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Abstract: In this work, olive mill wastewater (OMW) such as dyes is very toxic even present as traces in
industrial wastewater effluents. It may constitute a potential pollution source of ground waters and hence it has to
be eliminated. Various low cost adsorbents have been studied for their applicability in treatment of different
types of effluents. In this study, the potential of activated carbon derived from Olive Stones was studied for the
removal of OMW. The biosorption of OMW from aqueous solutions by Olive Stones (OLS) as a low-cost,
natural and eco-friendly biosorbent was investigated and by KOH and H3PO, treated Olive Stones (AOLS).
Biosorption kinetic data were properly fitted with the pseudo-second-order kinetic model. The experimental
isotherm data were analyzed using Langmuir, Freundlich isotherm equations. The best fit was obtained by the
Langmuir model with a Langmuir maximum monolayer biosorption capacity of 189,83 mg/g for OMW. The
biosorption was exothermic in nature (AH® = -105,54 kJ/mol). The reaction was accompanied by a decrease in
entropy. The Gibbs energy (AG®) increased when the temperature was increased from 303 to 320 °K indicating a
decrease in feasibility of biosorption at higher temperatures. The results have established good potentiality for
the Olive Stones to be used as a sorbent for the removal of olive mill wastewater.

Keywords: Adsorption, Olive Stones; eco-friendly biosorbent; Olive Mill Wastewater; Kinetics, Equilibrium;
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Introduction

Olive oil production is concentrated mainly in
Mediterranean countries: Spain, Italy, Greece,
Turkey, Syria, Tunisia and Morocco. The production
of these countries accounts 94% of world production
which reached 2.5 million tons in 2001 *. Liquid
effluents from olive oil mills have a brown to
reddish-brown, cloudy appearance °. These effluents
have a high saline load and are highly acidic, rich in
organic matter and low biodegradable polyphenols °.
The olive industry, in addition to the main
production which is the oil, leaves two byproducts
which are the pomace and vegetation water also
called vegetable water, these effluents have a little
economic value in Morocco. Vegetables, acid
discharges and leaking due to their rich organic
matter pose serious problems of environmental
contamination.

Olive Mill Wastewater containing phenolic
compounds are a serious environmental problem, and
these waters cannot simply be released into the
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environment without treatment. Phenol has been
categorized as a hazardous material by dint of the
damage that can do when it gets in to the body of
living beings. Though it is not listed as a
carcinogenic substance phenol can make severe
damage to the living organs “. Literature reveals that
the overexposure of phenol affects on the central
nervous system. In such situations the results are
catastrophic as the damage is irreversible. Phenol is
an organic compound commonly used in various
industrial applications °. It is a raw material used in
many industries such as cleaning agent
manufacturing, pesticides in agricultural industry and
construction of automobiles and appliances.
Accordingly, there is a possibility to discharge
phenol contaminated water in to the natural water
bodies without treatment. This makes an immense
devastation to the entire ecosystem. In order to
minimize the hazard causes by phenol, the US
Environmental Protection Agency (EPA) has limited
the permissible discharge level of phenol to less than
1mg/L ©. Extremely high organic loaded aqueous
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waste is seasonally generated from the olive oil
extraction process, so called Olive Mill Wastewater
(OMW). In Morocco is disposed directly to sewerage
system, whereas the solid waste (olive husk) is
dumped into lands nearby the olive mills without
treatment. This increases the risk of contaminating
soil, surface water resources, and groundwater
aquifers. The negative environmental impact of
OMW is attributed to poor biodegradation and
toxicity of polyphenols present in Olive Mill
Wastewater. In industry, the wastewater is generated
in large volumes. Hence a convenient method to
handle such load is required.

The treatment of liquid effluents from olive oil
mills is one of the most important environmental
problems of the Mediterranean countries. To reduce
their negative effects, several purification processes
are implemented. Of all the processes tested for the
valorisation and treatment of vegetable waters, very
few are applied on an industrial scale. Conventional
aerobic or anaerobic biologic treatments are very
difficult because of the high levels of vegetable
water in suspended matter and organic substances
such as polyphenols, sugars, organic acids and
tannins. With regard to heat treatments, only a few
processes using olive cake as energy source have
been applied on an industrial scale. On the other
hand, several known physicochemical technologies
have already proved their worth in the field of the
treatment of these effluents. Among these is the
adsorption technique which consists of adsorbing
phenolic compounds which are responsible for the
harmful effect of vegetable water. The lack of
appropriate treatment techniques is causing oil mill
owners to reject these effluents in the wild without
any prior treatment, resulting in a detrimental impact
on the environment which results in soil clogging
and pollution of surface waters. underground.
Various vegetable water treatment processes have
been developed: physical, chemical, biological and
combined system; the current trend must be aimed at
integrating various technologies to treat low cost
vegetable water.

