minerals dates back to 
ancient times in most parts of the world, and their use 
in engineering projects has had a long history (Zhou et 
al., 2016). In many civil engineering projects such as 
slope stability and selection of waste disposal sites, 
identifying types and percentages of clay minerals in 
soil is of great importance. In several important 
projects worldwide, in spite of assessment of 
engineering parameters of materials, lack of 

                                                           
 Author to whom all correspondence should be addressed: e-mail: vahidouhadi@yahoo.ca; phone: +98 912 1072042; Fax: +98 813 824 6132 

determining types of clay minerals present in such 
materials has led to failure of engineers in correctly 
predicting performance of materials (Moore and 
Reynolds, 1987). Quantitative mineral evaluation of 
clayey soils and their structure changes using X-ray 
diffractometry is an essential step needed to provide 
reliable soil recognition and behavior (Ouhadi and 
Goodarzi, 2003). Many of properties of clay minerals 
and other clay-size materials are related to water 
attached to edges and to (001) surfaces of clay 
minerals (Moore and Reynolds, 1987). Diffracted 
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intensity of any hkl reflection from any crystalline 
material can be related to its composition, soil matrix, 
instrumental characteristics (Alexander and Klug, 
1948; Norrish and Taylor, 1962) and geotechnical 
structure and microstructure of soil matrix (Mitchell 
and Soga, 2005; Pusch and Yong, 2006; Ouhadi et al., 
2014a). In waste disposal sites, it is desirable to 
construct liners from material, which does not easily 
change in different environmental conditions 
(Ringwood, 1985). 

For clayey soil remediation, various researches 
have applied heat treatment at temperatures between 
800 to 1000°C to decontaminate soils from radioactive 
and toxic substances (Yilmaz et al., 2004). Thermal 
treatment alters physical and mechanical properties of 
clays. When clayey soils are stabilized with heat 
treatment, they can have important permanent 
properties (Tan et al., 2004). Heat treatment of clayey 
soils at temperatures up to 700°C causes physical and 
chemical changes in microstructure of soils (Abu-
Zreig et al., 2001). For instance, experimental results 
revealed that heating and contaminating clays at 
600°C decreased size fraction of soil particles, liquid 
limit and plastic limit; however, it increased silt size 
fraction and caused an increase in the compressive 
strength of soil (Yilmaz et al., 2004). Besides, the 
effects of thermal treatment on behavior of clays are 
important at places where clay is exposed to elevated 
temperatures over a long period of time (Yilmaz, 
2011). Therefore, soil stabilization by means of 
heating has been widely applied to a large variety of 
engineering projects conducted to improve properties 
of problematic clayey soil. For instance, kaolinite has 
been shown to become non-plastic when treated under 
a temperature of 400°C (Yilmaz, 2011). It is known 
that kaolinite transforms into metakaolinite at about 
500°C due to loss of structural water (Mitra and 
Bhattacherjee, 1969). Metakaolinite is an amorphous 
alumino-silicate (Siddique and Klaus, 2009). As 
heating proceeds, a spinel-type phase crystalizes 
within metakaolinite, beginning at around 900°C 
(Onike et al., 1986). Mullite also begins to form at this 
stage, and development of these phases continues to 
1000°C (McConville and Lee, 2005).  

Generally, thermal treatment strongly 
influences behavior of clays by influencing free and 
adsorbed water. Thermal strain occurs in clay 
structures mainly due to expansion of free water and 
changes in adsorption forces. Magnitude of thermal 
changes in clay body largely depends on mechanical 
and mineralogical makeup of clay mass, besides 
temperature of exposure and its duration, fabric of clay 
mass, and inter-particle separations (Bhatnagar and 
Goel, 2002). Therefore, understanding the effect of 
temperature on changes in properties and behavior of 
clay minerals is of great importance. 

On the other hand, most countries intend to 
dispose their wastes by converting them into a 
solidified form and burying them underneath the earth. 
Fine-grained clay material is considered a suitable 
liner in disposal of waste, because it significantly 
restricts movement of aqueous fluids, and thus 

contributing in retaining toxic elements over 
significant periods of time (Warr and Berger, 2007; 
Yao et al., 2012). In this regard, enormous quantity 
and complexity of metal-contaminated soils constitute 
an important challenge for clay soil remediation 
(Adriano, 2001; Yu et al., 2017). Thus, efficiency of 
remediation methods is dependent on recognition of 
mineral types. During identification of clay minerals 
in soils and sediments, identification of kaolinite in 
presence of chlorite has been one of the most frequent 
problems, and there is a need for a reliable procedure 
in order to distinguish between these minerals (Vivaldi 
and Gallgo, 1961). Among different methods, a 
combination of thermal and X-ray methods has been 
generally accepted as a method for distinguishing 
kaolinite and chlorite (Kodama and Oinuma, 1963). 

