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ABSTRACT 
 

Well water intended for human consumption in the Akouédo area (Ivory Coast) contained arsenic at 
a concentration average above 0.01 mg/L, WHO guideline value. The shale was used as an 
adsorbent for the removal of arsenic from these waters. This shale was collected in Lomo Nord in 
Ivory Coast, washed then dried at a temperature of 60°C and finally calcined in an oven at several 
temperatures: 200°C, 300°C, 400°C, 500°C, 600°C and 700°C. X-ray diffraction, Fourier transform 
infrared spectroscopy (FTIR) and thermal analysis (TGA-DSC) were used to characterize the 
fraction of uncalcined and calcined shale powder. Batch mode tests were performed with water 
containing arsenic in order to study the influence of contact time, initial concentration and pH on the 
adsorption of arsenic on calcined shale. The results showed that shale calcined at 300°C could 
remove 99.41% of arsenic in water. The treated water meets the World Health Organization (WHO) 
standard for drinking water. Regarding the kinetic data, 0.034 mg/g of arsenic was adsorbed on the 
calcined shale within 7 hours. At pH 8, the maximum reduction rate was estimated up to 96%. The 
pseudo-second order model is the most appropriate of all the models applied to describe the kinetic 
data. This study shows that slate shale calcined at 300°C could be used as a low cost adsorbent to 
remove arsenic from Akouédo well water for consumption. 
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1. INTRODUCTION 
  
Arsenic (As) is the 20

th
 most abundant element in 

the earth's crust and is found in all environmental 
matrices (soil, water, air and living matter) [1,2]. 
The arsenic contents in the water vary according 
to the lithology crossed, the climate and the 
anthropogenic contribution [3]. The consumption 
of water from aquifers contaminated with arsenic 
is a global public health problem [4,5]. Arsenic is 
classified by the World Health Organization 
(WHO) as a potent carcinogen. The WHO states 
that drinking water contain no more than 0.01 
mg/L [6]. Arsenic concentrations higher than the 
WHO recommendations for drinking water were 
noted by Mangoua-Allali et al. [7], in the Akouédo 
area in Ivory Coast. The presence of arsenic in 
these waters could endanger the health of 
populations. In the literature, various arsenic 
depollution techniques have been studied 
[8,9,10]. However, most of these techniques are 
expensive for developing countries and require 
skilled labor, hence the need to search for locally 
available materials to remove arsenic from 
drinking water. In recent years, local materials 
like laterite, shale, clay, illite, kaolinite and 
pozzolan have been used to remove arsenic 
from the water [11,12,13,14]. Speaking of local 
materials, natural shale has been used as an 
adsorbent to remove arsenic from water by 
Koua-koffi et al. [15]. Its results gave reductions 
in arsenic in water but not always below the 
WHO guideline values depending on the 
concentrations treated. It appears important to 
optimize the potential of shale by thermal 
treatment to assess the effect of the treatment 
and its impact on the elimination of arsenic. The 
main objective of this study is to determine the 
optimum temperature for calcination of the shale 
and the mineralogy of the shale which could play 
a role in adsorption. Then assess the possibility 
of using calcined shale powder to remove 
arsenic from drinking water. Finally, use kinetic 
models to fit the data. 
 

2. MATERIALS AND METHODS 
 

2.1. Material 
 

2.1.1 Shale 
 

In this research, shale used is local natural 
material collected at Lomo Nord, in Ivory Coast 
(Center). It was washed several times to remove 
earthy matter and finally rinsed with distilled 
water. Then, the samples were crushed and 

sieved to have a desired particles size (less than 
80 μm) using a Saulas NF.X 11.501 sieve. It has 
been calcined at different temperatures, such as 
200°C, 300°C, 400°C, 500°C, 600°C and 700°C 
for 2h, and used to conduct the adsorption of 
arsenic in a batch at room temperature (25°C). 
 
2.1.2 Adsorbate 
 
As (III) stock solution (1000 mg/L) was prepared 
by dissolving reagent grade As (III) oxide of 
99.5% purified into deionized water. The volume 
of the solution was made up to 1L in the bottle. 
The working solutions containing arsenic were 
prepared by dissolving appropriate amount of 
arsenic from stock solutions in well water. The 
pH of well water varied from 6.3 to 6.6 [15]. The 
experiments were performed at ambient 
temperatures up to 25˚C. 
 
