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Abstract. Cadmium (Cd) is the most highly toxic heavy metal even at a trace 
level. In this study, the oil shale ash treated material was used as an adsorbent 
to remove cadmium and lead (Pb) metals/ions from aqueous solutions. The 
absorbent treated oil shale material was characterized prior to experimental 
work using X-Ray Diffraction (XRD) and Scanning Electron Microscopy 
(SEM). The effects of multiple factors on percent metal removal, including 
contact time, initial ions concentration and pH, are investigated. Results 
show that the adsorption capacities of Pb and Cd are 29.15 and 23.81 mgg–1, 
whereas removal efficiencies are 56% and 48% in 10 minutes, respectively. 
Removal efficiency and time of equilibrium are affected by the metal atomic 
weight (Pb 207.2 u and Cd 112.4 u) and pH values. The equilibrium isotherms 
were analyzed using Freundlich and Langmuir isotherm models and described 
by the Freundlich isotherm model indicating a heterogeneous surface of 
the adsorbent. The calculated Langmuir adsorption constant and maximum 
adsorption capacity of adsorbent, KL and qmax, are 1.313*10–2 and 25.25, 
respectively. The Freundlich adsorption constant KF and the characteristic 
constant of the Freundlich isotherm n are 0.5234 and 1.39, respectively.
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1. Introduction

Removal of lead (Pb) and cadmium (Cd) from wastewaters emanated from the 
fact that these elements are harmful to human health. Cadmium is extremely 
toxic and is classified as carcinogenic, impacting lungs, liver and kidney [1]. 
Researchers have developed methods to treat wastewater-containing heavy 
metal ions such as ion exchange [2], oil shale fly ash [3–9] membrane [10], 
coagulation [11], chemical precipitation [12], adsorption [13], including 
biosorption, that can remove heavy metals from very dilute aqueous 
contaminated solutions [14, 15].

However, the most common methods for removing heavy metals are costly, 
of low efficiency and economically not feasible.

The environment is in collision with heavy metals due to their toxicity and 
danger to human life if not leached out from waste sources. Heavy metals 
are transferred to water from a variety of industries, such as wastewater 
treatment, minerals extraction, metal molding, metal coating processes, 
batteries manufacturing, nuclear industry, and many others [16]. These heavy 
metals accumulate in plants (sources of food), and organs of living creatures 
(consumers), and even in small concentrations would impact the function of 
life-sustaining cycle [17]. Even a few ppm induces hazardous effects on health 
such as initiation of cancer, hampering of growth, infection of organs, impairing 
the nervous system and beneficial microbial communities needed for everyday 
life functioning [18]. Among the most harmful elements are cadmium, lead, 
mercury and arsenic [19]; their toxicity and non-biodegradability have a 
profound impact on the health of our planet.

The burned oil shale ash is considered as a severe environmental problem, 
because of its friable nature and high enrichment in trace and toxic elements 
[20–22]. More than two-fold enrichment of trace and toxic elements due 
to the aerobic combustion process was found in burned oil shale ash by  
El-Hasan [23]. Extensive research was done with encapsulating toxic elements, 
particularly Cr, by using natural additives and the aging hydration process [24].
Furthermore, the analytical findings by X-ray absorption near edge structure 
(XANES), also known as near edge X-ray absorption fine structure (NEXAFS), 
indicate that the hydration process with increasing time can effectively cause 
converting the harmful mobile Cr(IV) into the less mobile species Cr(III)  
form [25].

