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ABSTRACT

Due to increasing contamination of water and soils by industrial production, there is a crucial need
for new natural sorbents that are cost-effective, environmental friendly for pollutant removal. In
this context, Moroccan oil shale from Tangier Region (OST) was characterized and evaluated for
methylene blue (MB) remediation as model for cationic dye. The maximal sorption capacity of the
dried OST100 (>100 mg g™) is higher than that of calcined OST550 (80 mg g™) and OST950 (60 mg g™)
samples. The pseudo-second-order kinetic model and Freundlich equation were found the most ade-
quate to reproduce the experimental data. The effect of the thermal treatment of this oil shale on its
sorption capacity was investigated, demonstrating that the active sites from shale play an important
role for MB removal. As a result, this natural, widely available and low-cost resource can be a good
adsorbent used for many removal applications of specific pollutants.
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1. Introduction

Water pollution by toxic chemical species may pose
a serious threat to humans and environment. Dyes are
among the major organic compounds encountered in
wastewaters, which are considered dangerous and harm-
ful to living systems. Consequently, many treatment pro-
cesses have been applied to reduce dye concentration
from wastewaters. Adsorption is considered an effective
method that was extensively used in the last few years
using natural and synthetic adsorbents such as activated
carbon, fly ash [1], clay minerals and soil [2], quartz, cal-
cite, kaolinite and o-alumina [3], Mg-Al-layered double
hydroxides [4], sepiolite clay kerolites [5], resins [6], and
natural phosphate [7]. The choice of the suitable adsor-
bent depends on its adsorption capacity, availability and
cost. The utilization of natural adsorbents with a high
adsorption activity is an interesting alternative to (i) elim-
inate their harmful effect on the environment and (ii) pro-
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vide a profitable use of these materials. Recently, it was
shown that the oil shale is a promising and efficient low
cost adsorbent for organic and inorganic pollutants [8-11].
However, the chemical composition of these rocks varies
from one deposit to another. Oil shale can be classified
by their chemical composition or by their depositional
environment. Therefore, bituminous shale from Tangier
(Morocco) was selected for the treatment of wastewater as
a potential alternative to the conventional treatment ver-
sus cationic dye. We selected the methylene blue dye as
model for cationic dyes, related to its large application for
coloring different industrial materials; there is a constant
interest in removing it from aqueous solutions by using
the raw and the thermally treated oil shale as a widely
available and low-cost resource in Morocco. Noticeably,
no detailed information on the sorption properties of stud-
ied oil shale is available so far. Therefore, its capacity for
the removal of the methylene blue as a model for cationic
dye was investigated and compared to the performance of
its thermal treatments.
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2. Materials and methods
2.1. Sedimentary schist rock

The bituminous shale used in this study comes from
Tangier layers located in the north of Morocco, nearby
to the street of Gibraltar, the sea narrowness, which con-
nects the Mediterranean Sea with the Atlantic. Prior use of
this material requires initial treatments such as crushing
and washing. The fraction of 100-500 pm grain size was
washed with distilled water for several times to remove
the soluble matter. This naturally oil shale is composed
from the organic matter chemically linked to the mineral
species. The main chemical composition was determined
as follows: 80%SiO,, 7.9%Al1,0,, 2.17%Fe,O,, 1.21%MgO,
0.84%Ca0, 0.64%K,0O, 0.31%Na,0, 0.2%Ti0,, 0.14%Zn0O,
and 0.1% SO, [12]. The structure and morphology of this
schist was estimated using different characterization
techniques. Thermogravimetric analysis showed that the
quantity of the organic component is about 8 wt.%, and it
is lower than other Moroccan oil shale (20 wt.%) [13,14].
It should notice that the heating rate has a little effect
on the variation of the mass losses and the combustion
temperature.

The crystalline structure of oil shale from Tangier
(Morocco) (namely OST100) was examined by x-ray diffrac-
tion at different temperatures of calcination. The high inten-
sity of XRD peaks indicates that OST100 powder has a high
crystallinity. Therefore, x-ray patterns of this raw material
shows a main phase attributed to the SiO,-quartz associated
with minor oxide phases such as calcite, Fe,O, and Al,O,
(Fig. 1).

gBy heating OST100 sample at a temperature up to 550°C
(OST550) and 950°C (OST950), some reflections disappeared
due to the transformation of hydroxyls (OH species) into
oxide groups, decarbonation of calcite and decomposition
of some organic matter present in the raw OST powder such
as provide by TG analysis. As consequence, no significant
evolution of the crystalline structure of the mineral phases
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Fig. 1. X-ray patterns of OST samples at various temperature of
calcination.

upon heating has observed. Using solid state *Si-NMR with
different CP-MAS contact time (Fig. 2), a main resonance of
SiO,-quatz at —107 ppm is detected in OST100, but a second
broad pick found at 97 ppm particularly for less CP-MAS
contact time attributed to amorphous silica.