Regarding remediation of contaminant soils, 
thermal treatment of soils contaminated with organic 
and heavy metal contaminants is a common and 
proven technology for remediation of contaminated 
soils (Lighty et al., 1990; Yong, 2001). As a matter of 
fact, while several parameters have been found to be 
important and influence desorption of contaminants 
from soil, heat treatment is the most effective method 
(Lighty et al., 1990). Because of this, some researchers 
have devoted their research to study remediation of 
contaminated soils through heating (Abu-Zreig et al., 
2001; Tan et al., 2004). Previous research suggested 
that, sufficient durations and temperatures of 
treatment can provide energy required for 
remediation. Therefore, soil temperature, treatment 
time, and heating rate have been recognized to 
influence decontamination processes (Piña et al., 
2002; Yao et al., 2012). However, there has been lack 
of attention in the literature on the influence of 
temperature on buffering capacity variations in soils.  

Among clay minerals, kaolinite is a common 
mineral generally considered to be in a size range of 2 
to 4 micron. Depending on pH, kaolinite particles have 
either positive or negative charges on their edge 
surfaces (Cruz et al., 2015). In spite of low adsorption 
of kaolinite, due to stability of its structure in 
interaction process with heavy metal contaminants, 
the use of kaolinite in multilayer systems has been 
recommended (Abu-Zreig et al., 2001). Numerous 
researches showed that, other clay minerals like 
kaolinite can be used as a less sensitive component for 
landfill layers with low permeability (Koch 2002). In 
such a case, bentonite-enriched layers and kaolinite-
enriched layers are built up to multi-mineral barriers 
with appropriate adsorption behavior, low 
permeability, and low sensitivity against contaminant 
attack (Koch, 2002). This has spurred up the need for 
more investigation on the process of heavy metal 
interaction with kaolinite.  

Generally, several studies have been conducted 
to investigate the effect of temperature on engineering 
behavior of contaminated soils. Moreover, behavior of 
these soils has always been studied with respect to 
remediation. Hence, to determine capability of 
thermal method in remediation of contaminated soil 
and also to identify clay minerals in soils and 
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sediments, it is necessary to identify mineral types and 
their percentage and buffering capacity variations. 
Accordingly, this study was carried out to evaluate 
changes in buffering capacity of kaolinite at 
temperatures between 25 and 1000°C, and to evaluate 
the effect of temperature on alterations in intensities of 
peaks heights of kaolinite and decarbonated kaolinite 
in X-ray diffraction. 
 
2. Material and methods 
 
2.1. Physical and chemical characteristics of 
materials 

 
The clay sample used in this research was 

obtained from northwestern Iran, in which its 
dominant fraction is kaolinite mineral (Table 1). 
Physical characteristics of the kaolinite under study 
were determined according to the ASTM standard 
(ASTM, 2017). Also, chemical analysis was 
performed according to laboratory manual of the 
Geotechnical Research Center of McGill University 
and EPA (USEPA, 2008). Some properties of the soil 
under study are presented in Table 1. 

 
Table 1. Some of physical and geo-environmental 

properties of kaolinite 
 
Physical properties Kaolinite 

Liquid Limit (LL), % 35 
Plasticity Index (PI), % 20 

Soil Classification CL 
pH (1:10, Soil:Water) 9.3 
Carbonate percentage 2.5 

Cation Exchange Capacity 
(Cmol/Kg-Soil), (CEC) 

9 

Specific Surface Area (SSA), 
(m2/g) 

28 

Basal Spacing of Kaolinite 
mineral, A 

7.13 

Percentages of minerals present in 
soil, based on XRD analysis 

Kaolinite 91%, 
Quartz 3%, Calcite 
2.5%, Chlorite  
2%, Illite 1.5% 

 
2.2. Sample preparation and experimental methods 

 
To determine carbonate percentage of the soil, 

titration method (Eltantawy and Arnold, 1973) was 
used. In addition, kaolinite sample was decarbonated 
using Hesse's decarbonation method (Hesse, 1971). 
To achieve the objectives stated in this study, in 
preparing the samples, kaolinite and decarbonated 
kaolinite samples were first heated at 50, 100, 200, 
300, 500, 550, 600, 650, 700, 800, and 1000 °C for 30 
minutes.  

