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ABSTRACT

Olive stones, an agricultural waste, have successively undergone a chemical activation by
ZnCl, (coals CZ), a physical activation by CO, (coals CP) and a combined activation by
ZnCl, followed by CO, (coals CC) in order to compare the efficiency of these activating
agents in the production of activated carbons for their applications in polluted water treat-
ment. The obtained results show that the larger the ratio of ZnCl, to olive stones (coals CZ
and CC), and the duration of preservation of CO, (coals CP), the more developed the porous
texture. These results are confirmed by immersion calorimetry in cyclohexane and
tri-2,4-xilyl phosphate. The adsorption of phenol in aqueous solution on all activated carbons
at 25°C was investigated. The adsorption kinetics data were well described by the pseudo-
second-order model, and all phenol adsorption isotherms on various activated carbons
perfectly fit the Langmuir equation. Furthermore, the phenol adsorption capacities of
activated carbons obtained by physical and physicochemical activations successively (CP3
and CC3) were the largest (156 and 158 mg/g, respectively) although the specific surface area
(Sger) of CP3 (861 m?/ g) is much lower than that of CC3 (1793 m?/ g); this should be due to
the presence of narrower microporosity in the activated carbons CC. The best activated
carbon, in terms of the porous texture (specific surface area and total pore volume), is the
one obtained by physicochemical activation (CC3).
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1. Introduction

Manufacturing activated carbons involves two
steps: the carbonization of raw carbonaceous
materials in an inert atmosphere and the activation of
carbonized product. The carbonization consists of a
thermal decomposition of the carbonaceous material,

*Corresponding author.

eliminating non-carbon species and producing a fixed
carbon mass with a rudimentary pore structure. Very
fine and closed pores are created during this step, the
purpose of activation is to enlarge the diameters of
the fine pores and create new pores.

The activation can be carried out by chemical
or physical means. In chemical activation, the
carbonization and activation are accomplished in a
single step by carrying out decomposition of the raw
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material impregnated with certain chemical agents.
The advantages of chemical activation are their low
energy cost due to lower temperatures than those
needed for physical activation, and high product
yields.

The physical activation involves gasification of the
char (obtained from carbonization of the raw material)
by oxidizing with steam, carbon dioxide, air or any
mixture of these gases in the temperature range 800 to
1,100°C.

Activated carbons with high apparent surface
areas and pore volume were obtained from treatments
of lignocellulosics precursors with phosphoric acid
and zinc chloride [1-3]. The zinc chloride is one of the
chemical activating agents used in the preparation of
activated carbon [4-11]. The formation of highly
microporous carbons by pyrolysis of various types of
precursors (lignocellulosic materials, green cokes, and
coals) in presence of potassium and sodium hydrox-
ides and carbonates is now well documented [12-15].
Alkaline and carbonate hydroxides and carbonate
potassium were also used in the chemical activation
of coals [14,16].

For a long time, activated carbons have been
widely used for the removal of organic pollutants
from wastewaters and drinking water, due to their
large surface area and pore volume [17]. Currently,
around 275,000 tons of activated carbons are con-
sumed annually worldwide [18]. Because of the high
cost and non-renewable source of commercially avail-
able activated carbon, in recent years, researchers have
studied the production of activated carbons from low
cost [19] and renewable resources, such as coconut
husk, wood, date stones, coffee endocarp, bamboo,
cotton stalks, pistachio shell, and olive stones. Olive-
waste cakes, corresponding to the remaining residue
of oil extraction process, represent a yearly average of
15 million tons depending on the crop [20].

Phenol is a common pollutant in municipal water
and industrial effluents. Adsorption is one of the most
effective processes for the removal of phenol [21-26].
The phenomenon of heat released during the immer-
sion of a solid in a liquid, with which it does not react
and in which it does not dissolve, is obviously due to
the solid-liquid interaction and corresponds to the
heat of immersion of the solid. The released heat
quantities reflect the interaction forces between the
liquid molecules and the solid, which determine the
adsorption degree. The calorimetry of immersion was
used in the characterization of the carbon materials:
porous texture [27-30], pore size distribution from
their enthalpies of immersion in liquids of different
molecular dimensions [30,31], free energy [32], and
polarity of surface [32,33].