Oil shale ash and fly ash have been used as cheap sources of leachate or 
extractive materials of deleterious elements such as cadmium, lead, arsenic, 
mercury, etc. [20–22]. Oil shale ash adsorbent after activation with sodium 
hydroxide was tested for Pb and Cd removal from aqueous solutions, the 
reported absorption capacities were 9 and 12 mg/g, respectively [23]. The 
alkali-treated oil shale ash from the Huadian power station in China [9] 
was studied for its ability to extricate lead and cadmium heavy metals from 
aqueous solutions. The findings of the study showed that the adsorption of lead 
and cadmium ions by the modified oil shale ash was a function of adsorbent 
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concentration, pH of the solution, ash particle size and contact time. The 
modified oil shale ash (oil shale ash fusion by alkali followed by refluxing) 
was treated with nitric acid, followed by heat treatment at 900 °C to synthesize 
ZM4 zeolite to remove heavy metals, such as lead, zinc and chromium [24]. 
The results of removal by ZM4 absorbent were similar to those reported 
for synthesized fly ash zeolite, ZV4, in which the removal was of the order  
Pb >Zn > Cr. In the studies by El-Hasan et al. [21, 25], the synthesized zeolitic 
oil shale ash and fly coal ash by the alkaline fusion hydrothermal method was 
employed to remove heavy metals such as Pb+2, Cr+3, Cu+2, Cd+2 and Zn+2 by the 
ion exchange mechanism. These authors reported an increase in the removal 
efficiency with increasing dosage and contact time till the equilibrium stage 
which shows that the synthesized zeolite has a strong affinity for the removal 
of tested ions. In general, the researchers reported a low capacity of zeolite to 
leach heavy metals from tested solutions.

The main objective of the current work is to explore the possibility of 
synthesizing a cheap adsorbent made from treated oil shale ash to adsorb 
the ions of Pb+2 and Cd2+ from wastewater. The adsorbents will be subjected 
to different analyses such as X-Ray Diffraction (XRD), Scanning Electron 
Microscopy (SEM) and Inductive Coupled Plasma-Mass Spectroscopy (ICP-
MS). The study will also investigate the effect of different experimental 
conditions, time, pH and initial concentrations on adsorption capacity. 
Furthermore, the equilibrium isotherms will be explored using Langmuir and 
Freundlich isotherm model equations in addition to kinetic modeling of the 
adsorption isotherms.

2. Adsorption kinetics development

Adsorption is the physical attachment of molecules, ions, or ions suspended 
in a liquid, or in a mixture of gases on the surface of a solid adsorbate. The 
adsorption process is continued and affected by several factors such as 
adsorbent concentrations, pH of the solution, solid particle size, temperature, 
and size of adsorbent and contact time till equilibrium is reached.

The adsorption process is normally described through isotherms, i.e. the 
amount of adsorbate attached to or combined with the adsorbent as a function 
of concentration is a function of temperature, as indicated by several isotherm 
equations [26]. Kinetic modeling demonstrates how heavy metals adsorbate 
ions disperse in the liquid phase to be adsorbed onto the solid phase process 
till the equilibrium stage is achieved. The empirical formulations of two-
parameter isotherms that assume monolayer/multilayer physical adsorption, 
namely the Langmuir and Freundlich isotherms, have been used to model the 
removal of heavy metals from aqueous solutions using oil shale ash [27]. Oil 
shale ash adsorbent was used to remove toxic dyes (crystal violet, methyl 
orange) from the prepared stock solution [28], in which a pseudo-second-
order model was the best fit for the adsorption isotherm curves.

Omar Al-Ayed et al.
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2.1. Langmuir isotherm

The empirical proposed model of the two-parameter Langmuir isotherm for 
gas-solid physical interaction is employed for different adsorbents [4–6, 28]. 
The proposed model isotherm that can be written in its linear form which is 
amenable to linear kinetics analysis is:

(1)

where Ce is the concentration of adsorbate metal/ion at equilibrium, mgL–1; 
qe is the equilibrium capacity of metal/ions on the surface of adsorbent, mgg–1; 
qmax is the maximum adsorption capacity of adsorbent, mgg–1; and KL is the 
Langmuir adsorption constant, Lmg–1. The Langmuir adsorption constants, 
qmax and KL, are determined from the slope of plotting the Left-Hand Side 
(LHS) of Equation (1) against the concentration of adsorbate.