Samples contaminated with heavy metals were 
obtained by adding copper nitrate at concentrations of 
4, 10, and 20 cmol/kg-soil to samples of kaolinite and 
decarbonated kaolinite. Copper nitrate was used in the 
study with the following chemical formula (Cu(NO3)2 
6H2O), and was provided from Merck company 
(Germany).  

pH of the samples was measured in soil-water 
suspensions at ratio of 1:10 using HANNA-Hi 9321 
pH meters. Buffering capacity of the soil was 
measured by performing titration experiment and by 
adding different concentrations of nitric acid (HNO3) 
to the samples (ASTM, 2017; EPA, 1983; Hendershot 
and Duquette, 1986). Acid solutions with different 
concentrations were added to the soil at a ratio of 1:10 
(soil-acid solution). Then, acquired suspension was 
shaken using an electric shaker. To obtain 
homogeneous samples and to have the required cation 
exchange, they were kept for 96 hours. Finally, pH 
values were measured using a pH meter device. 
Prepared X-ray samples were provided and analyzed 
using the method proposed in previous studies (Moore 
and Reynolds, 1987; Ouhadi and Yong, 2003). To 
prepare X-Ray Diffraction samples (XRD), 0.5 g of 
dry soil was weighed with a precision of 0.0001 
grams, and was taken from all the samples, and then 
was placed in a 15-mL centrifuge tube. After adding 
10 mL of distilled water to the soil, suspension was 
shaken by an electric shaker for 3 hours. After keeping 
the samples for 24 hours to ensure that equilibrium 
conditions are achieved, suspension was shaken with 
an electric shaker for another 3 hours, and the samples 
were kept for additional 120 hours to become 
homogeneous. Finally, 7 drops of suspension were 
placed on a glass slide using an automatic pipette, and 
after drying, the samples were analyzed by a D8-
Advance Diffractometer. X-ray diffraction was 
analyzed in a range of  6042 using CuKa radiation. 

As mentioned previously, in order to obtain the 
decarbonated sample, Hesse's decarbonation method 
was used based on pH adjustment of soil-water-acid 
suspension. Two experiments, titration and X-ray 
diffraction (XRD), were performed, respectively on 
the decarbonated kaolinite samples to determine 
amount of carbonate in soil and to check initial 
structure of soil (from geotechnical aspect) maintained 
after carbonate removal. As shown in Fig. 1, since 
differences between intensities of major peaks of 
kaolinite in XRD diffractometry of carbonated and 
decarbonated kaolinite are less than 1%, it can be 
concluded that structure of the soil sample remains 
similar. Generally, variation in the position and 
intensities of major peaks of kaolinite is due to at least 
one of the following four mechanisms: cation 
exchange, clay mineral disintegration, formation of 
new minerals, or change in soil structure (soil matrix) 
(Ouhadi and Amiri, 2014). Lack of change in the peak 
position and intensities of X-ray diffraction of clay 
fraction in the decarbonated kaolinite samples 
compared to results of X-ray diffraction on kaolinite 
implies that none of above mechanisms occurred in 
decarbonation process. In other words, decarbonation 
process occurred without any change in the 
mineralogical characteristics and geotechnical 
properties of kaolinite. Besides, pH of the sample was 
measured as 8.3 after decarbonation. Considering a 1-
unit decrease in the pH of sample relative to initial pH 
of sample and also based on results obtained from X-
ray diffraction and stability of intensity and position 



 
Ouhadi et al./Environmental Engineering and Management Journal 19 (2020), 6, 1067-1077 

 

 1070

of kaolinite peak (Fig. 1), it can be concluded that 
structure of clay part was retained without any change 
as well. Remaining of pH in alkaline range indicates 
no changes in soil matrix (Norrish and Taylor, 1962). 
In other words, very small change was observed in pH 
of soil sample after decarbonation process. Besides, 
according to results presented in Fig. 1, peak of 
carbonate was omitted in the decarbonated sample, 
indicating consistency of results obtained from 
chemical decarbonation with the results of X-ray 
diffraction experiment. 

