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This article aims to apply an activated carbon on the adsorption of o-cresol in an aqueous me-
dium. Our work presents a double environmental aspect: On one hand, a valorization of under-natu-
ral products, which is the olive pomace and on the other hand, the study of the adsorbent efficiency of
the activated carbon resulting from these cores. Activated carbon is prepared with chemical activa-
tion of olive pomace using HsPOa. The characterization of this porous material has shown a specific
surface area equal to 651 m?/g with the presence of mesopores. Various parameters influencing the
adsorption were optimized, mainly the effect of the contact time, initial concentration of o-cresol and
pH of the solution were studied. The experimental results show that the sorption equilibrium is rea-
ched within 60 min with an adsorption yields of 83.66%. Indeed, the experimental adsorbed quantity
of adsorbent is 3.82 mg/g with o-cresol concentration of 50 mg/L, T = 30 °C and pH 2.6 for the better
adsorption.

The adsorption process was also studied by examining Langmuir, Freundlich, Temkin isotherm,
and Dubinin—-Radushkevich (D-R) isotherm models. The results revealed that the adsorption system
followed the pseudo-second order model and the Freundlich model. Several thermodynamic factors,
namely, the standard free energy (4Gads), enthalpy (AHads), and entropy (ASads) changes, were also
calculated. The results demonstrated that the adsorption process is a physical and endothermic. The
obtained results are interesting, and applications on other pollutants, in wastewater are in progress.
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INTRODUCTION

The adsorption process with low cost natural minerals is an attractive option because of
their efficient removal rate for organic pollutants at even trace levels. Well-designed ad-
sorption processes provide high-quality effluent after treatment. In recent years, conside-
rable attention has been focused on the utilization of pomace such as from deoiled red
raspberry pomace (1), cranberry pomace (2) and apple pomace (3-6). Also, the grape po-
mace mainly composed of seeds, skins and stalks, all containing high amounts of valuable
phytochemicals, is the main solid residue of wine industry and is also used (7). In the other
hand, olive production is one of the important human activities through the transformation
of olive into olive oil and olive table. The olive oil production in Mediterranean countries is
more than 94% of world olive oil production (8, 9). Olive dry cake olive pomace also
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referred to as olive pomace is generated from the extraction of olive oil. Olive pomace
contains, in addition to its content, fruit components such as crushed olive stone pieces,
olive pulp with residual oil, and 65% water from olive oil extraction (10, 11). Nieto et al.
(12) studied the adsorption of Fe by olive stones in agricultural wastewaters. The percen-
tage of iron adsorption increased from 30 to 70% when the initial biomass concentration
rose from 25 to 125 g dm. Bohli et al. (13) examined adsorption of phenol on a prepared
activated carbon activated chemically (by H3PO.). Authors tested effect of pH, initial con-
centration (Co: 25-300 mg/L) and equilibrium time. The results show that activated carbon
from olive stone can be used for adsorption of phenol from aqueous solution.

Cresol compounds are substituted phenols which are generated by petroleum and petro-
chemical, coal conversion, cresols producing industries, and other chemical processes, are
common contaminants in wastewater. Cresols are widely used for the commercial produc-
tion of a wide variety of resins including phenolic resins, which are used as construction
materials for epoxy resins and adhesives. Cresols as a class of organics that are resistant to
biodegradation. Cresols are previously eliminated from wastewaters using different me-
thods such as adsorption, chemical precipitation, ozonation, ion exchange, filtration, mem-
brane separation, and reverse osmosis (14, 15). Gracioso et al. studied removal of phenolic
o-cresol from raw industrial wastewater containing a mixture of phenols, m-cresol, o-cresol,
90% biodegradation was achieved after 80 h of inoculation (16).

The aims of this work were as follows: first, to study the o-cresol adsorption kinetics on
activated carbon from olive pomace; second, to assess the initial o-cresol concentration and
adsorbent amount effect on matter transfer rate. Eventually, to find a simple mathematical
model suitable for a better understanding of the physical phenomena involved in a more
appropriate design, operation, optimization, and control of the industrial process separation.
Simplified isotherm models are tested to describe the adsorption process. Kinetics are
determined using different models and then correlated with the experimental variables.

