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Abstract: In this study, the efficiency of spent oil shale was assessed to remove the methyl red (MR) 
from aqueous solution under various chemical and physical parameters. The adsorption kinetics was 
assessed using the pseudo-first-order and pseudo-second-order models. The results indicated that 
increase in the level of adsorbent led to an increase in amount of dye removed from the solution. Most 
of the dye was adsorbed within 90 min. MR adsorption followed pseudo-first-order model. Material 
extracted oil shale was characterized by several methods such as electronic scanning microscopy 
(ESM), energy-dispersive X-ray spectroscopy (EDX), and Fourier-transform infrared spectroscopy 
(FTIR). The treated oil shale showed high adsorption potential against MR in polluted wastewater.  
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1. Introduction 

Recent industrial development has increased the level of wastewater that contains synthetic dyes. 
Such water leads to pollution of rivers that is harmful for humans. Most of these dyes are azo reactive 
dyes that contain several azo groups (–N=N–), which impart them bright colors [1,2]. Azo dyes are 
found in the effluents released by food processing, paper, leather, cosmetics, dye manufacturing, and 
textile industries [3]. Azo dyes and their breakdown products cause adverse health effects of living 
organisms [4]. Separation of these dyes from wastewater is not easy owing to their high resistance to 
treatments with heat, oxidizing agents, and light [1,5]. Integration of several physical, biological, and 
chemical techniques, such as ultra-filtration, photo-oxidation, coagulation, and electrochemical 
adsorption, is needed to remove high levels of dyes form wastewater and [6]. In general, the process of 
adsorption is for the elimination of organic substances, owing to its great efficiency for a broad range 
of substances [7,8]. In this regard, spent oil shale (or blaes) has attracted a lot of attention owing to its 
abundance and potential. It can either be used as a capping layer or a general fill. In addition, owing to 



339 

AIMS Materials Science  Volume 7, Issue 3, 338–353. 

its high quality, it could also be used as a sub-base or a selected granular fill. Furthermore, the oil shale 
can be used, extracted by toluene, as a cheap adsorbent for removal of azo dye from polluted water. 

Disposal of spent oil shale is costly and causes environmental issues [9]. Thus, more studies are 
required to determine viable techniques for safe disposal as well as reuse of spent oil shale as adsorbent. 
Its viability as an adsorbent is largely attributed to its low cost and high abundance. Oil shale is a 
sedimentary rock which is a mix of minerals and contains combustible organic matter, including 
bitumen and kerosene, which essentially makes it a fossil fuel resource. The byproducts of oil shale 
processing, such as oil shale ash and spent oil shale, could be used as highly efficient adsorbents that 
can be used to remove methyl red from wastewater [10]. Previous studies have shown that adsorption 
of reaction dyes using oil shale ash follow the Langmuir isotherms with adsorption capacities                
of 140 mg/g, 180 mg/g, and 100 mg/g for Drim blue, Drim yellow, and Drim red, respectively [11]. 
Solution temperature and adsorbent mass ratio affect the level of dye removed from the solution. 

Based on their solubility, the dyes can be classified into insoluble dyes, such as sulfur, disperse, 
acid, and vat dyes, and soluble dyes, such as mordant, direct, metal complex, reactive, acidic, and  
basic dyes. Acid dye refers to the type of dye that is used at lower pH or in the presence of an acidic 
solution [12]. Acid dyes are generally used in textile industries for protein fibers, such as animal hair 
fibers (including alpaca, mohair, and wool). They can also be used to dye silk. Acid dyes interact with 
the fibers via van der Waals forces, ionic bonds, and hydrogen bonds. Dyes consist of large aromatic 
molecules containing several linked rings. Acid dyes also contain an amino or sulfonyl group that 
makes them water-soluble.  

One of the most common dyes used in laboratories and for commercial purposes is methyl red 
(MR). However, it might sensitize skin and eyes or, if swallowed or inhaled, could cause digestive or 
pharyngeal tract irritation [13,14]. Under aerobic conditions, MR often transforms into N-N'- 
dimethyl-p-phenylene diamine and 2-aminobenzoic acid [15,16]. Recently there have been several 
studies that aimed at development of low-cost techniques of removing MR from waste water [17]. In 
this study, the adsorption efficiency of shale oil waste was evaluated to eliminate MR from effluents. 

2. Materials and methods 

2.1. Adsorbents 

In this study, natural oil shale Egyptian oil shale was used that was obtained from the Al-Quseir 
region (provided by the EMRA: Egyptian mineral resources authority). Then, the oil shale was crushed 
and sieved to separate the particles with sizes within the range of 45 and 600 µm. 