2.2 Experimental Methods 
 
2.2.1 Mineralogical analyses 
 
Calcined and uncalcined shale have been 
characterised by Fourier Transform Infrared 
(FTIR) spectroscopy (Bruker Alpha-p) in the 
spectral range of 400 and 4000 cm

-1
, by X-ray 

diffraction (XRD) to identify the mineralogical 
phases, and by thermal analysis (TGA-DSC). 
 
2.2.2 Adsorption experiments 
 
Arsenic adsorption was undertaken in batch 
experiments. Solution prepared below was 
diluted to prepare the desired experimental 
concentrations. Arsenic sorption kinetics was 
evaluated at three initial concentrations (1; 5; 10 
mg/L). Before each kinetic experiment, a given 
amount of adsorbent was put in bottles (500 mL) 
[15]. Then 40 ml of initial arsenic solution was 
added. The samples were agitated with rotary 
shaker (Retsch, Berlin) at 200 rpm for 24 h. The 
pH was maintained at 7 and, if necessary, 
adjusted by using 0.1 M NaOH or 0.1 M HCl 
solution. The effect of pH on arsenic adsorption 
was examined in a series of experiments using 
the initial arsenic concentration of 5 mg/L at pH 
4, 5, 6, 7, 8, 9 or 10. The acidic or alkaline pH 
was controlled by adding the required amounts of 
dilute hydrochloric acid (HCl) or sodium 
hydroxide (NaOH) solutions. The pH of the 
sample was determined using a pH meter 
(Multiparameter pH meter Edge HI 2020-01). The 
solutions were stirred during 12 hours and then, 
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the concentration of arsenic in the solution was 
measured. After filtration through a 0.45 μm 
cellulosic acetate film, the arsenic concentration 
of the filtered solutions was analyzed with Optical 
Emission Spectrometer OPTIMA 2100 Dual View 
(ICP-OES 2100 DV). The arsenic adsorbed 
percentage was calculated using this relation (1). 
  

% As (III)adsorbed =
(C��C�)

C�

∗ 100   (1) 

 
The amount of arsenic adsorption at any time t, 
qt (mg/g), was calculated according to Equation 
(2): 
 

q� =
(C��C�)

m
∗ V   (2) 

 

where: C0 (mg/L) = Initial arsenic concentrations, 
Cf (mg/L) = Equilibrium arsenic concentrations, V 
(L) = Volume of the as solutions, m (g) = 
Adsorbent mass, qt (mg/g) = Adsorption capacity. 
 

First-order, pseudo-second-order and Weber’s 
intraparticle diffusion models are the kinetic 
models used here. 
 

The first-order rate equation is as follows 

equation (3): log (q� −  q�) = log q� −
��

�.���
∗ �   

 

The pseudo-second-order model equation is 

given as equation (4) : 
�

�� 
=

�

�� ��
� +

�

��
   

 

The Weber’s intraparticle diffusion model [16] 
can be expressed by the following 
equation: q(�) = K���.� + �   
 

3. RESULTS AND DISCUSSION 
 

3.1 Characterization of Shale 
 
The X-ray spectra of raw and heat-treated shale 
reveal six main minerals which are quartz, 
muscovite, chlorite, kaolinite, albite and dolomite 
(Fig. 1). First, well crystallized quartz with lines at 
4.25; 3.34; 2.45; 2.28; 2.24; 2.13; 1.82 and 1.67 
Å. Then comes the muscovite (line at 10.03, 
4.99, 4.46, 3.89, 2.88, 2.8 Å). Chlorite is 
presented by its characteristic peak at 14.28 Å. 
The presence of kaolinite is marked by its peaks 
at 7.18 Å; 3.55 Å and 2.46 Å; 2.53 Å and 1.98 Å. 
Albite is present at its peak at 3.18 Å and 
dolomite is detected at 2.98 Å. The diffractogram 
of shale calcined at 400°C shows decreases in 
intensity at certain peaks of kaolinite (7.18 and 
3.55 Å) and albite (3.18 Å). The identification of 
the minerals contained in the shale helps to 

understand and justify the reduction of arsenic in 
water. 
 