2.2. Freundlich isotherm

The Langmuir isotherm assumes a homogeneous adsorbent surface and 
a monolayer adsorption, whereas the Freundlich isotherm accounts for the 
heterogeneity of the surface and the multilayer chemisorption adsorption 
of the adsorbate. The linear equation of the Freundlich isotherm model is 
expressed as Equation (2):

 (2)

where the constant KF is the adsorption constant, mgg–1; n is the characteristic 
constant of the Freundlich isotherm for the adsorption, taking values between 
2 and 10 to indicate good adsorption. To determine the constants of Equation 
(2), a plot of LHS against log(Ce) would result in finding the numerical values 
of the adsorption constant and the characteristic constant from the slope 
numerical value.

3. Experimental 

3.1. Materials and methods

The oil shale sample from El-Lajjun was grounded using a ball mill and 
pyrolyzed in a tubular furnace at 600 °C for 2 hours under nitrogen inert gas 
environment.

The ash was prepared after undergoing the pyrolysis process [29], by 
placing 300 g of the oil shale powder in a cylindrical glass retort and flushing 
it with nitrogen at a flow rate of 100 ml min–1. During heat-up, the generated 

5 
 

equations [26]. Kinetic modeling demonstrates how heavy metals adsorbate ions 

disperse in the liquid phase to be adsorbed onto the solid phase process till the 

equilibrium stage is achieved. The empirical formulations of two-parameter 

isotherms that assume monolayer/multilayer physical adsorption, namely the 

Langmuir and Freundlich isotherms, have been used to model the removal of heavy 

metals from aqueous solutions using oil shale ash [27]. Oil shale ash adsorbent was 

used to remove toxic dyes (crystal violet, methyl orange) from the prepared stock 

solution [28], in which a pseudo-second-order model was the best fit for the 

adsorption isotherm curves. 

 

2.1. Langmuir isotherm 

The empirical proposed model of the two-parameter Langmuir isotherm for gas-

solid physical interaction is employed for different adsorbents [4–6, 28]. The 

proposed model isotherm that can be written in its linear form which is amenable to 

linear kinetics analysis is: 

 
&!
'!
=	 (

)"'#$%
+ &!

'#$%
	,                                (1) 

 

where 𝐶𝐶*	is the concentration of adsorbate metal/ion at equilibrium,  

mgL–1; 𝑞𝑞*	is the equilibrium capacity of metal/ions on the surface of adsorbent, 

mg/g; 𝑞𝑞"#$		is the maximum adsorption capacity of adsorbent, mg/g; and 𝐾𝐾!	is the 

Langmuir adsorption constant, L/mg. The Langmuir adsorption constants, 

𝑞𝑞"#$			and	𝐾𝐾!	, are determined from the slope of plotting the Left-Hand Side (LHS) 

of Equation (1) against the concentration of adsorbate. 

 

2.2. Freundlich isotherm 

6 
 

The Langmuir isotherm assumes a homogeneous adsorbent surface and a monolayer 

adsorption, whereas the Freundlich isotherm accounts for the heterogeneity of the 

surface and the multilayer chemisorption adsorption of the adsorbate. The linear 

equation of the Freundlich isotherm model is expressed as Equation (2): 

 

log(𝑞𝑞*) = log(𝐾𝐾%) +	
+,-	(&!)

1
	,                                  (2) 

 

where the constant 𝐾𝐾%	is the adsorption constant, mg/g; 𝑛𝑛			is the characteristic 

constant of the Freundlich isotherm for the adsorption, taking values between 2 and 

10 to indicate good adsorption. To determine the constants of Equation (2), a plot of 

LHS against log(𝐶𝐶*) would result in finding the numerical values of the adsorption 

constant and the characteristic constant from the slope numerical value. 

 

 3. Experimental  

 3.1. Materials and methods 

The oil shale sample from El-Lajjun was grounded using a ball mill and pyrolyzed in 

a tubular furnace at 600 °C for 2 hours under nitrogen inert gas environment. 