2.2. Solvent extraction of oil shale 

A 50 g of finely ground oil shale sample (0.8–1 mm) was mixed with 100 g of toluene solvent in 
the three-neck round flask at a liquid:solid mass ratio of 2:1 by wt. The sample was then stirred for 4 h. 
the solvent was at its boiling point. After the extraction steps were completed, the extraction medium 
was transferred from the three-neck round flask into a Buckhner funnel and filtered under vacuum 
through filter paper. The extract collected in the Buckhner flask was then put in a rotary vacuum 
evaporator until complete evaporation of the solvent was noticed. Figure 1 shows a schematic 
illustration of the mechanical agitation method of oil extraction derived from oil shale by the organic 
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solvent. The setup mainly consists of four parts: mechanical stirrer, heater, three-neck flask, and 
condenser [18,19]. 

 

Figure 1. Solvent extraction method for oil recovery. 

2.3. Methyl red 

MR, 2-[4-(dimethylamino) phenylazo] benzoic acid, a dark red crystalline powder, was used 
without further purification [20], Figure 2 shows he molecular structure of MR. Its color varies with 
solution pH. For example, its color is yellow at pH > 6.2, red at pH < 4.4, and orange at pH between 4.4 
and 6.2 [21]. 

 

Figure 2. Methyl red structure. 

2.4. Methyl red solution preparation 

MR stock solution was prepared by dissolving 1 g MR in 1 L of 50% (volume perecnt ) ethanol. 
The stock solution was filtered, covered with aluminium foil, and stored in dark. Working solutions of 
MR were prepared from the stock solution for further experiments.  

3. Procedure 

The adsorption experiments were performed using 50 mL dye solutions with varying pH and 
concentrations. The desired pH of the dye solution was obtained using 0.1 M HCl or 0.1 M NaOH. 
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Next, 0.6 g of adsorbent was added to each flask, The flasks were then shaken for desired time period 
and the solutions were centrifuged and filtered to separate the adsorbent from the dye solution.  

A UV/Visible spectrophotometer was used to measure the MR level in the solution at 430 nm 
wavelength [22]. At equilibrium, the adsorbed MR level was evaluated by Eq 1:  

I e(C C )
牋q V

W


e

                                                                  (1) 

whereas, the amount of MR adsorbed at any time was determined by Eq 2: 

I t(C C )
q V
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                                                                 (2) 

where qt and qe (mg/g) is the level of dye at time (t) and at equilibrium, respectively, Ce and CI (mg/L) 
is the equilibrium and initial liquid-phase dye concentration, respectively, W (g) is the adsorbent 
weight, and V (L) is the initial solution volume.  

The level of MR removed via chemically activated oil shale at varying adsorbent weights and 
duration of treatment and initial concentration was determined by Eq 3: 
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                                                                    (3) 

where R is percent removed of the methyl red, CF and CI (mg/L) is the final and initial liquid-phase 
concentration of dye, respectively.  

4. Results and discussion 

4.1. Spectroscopic study 

4.1.1. FTIR analysis 

FTIR technique was used to identify the functional groups found in spent oil shale. Figure 3 
shows the IR spectra for different functional groups.  

 

Figure 3. Infrared spectra of spent oil shale. 
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A wide band in the IR spectra with two maxima at 3697.85 and 3429.01 cm−1 was observed. This 
band could represent stretching mode of the O–H bond found in adsorbed water and hydroxyl groups. 
Furthermore, such broad peak in the range of 3200–3650 cm−1 could represent hydrogen-bonded OH 
group of phenols and alcohols [23,24]. The peaks at 712.6, 796.98, and 874.62 cm−1 could represent 
out-of-plane C–H bond bending in benzene derivative. The peaks at 1797.9 cm−1 could also represent 
the stretching vibrations of C=O bond with aromatic carbon [25,26]. The peak near 602.57 cm−1 could 
represent C–Br stretching halo compound and peak at 537.12 cm−1 is due to C–I stretching halo 
compound. 

Table 1. Infrared spectra of oil shale spent. 

Frequency (cm−1) Assignment 
3697.85 O–H stretching 
3621.58 O–H stretching 
3429.01 N–H aliphatic primary amine 
2926 C–H alkane 
2513.13 C≡N nitrile 
1797.9 C=O conjugated acid halide 
1427.78 O–H bending 
1033.24 None 
912.77 None 
874.62 C–H bending 1,2,3 trisubstituted 
796.98 C–H bending 
712.6 benzene derivative 
602.57 C–Br stretching halo compound 
537.12 C–I stretching halo compound 

4.1.2. Energy dispersive analysis of X-rays (EDX) 

EDX is used to analyze the elemental composition of individual grains or particles of an SEM 
sample. In this method, an electron beam interacts with the sample that generates X-rays that are 
displayed as a spectrum. This spectrum represents the particle’s elemental composition [27]. As shown 
in Figure 4, the distribution of elements can also be mapped using “Dot maps”. The elemental analysis 
shows the presence of carbon (10.24%), oxygen (65.1%), aluminum (1.86%), silicon (9.52%), calcium 
(8.685%), sulfur (1.76%), and nitrogen (0.57%).  