Generally, thermal transformation has been 
reported to be a function of clay mineral type and 
thermal processing conditions (McConville and Lee, 
2005). On the other hand, in this paper, the clay 
mineral type and thermal processing conditions were 
similar for all samples. Therefore, in this paper, extent 
of clay mineral transformation was not discussed. 

 
3. Results and discussion 
 
3.1. Effect of temperature on intensities of peaks of 
kaolinite and decarbonated kaolinite 
 

To evaluate the effect of temperature on 
transformation and distortion of carbonate in soil, 
percentages of carbonate in heat-treated kaolinite 
samples were measured using titration experiment. 
Fig. 2 illustrates changes in the amount of carbonate 
in soil with respect to heat variations from 25 to 
1000°C. Results revealed that, there were no changes 
in the amount of carbonate for the samples heated 
under temperatures from 25 to 500°C; consequently, 
percentage of carbonate was retained at 2.5% for all 
tested samples. For the samples heated under 
temperatures from 550 to 600°C, carbonate percentage 
decreased to 2% and, then from 650 to 1000°C, as 
calcium carbonate started to decompose (Cultrone et 
al., 2004; Ouhadi et al., 2011), carbonate percentage 
of the samples reached zero. As carbonate percentage 
of soil remained unchanged up to 500°C, it can be 
inferred that in order to use buffering capacity of 
carbonate  phase  in soil through  its  interaction  with  

 

different contaminants to form insoluble components, 
temperature should be kept below 500°C. 

Furthermore, in order to interpret observed 
behavior from a microstructural perspective, X-ray 
diffraction of the kaolinite and decarbonated kaolinite 
samples was obtained and analyzed at different 
temperatures, and results are presented in Fig. 3. As 
shown in Fig. 3, three areas were distinguishable on 
this graph. Analysis of results in each area was 
performed with respect to two aspects: 1) the effect of 
temperature on changes in intensity of major peak of 
kaolinite considering loss of adsorbed water and de-
hydroxylation, and 2) the effect of temperature on 
changes in intensity (peak height) of major peak of 
kaolinite both in presence or absence of carbonate in 
soil. As illustrated in Fig. 3, in area 1, corresponding 
to temperatures from 25 to 300°C, with loss of pore 
water and free water, intensity of major peak of 
kaolinite shows a very minor reduction. 

Previous studies showed that, if the soil is in 
alkaline conditions, it will retain its alkalinity if heated 
to temperatures from 25 to 300°C (Hejazifar, 2016; 
Ouhadi et al., 2010). Accordingly, changes in 
temperature do not cause microstructure to change 
considerably with regard to pH. In addition, decreases 
in the intensities of major peaks of the kaolinite and 
decarbonated kaolinite samples at 300°C relative to 
25°C were equal to 4% and 16%, respectively. Due to 
relative stability in intensities of peaks, it can be 
suggested that resultant interaction forces are 
repulsive, and from geotechnical point of view, the 
samples have dispersed structures.  

Therefore, because of lack of change in the soil 
structure and also negligible change in the macro-
pores of the soil, behavior of the soil is a function of 
distribution and amount of initial micro-pores in the 
soil. In other words, manner of distribution and 
changes of micro-pores controls behavior of the soil 
(Yong et al., 2009). This is in agreement with very low 
exchangeable cations on kaolinite particles, in which 
removal of pore water and adsorbed water does not 
cause any significant change in its initial geotechnical 
structure. 

 

 
 

Fig. 1. Comparison between X-ray diffraction (XRD) of kaolinite  and decarbonated kaolinite 
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Fig. 2. Changes in carbonate percentages of the heated kaolinite samples 
 

At temperatures above 500°C and at a 
temperature range from 500 to 1000°C, de-
hydroxylation of clay minerals occurs. In these 
conditions, with removal of hydroxyl ion from crystal 
structure of kaolinite, concentration of hydrogen ion 
increases and pH of the soil decreases (Mitchell and 
Soga, 2005). As indicated in Fig. 3, in area 2 (at a 
temperature range of 500 to 550°C), with 
commencement of de-hydroxylation, a decrease 
occurred in the intensities of peaks at a greater rate, so 
a 31 and 76% decrease was observed in the intensities 
of peaks for kaolinite sample at temperatures from 500 
and 550°C, respectively. Decreasing trend in intensity 
of peak caused by the increase in the heat in this range 
of temperature can be attributed to kaolinite de-
hydroxylation and transformation to metakaolinite 
(McConville and Lee, 2005).  