Taken together, these data indicate that the raw OST100
material contains only silica quartz unconnected to other
mineral species. The result is also confirmed by the infra-
red spectroscopy. The vibration bands at 1170 cm™, 1010
cm™, 695 cm™ and 675 cm™ are attributable to SiO, absorp-
tion vibrations. In the addiction, two bands at 1382 cm™
and 868 cm™ indicate the presence of carbonate groups in
raw material OST100. The minor bands due to the presence
of organic carbon appear through the bands at 3380, 2280,
2170, 1969 cm™.

The measure of the specific surface of the OST samples
was realized by multi-points N,-sorption isotherms. In the
case of OST100 and OST550, their isotherms correspond to
mesoporous materials, while OST950 presents micropores.
Further, the surface area of dried OST100 (27 m? g™') is much
higher than that of OST550 (23 m? g') and OST950 (3.5 m?
g™ related to the granular growth that reduced the surface
pores such as reported in several works [7,12,15]. This is
confirmed by calculation of the pore size distribution using
the BJH model indicating a large distribution toward 3.7 nm
for OST100 and OST550 that slightly narrows down to 20
nm for OST950.

2.2. Sorption experiments

Adsorption kinetics were followed in batch experiments
conducted at 25°C by adding 200 mg of sorbent to 100 mL
of an aqueous solution containing 20 mg L™ of MB dye at
natural pH 5.6. Sorption isotherm studies were conducted
in varying the initial concentration from 5 to 500 mg L.
At the selected time interval, the suspensions were sampled
through centrifuged. The dye concentration in the super-
natant was monitored using a UV-visible spectrophotome-
ter (Perking Elmer Lamda II) at A = 662 nm. All UV-visible
analyses were controlled by high performance liquid chro-
matography (HPLC). The amount of sorbed dye was calcu-
lated by using the equation:

q,=(C,-C)-V/m (1)

Si0y -quatz

Amorphous
silica

Fig. 2. ®Si-NMR spectra of natural oil shale OST100 from
Tangier-Morocco with CP-MAS contact time.
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where g, (mg g) is the amount of the adsorbed dye at time
t, C,and C, are the dye concentration in solution (mg L) at
t=0and t =t, V is the volume (L) of dye solution and m is
the weight (g) of the sorbent. All experiments were carried
out in triplicate. The mean values are reported and the error
range was inferior to 5%.

In order to determine the kinetics parameters of the
sorption reactions, Lagergren pseudo-first order and pseu-
do-second order models have been applied to the experi-
mental data. The Lagergren pseudo-first order equation can
be expressed as [16]:

log (9,—q,) =1ogq,,~ (k,/2.303) - t )

where g,and g, , are the experimental and calculated amount
of adsorbed dye at equilibrium(mg g™') and k, the first order
kinetic constant (min™).This model can be applied if log (7,—
q) vs. t gives a straight line.

The pseudo-second order model can be expressed as a
differential equation [17]:

t/qtz 1/k2q29,2) + (1/qe,2) ot 3)

where g, , is the calculated amount of adsorbed dye at equi-
librium(mg g™) and k, the second order kinetic constant (g
mg ' min™). The plot of t/,against time ¢ of Eq. (3) should
give a linear relationship.

Sorption isotherms were analyzed using the Langmuir
and Freundlich models. The Langmuir equation can be
written as:

Ce/qe: 1/B'qe,L+ Cﬁ/qe,L (4)

where g, is the calculated maximum amount of adsorbed
dye at equilibrium(mg g'), and B is the Langmuir constant
(L - mg™) related to the adsorption energy ¢q,, and 3 can be
obtained by plotting C /g, vs. C,. The Freundlich model can
be written as :

g,=KC" (5)

where K. is an approximate indicator of adsorption capac-
ity, while 1/# is a function of the strength of adsorption in
the adsorption process. A linear form of this model is :

log q,=log Kf+ 1/nlogC,

3. Results and discussions

In a first step, the effect of contact time on the methylene
blue (MB) dye adsorption was studied for an initial con-
centration of 20 mg L™ and an adsorbent dose of 2 g L™ at
room temperature and an initial pH 5.6. Kinetics investiga-
tions were carried out to measure the rate of reaction under
various experimental conditions and to determine the time
required to reach equilibrium of the sorption process. The
resulting data suggest that MB dye is quickly adsorbed onto
OST surfaces within the first minutes (Fig. 3).