The characteristic spectra of raw and calcined 
shale (Fig. 2) crushed have absorption bands 
around 3696; 3652 cm

-1
 due to proton elongation 

vibrations that represent kaolinite. Kaolinite-
related OH deformation vibrations are also 
observed at 1019 and 913 cm

-1
 [17]. OH 

elongation vibration at 3596 cm-1 is attributed to 
chlorite. 778 band is identified as a band specific 
to quartz deformation vibrations. Finally, the Si-O 
deformation vibrations associated with albite can 
be identified in the 744 and 649 cm

-1
 bands. The 

identified albite, kaolinite and dolomite are said to 
be potentially favorable minerals for arsenic 
retention. Decreasing these minerals could 
reduce arsenic adsorption. On the spectrum of 
shale calcined at 400°C, there is a reduction in 
intensity of bands attributable to kaolinite and 
albite. FTIR analysis confirmed the presence of 
minerals already observed by XRD. Similar 
results were reported by other authors while 
studying phosphate sorption on shale [11,17]. 
 

ATG-DSC of shale has 3 large areas of distinct 
mass loss and endothermic peaks (Fig. 3). A loss 
of mass of the order of 1.04% marked by 
endothermic peaks occurs around 56°C. The 
second weight loss is 0.12% at 216°C. Finally, 
the third mass loss is 0.84% with an endothermic 
peak observed around 484°C. After calcination, 
the losses of mass and voids formed by the 
departure of water and the thermal 
decomposition of organic components would 
lead to an increase in porosity and a greater 
specific surface area so as to promote significant 
adsorption of arsenic. The characterization by 
DRX, IR and ATG-DSC of the shale reveals the 
presence of important minerals which allow the 
reduction of the arsenic of the water. 
 

3.2 Arsenic Adsorption Characteristics 
(Effect of Calcination Temperature, 
Optimal Contact Time, Initial 
Concentration and pH Effects) 

 

3.2.1 Effect of calcination temperature on the 
adsorption of arsenic 

 

Arsenic adsorption of using calcined shale at 
different temperatures ranging from 200°C up to 
700°C (Fig. 4), showed a high percentage of 
arsenic removal. The arsenic removed from 
calcined shale decreases after 300°C, hence the 
percentage of adsorption which goes from 
99.41% down to 64 % for initial arsenic 
concentration of 5 mg/L. The temperature of 
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300°C is the best calcination temperature. The 
efficiency of the material at this temperature 
would result from the various transformations 
produced during heating (appearance of defects 
in the structure of the material, voids due to the 
departure of water and the thermal 

decomposition of organic components). Similar 
calcination temperature of material for arsenic 
removal was reported by Weidner and 
Ciesielczyk [18]. This temperature of 300°C 
which gave best adsorption results was used for 
the other investigations. 

 

 
 

Fig. 1. X-ray diffraction patterns of Lomo-Nord black Calcined and uncalcined shale   
 

 
 

Fig. 2. FTIR spectrum of Lomo-nord black calcined and uncalcined shale 
 

 
 

Fig. 3. TGA- DSC spectrum of Lomo-nord black shale 



3.2.2 Optimal contact time and initial 
concentration effects and pH effects

 

The calcined shale curve has two (2) slopes (Fig. 
5). The first few moments (0 to 15 min) of the 
reaction correspond to a very fast stage with a 
removal rate of 54%. Retention capacity (q) goes 
from 0 to 0.018 mg/g of as after 15 minutes of 
stirring.  Adsorption capacity values reach a 
maximum value after 7 h with a qm 
of As. The adsorption capacity with the calcined 
shale (0.034 mg/g) is greater than that obtained 
by Koua- Koffi et al. [15] with the same material 
used in a crude manner (0.02 
difference would be due to the effect of the heat 
treatment which would have led to defects into 
the shale structure and the thermal 
decomposition of the organic matter which would 
increase the porosity. Equilibrium adsorption 
capacities increase and the percentage of 
elimination decreases with increasing as 
concentration and contact time. Orders of 
magnitude of adsorption capacity for shale 
calcined at 300°C are of 0.013; 0.034 and 0.08 
mg/g as respectively for initial concentrations of 
1; 5 and 10 mg/L. The increase in the adsorption 
capacity could be related to the increase of the 
concentration gradient. As for the percentage of 
elimination, its decrease with the increase of the 
concentration would be due to the progressive 
saturation of the material. Similar results have 
been reported by Udoeyo et al. [19]
[20]; Chen et al. [21], who explained them by the 
same phenomenon. 
 