The objective of this study relates to the valoriza-
tion of a lignocellulosic compound, the olive stones,
and an agricultural waste. For this purpose, the raw
material was successively chemically activated by
zinc chloride, physically activated by carbon dioxide,
and activated by zinc chloride followed by carbon
dioxide (combined activation) in order to produce
activated carbons with high surface areas and pore
volume for their application in the polluted water
treatment.

2. Experimental
2.1. Preparation of activated carbons

The olive stones were beforehand oven-dried at
120°C before being crushed and sieved until obtaining
a granulometry lower than 0.315mm (powder) to
improve the contact between the activating agent and
lignocellulosic material. They are again dried at 120°C
and kept in hermetically closed flasks.

For the chemical activation, the homogeneous mix-
ture (olive stones and zinc chloride) was carbonized
in a horizontal furnace under a nitrogen flow of
100cm®min~' with a heating rate of 5°C/min from
room temperature to the final temperature (800°C)
and maintained for one hour at this temperature, in
order to have the same temperature for the physical
activation, before cooling. After cooling under a nitro-
gen flow, the obtained carbon was treated by an
hydrochloric acid solution (0.1N) by refluxing for
three hours, then washed with boiling distilled water
until the absence of chloride ions, and finally oven-
dried at 120°C for three hours and kept in hermetic
bottles to protect it from air and humidity. The olive
stones activated with various ratio of ZnCl, (0.5 g, 1 g
and 2 g) were denoted as CZ1, CZ2 and CZ3, respec-
tively.

In relation to physical activation, the powder of
olive stones was carbonized in the same conditions as
previously (without landing of 1h); the nitrogen is
then substituted by the carbon dioxide in various
durations (1, 2, and 3h); after cooling under a nitro-
gen flow, the obtained material was washed in
distilled water. We shall note that CP1, CP2, and CP3
coals were treated for 1, 2 and 3h with CO,
respectively.

Finally, the combined activation is applied as fol-
low: the mixture of precursor-zinc chloride is treated
in the same conditions as in the chemical activation
(without landing of 1h); the nitrogen is then switched
to carbon dioxide for 1h at 800°C. After cooling under
a nitrogen stream, the resulting carbon is washed in
the same conditions as in the chemical activation. We
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shall note that CC1, CC2, and CC3, the precursors,
were successively activated by 0.5, 1, and 2g of
ZnCl, per gram olive stones then by CO, for 1h,
respectively.

The yield of the activated carbon was estimated
from the following equation:

Yield of activated carbon (% )

weight of activated carbon

= x 100 (1)

~ weight of dried olive stones

2.2. Nitrogen adsorption—desorption and immersion
calorimetry

The textural characterization of the prepared acti-
vated carbons was performed by nitrogen adsorp-
tion and immersion calorimetry techniques. The
nitrogen adsorption—-desorption isotherms were mea-
sured using an automatic adsorption volumetric
apparatus (Micromeritics ASAP 2010) in order to
determine the specific surface areas Sggr from the
BET equation [34], the total pore volume (V1) at a
relative pressure of 0.98, and the micropore volume
(Wy) from Dubinin—-Radushkevich [35]. The meso-
pore volume (Vi,e5,) Was obtained by calculating the
difference between the total volume and the micro-
pore volume.

The microporosity was also studied by immer-
sion calorimetry in a Setaram Tian-Calvet C80D cal-
orimeter [33,36-38], using bulb method of fragile
point, in two liquids (cyclohexane and tri-2,4-xilyl
phosphate).

2.3. Phenol adsorption
2.3.1. Adsorption kinetics

Adsorption experiments were carried out using
the batch method. For every phenol adsorption kinet-
ics experiment, we introduce 0.05g of activated carbon
in a set of Erlenmeyer flasks; each one containing
50mL of phenol solution of 150mg/L. The initial pH
of the phenol solution was controlled to 7.5 by adding
0.1N HCI or 0.1 N NaOH solution dropwise. The mix-
ture was agitated in a temperature-controlled shaking
water bath (25°C), at a constant shaking speed of
120rpm for different times. At the end of the reaction
time, the content of each flask was filtered and the
filtrate solution was analyzed on a UV-spectrophoto-
meter (JASCO V-530) at 270 nm.