 

Figure 4. EDX analysis of treated oil shale. 
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4.1.3. Scanning electron microscope (SEM) 

In SEM, the target sample is bombarded with an electron beam for its excitation. The interaction 
between sample and electron beam generates several signals that could help in elucidating the 
morphology of sample surface (Figure 5). 

 

Figure 5. SEM images of treated oil shale. 

SEM helps in determination of the characteristics of the microstructure. The secondary electrons 
produced by the sample’s atoms can also be detected by SEM. SEM facilitates topographic imaging of 
the surface of sample. SEM was used to determine the pore size distribution in the inactivated oil     
hale sample, since it significantly affects the efficiency of the oil shale to remove MR from the 
effluents [28]. It was found that the oil shale sample was mainly composed of clay, quartz, and calcite.  

4.1.4. Effect of initial dye concentration 

A 0.6 g of adsorbent was added in MR solutions with varying dye concentrations (10–100 ppm). 
The solution was shaken for 90 min and its pH was kept at 10. Figure 6 shows the variation in adsorbed 
dye quantity against initial concentration of dye in the solution. It was observed that higher the initial 
dye concentration, lower is the dye removal percentage. At the start of the adsorption process, the 
adsorbent’s surface contains a high number of vacant sites. As the process of adsorption proceeds, the 
number of such sites decreases [29]. For low dye concentrations, an ample amount of active sites are 
available on the surface of adsorbent. However, for high MR concentration, there may not be enough 
vacant active sites. The results were similar to those obtained by previous studies [30]. 

 

Figure 6. Effect of initial dye concentration on percent dye removal (particle size = 45 µm, 
0.6 g of adsorbent, temperature = 30 °C, pH = 10). 
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4.1.5. Effect of contact time 

For a specific initial adsorbate concentration, contact time could help elucidate the adsorption 
kinetics with a particular adsorbent. Figure 7 shows the effect of contact time on MR adsorption. The 
percent MR removal increased with increase in contact time for up to 90 min, and then, it reached 
equilibrium. This result could be attributed to high abundance of active sites on adsorbent’s surface at 
the start of adsorption. As the adsorption proceed, most of these sites are filled, making the filling of 
remaining sites increasingly difficult owing to the repulsion between the solute molecules on 
adsorbent surface and those in solution [31].  

 

Figure 7. Effect of contact time on percent dye removal at varying initial concentrations of 
dye (practical size = 45 µm, 0.6 g of adsorbent, temperature = 25 °C, pH = 7). 

4.1.6. Effect of adsorbent weight 

Different quantities of adsorbent (0.1–0.6 g) were added into 50 mL MR solutions with varying 
dye concentrations, and agitated the mixture at 120 rpm for 90 min. This was done to determine the 
adsorbent weight required to achieve optimum adsorption. Figure 8 shows increase in the output with 
the addition of OSA to up to 0.6 g and reached a maximum value, then it stabilized. This trend could be 
attributed to rise in number of adsorption sites and sorptive surface area [32]. 

 

Figure 8. Effect of adsorbent weight on MR adsorption at different initial concentration of 
dye (practical size = 45 µm, temperature = 30 °C, pH = 10). 
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4.1.7. Effect of initial pH 

Different MR solutions with varying pH (3–10) were prepared to assess the effect of pH on 
adsorption of MR. At an initial dye concentration of 10 ppm, the effect of pH on MR dye removal is 
depicted in Figure 9. Higher pH led to higher MR removal percent. The change in solution pH causes 
alteration in the surface characteristics of adsorbent that affects its adsorption efficiency [33]. 

 

Figure 9. Effect of pH on (MR) adsorption by 0.6 gm. oil shale ash with initial 
concentration of 10 ppm and particle size 45 µm for 90 min. 

4.1.8. Effect of particle size 

The effect of oil shale particle sizes on percent dye removal was assessed by preparing 50 mL dye 
solutions (pH 7) with varying dye concentrations and adding the adsorbent with varying particle sizes 
(45, 75, 150, 300, and 600 µm) (Figure 10). 