3.2.3 pH effect 
 

Fig. 6 illustrates the effect of the arsenic solution 
pH on the arsenic removal was studied in the pH 
range from 4 to 10. The elimination rate 
increases with the pH of 4 to 6. However, the 
retention capacity of as is maximum at pH 8 with 
a yield of 96%. The removal efficiency of shale 
calcined is found to decrease at higher pH from 
8. The highly protonated surface of shale is not 
 

 

Fig. 4. Effect of calcination temperature on the adsorption of arsenic
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Optimal contact time and initial 
concentration effects and pH effects 

The calcined shale curve has two (2) slopes (Fig. 
5). The first few moments (0 to 15 min) of the 
reaction correspond to a very fast stage with a 
removal rate of 54%. Retention capacity (q) goes 
from 0 to 0.018 mg/g of as after 15 minutes of 

rption capacity values reach a 
 = 0.034 mg/g 

The adsorption capacity with the calcined 
shale (0.034 mg/g) is greater than that obtained 

with the same material 
used in a crude manner (0.02 mg/g). This 
difference would be due to the effect of the heat 
treatment which would have led to defects into 
the shale structure and the thermal 
decomposition of the organic matter which would 

Equilibrium adsorption 
se and the percentage of 

elimination decreases with increasing as 
concentration and contact time. Orders of 
magnitude of adsorption capacity for shale 
calcined at 300°C are of 0.013; 0.034 and 0.08 
mg/g as respectively for initial concentrations of 

d 10 mg/L. The increase in the adsorption 
capacity could be related to the increase of the 
concentration gradient. As for the percentage of 
elimination, its decrease with the increase of the 
concentration would be due to the progressive 

aterial. Similar results have 
[19]; Zhao et al. 

, who explained them by the 

Fig. 6 illustrates the effect of the arsenic solution 
pH on the arsenic removal was studied in the pH 
range from 4 to 10. The elimination rate 
increases with the pH of 4 to 6. However, the 
retention capacity of as is maximum at pH 8 with 

e removal efficiency of shale 
calcined is found to decrease at higher pH from 
8. The highly protonated surface of shale is not 

favorable for As. The significant sorption of 
arsenic on calcined shale that contains clay 
minerals such as kaolinite, would be d
complexation phenomena [22,23]. 
 
3.3 Adsorption Kinetic 
 
Kinetics models including the pseudo
model of Lagergren, the pseudo
model of Ritchie and the Weber’s intraparticle 
diffusion model were tested for simulation of the 
experimental results (Fig. 7a, b). The best fit for 
the experimental data of this study was achieved 
by the application of a pseudo
kinetic equation. 
 
Adsorption kinetic parameters for the adsorption 
of arsenic by calcined shale are represented in 
table 1. The pseudo second-order model can be 
effectively used to predict the adsorption kinetic 
of arsenic by calcined shale. The good 
agreement with pseudo-second
demonstrated that the adsorption determining 
step may be the exchange of electrons between 
the adsorbent and the adsorbate or the valence 
forces through sharing [24,25]. The plot of the 
adsorption curves from the parameters obtained 
using the model shows the conformity between 
simulation and experimentation. 
 
The plot of uptake, versus the square root of time 
of intraparticle diffusion model is presented by 
fig.7 c. The straight does not go through the 
origin and the values of the correlation coefficient 
are between 0.3 and 0.7. This indicates that 
intraparticular diffusion is not the only limiting 
step, but other kinetic models can also control 
the adsorption rate. The plots corresponding to 
the initial arsenic concentration of 5 mg/L and 10 
mg/l show two steps. The first step was ascribed 
to the diffusion of arsenic from the external 
solution to the external surface of calcined shale 
or instantaneous adsorption stage. The second 
step was the intraparticle diffusion 
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favorable for As. The significant sorption of 
arsenic on calcined shale that contains clay 
minerals such as kaolinite, would be due to 
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Kinetics models including the pseudo-first-order 
model of Lagergren, the pseudo-second-order 
model of Ritchie and the Weber’s intraparticle 
diffusion model were tested for simulation of the 
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the experimental data of this study was achieved 
by the application of a pseudo-second-order 

Adsorption kinetic parameters for the adsorption 
of arsenic by calcined shale are represented in 

order model can be 
effectively used to predict the adsorption kinetic 
of arsenic by calcined shale. The good 

econd-order model 
demonstrated that the adsorption determining 
step may be the exchange of electrons between 
the adsorbent and the adsorbate or the valence 