 The ash was prepared after undergoing the pyrolysis process [29], by placing 

300 g of the oil shale powder in a cylindrical glass retort and flushing it with 

nitrogen at a flow rate of 100 ml min–1. During heat-up, the generated hydrocarbons 

were passed into a water-cooled receiver. When the desired temperature set point 

was reached, the heater was switched off immediately, but the N2 flow was 

maintained for cooling the retort down to 150 °C. Five ash samples were prepared at 

temperatures of 600, 650, 700, 750 and 800 °C. 

 A sample of 10.0 g was activated by 100 ml of 0.1M HCl with shaking for 30 

minutes, followed by washing with deionized water. The sample was treated with 



312

hydrocarbons were passed into a water-cooled receiver. When the desired 
temperature set point was reached, the heater was switched off immediately, 
but the N2 flow was maintained for cooling the retort down to 150 °C. Five 
ash samples were prepared at temperatures of 600, 650, 700, 750 and 800 °C.

A sample of 10.0 g was activated by 100 ml of 0.1M HCl with shaking for 
30 minutes, followed by washing with deionized water. The sample was treated 
with 100 mL of 0.1M NaOH and shaking for 30 minutes at 120 revolutions 
per minute (RPM) and 25 °C. The activated sample was washed several times 
with deionized water and left overnight to dry in an oven at 80 °C.

3.2. Sample characterization

The treated samples were characterized using XRD and SEM.
A 1000 ppm stock solution of Cd and Pb was prepared from the elements’ 

salts, PbNO3 (Panreac) and Cd(NO3)2·4H2O (LOPA Chemie), from which  
50 ppm solutions at pH values of 3, 5 and 6 were prepared using 0.1M HCl 
and 0.1M NaOH for pH adjustment. Samples of 50 mL at several initial 
concentrations (50, 100, 200, 300 ppm) at pH 5 were also prepared. A quantity 
of 0.50 g of activated oil shale was immersed in each solution with shaking 
at 130 RPM and 26 °C. During shaking several samples were withdrawn at  
0, 3, 6, 10, 15, 20, 30, 40, 50 and 60 minutes. The samples, each around  
0.100 mL, were then diluted to 5.0 mL and analyzed using an Agilent 7700 
ICP-MS.

A sample of 0.40 g of activated semi-coke was immersed in 50 mL d eionized 
water in an Erlenmeyer flask and then shaken for 90 minutes at 130 RPM and 
26 °C. Water was filtered and analyzed for metals release by ICP-MS.

4. Results and discussion

The studied oil shale sample was subjected to XRD analysis, similar results 
for Ellajjun oil shale have been earlier obtained by Hamadi et al. [30]. In 
addition, in the current work, the XRD spectra of activated semi-cokes were 
measured as shown in Figure 1. As indicated in Figure 1, the intensities of 
2θ peaks for calcite (CaCO3), quartz (SiO2) and apatite (Ca5(PO4)3(OH,F,Cl)) 
increase sharply after pyrolysis and slightly after activation; this is ascribed 
to the decrease in organic materials content after pyrolysis and the slight loss 
after activation. The calcite and quartz weight percent contents are estimated 
to be between 48 and 52%. From Figure 1 it can be seen that the results for 
calcite, quartz and apatite activated and not activated at different treatment 
temperatures are almost identical, except for the raw oil shale sample in which 
the organic part has a limited effect. The removal of hydrocarbon during the 
pyrolysis process increased the concentration of quartz, calcite and apatite due 
to the loss of the hydrocarbon fraction. This resulted in more prominent peaks 
of other nonhydrocarbon compounds.

Omar Al-Ayed et al.
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Fig. 1. XRD spectra for activated and nonactivated oil shale.

4.1. Scanning Electron Microscopy

The scanning electron microscope images (Quantum 200 unit) give a clear 
picture of the oil shale’s physical structure and porosity (Fig. 2). The scanning 
electron micrographs of the activated semi-coke at different magnifications, 
1000x and 10000x, present quartz and calcite as major constituents of the 
studied sample. It is quite obvious from these scans that the structure of the oil 
shale ash is very porous and has voids of different sizes.