EXPERIMENTAL
ACTIVATED CARBON

Activated carbon (AC) was prepared from olive pomace by chemical activation with
orthophosphoric acid (HsPO.) according to the method developed by Gharib and al. (17):
Initially, the precursor was washed thoroughly with hot water, dried and then impregnated
with a dilute phosphoric acid solution for 6 hours at 110 °C. The resulting material was
washed with distilled water to remove all leachable impurities. The dried solid was carboni-
zed in a muffle furnace (NaberTherm B180). The optimized carbonization time and tempe-
rature were 1 h and 600 °C, respectively. The producer of carbon was washed with distilled
water and then dried to be ready for use.

Specific surface area of prepared activated carbon was determined by nitrogen adsorption
and desorption isotherms at 77.7 K with an automatic Sorptiometer Autosorbe-1C Quanta-
chrome apparatus. The specific surface area and pore volumes were calculated by applying
Brunauer-Emmett-Teller (BET) analysis method. The point of zero charge (pHezc), pH at
which the adsorbent is neutral in aqueous suspension, was determined following the proce-
dure of Altenor (18) et al. In this method, 50 mL of 0.01M NaCl solution was filled in closed
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Erlenmeyer flasks at room temperature. Then, the pH of the solutions was modified to values
from 2 and 12 by adding 0.1M HCI or 0.1M NaOH solutions. These pHs were mentioned as
the initial pH (pHiniia)). Finaly, 0.1g of solid adsorbent (AC) was added to each flask and the
final pH (pHsina) Was measured after 24 h. The pHsina Was plotted against the pHiniia and the
PHpzc is the point where the curve pHsina Versus pHiniial intersects the first bisector.

0-CRESOL

Analytical-reagent grade o-cresol (purity > 99%), was used as the adsorbate. A stock so-
lution was prepared by dissolving required amount of o-Cresol in double distilled water.
Different initial concentrations (Co) of o-cresol, in the range of 25-100 mg/L, were obtained
by successive dilutions. o-Cresol concentration was determined by UV absorption at 270
nm wave-length using a calibrated UV-Visible Perkin EImer spectrophotometer.

ADSORPTION EXPERIMENTAL PROCEDURE

Adsorption process was performed as a function of contact time, pH, initial concentrati-
ons of the o-cresol and temperature using an AC adsorbent amount of 1g and adsorbate
volume of 100 mL (0.1 L) of o-cresol determined concentrations (cited in the previous pa-
ragraph). The contact time between solid-liquid were from 0 to 120 min; pH was varied
from 2 to 12 and the temperature from 20 to 80 °C. The removal yield (%) and the of equi-
librium adsorption g. (mg/g) were calculated from the following Equations 1 and 2, res-
pectively:

Yield (%):(C"'% x 100 [1]
(ZC,"Ce)
g, (mg/g)=2=CC sy [2]

where C; is the initial concentration (mol/L) and Ceq is the equilibrium concentration
(mol/L). V is the volume of the solution (L), m is the mass of adsorbent (g) and X is mass
of o-cresol adsorbed (mg).

KINETICS STUDY

In order to understand the mechanism and dynamism of adsorption, five kinetic models
have been chosen pseudo, first-order (Equation 3), pseudo second-order (Equation 4) and
Elovich (Equation 5) (19). In addition, intra-particle diffusion (Equation 6) (20) and exter-
nal diffusion (Equation 7) (21) were studied, too:

ln(qe- qt):lnqe- K-t [3]
1 I
e + .
4,-9) 4, Kyt [4]

where, Ky (min?) is pseudo-first-order kinetic constant, and K; represents pseudo-second-
order Kinetic constant.
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where fSe (9/mg) parameter related to the extent of surface coverage and activation energy,
and ae (mg/g.min) represents initial adsorption rate.

1
q9,=K;2 [6]

where q; is amount of adsorbate on the surface of the adsorbent at time t, mg/g; K; is the
intra-particle rate constant, mg/(g-min*?).

Co-Co ) _ a), ;'
( = J— k(2 )=kt 7]
k® is the external rate constant (min*) and a is the solid/liquid interface area.
ISOTHERM STUDY

Adsorption isotherms have an important role in the determination of adsorbent capacity.
The obtained results of the influence of the initial o-cresol concentration on AC adsorption
during this study were used to draw them. There are many theoretical models that have
been developed to describe adsorption isotherms. However, the models of Freundlich
(Equation 8) and also of Langmuir (Equation 9), Elovich (Equation 10) and Temkin (Equa-
tion 11) (19), Dubinin Radushkevich (Equation 12) (22), Kiselev (Equation 13) (23) and
Fowler Guggenheim (Equation 14) (24) allowed to deduce the main parameters character-
rizing each model as shown below:

log (qe) = log (Kr) + n log (Ce) (8]

where Kg (mg/L) and n are Freundlich constants related to the adsorption capacity and
adsorption intensity, respectively.