The amount of phenol adsorbed on the activated
carbon at time f, g, (mg/g), was calculated using the
following relation:
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(CO — Ct) 1%
m

q: = (2)
where Cy (mg/L), C; (mg/L), V (L), and m (g) are the
initial concentration of phenol, the equilibrium con-
centration of phenol at time t, the volume of phenol
solution, and the mass of activated carbon, respec-
tively.

The percentage removal of phenol was calculated
by applying the following equation:

(Ci — CE)

% Removal of phenol = c

x 100 3)

2.3.2. Adsorption isotherms

The adsorption isotherms of phenol on various
activated carbons are made at different phenol con-
centrations with a regular agitation for 24h at 25°C.
Such a time is indeed enough for reaching equilib-
rium. The amount of adsorbed phenol at equilibrium
(9.) was calculated according to the following equa-
tion:

€ m

where C; and C, represent the initial concentration and
the equilibrium phenol concentration, respectively.

3. Results and discussion
3.1. Characterization of the activated carbons

The nitrogen adsorption—desorption isotherms of
various activated carbons corresponding to three
modes of activation are represented in Figs. 1-3,
respectively.

The textural parameters values of different acti-
vated carbons are summarized in Table 1. The values
of the immersion enthalpies of the activated carbons
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Fig. 1. Adsorption—desorption isotherms of N, on olive
stones treated by different ratios of ZnCl, and carbonized
for 1h at 800°C.
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Fig. 2. Adsorption—desorption isotherms of N, on the olive
stones physically activated by CO, for 1, 2, and 3 h at 800°C.
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Fig. 3. Adsorption—desorption isotherms of N, on the olive
stones chemically activated by different ratios of ZnCl, at
800°C following by CO, activation for 1h.

in cyclohexane [-AH; (C¢Hyp)] and tri-2,4-xilyl phos-
phate [-AH; (Cy4H,;0,4P)] are given in the same table.

Figs. 1-3 show that adsorption—desorption iso-
therms of all nitrogen on various activated carbons
are in type I, according to the classification of the
IUPAC [39]; these materials are then essentially micro-
porous, except for CZ3, CP3, and CC3 for which we
observe an hysteresis loop of type Hy, a characteristic
of capillary condensation phenomenon due to the
presence of slit-like mesopores. We notice that the
larger the ratio of ZnCl, to olive stones (coals CZ and
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CC) and the duration of preservation of CO, (coals
CP), the more developed the porous texture.

Table 1 shows that the values of all the textural
parameters (specific surface, porous volume, and aver-
age pores diameter) increase with the increasing ratio
of ZnCl, as well in the cases of the chemical activation
(coals CZ) and the combined activation (coals CC); it
is important to note that this increase is more pro-
nounced in the last case. Moreover, it is known that
the zinc chloride alters the course of reactions in the
carbonization so that less tarry products, responsible
for blocking the enter of the pores, are formed; it was
also showed that the porosity created is due to the
spaces left by ZnCl, [2,40]; this is confirmed by the
increasing values of immersion enthalpies in tri-2,4-
xilyl phosphate, with the increasing ratio of ZnCl,.
Furthermore, the decrease of [-AH; (CsH;y)] and the
increase of [-AH; (Cy4H,;0,4P)] show that the average
pores diameter becomes more and more larger
because of the weak interactions of C¢H;, and the
strong interactions of Cp4H»;O4P with the pore wall,
respectively. As to the activated carbons obtained by
the physical activation (CP), they are essentially char-
acterized by a microporous texture; similar results
obtained on agricultural by-products activated by CO,
[41,42]. It also should be noticed that combined activa-
tion leads to the coals characterized by the widest
pores as shown in Fig. 4. This suggests that the
micropores of CP3 are mostly larger pores. This result
is confirmed by the great value of the immersion
enthalpies in cyclohexane [-AH; (C¢Hjo)l. Otherwise,
it is interesting to notice that the best activated carbon,
in terms of the porous texture, is the one obtained by
the combined activation (CC3).