The results presented in Fig. 3 showed that 41 
and 78% decrease in the intensity of major peak of the  

 

decarbonated kaolinite sample, respectively at 
temperatures from 500 to 550°C. As a matter of fact, 
in the two types of soils mentioned above (carbonated 
and decarbonated kaolinite), intensities of the major 
peaks of kaolinite had a 2-fold decrease at 550°C 
relative to a temperature of 500°C. In other words, 
since an increase in the temperature results in de-
hydroxylation process, it causes an increase in the 
concentration of hydrogen ions around clay particles. 
Therefore, as a result of pH drop, repulsive forces also 
decrease. Consequently, it is expected that, formation 
of micro-pores is dominant on behavior of the soil 
(Yong et al., 2009).Furthermore, as can be seen in Fig. 
3, in the second area, a noticeable change is observed 
in peak intensity of major basal spacing peak of 
kaolinite in the kaolinite and decarbonated kaolinite 
samples. Since, the temperature of initiation of de-
hydroxylation is about 500°C (Mitchell and Soga, 
2005; McConville and Lee, 2005). 

 

 
Fig. 3. Changes in the intensity of the major basal spacing peak of the kaolinite 

and the decarbonated kaolinite at different temperatures 
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It seems that, noticeable change in kaolinite 

peak intensity in this area relative to areas 1 and 3 is 
indicative of high change in soil structure due to 
commencement of de-hydroxylation, alterations of de-
hydroxylation percentages in this temperature range, 
and destruction of basic structures of kaolinite 
particles. Moreover, as shown in Fig. 3, at 
temperatures above than 500 °C and with 
decomposition of calcium carbonate in kaolinite soil 
intensities of peaks of the kaolinite and decarbonated 
kaolinite samples converge towards a similar value. It 
can be concluded that, at this range of temperature, 
soil microstructure of kaolinite and decarbonated 
kaolinite samples inclines toward each other. 

On the other hand, results presented in Fig. 3 
indicated that, in area 3 involving a temperature range 
of 600 to 1000°C, intensities of peaks of carbonated 
and decarbonated kaolinite samples decreased by 
about 90% from intensities at a temperature of 25 °C. 
In other words, destruction of basic structures of 
kaolinite particles started, and at temperatures above 
than 600°C, formation of macro-pores commenced at 
a greater rate (Yong et al., 2009). In addition, at 
temperatures above than 600°C and with 
decomposition of calcium carbonate, the effect of 
presence of carbonate on changes in the intensity of 
major basal spacing peak of kaolinite disappeared, and 
intensities of peaks converged. With the increase in 
the temperature and with decomposition of calcium 
carbonate in soil and release of CO3 and CaO at 
temperatures above than 600°C, two mechanisms 
occur: 1) reaction of CO2with water (H2O) and 
formation of weak acid H2CO3, and 2) reaction of CaO 
with water(H2O) and formation of calcium hydroxide 
Ca(OH)2. Whereas the first reaction causes a decrease 
in the pH of the soil's environment, and occurrence of 
the second reaction, due to hydration of lime increases 
pH of the soil's environment. Therefore, there is a need 
to investigate pH variation in soil and its effect on soil 
buffering capacity. 
 

3.2. Effect of temperature on pH values and buffering 
capacity of kaolinite and decarbonated kaolinite 

 
Due to importance of buffering capacity of clay 

materials in industrial waste disposal sites, buffering 
capacities of kaolinite and decarbonated kaolinite 
samples were studied before and after heating (25 to 
1000 °C), and results are presented in Figs. 4-5. 