The plot of the 
adsorption curves from the parameters obtained 

the model shows the conformity between 
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of intraparticle diffusion model is presented by 
fig.7 c. The straight does not go through the 
origin and the values of the correlation coefficient 
are between 0.3 and 0.7. This indicates that 

lar diffusion is not the only limiting 
step, but other kinetic models can also control 
the adsorption rate. The plots corresponding to 
the initial arsenic concentration of 5 mg/L and 10 
mg/l show two steps. The first step was ascribed 

rsenic from the external 
solution to the external surface of calcined shale 
or instantaneous adsorption stage. The second 
step was the intraparticle diffusion [26]. 
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Fig. 5. Arsenic adsorption on calcined shale: Effect of reaction time and initial arsenic 

concentration (Initial as concentration 1, 5 and 10 mg/L, at 25°C, pH = 7 ± 0.5, agitation time: 

Fig. 6. Arsenic removal as a function of pH. (Reactions conditions: Initial 
mg/L, at 25°C, agitation time: 12h)

Table 1. Kinetic model parameters obtained from model fitting to experimental data
 

Concentrations  

 qe.exp (mg As/g)

Pseudo-first-order kinetic 
model 

qe cal (mg As /g)

k1 (h
-1

)

R 

Pseudo-second-order 
kinetic model 

qe cal (mg As /g)

k2 

R 

Intra-particle diffusion 
model 

kd (mg/h

C 

R 
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Fig. 5. Arsenic adsorption on calcined shale: Effect of reaction time and initial arsenic 
concentration 1, 5 and 10 mg/L, at 25°C, pH = 7 ± 0.5, agitation time: 

24h) 
 

 
Fig. 6. Arsenic removal as a function of pH. (Reactions conditions: Initial As concentration 5 

mg/L, at 25°C, agitation time: 12h) 
 

Table 1. Kinetic model parameters obtained from model fitting to experimental data

1 mg/L 5 mg/L 10 

(mg As/g) 0.013 0.034 0.082

(mg As /g) 0.041 0.094 0.107

) 9.10
-4

 0.121 0.043

0.16 0.77 0.16

(mg As /g) 0.012 0.034  

9054.5 195.05 49.92

1 0.99 0.99

(mg/h1/2 g) 7.10-6  0.002 0.006

0.012 0.024 0.054

0.32 0.73 0.72
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Fig. 5. Arsenic adsorption on calcined shale: Effect of reaction time and initial arsenic 
concentration 1, 5 and 10 mg/L, at 25°C, pH = 7 ± 0.5, agitation time: 

 

concentration 5 

Table 1. Kinetic model parameters obtained from model fitting to experimental data 

10 mg/L 

0.082 

0.107 

0.043 

0.16 

 0.079 

49.92 

0.99 

0.006 

0.054 

0.72 



 

 
Fig.7. Kinetic model analyses for the arsenic adsorption onto calcined shale in the solution of 
different initial concentrations (1 mg 

model, (b) pseudo-second
 

3. CONCLUSION  
 
The calcined shale contained clay as its major 
component, it is an important element for the 
adsorption of arsenic. When shale calcined at 
300°C, the highest arsenic removal of 99% was 
demonstrated. This arsenic removal rate is 
higher than that obtained when testing with the 
same gross material which gave 76%. Calcined 
shale was successful in removing arsenic from 
water. Treated water satisfied the WHO standard 
for drinking water. The arsenic adsorption 
capacity increased with both the increasing initial 
arsenic concentration and the contact time, but 
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Fig.7. Kinetic model analyses for the arsenic adsorption onto calcined shale in the solution of 
different initial concentrations (1 mg As/L, 5 mg As/L and 10 mg As/L) (a) pseudo

second-order model (c) intra-particle diffusion model

The calcined shale contained clay as its major 
component, it is an important element for the 
adsorption of arsenic. When shale calcined at 
300°C, the highest arsenic removal of 99% was 
demonstrated. This arsenic removal rate is 

en testing with the 
same gross material which gave 76%. Calcined 
shale was successful in removing arsenic from 
water. Treated water satisfied the WHO standard 
for drinking water. The arsenic adsorption 
capacity increased with both the increasing initial 

senic concentration and the contact time, but 

equilibrium is reached after an agitation time of 7 
hours. The kinetics of arsenic adsorption is best 
described by the pseudo-second
model for calcined shale. These results suggest 
that calcined shale has the possibility to be 
adapted for small-scale application. Further 
investigation of arsenic adsorption in the column 
will confirm the applicability of calcined shale as 
an adsorbent in the removal of arsenic.
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