The yield of activated carbon during chemical and
combined activations is higher than the yield obtained
by the physical activation with CO, (Table 1). A

Table 1

Textural parameters of various activated carbons

Activated Yield SpET Vo Wo Vineso Wo/ @ (A)= —AH; —AH;

carbon (%) (m?/ (em®/ (em®/ (em®/ Vr 4V1/ Spgt (CeHip) (C24H2704P)
g) g) g) 2) (%) J/g J/g

CZ1 55.8 834 0.39 0.38 0.015 96.50 18.70 63.32 -

CZ2 52.2 1,093 0.57 0.45 0.12 79.20 20.86 71.30 -

CZ3 48.6 1,266 0.76 0.49 0.26 65.00 24.01 76.81 -

CP1 40.1 563 0.27 0.26 0.01 96.00 19.18 23.76 -

CP2 35.8 520 0.24 0.23 0.006 97.50 18.46 9.47 -

CP3 34.7 861 0.44 0.38 0.06 86.50 20.44 150.70 -

CcC1 50.4 985 0.47 0.44 0.03 93.30 19.08 91.76 2.10

cC2 45.6 1,546 0.81 0.60 0.21 74.20 20.96 28.13 76.13

CC3 441 1,793 1.05 0.68 0.37 64.70 23.42 29.32 170.79
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Fig. 4. Pore size distribution of CZ3, CP3, and CC3.

combined activation was found to yield carbon mate-
rial (CC3) at 44.1 wt.% with a high specific surface
area value of 1,793 m?/g. Lastly, for a same series of
prepared activated carbons, the variation of the total
pore volume Vr according to the rate of ZnCl, or the
CO, flow is linear; this is probably due to a continu-
ous development of the porous texture.

3.2. Phenol adsorption study
3.2.1. Adsorption kinetics of phenol

The adsorption kinetics of phenol on various
activated carbons obtained by the chemical, physical,
and combined activations are represented in Figs. 5-7,
respectively.

These figures show that the quantity of the
adsorbed phenol increases with contact time. The
phenomenon of phenol adsorption is practically
instantaneous; indeed, the saturation of the coal sur-
face is very quickly reached; this denotes a big affinity
between the activated carbon and the molecules of the
phenol.

In order to investigate the adsorption process of
phenol onto different activated carbons, the kinetic
models such as the pseudo-first-order and pseudo-
second-order reaction rate equations are used.

3
g 40 —=— CZ1
‘; —&— CZ2
20 —=— CZ3
0% T - - -
0 100 200 300 400 500
t (min)

Fig. 5. Adsorption kinetics of phenol on activated carbons
obtained by chemical activation.

The pseudo-first-order kinetic model [43] can be
written in the following form:

In(g. — q:) = In(qe) — kat ()

where g, (mg/g) and g; (mg/g) are the amounts of
phenol adsorbed at equilibrium and at time ¢ (min),
respectively and k; (min') is the adsorption rate con-
stant of the pseudo-first-order model.

The k; and g. values were evaluated from the
slope and intercept of the linear plots of In(g. —g;) vs.
t, respectively.
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Fig. 6. Adsorption kinetics of phenol on activated carbons
obtained by physical activation.
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Fig. 7. Adsorption kinetics of phenol on activated carbons
obtained by combined activation.
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Table 2
Comparison of the first- and second-order constants for the phenol adsorption on different activated carbons
Activated g (mg/g) First-order kinetic model Second-order kinetic model

b imental
carbon (experimental) K, % 10° 4 (mg/g) R? K x 10* q. (mg/g) R?
(min~") (calculated) (gmg 'min")  (calculated)
CZ1 61.00 13.82 61.16 0.985 2.87 68.97 0.998
CcZ2 62.36 17.27 73.79 0.943 3.86 68.49 0.998
CZ3 66.52 8.75 30.28 0.975 6.98 68.97 0.999
CP1 66.30 10.59 45.41 0.958 4.35 70.92 0.996
CP2 65.07 9.21 49.45 0.963 3.08 70.92 0.990
CP3 91.87 9.21 31.33 0.992 7.88 94.34 0.999
CcC1 101.39 8.98 72.28 0.978 2.16 109.89 0.996
cC2 102.40 10.59 70.10 0.951 2.98 108.70 0.996
CCs3 108.85 8.98 57.68 0.986 3.36 114.94 0.998
The pseudo-second-order model [44] can be 3.2.2. Phenol adsorption isotherms
ted in the following form:
represeited I the foflowing form The adsorption isotherms of phenol on different
¢ 1 ¢ activated carbons are represented in Figs. 8-10.
Py = W+q— (6) The phenol adsorption isotherms for all activated
t 24, e

The amounts of phenol adsorbed at equilibrium g,
(mg/g) and the rate constant of the pseudo-
second-order model k, (gmg 'min~") values can be
determined experimentally from the slope and inter-
cept of the linear plots of t/g; vs. t, respectively.