1 1 1
— + — 9
Ceq,, KL 4, [ ]

L
q
KL (L/mg) is Langmuir constant and gn theoretical maximum adsorption capacity (mg/g).

n & =In [quE)— - [10]
Ke (L/mg) is the Elovich constant.

qe:BTl}’lKT""BTlI’ng [11]

where Kt (L/mg) is Temkin constant, T (K) is temperature and Br (J/mol) is related to the
activation energy.

In (ge)=In [quR)-KD & [12]
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where Kp is is Dubinin-Radushkevich constant, & (kJ.kmol?) is potential of Polanyi
:RTln(1+ci); R is the universal gas constant (8.314 J/mol.K) and E is mean adsorption
1

NTy

energy E =

L _Kir
g o TKKs [13]

where K is Kiselev equilibrium constant (L/mg) and K- is equilibrium constant of the
formation of complex between adsorbed molecules, 6 the fractional coverage.

In (#) :-IHKFG+ % [14]

where Kgg is the Fowler-Guggenheim equilibrium constant (L/mg) and W (kJ mol™) is the
interaction energy between adsorbed molecules.

THERMODYNAMIC STUDY

Thermodynamic properties such as standard enthalpy (4Haqs), entropy (4Sags) and Gibbs
free energy (4Gaas) are essential for the study of any adsorption system. These properties
determine the nature of adsorption and spontaneity. These thermodynamic parameters of
adsorption were carried out at four different temperatures: 25, 45, 60, 80 °C and were
calculated using the following equations (19, 24):

ASads _ AH g

InKp = —tb- =4 [15]
AG=AH, 4 -T AS 45 [16]

The apparent equilibrium constant (Kg) of adsorption is defined as:
Kdz % [17]

Ceq
where, Kp is the thermodynamic equilibrium constant and it is the ratio of concentration of
adsorbate in the solid and liquid phases. 4Hags and 4Sass were derived from the slope and
intercept of the linear plot (i.e., Van’t Hoff plot) of InKp versus 1/T, respectively.

RESULTS AND DISCUSSION
CHARACTERIZATION OF ADSORBENT

The adsorption/desorption curve of the AC prepared from olive pomace (Figure 1a)
shows a hysteresis for which desorption branch joins the adsorption branch for a relative
pressure equal to 0.42 at 77 K. This hysteresis is significant of the presence of constituent
mesopores of a stable structure (type IV isotherm) (25). In addition, the obtained results
show that the AC has a surface area equal to 651 m?/g, a pore volume of 0.280385 cm?/g.
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A large specific surface area permits high adsorption. The pHpzc is an important para-
meter based on the determination of the range of pH sensibility and allows the active surfa-
ce and adsorption capacities to be predicted (26). The pHpzc value of AC found was equal

to 3.01 (Figure 1b).
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Figure 1. N, adsorption-desorption isotherm of AC (a) and the pH point of zero charge
(PHpzc) (b)

ADSORPTION STUDIES

Effect of adsorbent amount

To investigate the effect of the adsorbent dose on the efficiency of the adsorption pro-
cess, a series of experiments were conducted with various adsorbent amounts of AC from
0.25 to 3 g in 100 mL of 50 mg/L o-cresol solution.

The effect of adsorption amount on adsorption is shown in Figure 2.
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Figure 2. Effect of adsorbent amount on o-cresol adsorption (pH = 6.8, Time = 120 min,
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As the mass of the adsorbent increased, the adsorption yields also increased to 63.25%.
This is due to the presence of more active sites on the surface (27). The maximum ad-
sorption efficiency of o-cresol was achieved with 1 g of AC. In addition, it is clear that an
increase in the adsorbent mass above 1 g saturates the surface of the AC adsorbent and
stops the adsorption phenomenon. In this case, it can be said that the adsorption equilibrium
of o-cresol on AC is reached.

Effect of initial pH on the adsorption

The pH of the solution is one of the most important parameters affecting adsorption pro-
cesses because it affects the surface charge of the adsorbent, the degree of ionization and
speciation of the pollutants (28). The effect of initial pH on adsorption of o-cresol was stu-
died with 50 mg/L initial concentration and 1 g optimum AC amount.