The treatment processes for phenolic wastewater
can be classified into two basic categories,
a) destructive process such as destructive oxidation
with ozone, hydrogen peroxide or manganese oxides
and b) recuperative processes such as adsorption into
porous solids’, membrane separation © and solvent
extraction °. Adsorption has been recognized as an
effective process in most of the industrial water and
wastewater treatment '°. At very low concentration
(less than 0.1 mol/l) phenol can be digested by
biological treatment whereas at higher concentrations
(more than 20mg/l) solvent extraction is being used
and adsorption can be effective for the treatment of
Olive Mill Wastewater (OMW) at intermediate
concentrations ** which is the case of the present
study. In fact, adsorption using activated carbons has
been shown to be one of the most efficient
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procedures in the elimination of phenolic compounds
from wastewater. However, activated carbons are
expensive  materials which require  complex
activation processes, and it is therefore mandatory,
from an economic point of view, to regenerate them
for reuse 2. Taking these criteria into consideration,
the search for a low coast and easily available
adsorbent has led many investigators to search more
economic and efficient techniques using natural and
vegetal adsorbents. However, by far the most
frequently used technology is adsorption by a solid
phase. Several different adsorbent solids such as
activated carbon ** silica 4, glass powder®,
polymeric resins®®, fly ash 7, peat ¢, kaolinite *° and
zeolites ?° have all been proposed to remove phenolic
pollutants from wastewater. The challenge is to find
alternative adsorbents of comparable efficiency but
at a practically no cost. The use of agricultural olive
stone for biosorption seems to be very promising .
The possibility to use such materials as adsorbents,
without any complex and expensive pre-treatments
makes them an interesting alternative to the use of
activated carbons. Further advantages are that they
are readily available and do not need regeneration. In
particular, olive stone product from the olive mill
industry and is very abundant. This requires the
value of an added value that can cover the processing
costs. Therefore, treatment of these vegetable waters
by adsorption seems to be the best technique used
because of its simplicity. The present work aims to
find a material with a large retention capacity, very
available and inexpensive.

The objective of the present research study is the
test of adsorption in removing Olive Mill
Wastewater (OMW) in aqueous solution by
adsorption onto treated olive stone as adsorbent. The
influence of several parameters, such as temperature,
agitation speed, and initial concentration of phenol
and contact time, on the adsorption process was also
investigated. The biosorption Kinetic data of the
biomass was tested by pseudo-first-order, pseudo-
second-order kinetic and Elovich models. The
equilibrium data were analyzed using Langmuir,
Freundlich and Temkin and isotherm models. The
thermodynamics of the biosorption was also
evaluated.

Material and methods
Preparation of the biosorbent: Olive Stones

Starting material Olive stones was provided by a
factory from Essaouira (Morocco), is very abundant
agricultural by-product, and could be a very adequate
raw material to obtain good adsorbent. activated
carbon prepared chemically from olive stones proved
to be an excellent decontaminant of polluted water
with heavy metals and organic compounds like
phenols. The preparation of the adsorbent was as
followed, olive mill waste was washed several times
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with distilled water at 105c overnight, crushed,
sieved. The resulting material was treatment HzPO4
in the adsorption process. FTIR analysis was applied
to determine the surface functional groups, using
FTIR spectrophotometer (SCO TECH SP-FTIR-1).
The FTIR spectral analysis were recorded from 4000
to 400 cm-1 and the samples were prepared as KBr
pellets under high pressure and pH de point zéro
charge of KOH and H3PO4 treated Olive Stones
(AOLS) were determined 2.