The thermal treatment of the oil shale had an impact
on the sorption capacity of MB but not significantly greatly

on kinetic reaction. With 20 ppm of MB dye, the maximal
adsorbed amounts on OST100 (9.5 mg - g™) and calcined
OST550 (7.7 mg - g') are more important for that of OST950
(3.9 mg - g). Therefore, the removal of MB by OST100 is
almost totally reached for OST100 (95%) but less for OST550
(77%). Therefore, OST100 can be considered as adsorbent
and could be effective for the treatment of MB dye-rich
wastewater. To determine the kinetic parameters, the pseu-
do-first order and the pseudo-second-order kinetics mod-
els were evaluated to simulate the sorption data. Kinetics
parameters are given in Table 1. The pseudo-second order
model was the suitable model for the MB dye sorption
independently of the thermal treatment of the sorbents. The
kinetics constants vary in the order k,(OST100) > k,(OST550)
> k,(OST950).

Based on previous kinetics data, sorption isotherms
were obtained after 3 h as contact time, showing that
OST100 exhibits a higher dye sorption capacity than
OST550 and OST950. The influence of adsorbent dose on
MB sorption was also studied (Fig. 4). It was found that
with the increasing dosage of adsorbent the MB removal
from water is favoured and the optimal dose is required
with 2 g L. Insignificant change was observed when the
adsorbent dose was increased up 2 g L™, suggesting that
after this dose, the saturation of active site was attained and
the adsorption of MB molecules onto OST surface is limited.
The thermal treatment of the powders did not significantly
modify these trends. On this basis, a 2 g L™ dose of the OST
adsorbent was selected for the rest of our study.

The retention capacity of raw oil shale OST100 and
the heat-treated OST550 and OST950 powders, was then
studied by performing sorption isotherms for initial dye
concentrations ranging from 5 mg L™ to 500 mg L™ over
3 h (Fig. 5). The amount of adsorbed dye increases with
its initial concentration in the MB contaminated solution.
Higher capacity was obtained with OST100 (> 100 mg g™).
Considering the effect of the thermal treatment of OST sor-
bent, the first heating step from 100°C to 550°C do not sig-
nificantly affect the mineral surface nor the powder porous
structure. Therefore, the little decrease in sorption capac-
ity can be attributed to the removal of the organic matter
at 550°C (5 wt% as weight loss). Heating further to 950°C
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Fig. 3. Evolution of the amount of sorbed dye (g, ) with contact
time “t” on the dried OST and calcined OST powder. Plain lines
() correspond to the simulation of experimental data with the
pseudo-second order model. (C, =20 mg L™, dose =2 g/L, T =
25°C, pH = 5.6).
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Kinetic rate constants (k) and adsorption capacities (q,,) obtained by using pseudo-first order and pseudo-second order models to
MB molecules adsorbed on the oil shale. R? indicate the correlation coefficients for the linear fits

Pseudo first order model

Pseudo second order model

k, 9.1 R
(min™) (mgg?)

k, 9,5 R?
(g mg'min™) (mg g™)

OST100
OST550
OST950

0.187 1.79
0.022 2.25
0.160 3.71

0.9017
0.8407
0.8901

0.224 9.57
0.030 791
0.019 3.89

0.9999
0.9992
0.9993

100

) 0ST100

OST550

OST9I950

2
4

Dye removal (%)
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T
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Fig. 4. Effect of adsorbent dose on the removal of MB dye using
dried and treated oil shale. (C; = 20 mg L', t=3h,T=25C, pH
=5.6).
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Fig. 5. Variation of sorbed MB content (g,) with MB concentra-
tion with the OST powders. Plain lines (—) correspond to the
curves obtained by fitting the data with the Freundlich equa-
tion. Dose = 2 g L, contact time = 3 h, temperature = 25°C,
pH =5.6).

sample, the specific surface area is reduced and the OST950
surface became more hydrophobic due to silanol conden-
sation [18-20], resulting in moderate decrease in kinetics
rate and maximum sorption capacity. The sorbent satura-
tion was reached for OST550 and OST950 and their experi-
mental maximum capacities g, are 60 mg g™ and 80 mg g™,
respectively, however, the sorption isotherms did not reach
a plateau for OST100 related to the higher affinity towards
MB molecules (g, > 100 mg g™).