Figure 3 shows the influence of solution pH on o-cresol removal by AC in the pH range
of 2 to 12. The o-cresol adsorption decreases with the increase of pH. The maximum o-cre-
sol removal obtained at pH lower than pHpc (pHpc=3.01) can be explained by the fact that
at this pH range the AC surface is charged positively and o-cresol was protonated (29). This
creates a strong electrostatic interaction between o-cresol molecule carbon surface. How-
ever, with the increase of pH solution up to pHpzc, o-cresol becomes more dissociated and
AC surface is charged negatively leading to increased electrostatic repulsion force between
the anionic o-cresol form and OH" groups on AC surface and between phenolate-phenolate
anions in solution (30) resulting in a decrease of o-cresol adsorption yields. Taking into
account the obtained results, the rest of experiments were carried out at pH 2.6.

Effect of contact time and initial concentration

The effect of o-cresol initial concentration on the adsorption yield is reported in Figure
4. When initial o-cresol concentration increased from 25 to 100 mg/L, the adsorption yields
on AC increased from 19.33 to 75.15%. The time evolution of the amount adsorbed o-cre-
sol indicates that the equilibrium time was reached at about 60 min for all the initial con-
centrations. Two Kinetics regions were observed: the first one is characterized by a high ad-
sorption rate due to the high initial number of free sites in activated carbon available and
the driving force for the mass transfer is greater. Therefore, o-cresol reaches easily the ad-
sorption sites of AC. As time progresses, the number of free sites in AC decreases and the
non-adsorbate molecules are assembled at the surface thus limiting the capacity of adsorp-
tion. The increase of loading capacities of AC with increasing o-cresol concentration is may
be due to the higher n-7 interaction between 0-cresol and the surface function of activated
carbon. The n-nt interaction is usually the mean involved mechanism of o-cresol adsorption
(31, 32).
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Figure 3. Effect of pH on o-cresol adsorption (m =1 g, Time = 120 min, T =25 °C
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Figure 4. Effect of initial concentration 0-CreS0l adsorption

Effect of the temperature

The temperature effect on adsorption of o-cresol on AC was examined at a range from
20 °C to 80 °C and shown in Figure 5. The yield of adsorbed o-cresol increased until it rea-
ches the maximum adsorption of 83.66% at 30 °C. Then, yield of o-cresol adsorption decre-
ased gradually with the increase in temperature. This can be attributed to the possible da-
mage of adsorption sites at elevated temperatures.

144



APTEFF, Vol. 54, 1-335 (2023) UDC: 547.565.2:665.587:634.63

DOI: httis://doi.orq/10.2298/APT2354137C BIBLID: 1450-7188 (2023) 54, 137-150
(@) BY-NC-ND | Original scientific paper
90
80 4
<70
5’\_,
b=
2
> 604
50 4
40 +— T T T T T T
20 30 40 50 60 70 80 90

Temperature (°C)

Figure 5. Effect of the temperature on the o-cresol adsorption

KINETIC STUDY

Adsorption o-cresol kinetics on AC was studied by fitting experimental data. The obtai-
ned parameters, the experimental adsorbed quantity (qe) and correlation coefficients were
calculated from the equations cited previously (See section 2.4) and regrouped in Table 1.

Table 1. Parameters and correlation coefficients of adsorption kinetic models applied to
experimental data of o-Cresol adsorption on AC

Kinetic models Constants Results
Ky min?) 0.045
Pseudo first-order ge Mg.g™) 3.420
R? 0.830
Kz (min) 0.028
Pseudo second-order ge(mg.g?) 4.040
R? 0.995
ag(mg.gt.min) 3.460
Elovich Be (g/mg.mint). 0.614
R? 0.922
. minl/2
Intra-particle diffusion Ki (mg/(Rg,zmm ) 822613
o Ks (min) 0.011
External diffusion R? 0.632

According to these values, the pseudo second order and Elovich models present very
significant regression coefficient values (R? > 0.90), but the pseudo-second order model
presents a correlation coefficient value the highest (R? = 0.995). It can therefore deduce that
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the pseudo-second order model is the best model describes the adsorption process of o-cre-
sol on the prepared activated carbon. Also, the value of the quantity adsorbed calculated by
the kinetic model of pseudo-second order 4.04 mg/g is very close to the value of experi-
mental quantity adsorbed (3.82 mg/g).