The olive pomace washed with tap water several
times to remove dust and impurities, are dried in the
oven at 100 ° C for 24 hr in a mortar and weighed in
100 g a flask filled with 500 ml of activating agent
(H3PO4, KOH). The mixture is stirred for a period of
one hour at a temperature of 60 ° C using a heater
balloon. Then the pomace is filtered and put in the
oven until complete evaporation. The dry matter is
recovered and crushed and the product sieved by
sieves of different pore diameters (0.5, 1 and
1.5 mm) %,

Adsorbate Preparation; Separation of Olives
mill wastewater

The olive mill wastewater was taken from a
traditional oil mill in Essaouira, during the 2017-
2018 olive-growing season. No chemical additives
are used during the production of olive oil. After the
storage of the samples, the oily and aqueous phases
of OMW can be separated either naturally or by
centrifugation . Even if they have the same
performance, but the slow and the area requirement
may limit the first one. The centrifugation allowed us
to accelerate the separation of oil and water phase.
This separation technique is performed by filling 4
test tubes with 0.250 dm? of OMW solution, they are
then centrifuged at a speed of 4000 rpm during 30
minutes using a centrifuger. The oil, having a lower
density than water, will be found above the water in
the centrifuger. In order to finally isolate the oil, it
will be collected using an automatic adjustable
pipette. Oil percentage was determined using weight
difference %°.

Adsorption Isotherms

The batch adsorption experiments were conducted in
a set of 250 ml Erlenmeyer flask containing
adsorbent and 200 ml of OMW solution at various
initial concentrations. The flasks were agitated in an
isothermal water-bath shaker at 200 rpm and solution
temperature was varied in the range (20-50°C) and
all mixtures were studied until the equilibrium is
reached. The filtration of the samples was carried out
using disposable syringe filters with a pore size 0.45
pum, that were shown first to exhibit no interaction
with the phenol during the sampling and to separate
the solid phase from the liquid phase, the equilibrium
concentrations of phenol in the solution. The pH of
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solutions was adjusted with 1IN HCI or 1N NaOH
solutions .

Adsorption Kinetics

Adsorption kinetics were carried out to establish the
influence of several parameters (contact time,
temperature, initial concentration of phenol) using a
mechanic stirrer. In the biosorption experiments, The
Olive Stones was tested for the adsorption of phenol
from aqueous solutions at room temperature using
the batch reactor technique. Adsorption Kkinetic
experiments were performed by contacting 3L of
OMW solution at different initial concentrations
ranging from 20 to 100 mg/L with 3g of Olive
Stones in reactor at room temperature. At fixed time
intervals, the samples were taken from the solution
and were separated from the sorbent through a filter
and the residual concentration was determined.
agitation speed (50-250rpm) and temperature (20 -
47°C) values. PH was measured using a combination
pH associated with pH-meter calibrated beforehand.
The respective affects of agitation speed, pH,
temperature (T) and adsorbent mass(mo).

Adsorption Experiments

The process of the Olive Mill Wastewater
(OMW) adsorption on the Olive Stones necessarily
generates a distribution of the adsorbate between the
solid and liquid phases as a function of operating
conditions. Adsorption experiments were carried out
by introducing a quantity of the adsorbent in 1L of
OMWW solution at initial dilution and at the desired
temperature emaintained with a thermostated bath.
The mixture was stirred on an electromagnetic stirrer
at a constant speed (400 rpm). The controlled
parameters are: temperature and adsorbent diameter.
Samples of the solution were withdrawn at various
time intervals and centrifuged at 2000 rpm for one
minute. The removal percentage (%R) of OMWW is
calculated as follows 2’

(Ci " Ce)
C

%R = 100 )

1
Ci (mg/l) is the initial concentration of OMWW,
Ce(mg/L) is the dye concentration at equilibrium.
Adsorption capacity is given by the following
formula %

- (Ci 'Ce)

d. 100 )

g: (mg/g) is the amount adsorbed at time t (min),
Ct(mg/L) is the dye concentration at time t; V (L) is
the volume of dye solution and m (g) is the mass of
theadsorbent used. The analysis of the instantaneous
concentration C; in the filtered liquid phase was
carried out using a double beam UV-visible
absorption spectrophotometer. The linearity of Beer-
Lambert law was checked for concentration ranging
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from 1 to 48 mg/L with a correlation coefficient
R2 =0.9997.

Isotherm Modeling

The study of adsorption isotherm is necessary in
order to understand the adsorption mechanism . In
order to investigate the effect of temperature on the
equilibrium capacity of Olive Stones adsorbent for
the removal of phenol from aqueous solution, the
equilibrium of adsorption data was analyzed using
Langmuir, Freundlich, and Temkin isotherms
models. Linear regression is frequently used to
determine the best-fitting isotherm, and the
applicability of isotherm equations is compared by
judging the correlation coefficients.