Considering results presented in Fig. 4, and 
regarding decarbonated samples, it can be concluded 
that when no acid was added to the samples, an 
increase in the temperature, with release of hydroxyl 
ions(OH-) in form of water, called de-hydroxylation 
caused an increase in the concentration of H+ ions. The 
increase in the acidity due to formation of this weak 
acid caused a decrease in the pH of the samples, so this 
decrease in the pH intensified with the increase in the 
temperature from 550 °C and with de-hydroxylation 
of the soil. On the other hand, due to absence of 
carbonate in soil and thermal treatment of the samples, 
there was low buffering up to 20 cmol/kg-soil of 
concentration for HNO3. With increase in the 
concentration of added acid from 60 to 100 cmol/kg-
soil, graphs of pH values converged. In fact, it can be 
suggested that when the soil does not contain 
carbonate, temperature has no significant effect on 
buffering capacity. Moreover, despite relative 
difference in initial pH of samples, with an increase in 
the temperature and de-hydroxylation of the samples, 
buffering capacities of the decarbonated samples 
converged, especially at temperatures above than de-
hydroxylation.  

Behavioral similarity of curves for 
decarbonated kaolinite and distilled water containing 
HNO3 acid (Blank) showed dominance of carbonate 
controller on buffering capacity of kaolinite soil. 
Furthermore, behavioral convergence of above 
samples is indicative of appropriateness of Hesse's 
decarbonation method for removal of carbonate from 
kaolinite sample. 

 

 
Fig. 4. Buffering capacity of decarbonated kaolinite samples heated at different temperatures 
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Fig. 5. Buffering capacity of Kaolinite samples heated at different temperatures 
 

Previous studies have also stated existence of 
carbonate phase as one of the most important phases 
of contaminant retention in soils (Ouhadi et al., 
2014a). As depicted in Fig. 5, when no acid was added 
to kaolinite samples, the increase in the temperature to 
600°C, through formation of weak acid caused a 
decrease in the pH from 9.3 to 7.8. With the increase 
in the temperature to more than 600°C, decomposition 
of calcium carbonate caused formation of quicklime. 
Quicklime is prone to slake when exposed to moisture 
in soil's environment, and this increases pH value up 
to 10.5. In general, carbonates contribute in preventing 
transmission of contaminant in soils through three 
mechanisms: 1) through neutralization of soil acidity, 
2) through an increase in the pH level of pore fluid of 
soil, and 3) through reaction with different 
contaminants to form insoluble components (Ouhadi 
et al., 2014b). 

At temperatures above 650°C and with 
decomposition of some parts of calcium carbonate of 
the soil, the influence of calcium carbonate decreases 
in neutralization of acidity of environment. Results 
presented in Fig. 5 showed that, at concentration of 20 
cmol/kg-soil of HNO3 acid, pH graphs of the samples 
heated at temperatures below 1000°C and the sample 
heated at 1000°C and the control sample (acid and 
distilled water) were highly different (about 3 units), 
attributing to performance of carbonate present in the 
soil through the three explained mechanisms. 
However, with the increase in the concentration of 
acid and ineffectiveness of the first mechanism, 
buffering capacity of the samples decreased. At 
concentration of 100 cmol/kg-soil of acid, pH values 
became equal to that of the control sample. For 
kaolinite sample heated at 1000°C, due to formation 
of new structures and phase transitions, buffering 
capacity was almost non-existent and equal to that of 
the control sample. Comparing Fig. 4 and Fig. 5, it can 
be inferred that, for the decarbonated samples, with 
removal of carbonate from the soil, pH graphs of the 

samples at acid concentrations of 60, 80 and 100 
cmol/kg-soil matched each other, and pH values of the 
samples were almost equal to pH of the control 
sample. However, in case of the carbonated samples, 
because of role of carbonate in increasing buffering 
capacity of the soil and preventing the decrease in the 
soil's pH, up to acid concentrations of 60 and 80 
cmol/kg-soil, the soil still exhibited some buffering 
capacity, and its pH was higher than pH of the control 
solution (acid and distilled water). 

To investigate the effect of temperature on pH 
changes of the kaolinite and decarbonated kaolinite 
samples, pH levels of these samples were measured at 
temperature ranges of 25 to 1000°C, and results are 
shown in Fig. 6. Results showed that, concerning the 
carbonated kaolinite samples, with commencement of 
thermal treatment up to 500°C and with loss of 
adsorbed water of the soil and de-hydroxylation, 
concentration of H+ion increased, and as a result, pH 
levels decreased to about 8%. At temperatures of 550 
to 600°C and with de-hydroxylation of kaolinite 
mineral, trend of pH reduction also decreased. With 
continuous increase in the temperature and at 
temperatures of 650 to 800°C and with 
commencement of decomposition of calcium 
carbonate, soil's pH increased by 31% relative to 
600°C. Based on Eq. (1), decomposition of calcium 
carbonate, beginning from about 650°C caused release 
of quicklime. Consequently, when samples were 
exposed to water and also reacted with water, Ca(OH)2 
and finally OH ion were released (Cultrone et al., 
2004). This stage is in fact the second mechanism of 
decomposition of calcium carbonate, which is 
associated with a pH increase in soil's environment. 
This pH increase was not observed for decarbonated 
kaolinite. Therefore, in the decarbonated kaolinite 
sample, pH continuously decreased with an increase 
in the temperature. 