ISOTHERM STUDY

The values of the calculated constants of isotherms are shown in Table 2. From these
modeling results, it can be observed that most of the linear models represent well the ad-
sorption isotherms of o-cresol on the prepared AC with non-negligible correlation coeffi-
cients. The values of the regression coefficients indicate that the adsorption process of o-
cresol is described in a favorable way by the Freundlich isotherm with excellent linear
regression coefficients (R? = 0.996) which is very close to unity.

Table 2. Parameters and correlation coefficients of isotherms models applied to
experimental data of 0-Cresol adsorption on AC

Isotherm models Constants Results
Ke(mg.gh) (L.mg?) 0.090
Freundlich n 1.510
R? 0.996
K (L.mg?) 0.023
Langmuir gm(Mmg.g™) 8.400
R? 0.974
gm (Mg.g%) 12.500
Elovich ke (L.mg?) 0.017
R? 0.929
Br (Kj.mol?) -10.490
Temkin Kr (L.mol?) 0.174
R? 0.943
. . Kp (mol.j?) 6.10°
Dubinin Radushkevich R? 0.796
Ki (L.mg?) -0.022
Kiselev Kn (L.mg?) -10.810
R? 0.500
Kre (L.mg?) 0.020
Fowler Guggenheim W (Kj.mol?) -3702
R? 0.990

In addition, the value of n (Freundlich constant) is greater than 1, it means that the ad-
sorption is favorable (the intensity of the adsorption is high) with the formation of strong
bonds between the adsorbate and the adsorbent in the studied temperature range. The ad-
sorption is an endothermic process; it can be explained by the increase of the temperature
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with the value of Kg (33). Indeed, the value of the regression coefficient shows that the
Fowler Guggenheim model (R?=0.99) is adequate for a good description of this adsorption
of o-Cresol on the prepared AC. The regression coefficients were not satisfactory for the
isotherm of Elovich, Kiselev and Dubinin Radushkevich, so they do not model the isotherm
of adsorption of 0-Cresol on activated carbon.

THERMODYNAMIC STUDY

The thermodynamic parameters: free energy (AGags), enthalpy (AHags) and entropy
(ASags) are regrouped in Table 3. The enthalpy (AHags) is positive, which implies that the
adsorption process is endothermic. It is also noticed that AGags increases with the increase
in the temperature of the solution. The result can be explained by the fact that adsorption
becomes very difficult and disadvantaged when the temperature becomes very high (33).
Positive values of AGags and its increase with temperature indicate an increase in disorder
during adsorption, the randomness increases at the solid-solution interface during this fixa-
tion process. This can be explained by the redistribution of energy between the adsorbent
and the adsorbate. The o-cresol adsorption process is a physical adsorption type when the
AGags values are less than 40 KJ/mol. The negative value of ASags Shows that the adsorption
takes place with an increase in the order at the solid-solution interface.

Table 3. Thermodynamic parameters of o-Cresol adsorption on AC

Parameters T (K) AGads (KJ/mol) | AHags (KJ/mol) | ASags (3/mol)
293 2.204
301 1.675
312 2.489
Results 333 3.763 16.279 -60.240
333 3.874
345 4.587
357 5.192
CONCLUSION

In this study, the removal of o-cresol from aqueous solution by adsorption on olive po-
mace activated carbon (AC) was developed. This is in order to protect the environment by
using the waste from olive oils production (olive pomace) in the elimination of another type
of industrial waste (o-cresol, a toxic phenolic derivative). The characterization of the acti-
vated carbon prepared with chemical activation from olive pomace showed a specific
surface area equal to 651 m?/g with the presence of mesopores.

The obtained results show that the equilibrium of sorption is reached within 60 min with
a removal yield of 83.66%. Indeed, the experimental adsorbed quantity of adsorbent is 3.82
mg/g with o-cresol concentration of 50 mg/L, T = 30 °C and pH 2.6 for a good adsorption.
Some Kinetics, isotherms and thermodynamics adsorption studies were investigated: The
kinetics of o-cresol adsorption on AC follows the pseudo-second order model and fitted the
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Freundlich model. The results demonstrated that the adsorption is a physical and endother-
mic process.

In the end, prepared AC from olive pomace is a promising material for o-cresol elimi-
nation and may also be effective in removing other pollutants.
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