Attempts to use the Langmuir model were unsuccess-
ful, while the Freundlich equation is correct fitting of the
experimental data, which supposes some types of interac-
tions between adsorbing molecules. Such interactions can
be ascribed to the forces among cationic dye molecule into
the OST sorbent interfacial space. The parameters extracted
from these analyses are gathered in Table 2. The most reli-
able fits (i.e. larger R? values) were obtained with the Fre-
undlich model. To analyze these data, it is first important
to consider the relative charge of the sorbents and MB dye.
The isoelectric point (IEP) of quartz was reported to vary
between 1.5 and 3, so it is negatively-charged in the con-
ditions of these experiments [21] while the MB dye was
charged positively at acid pH. Thus, the possible mecha-
nism involving MB sorption with shale should be associ-
ated to the surface complexation reactions. To get additional
information on the adsorption mechanism, the pH evolu-
tion of the MB solution was also monitored during the sorp-
tion process (Fig. 6).

When the adsorbents are dispersed in water, an increase
of pH is observed from 5 to 8.9 and 10.1 using OST100 and
OST950, respectively. In the presence of MB, the rise in pH
is much more limited, up to 8.3 and 9.1. Thus, it can be pro-
posed that the organic matter trapped in OST100 may con-
tribute to the acid-base equilibrium and the MB sorption
limits the protonated reactions and complex the negative
charge of oxide OST surface. To analyze these data, it is very
interesting to discuss the surface charge of adsorbent and
MB dye. Quartz is the main component of OST shale that is
negatively charged in used operatory conditions [21]. It is
well admitted that the heat-treatment of OST increases the
basicity of its surface such as conformed by pH measure-
ments in the detriment on surface composition. Noticeably,
the presence of organic matter in raw OST100 contributes to
the acid-base properties of OST100 powder and its degrada-
tion at high temperature affects the material sorption prop-
erties. In addition, methylene blue has an aromatic amine
groups with a pK of 3.8 and are mainly positively charged
to pH 7. To clarify this point, the influence of pH on MB
dye sorption at OST100 surface was studied. Using 20 ppm
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riizlge;uir and Freundlich constants for MB sorption on the OST100, OST550 and OST950 adsorbents

Experimental Freundlich Langmuir

G (£0-5 mg g7) K, 1/n R? q,,(mgg")  (Lmg") R
OST100 >100 0.596 0.89 0.99295 333 0.44 0.7232
OST550 86 0.592 0.88 0.9925 200 046 0.7203
OST950 61 0.561 0.87 0.9967 111 045 0.8544

HzO /OSTI950

10 /__,,,,,,,, **************** o
MB/OST950

H O/O0ST100

P 0, 05T 100 .

MB /OST100

pH

Time (min)
T T T T 1
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Fig. 6. Evolution of pH during the sorption process of MB on
OST100 and OST950 adsorbents.

of MB as an initial concentration, a complete removal was
obtained in pH 2-6 range, but decreased up the pH 7.

In addition, adsorption-regeneration tests were per-
formed with OST550 sample. The choice of the tempera-
ture of calcination is related to the degradation of a major
organic matter at this temperature as proved by thermo-
gravimetric analysis. A first sorption of MB dye (20 mg L)
was performed and then the powder was treated to 550°C
and the experiment re-conducted up to 3 times. The adsorp-
tion capacity of the once-regenerated OST550 sample (4.7
+ 0.2 mg - g') was comparable to the pristine OST550 (4.9
+ 0.2 mg - g™). It was observed that there was no appar-
ent change in adsorption capacity after regeneration up to
3 cycles while the average loss in photodegradation activity
during regeneration was about 3—4% per cycle.

As comparison, the sorption capacities obtained in this
work for MB sorption on Moroccan raw oil shale (>100 mg
g') and its thermal treated materials, OST550 (86 mg g')
OST950 (61 mg g™) are effective adsorbents compared to the
other natural sorbents reported in the literature such as per-
lite (9 mg g™) [22], Abu-Tartour phosphate rock (100 mg g™)
[23], Bengurir phosphate rock (22.5 mg g™') [7], natural zeo-
lite (21 mg g™') [24]. This opens wide perspectives for these
natural widely available low-cost resources as sorbents for
the removal of other pollutants.

4. Conclusions

Opverall, the oil shale has the advantage of a very low
cost, low environmental impact and large abundance but
exhibits a limited porosity. The MB sorption on dried and
thermal treatment oil shale materials was carried out. Fur-

ther, the adsorption process spontaneous follows pseu-
do-second order kinetics and the mechanism involved more
than one process. The adsorption equilibrium data were fit-
ted with the common adsorption isotherms as Freundlich
equation was found to have the highest value of R* com-
pared with other models. Experimental results showed that
the surface adsorption was responsible for uptake of MB
cationic dye on the oil shale.
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Appendix A.
N, sorption isotherms and BJH analysis and of the raw and heat-treated oil shale samples
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