The kinetic parameters from Eqs. (3) to (4) are
shown in Table 2.

The analysis of the R* values for phenol adsorption
on different activated carbons shown in Table 2
suggests that the experimental data fit the pseudo-
second-order model with R* values greater than 0.990
than those of the pseudo-first-order model with R
values ranging between 0.943 and 0.992. It can be seen
that the pseudo-second-order kinetic model better rep-
resents the adsorption kinetics and the calculated g,
values agree well with the experimental g, values
(Table 2). The best fit to the pseudo-second-order
kinetics indicates that the adsorption mechanism
depends on the phenol and activated carbon.

100

75 *a
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E 504 - -
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Fig. 8. Adsorption isotherms of phenol on activated
carbons obtained by chemical activation.

carbons indicated that the amount of phenol adsorbed
increased with increasing equilibrium concentration.
The results were analyzed using the Langmuir and
Freundlich models.

The Langmuir adsorption isotherm assumes mono-
layer adsorption on a completely homogeneous sur-
face with negligible interactions between adsorbed
molecules. The Langmuir [45] model is the most
widely used isotherm equation, which has the follow-
ing form:

150

-
120 1
= =
B 90 a
£ . - —t— -
= = - = cP1
a CP2
301 s CP3
o T
o 40 20 120 160
C, (mg/L)
Fig. 9. Adsorption isotherms of phenol on activated
carbons obtained by physical activation.
150
120
B 2
& 90 4
E -
B 60 = cc1
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30 + - CC3
1] T
o 40 20 120 160
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Fig. 10. Adsorption isotherms of phenol on activated
carbons obtained by combined activation.
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Table 3
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Langmuir and Freundlich constants for the phenol adsorption on different activated carbons

Activated carbon Langmuir model

Freundlich model

Qo (mg/g) K; (L/mg) R? Kr (mg/g) (L/mg)""") n R?

Cz1 78.74 0.0449 0.992 14.92 3.26 0.971
Cz2 84.03 0.0421 0.986 17.74 3.50 0.988
CZ3 85.47 0.0500 0.983 21.48 3.91 0.982
CP1 78.74 0.0837 0.997 18.01 3.49 0.978
CP2 83.33 0.0791 0.990 22.88 3.79 0.981
CP3 156.25 0.0578 0.992 24.79 2.63 0.980
CC1 126.58 0.0216 0.988 8.74 1.99 0.948
CcC2 147.06 0.0371 0.995 21.50 2.71 0.931
CC3 158.73 0.0451 0.999 19.67 4.07 0.957
CAC2 7391 0.100 1.00 24.64 4.69 0.97
CAC3 137.36 0.130 1.00 33.77 3.07 0.94

~ QoKLC, 7) on the CO, (Bh) activation coal CP3; this can be
=1y K:C, explained by the development more important of the

The linear transformed form of Langmuir equation
is given as:

C, 1 Ce

= + e
qe KLQO QO

(8)

The maximum adsorption capacity Qg (mg/g) cor-
responding to complete monolayer coverage and the
Langmuir isotherm constant K; (L/mg) are deter-
mined by plotting % vs. Ce.

The Freundlich empirical equation [46] has been
proposed to fit adsorption data:

de = KFCE/" (9)

The linear form of the Freundlich equation is given
as:

1
Ing, =In K¢ + %Ce (10)

The Freundlich constant Kr (mg/g)/(L/ mg)l/ " and
the heterogeneity factor (1/n) can be determined from
the intercept and slope of the linear plot of In(g.) vs.
In(C,), respectively.

The parameters values of the Langmuir and Fre-
undlich models for the phenol adsorption on different
activated carbons are listed in Table 3.