(a)                (b)

Fig. 2. Scanning electron microscope images of oil shale at different magnifications: 
a) activated semi-coke, 1000x; b) activated semi-coke, 10000x.
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4.2. Metal removal study

4.2.1. Metal solution pH

The influence of solution pH on metal adsorption is well known since it affects 
the nature and chemistry of heavy metals during the adsorption process [31–35]. 
The effect of pH on the adsorption of metal was tested and the results obtained 
are depicted in Figure 3. As can be seen from the figure, pH of 3, 5 and 6 were 
used in this work. The results are depicted as the percent of Pb and Cd metals/
ions removal through adsorption onto 0.50 g of semi-coke as a function of 
time. Figure 3 also shows that the percent removal of Pb and Cd ions at a 
selected period of 6 minutes and pH of 5 is 55% and 21%, respectively, 
whereas at pH of 3 it is 40% and 47%, respectively, and at pH of 6, respectively 
28% and 23%. With pH decreasing from 5 to 3, the percent removal of Pb 
decreased to 49%, whereas that of Cd increased from 21% to 47%. In other 
words, at 6 minutes of adsorption, for Pb, pH5>pH>3>pH6, whereas during 
the adsorption for Cd the pH changes as follows: pH6>pH3>pH5. This gives 
evidence of that the type and size of metal ions are as important as is the 
pH value. Since the size of a Cd ion is much smaller than that of Pb, the 
absorption of Cd reached a constant percent removal in shorter time than the 
same process with Pb. It is clear from Figure 3 that the percent removal of 
Cd continuously increased with time at pH of 3 till the end of the run, unlike 
the Pb percent removal which reached almost a fixed value of 48% at about  
20 minutes of the run. This demonstrates that the adsorption is also affected 
by the available pore size distribution of the activated semi-coke. On the other 
hand, the maximum percent removal achieved at pH of 3, 5 and 6 is 55%, 58% 
and 48% for Pb and 42%, 54% and 53% for Cd, respectively. It is evident that 
a pH value of 5 results in the higher removal efficiency and a shorter time to 
achieve maximum removal compared with the other values of pH.

(a)

Omar Al-Ayed et al.
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Fig. 3. The effect of solution pH on the adsorption of Pb and Cd at 0.5 g oil shale ash 
loading: a) Pb; b) Cd.

 
4.2.2. Effect of initial metal concentration

The effect of the initial concentrations of Pb and Cd metals on their removal 
onto 0.5 g of oil ash is depicted in Figure 4. Solutions of 300, 200 and 100 ppm 
are prepared as indicated in section 2.2. The obtained results as percent removal 
of metal as a function of time at pH of 5 are plotted in Figure 4. The figure 
displays that after a 10-minute adsorption, the percentage of removal is 47%, 
39%, 64% and 60% for Pb, and 29%, 29%, 42% and 48% for Cd at 300, 200, 
100 and 50 ppm loadings, respectively. The lower the loading of the metals/
ions, the higher their percent removal. Similarly, the removal percentage of 
smaller-sized Cd ions increased with time compared with larger-sized Pb ions 
and reached a final value in shorter time. The maximum percent removal of 
larger Pb ions is higher than that of smaller Cd ions.

(b)

(a)
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Fig. 4. The percent removal of Pb and Cd at pH of 5 and different metal concentrations 
by 0.5 g of activated semi-coke: a) Pb; b) Cd.