 

Figure 10. Effect of particle size on percent dye removal at different initial dye 
concentration (practical size = 45 µm, 0.6 g of adsorbent, temperature = 25 °C, pH = 7). 

It was observed maximal dye removal in presence of adsorbent with particle size of 45 µm for all 
dye concentrations. Reduction in particle size increases the adsorption surface area. Thus, higher level 
of adsorption due to smaller adsorbent particles could be attributed to a larger surface area and higher 
pore accessibility [34,35].  
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4.1.9. Effect of temperature 

Next, MR solutions with varying MR concentrations was prepared (10–100 ppm) and 0.6 g 
adsorbent and carried out adsorption at varying solution temperatures (20 °C, 25 °C, 30 °C). As shown 
in Figure 11, higher solution temperature led to a higher percent dye removal. This result could be 
attributed to decrease in solution viscosity with increase in its temperature, which subsequently 
enhances the diffusion rate of dye to internal pores and external layer of spent oil shale [36].  

 

Figure 11. Effect of temperature on percent dye removal at different initial dye 
concentrations (practical size = 45 µm, 0.6 g of adsorbent, pH = 10).  

4.2. Adsorption isotherms 

An adsorption isotherm reflects the diffusion pattern of adsorbed molecules across solid and 
liquid phases during equilibrium state of adsorption.  

Fitting of data into various isotherm models is crucial in identifying the optimum model for a 
particular adsorption process. Such isotherms often help elucidate the interaction between solute and 
adsorbent and facilitate optimization of adsorption process [37].  

In this study, three models were used for the adsorption isotherm study: Langmuir, Freundlich, 
and Temkin isotherm model. Correlation coefficient, R2 was calculated to verify if these models are 
applicable to this study.  

4.2.1. Langmuir isotherm model 

Langmuir isotherm model assumes that adsorption energies do not vary across the surface and the 
adsorbate does not emigrate from plane of surface. It works on the hypothesis of no interaction 
between adsorption energy and adsorbed molecules across the adsorbent’s surface. In addition, this 
model also assumes that decrease in distance leads to rapid decrease in intermolecular forces, and thus, 
considers spent oil shale powder to be of monolayer type, that is, when an adsorbate molecule attaches 
to a site on the adsorbent, that site does not participate in any further adsorption [38]. The Eq 4 
represents a linear Langmuir isotherm model:  
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e e

e max L max

C C1

q q K q
                                                           (4) 

where: 
Ce = Adsorbate concentration at equilibrium (mg/L) 
qe = The amount of adsorbate adsorbed per unit mass of adsorbent (mg/g) 
KL and qmax = Langmuir constants for adsorption rate and capacity, respectively. 

Figure 12 shows that a plot of Ce/qe vs Ce is a straight line with 1/qmax as slope. A qmax of 3.8 and 
Kl of 0.14475 from the plot was obtained. The correlation coefficient, R2, was 0.983. 

 

Figure 12. Langmuir isotherm for MR sorption onto spent oil shale. 

Langmuir isotherm can essentially be represented in the terms of separation factor (RL), which is 
a constant without a dimension.  

L
L 0

1
R

1 K C



                                                               (5) 

RL value determines whether the isotherm is irreversible (RL = 0), linear (RL = 1), favorable (0 < RL < 1), 
or unfavorable (RL > 1). RL values in the model indicated that the isotherm was favorable at all 
concentrations analyzed (Eq 5). 

4.2.2. The Freundlich isotherm 

Freundlich isotherm model represents an empirical equation that can help in assessing a non-ideal 
sorption process, including heterogeneous adsorption [39,40]. The Freundlich isotherm is described 
using a non-linear equation that is constructed on the basis of an assumption that increase in proportion 
of occupied sites leads to a logarithmic decrease in the adsorption enthalpy.  

1

e F eq K C n                                                                    (6) 

KF is a constant that is associated with bonding energy. It represents a coefficient of distribution or 
adsorption. It indicates the amount of adsorbed dye per unit equilibrium concentration. The surface 
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heterogeneity of adsorbent is represented by 1/n; closer the value of 1/n to zero, higher the 
heterogeneity of the surface. 1/n < 1 represents Langmuir adsorption, whereas 1/n > 1 represents 
Freundlich isotherm (cooperative adsorption). Freundlich isotherm model can be represented as Eq 7:  

e F e

1
ln q ln K ln C

n
                                                      (7) 

A plot between ln qe and ln Ce is also helpful in assessing the applicability of Freundlich adsorption 
isotherm (Figure 13). Table 2 shows the Freundlich isotherm plot data for the study. For both 
isotherms, the high values of coefficients of correlation indicated that Langmuir model is comparable 
to Freundlich model. 1/n < 1 indicated a favorable adsorption of MR by spent oil shale. 