Langmuir isotherm

Langmuir theory *° assumes:
- Adsorbent has a limited adsorption capacity (Qmax)
- Adsorbate forms a monolayer on the adsorbent
surface
- Active sites are identical
- Absence of interaction between the adsorbed
molecules.
Langmuir isotherm is given by the following
equation:

q — qmaxKLCe (3)
°  1+K,C,

C<(mg/L) is the concentration of the adsorbate in
solution at equilibrium, g. (mg/g) is the adsorbed
amount at equilibrium, gmax (Mg/g) is the maximum
adsorption capacity, Ky(L/mg) is the Langmuir
constant. The linear form of Langmuir isotherm
model can be written as followed:

C._C 1
qe qmax KLqmax

The essential characteristic of the Langmuir isotherm
can be expressed by the dimensionless constant
called equilibrium parameter, Ry, defined by ' :

-1
-1+ K.C,

e

4)

®)

where K is the Langmuir constant and Cy is the
initial dye concentration. The separation factor
Rivalues indicate the type of isotherm to be
irreversible (RL = 0), favorable (0< R.<1), linear (R.
=1) or unfavorable (R_>1).

Freundlich isotherm
Freundlich model *, is applied in the case of
multilayer adsorption and describes the equilibrium
on heterogeneous surfaces. However, this model
assumes the existence of interactions between
adsorbed molecules. Freundlich isotherm model can
be defined by the following equation:
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q. = K.CJ" (6)

ge(mg/g) is the adsorbed amount at equilibrium, Ce
(mg/L) is the concentration of the adsorbate in the
solution at equilibrium, kF is the Freundlich
constant, n is the adsorption intensity. Its linear form
is given by the following equation:

Ina,) = InKp) + 10 =) C

Temkin isotherm
Temkin's model is based on the hypothesis that
the heat of adsorption due to interactions with the
adsorbate decreases linearly with the recovery rate,
whiting liquid phase adsorption 3. This is an
application of the Gibbs relation to the adsorbents,
whose surface is considered homogeneous energy.
Temkin equation and its linear form can be given by
the following expression:

q. = BIn(k,C,) = BIn(k,) + BIn(C,)
RT

B= - 8
A max AQ 8

ge (mg/qg) is the adsorbed amount at equilibrium,
gmax (mg/g) is the maximum amount adsorbed, T
(K) is the absolute temperature, AQ (J/mol) is the
variation in adsorption energy ki (L/mg) is the
Temkin constant and R is the universal gas constant
8.314 (J/mol°K). The adsorption data were analyzed
according to the linear form of the Temkin isotherm.

Dubinin-Radushkevich(D-R) isotherm

Another equation used in the analysis of
isotherms was proposed by Dubinin—Radushkevich.
D-R model
was applied to estimate the porosity apparent free
energy and the characteristic of adsorption. The D-R
isotherm is not assuming a homogeneous surface or
constant sorption potential but its common and linear
forms can be

Qe =q max exp(—KgZ) and
1
2K ©)

Where K is a constant related to the adsorption
energy, gmax the theoretical saturation capacity, € is
the Polanyi potential. € can be calculated from (10):

E =

1
= RT.In(1 + —
& n(l -+ o ) (10)

e

The plot's slope of In (qe) versus &2 gives the
constant K (mol / (kJ)) and the intercept yields to
adsorption
capacity, gmax (mg/g). K gives the mean free energy
of adsorption (E) per molecule of the sorbate OMW
when it is transferred to the surface of the solid
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AOLS from infinity in the solution and can be
computed using *:

In(d.) = IN(Ape) — K& (12)

The magnitude of E is useful for estimating the
type of adsorption process. Adsorption type can be
explained by chemical adsorption if the magnitude of
E is 8-16 kJ/mol. It's accepted that when the
adsorption energy is lower than 8 kJ/mol, the type of
adsorption can be defined as physical adsorption %,

Kinetic Models

There are several kinetic equations available for
analyzing experimental sorption. The studies of
adsorption equilibrium are important in determining
the effectiveness of adsorption; however, it is also
necessary to identify the types of adsorption
mechanism in a given system.The most famous
experimental models obtained in the present work
was tested with Pseudo-first, Pseudo-second,
intraparticle diffusion, Elovich and Bangham's
models to predict the adsorption kinetic of OMWW
onto OLS or AOLS and the kinetic data were
analyzed based on the regression coefficient (R%)and
the amount of dye adsorbed per unit weight of the
adsorbent.