Figure 4 also shows that the removal efficiency of Pb of the 300 ppm initial 
concentration increased from 48% at 10 minutes to 53% in 30 minutes and 
then fluctuated around 53% till 60 minutes of the run which gives evidence of 
saturation of the oil shale semi-coke adsorption capacity. A similar behavior 
is observed for Cd with lower percent removal efficiencies. On the other 
hand, the initial removal of the Pb metal of the 200 ml initial concentration is 
slower than that of the 300 ppm Pb but with higher efficiency, reaching 62% in  
20 minutes and for longer times till the end of the run. Figure 4 exhibits that 
the percent removal of Cd of the 200 ppm initial concentration is similar to 
that of the element with the initial concentration of 300 ppm. Contrary to 
these results, the 100 and 50 ppm initial concentrations have shown a similar 
behavior for the Pb metal/ion, but slightly different for the Cd metal, in the 
case of which the 50 ppm concentration displayed a higher percent removal 
than the 100 ppm initial concentration. These two concentrations, 100 and  
50 ppm, have demonstrated a very fast removal process at the initial time, 
in less than 6 minutes, reaching the maximum removal efficiency of 68% at 
about 15 minutes of the run time. It is worth noting that the semi-coke was 
saturated in 15–20 minutes.

The results in Figure 4 can be further used to explore the mass of metal 
removed by oil shale semi-coke from solution. The maximum mass amount 
removed from the initial loading of solution at 15 minutes is displayed in 
Figure 5. In this figure, the total mass removed converted from the calculated 
efficiency is plotted against the total loadings of the solution at pH of 5.

(b)

Omar Al-Ayed et al.
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Fig. 5. The mass of metals removed at different metal loadings of solution and pH of 5: 
a) solution content of Pb metal, ppm; b) solution content of Cg metal, ppm.

It is clear from Figure 5 that the mass removed from solution is directly 
proportional to the metal loading. The linear relationship between the mass 
removed and the metal loading can be represented by the linear equation 
displayed in Figure 5, with R2 being 0.972. From the figure it can be observed 
that the slope of the Pb curve is almost double that of Cd, indicating the higher 
mass removal from the original solution for Pb than for Cd metals/ions.

(a)

(b)
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5. Adsorption isotherms

The adsorption isotherms curves that describe interactions between the 
adsorbate molecules and the active sites on the solid surface of the adsorbent 
are the dynamic representation of these interactions. There are two types of 
adsorption isotherms most frequently used by researchers. The Langmuir 
and Freundlich adsorption isotherm models were employed to analyze the 
experimental data [5, 28]. The Langmuir isotherm model, Equation (1), is 
the most widely used equation for modeling equilibrium data in solid-liquid 
adsorption systems. This model was valid for only the monolayer adsorption 
onto the adsorbent surface. The linear form of the Langmuir equation which is 
used to plot data and estimate the constants was represented by Equation (1).

5.1. Langmuir isotherm

Equation (1) is employed for the analysis and determination of constants. 
Plotting the experimental results to determine qmax, the maximum adsorption 
capacity of adsorbent (mgg–1) and KL, the Langmuir adsorption constant (Lmg–1) 
was related to the affinity of the adsorption site. As can be seen from Figure 6, 
the data are falling in a straight line in which the calculated values of qmax and 
KL are 25.25 and 1.313*10–2, respectively, with the linear regression coefficient 
R2 being 0.9855. The low adsorption constant value gives evidence of weak 
interactions between the adsorbate and the adsorbent material.

It is obvious from Figure 6 that the experimental data are fitted to a straight 
line, which is in agreement with the linear form of the Langmuir equation (1).

Fig. 6. The determination of Langmuir isotherm model constants.

Omar Al-Ayed et al.
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5.2. Freundlich isotherm

The Langmuir model assumes the homogeneity of the surface and has an equal 
probability for the adsorption of a monolayer of the adsorbate. The Freundlich 
model is different from the assumption of the Langmuir model in which it 
represents a multilayer and heterogeneous surface adsorption mechanism. 
Equation (2) is a linear form of the Freundlich isotherm in which a plot of 
log(qe) vs the quantity log(Ce) will culminate in the determination of KF and 
n from the intercept and slope of the plot. Figure 7 shows fitting experimental 
data to Equation (2).

Fig. 7. The determination of Freundlich isotherm model constants.