From these results, one observes that the maximal
of phenol adsorption capacity, Qp, is more raised on
combined activation coals (CC1, CC2, and CC3) and

porous textures (average pores diameter) during the
activation process. Indeed, the values of Qg corre-
sponding to activated carbons CP3 and CC3 are 156.5
and 158.7mg/g respectively. It is interesting to notice
that the two values are very close although the spe-
cific surface area (Sggr) of CP3 (861 m?2/ g) is much
lower than that of CC3 (1,793 m?/ g); this should be
due to the presence of more narrow microporosity in
the activated carbons CC3, this narrower microporos-
ity being inaccessible to the phenol molecule. In addi-
tion, as is well known [47], the adsorption of phenol
on activated carbons is based on the formation of
donor—acceptor complexes between the surface car-
bonyl groups (electron donors) and the aromatic rings
of phenol acting as the acceptor. As the activation by
the carbon dioxide supports the formation of the car-
bonyl groups [2,42], the concentration of these latter
would be higher in the case of physical activation
than in that of combined activation; then, the quantity
of adsorbed phenol is relatively important for CP3
even if its specific surface area is lower than that of
CC3. The same remark can be made about the acti-
vated carbons CZ1 and CP3 which are characterized
by very close specific surface areas (834 and 861m?*/g
respectively) but clearly differ by the phenol adsorp-
tion capacities (78.7 and 156.2mg/g, respectively).
These results show that there no correlation between
phenol uptake and total specific surface area as they
already reported by Terzyk [48]. Otherwise, for a
same series, particularly for the series CC, the varia-
tion of the phenol adsorption capacity, Qp, according
the total pore volume V7, is linear; this is probably
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Table 4
Comparison of phenol adsorption capacities of various activated carbons
Adsorbents Sprr (mM2/ g) Qo (mg/g) References
CP3 861 156.25 This work
CC2 1,546 147.06 This work
CC3 1,793 158.73 This work
Commercial activated carbon (CAC1) 1,350 104.82 [23]
Commercial activated carbon (CAC2) 620 73.91 [23]
Commercial activated carbon (CAC3) 1,020 137.36 [23]
Coconut shell-based activated carbon 1,026 205.842 [49]
Avocado kernel seeds activated carbon 206 920 [50]
Activated carbon fibers 920.3 102.47 [51]

% Remaval of phenol

ccz cc

cc

[ora ] czz c3 CP1  CP2 CP3

Activaved carbons

Fig. 11. Removal efficiency of phenol onto the activated
carbons prepared by different methods (Cp=150mg/L,
contact times =48 h, pH=7.5, and temperature =25°C).

due to a continuous development of the porous
texture.

The value of n for Freundlich isotherm was found
higher than unity, indicating that the phenol is
favorably adsorbed by different activated carbons.
According to the R? values, the Langmuir model fitted
the experimental data is better than the Freundlich
model.

Table 4 compares the phenol adsorption capacities
of activated carbon obtained in this study to those of
various activated carbons reported in literature.

From Table 4, it can be said that the prepared acti-
vated carbons from olive stones have comparable
results of phenol adsorption performance with the
others; in the most cited cases, they are more efficient.
Also, the highest Qy values from this study are larger
than the previous results (Table 4). These experimen-
tal results indicated that the olive stones, an agricul-
tural waste, can be utilized for the production of
activated carbons for the treatment of water contami-
nated with phenols. Indeed, the rate of the elimination
of phenol from water corresponding to these activated
carbons, particularly the activated carbon obtained by
physicochemical activation (CC3), can reach 73%
(Fig. 11).

4. Conclusion

An agricultural waste, olive stones, investigated in
this work can be used as precursors to produce acti-
vated carbons characterized by a developed porous
texture. Indeed, the specific surface area and the total
pore volume of the activated carbon obtained by the
combined activation (CC3) reach 1,793m?/g and
1.05cm>/ g, respectively. The phenol adsorption capac-
ity on these activated carbons is significant, especially
in the cases of the physical activation by the carbon
dioxide and the combined activation, i.e. the chemical
activation by the zinc chloride following by the physi-
cal activation by CO,; in this latter case, the adsorp-
tion capacity of CC3 reaches 158.7mg/g. This value is
comparable to commercial activated carbons and other
adsorbents reported in earlier studies. The kinetics of
phenol adsorption on the olive stones treated by
ZnCl,, CO,, and ZnCl, followed by CO, successively
are well described by the pseudo-second-order model.
Furthermore, the isotherms of phenol adsorption on
the same activated carbons perfectly fit Langmuir
equation. From this study, it can be concluded that
activated carbons produced from an agricultural
waste, the olive stones, seem an effective alternative
for the removal of phenol from aqueous solutions (the
rate of elimination of phenol from water being rela-
tively higher), because of its very developed porous
texture (high specific surface area and high total pore
volume), i.e. adsorption capacity, and low cost.
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