Pseudo-First-Order Model
The adsorption kinetic data were described by
the Lagergren pseudo-first-order model, which is the
earliest known equation describing the adsorption
rate based on the solid capacity. The Lagergren
equation is generally expresses as follows:

d
dqt‘ =k, (@, —q,) (12)

Where ge and q: are the adsorption capacity at
equilibrium and at time t respectively (mg/g), kiis the
rate constant of pseudo-first order adsorption (min-
1). After integrating and applying the initial
conditions (att =0, gt = 0 and t = te, qt = ge), the
equation takes the form °7 :

In(g, -q,) =In(q,) — kit (13)

Pseudo-Second-Order Model
Adsorption data were also analyzed according to
the kinetic model of the pseudo-second-order ,
which is generally given as in:

d
9t = k,(q, —q,)? (14)

Where ge and q: are the amounts of AO7 adsorbed
(mg/g) at equilibrium and at time t (min),
respectively and k» (g/mg.min) is the corresponding
rate constants of pseudo-second order adsorption.
After integrating and applying the conditions
(att=0,qt=0and t =te, gt = ge), the equation takes
the linear form:
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t 1 t
— =+t — (15)
qt (kzqe ) qe
Elovich Model
In reactions involving chemisorption of

adsorbate on a solid surface without desorption of
products, adsorption rate decreases with time due to
an increased surface coverage. One of the most
useful models for describing chemisorption is the
Elovich model. The Elovich model equation is
generally expressed as *°:

dg, _
dt

Where o represents the initial adsorption rate
(mg/g.min) and B is the desorption constant (g/mg).
After integrating for the similar boundary conditions,
the following equation can be obtained as:

a exp(—4q,) (16)

q, = %In(aﬂ) + % In(t) 17)

The parameters o and B can be computed from the
slope and intercept of the linear plot of g versus In

(®).

Intraparticle diffusion Model
Adsorption is a multi-step process involving
transport of the adsorbate (dye) molecules from the
aqueous phase to the surface of the solid particles
then followed by diffusion of the solute molecules
into the pore interiors. If the experiment is a batch
system with rapid stirring, there is a possibility that
the transport of sorbate from solution into pores of
the adsorbent is the rate-controlling step. Since the
OMW is probably transported from its aqueous
solution to the OLS or AOLS by intraparticle
diffusion, so the intraparticle diffusion is another
kinetic model developed by Weber and Morris
should be used to study the rate-limiting step for
OMW onto OLS or AOLS. The intra-particle

diffusion is commonly expressed by °:

d, = Kgg (1)°° +C (18)

Where C (mg/qg) is the intercept and Kagit
(mg/gmin*?) is the intraparticle diffusion rate
constant. The values of the amount of dye adsorbed
g: were found to give two lines part with values of
the square root of time t“2.

Bangham's Model
It is generally expressed as “:

C k.m
log(——2>—) =log(—>— log(t
00 —em) =109, 309, *#1000) 19

Where Cqis the initial concentration of the adsorbate
in solution (mg/L), V the volume of the solution (1),
m the weight of adsorbent used per liter of solution
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(9/L),q: (mg/g) the amount of adsorbate retained at
time t, a<1 and ko are constants determined from the
plot of Log[Co/Co—mq;] versus log(t).

Thermodynamic study

To investigate the adsorption processes,
thermodynamic parameters such as AS°, AH° and
AG® are calculated for the system OMW/OLS or
OMW/AOLS at different temperatures. The
evaluation of these parameters is estimated using the
following relations (20-21) from the plot of In (Ky)
versus 1/T.

AG =-RTIn(k, )
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Where T (°K) is the absolute temperature, R
(8.314 J/ mol.K) is the universal gas constant and
Kc (L/mg) is the constant of Langmuir .

The activation energy of adsorption E, must be
determined,;

The second order rate constant (k2) is expressed as a
function of temperature by the Arrhenius equation.
The linear form between kzand temperature can be
applied to calculate the activation energy (E.) of the

adsorption using (22):
E
In(k,) =In(k,) - =2 22
(ko) =Inlko) = = (22)

Where E, is the activation energy of sorption
(kJ/mol), ko is the temperature-independent factor

2 : .
(20) (g/mg.min), R is the gas constant (8.314 J/mol.K)
AG®° AH®° AS© and T is the solution temperature (°K). The
InK, = =- + (21) physisorption processes usually have activation
RT RT R energies in the range of 5-40 kJ/mol, while higher
activation energies (40-800 kJ/mol) suggest
chemisorption®.
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Figure 1. FT-IR spectra of Olive Stones, KOH and H3PO, treated Olive Stones (AOLYS)
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Results and Discussion
FTIR Analysis