 

223 )(OHCaOHCaOCaCO
T

  (1) 
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In addition, to confirm results obtained from 
experiments on the kaolinite samples containing 
carbonate, after heat treatments, x-ray diffraction 
experiment was performed on above samples and 
alterations in intensity of peak of carbonate in the 
samples were measured. Results obtained from XRD 
in a spacing of 3.04 (belonging to carbonate mineral) 
for heat-treated samples are presented in Fig. 7. As 
illustrated in Fig. 7, with thermal treatment of the 
kaolinite samples up to 600°C, intensity of peak of 
calcium carbonate was almost invariable.  

However, with the increase in the temperature 
from 650°C to 1000 °C and commencement of 
decomposition of soil calcium carbonate, intensity of 
peak of calcium carbonate decreased. Results 
presented in Fig. 7 show a significant correspondence 
with results presented in Fig. 6. 

 
3.3. Effect of addition of heavy metal contaminant on 
aggregation and flocculation of kaolinite and 
decarbonated kaolinite 

 
Process of soil-contaminant interaction, 

through influence on forces between clay particles 
causes a change in the microstructure of  clayey  soils  

 

from geotechnical point of view. To evaluate the effect 
of heavy metal contaminant on microstructure of the 
kaolinite and decarbonated kaolinite samples, X-ray 
diffractions were obtained from some samples. In this 
part of this experimental study, copper nitrate was 
used as a heavy metal contaminant.  
 Results of X-ray diffraction experiment for 
the kaolinite and decarbonated kaolinite samples at 
concentrations of 4, 10, and 20 cmol/kg-soil of copper 
nitrate are shown in Fig. 8. By adding 4 cmol/kg-soil 
of copper nitrate as heavy metal contaminant, intensity 
of peak of X-ray diffraction decreased by 564 Cps 
(10.6 percent) for the kaolinite sample. In addition, by 
increasing concentration of contaminant up to 10 
cmol/kg-soil, intensity of peak decreased by 1395 Cps 
(26%). 

At concentration of 20 cmol/kg-soil, and by 
more increasing concentration, formation of 
flocculated structure increased, and due to formation 
of flocculated structure in the soil, and a reduction in 
the reflection of rays striking the soil, intensity of 
major peak of kaolinite mineral reached a value of 
2564 Cps, showing a decrease of about 50% from 
intensity of major peak of kaolinite mineral before 
interaction with heavy metal contaminant. 

 

 
 

Fig. 6. pH changes for kaolinite and decarbonated kaolinite at different temperature 
 

 
 

Fig. 7. Alterations in intensity of major basal spacing peak of calcium carbonate 
in heat-treated kaolinite samples 
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In fact, an increase in the concentration of 

heavy metal contaminant caused aggregation of clay 
particles, and creation of a number of large pores in 
the soil. In other words, due to the cation exchange 
caused by replacement of copper ions with alkaline 
cations of adsorbed ions, repulsion force among 
particles decreased, implying that with an increase in 
the concentration of copper ion in electrolyte, a 
considerable amount of negative charges of clay are 
neutralized by these cations, leading to the reduction 
of the repulsive forces of clay particles, closeness of 
clay particles and creation of aggregated structure. 
Results indicated that, when no contaminant was yet 
added to the soil, difference between intensities of 
peaks of the kaolinite and decarbonated kaolinite 
samples was equal to 1.8%, which is very low. By 
adding heavy metal contaminant to the samples, in the 
samples containing carbonate, the interaction of heavy 
metal ion with carbonate resulted in decomposition of 
a part of carbonate (Yong et al., 1993). Therefore, due 
to initial interaction of heavy metal contaminant with 
carbonate fraction of sample, there was a decrease in 
the possibility of interaction between heavy metal 
contaminant and clay particle. Thus, in presence of 
copper ions, intensity of major peak of kaolinite was 
more for all the samples containing carbonate than that 
of the decarbonated samples.  