 

Figure 13. Freundlich isotherm for MR sorption onto spent oil shale. 

Table 2. Comparison of isotherm parameters for MR adsorption (concentration of spent 
oil shale: 0.6 g/50 mL). 

 Langmuir  
 Qm (mg/g) 3.831 

KL (L/mg) 0.144 
R2 0.983 

Freundlich 1/n 0.259 
KF (mg/g) 1.224 
R2 0.932 

Tempkin KT (L−1) 5.091 
B (mg−1) 0.599 
B(J/MOL) 4134.799 
R2 0.893 

4.2.3. The Tempkin isotherm 

Tempkin isotherm model assumes a linear reduction in the heat of adsorption, contrary to the 
logarithmic decrease assumed for Freundlich isotherm model. The Tempkin isotherm model can be 
represented as Eq 8:  

e T eq ln K C
RT

b
                                                           (8) 
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This equation can be simplified as Eq 9:  

e T eq ln K + ln CB B                                                      (9) 

where (RT/b) = B, R = universal gas constant, and T = absolute temperature (in Kelvin). The constant 
b indicates heat of adsorption [40,41]. The data was analyzed using the linear Tempkin isotherm 
equation (Eq 9). The Tempkin isotherm model fit well with the data. Table 2 and Figure 14 show the 
values of coefficients and linear isotherm constants. R2 value for Tempkin isotherm model was 
comparable to R2 values from Langmuir and Freundlich isotherm models. It indicated that the 
Tempkin model was applicable for the data.  

 

Figure 14. Tempkin isotherm for MR sorption onto spent oil shale. 

4.3. Adsorption kinetics 

Analysis of adsorption kinetics is crucial to determine the operating conditions that are optimum 
for a full-scale batch process. It facilitates prediction of the adsorption rate and designing of adsorption 
processes. The adsorption kinetics of MR was studied using pseudo-first-order and pseudo-second-order 
models [42].  

4.3.1. Lagergren pseudo-first-order 

The adsorption kinetics was analyzed using the Lagergren pseudo-first-order model [41], which 
can be represented as Eq 10:  

  tkqqq ete 1loglog                                                     (10) 

where qt and qe = the amounts of MR adsorbed (mg g−1) at time (t) (min) and equilibrium, respectively. 
Log(qe−qt) vs t plots helped in determining the k1 values for varying initial MR concentrations 

(Figure 15). High R2 values (>0.97) showed that the experimental qe was comparable to the calculated 
qe for each MR concentration (Figure 15 and table 3). It indicated that the model was applicable to the 
adsorption process.  
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Figure 15. Pseudo-first-order kinetics for MR sorption onto spent oil shale. 

Table 3. Summarized data of variables and constants of pseudo-first-order and pseudo-second-order. 

Initial concentration (mg/L) Pseudo-first-order Pseudo-second-order 
qe(exp k1 qe(cal R2 k2 qe(cal R2 

10 0.817 −0.092 1.611 0.981 0.048 1.034 0.967 
20 0.924 −0.035 1.016 0.963 0.010 1.590 0.874 
40 1.114 −0.066 1.758 0.981 0.013 1.739 0.953 
60 1.235 −0.021 0.623 0.991 0.055 1.392 0.986 
90 1.421 −0.059 1.930 0.972 0.011 2.170 0.9782

4.3.2. Pseudo-second-order 

Pseudo-second-order model is based on equilibrium adsorption [40–42] and can be represented as 
Eq 11:  

2
2

1

q k q qt e e

t t
                                                    (11) 

where k2 (g/mg min) represents the rate constant of second-order adsorption process. Linear t/qt vs t 
plot revealed low R2 values, which indicated that the experimental and calculated qe values differed 
significantly (Figure 16, Table 3). 

 

Figure 16. Pseudo-second-order for MR adsorption. 
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5. Conclusion 

Oil shale was treated using solvent extraction and used for MR removal from wastewater. 
Maximum MR adsorption occurred at pH 10. At initial dye concentration range of 10–100 mg/L, the 
adsorption process took 90 min to reach equilibrium. The data was analyzed using Freundlich, 
Tempkin, and Langmuir isotherm models. All the models were applicable for the data as shown by R2 
values. A monolayer L-type isotherm best described the adsorption process. Pseudo-first-order and 
pseudo-second-order models were used to assess the adsorption kinetics. The results revealed that the 
adsorption process followed pseudo-first-order kinetics. The results indicated that oil shale, treated by 
toluene, exhibited high potential as a cheap adsorbent for MR removal from wastewater.  
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