The values of the constants KF and n of Equation (2) are estimated from 
the plot of Figure 7. The KF (mg1–(1/n) L1/n·g−1) and n are Freundlich constants 
that characterize adsorption capacity and binding capacity, respectively. The 
values of the adsorption capacity constant KF and the binding capacity are 
found to be 0.5234 and 1.39, respectively, with the value of the regression 
constant R2 being 0.9476.

For the Langmuir isotherm the calculated value of the constant KL is 
1.313*10–2, whereas for the Freundlich isotherm, the calculated value of 
the constant KF is 0.5234, which is almost 40 times higher than that of KL, 
indicating a strong multilayer adsorption of the adsorbent. This result favors 
the Freundlich isotherm model to represent the adsorption process of this 
work.
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6. Removal of Pb and Cd metals/ions from water using treated oil 
shale

A mixture of lead and cadmium at pH of 5 was subjected to absorption using 
treated oil shale ash. To investigate the preference for simultaneous absorption 
of both Pb and Cd onto the surface of the semi-coke, an experiment was 
conducted. A mixture containing 100 ppm of both Pb and Cd was prepared 
and subjected to absorption with activated oil shale semi-coke. The absorption 
results are shown in Figure 8. The percent removal of Pb and Cd is presented 
as a function of time. From Figure 8 it can be seen that initially, the removal 
percent is higher for Cd till about 10 minutes’ time onstream at which its 
absorption reached almost saturation. After the 10-minute absorption, the 
rate of Pb removal increases with increasing time as shown in Figure 8. The 
maximum removal of Cd is 35%, whereas the maximum removal of Pb kept 
increasing with time, reaching 50% at the end of the run.

Fig. 8. Absorption of Pb and Cd onto treated oil shale ash, at pH 5.

7. Metals/ions release study

An experiment was carried out to determine the content of different metals/
ions in oil shale semi-coke and their release (desorption) from oil shale ash to 
water. The 0.4 g mass of oil shale semi-coke after pyrolyzing at 600 °C was 
immersed in 50 mL deionized water in an Erlenmeyer flask and then shaken 
for 90 minutes at 130 RPM and 26 °C. Prior to metals release, water was 
filtered and analyzed using an Agilent 7700 ICP-MS.

The results of ICP-MS are presented in Table, the concentrations of the 
metals detected in oil shale ash are given in ppb. It is clear from Table that 

Omar Al-Ayed et al.
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there was no release of metals/ions from oil shale semi-coke to water. This 
indicates that no metals/ions are released from oil shale semi-coke during the 
adsorption of metals, especially Pb and Cd, from solution to oil shale ash.

Table. Metals/ions released from oil shale ash to solution

Metal Oil shale ash
at 600 °C, ppb

Oil shale ash
at 700 °C, ppb

Cd ≤ 0.06 ≤ 0.06

Pb ≤ 0.09 ≤ 0.09

Cr ≤ 0.07 ≤ 0.07

Fe ≤ 0.07 ≤ 0.07

Co ≤ 0.01 ≤ 0.01

Ni ≤ 0.01 ≤ 0.01

Cu ≤ 0.06 ≤ 0.06

Zn  2.1  2.2

As ≤ 0.01 ≤ 0.01

8. Conclusions

In this research work, treated oil shale semi-coke has been utilized as an 
adsorbent to remove lead and cadmium metals/ions from aqueous solutions. 
The X-ray diffraction of oil shale and semi-coke showed the peak release 
for calcite, apatite and quartz. Scanning electron microscopy indicated a high 
surface area and clear images of calcite. The contact time demonstrated that 
adsorption equilibrium was achieved after 10–15 minutes, furthermore, the 
higher pH values of metals/ions solution gave evidence of their higher removal. 
According to isothermal study, the metals/ions adsorption was represented by 
the Freundlich model describing a heterogeneous multilayer adsorption. The 
activated oil shale semi-coke did not release any metals/ions from the solid 
phase to solution. The Langmuir isotherm was found to better fit the results, 
indicating a monolayer adsorption.
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