Difference between intensities of peaks was 
equal to 17% at concentration of 4 cmol/kg-soil of 
HMs. By increasing contaminant concentration and 
due to the increase in the role of carbonate in the 
interaction with copper ions and prevention of 
interaction between metal ion and clay particle, 
difference between intensities of peaks increased for 
the carbonated and decarbonated samples (about 30% 
difference at concentration of 10 cmol/kg-soil). On the 
other hand, by further increasing contaminant 
concentration up to 20 cmol/kg-soil, due to 
consumption of carbonate in the interaction with 
added copper nitrate, intensities of peaks of the 
carbonated and decarbonated kaolinite samples 
became closer to each other and their difference 
decreased to about 27%.  

In addition, results obtained from pH 
experiment on these samples showed that, by adding 
contaminant to the samples, a decrease was  
found in the pH levels. Presence of heavy metal 
contaminant reduces system pH for two reasons: 1) 
when metal contaminant dissolves in water, because 
of production of hydrated ion and hydrolysis of metal, 
and acidification of solution, pH of water-soil system 
decreases. 2) Adsorption of metal ions to clay surfaces 
causes release of H+ ion and reduction of pH. Results 
obtained from measurement of pH showed that, 
whereas pH of pure kaolinite sample was about 9.3, 
presence of 4 cmol/kg-soil of heavy metal 
contaminant caused a decrease in the pH of the sample 
to 8.2.  
 Results presented in Fig. 8 showed that, not 
all the phases of soil retention have yet been filled and 
the soil has a dispersed structure. However, by 
increasing contaminant concentration to 20 cmol/kg-
soil, pH of reaction environment reached 5, indicating 
possibility of formation of flocculated structure and 
domination of macro-pores. At a concentration 20 
cmol/kg-soil of heavy metal copper, pH levels of the 
kaolinite and decarbonated kaolinite samples became 
almost equal, indicating lack of function of carbonate 
as a major controller in soil buffering capacity against 
pH alterations in the carbonated kaolinite sample. 

 

4. Conclusions 
 

 Behavioral similarity of curves for 
decarbonated kaolinite and distilled water containing 
HNO3 acid (Blank) showed dominance of carbonate 
controller on buffering capacity of kaolinite soil. 

 In the decarbonated kaolinite sample, 
temperature was found to have no significant effect on 
buffering capacity. Moreover, despite relative 
difference in initial pH of heat-treated samples, with 
an increase in the temperature and de-hydroxylation of 
the samples, buffering capacities of the decarbonated 
samples heated at different temperatures converged, 
especially at temperatures above than de-
hydroxylation.  

 

 

Fig. 8. Alterations in intensities of major basal spacing peaks of kaolinite 
and decarbonated kaolinite containing contaminant copper 
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At temperatures of 800 to 1000 °C, peak of kaolinite 
completely disappeared and its buffering capacity also 
became very close to buffering capacity of the control 
sample. It can be concluded that buffering capacity of 
the carbonated kaolinite sample is noticeably pH-
dependent. 

 Results of this paper indicated that 
mechanism of calcium carbonate contribution to soil 
buffering capacity is different at temperatures below 
and above than 500°C. At temperatures below than 
500°C, carbonate contributes to soil buffering 
capacity through reaction with different contaminants 
to form insoluble components. Whereas, at 
temperatures above than 500°C, decomposition of 
calcium carbonate is associated with a pH increase in 
the soil's environment, resulting in an increase in the 
soil's buffering capacity.  

 Addition of copper nitrate (as a source of 
heavy metal contaminant) to clay soil resulted in 
hydration of metal ion and release of  H+ion, and as a 
result reduces pH level. It can be concluded that, at 
high concentrations of copper ion, soil structure 
became flocculated and intensity of major peak of 
kaolinite decreased. 

  Results of this paper indicated that by adding 
copper nitrate, intensity of major peak of kaolinite was 
more for all the samples containing carbonate than that 
of the decarbonated samples, attributing to more 
interaction of copper ions and kaolinite in the 
decarbonated kaolinite sample. It can be concluded 
that, in the carbonated kaolinite sample, due to initial 
interaction of heavy metal contaminant with carbonate 
fraction of sample, a decrease was found in the 
possibility of interaction between heavy metal 
contaminant and clay particle. 
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