The FT-IR spectra of Olive Stones in the range
of 4004000 cm—1 were taken to obtain information
on the nature of functional groups at the surface of
the biosorbent. The spectra presented in Fig.1 shows
broad, strong and superimposed bands around 3600-
3200 cm—1 which may be due to the overlapping of
O-H and N-H stretching vibration. The band at 2921
cm-1 and the band at 2850 cm-1 are due to
asymmetric stretching vibration of CH2 and the
symmetric stretching vibration of -CH3, respectively,
of aliphatic acids “*. The peaks observed between
1730 and 1710 cm-1, are indicative of stretching
vibration of C-O bonds due to non-ionic carboxyl
groups (-COOH, —-COOCH3) and may be assigned
to hydrogen bonding between carboxylic acids or
their esters. The stretching vibration band at 1650
cm—1 is due to asymmetric stretching of the
carboxylic COO- double bond of deprotonated
carboxylate functional groups “°. A 1432 cm-1 is of
phenolic -OH stretching. The peaks observed at 1370
cmt, which reflect stretching vibrations of
symmetrical or asymmetrical ionic carboxylic groups
(—~COOH) of pectin. The band at 1035 cm-1 band
could be due to the vibration of -C-O-C and —OH of
polysaccharides. The peaks at 1254.6 and 1033.5
cm—1 are due to the C-O stretching vibration of
aldehydes and lactones or carboxyl groups. The band
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at 1324 cm-1 assigned to C-N groups on the biomass
surface. The absorption peaks around 1155 and
1070 cm-1 are indicative of P=O and P-OH
stretching vibrations. The S-O stretching was
identified at 952 cm—1. Peaks in the region of
wavenumbers lower than 800 cm? could be
attributed to N-containing bioligands. This results
indicate that the Olive Stones contain a variety of
functional groups such as carboxyl, hydroxyl,
sulfate, phosphate, aldehydes, and other charged
groups, suggesting that this biomaterial can be
considered as an alternative for Olive Mill
Wastewater (OMW) removal. The IR analysis
spectra obtained on the various adsorbents show the
presence of different vibration bands corresponding
to hydroxyl groups O-H, C-N, C = O, C-H, -COOH,
N-H ...

pH point zero charge of the biosorbent

pH de point zéro charge pHpzc is one of
adsorbent characteristics. It was estimated by
introducing 0.5 g of OLS in 50 mL of distilled water
at initial pH values of 3, 4, 6, 8 and 10 adjusted by
adding required amounts of NaOH (0.1 N) or HCI
(0.1 N). The mixture was stirred for 24 hours at room
temperature, and the final pH was measured. The
intersection between the first bisectrix and the curve
(Fig.2) representing the variation of the final pH with
the initial pH gives a pHpzc equal to 8 for AOLS
(KOH) and 1 for AOLS (H3POy).

14

2 4 e

10 4 oo .

pH;

pH;

0 5

10 15
pH;

Figure 2. pHp;c values for OLS treated by KOH and pHy.c values for OLS treated by HzPO4

Kinetics adsorption

The effect of temperature, was carried out in the
range of 20 and 47 °C at constant pH of 7 by adding
3g of KOH and H3PO, treated olive Stones added in
each 3 liters of OMW solution and the diameter of
adsorbent was carried out in 1.5 mm. The
experimental results showed that the adsorbed
quantity decrease when temperature increases for the
system for the two systems OMW- AOLS (HsPO.)
and OMW- AOLS (KOH) (Figure 3). This variation
of the temperature generates an increase in the initial
rate of adsorption. The results obtained are shown in
Fig.3 and indicate that the uptake rate of OMW
adsorbed per gram of Olive Stones increase

gradually as the increase in time of OMW at the
beginning and, thereafter, the adsorption of OMW
reached equilibrium at 170 min. We can say that the
equilibrium time is independent of the temperature
and the amount adsorbed at equilibrium increases
with particle size of adsorbent and decreases with
temperature. To determine the effect of temperature
on the adsorption of the OMW, experiments were
conducted at 20, 30 and 47°C. The equilibrium
adsorption increases from 4 to 13 mg/g, with
decrease in the temperature of biosorption of OMW
from 47 to 20°C for the system OMW- AOLS
(KOH) and from 10 to 14 mg/g, with decrease in the
temperature of biosorption of OMW from 47 to 20

°C for the system OMW- AOLS (H3sPO.). This
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is because the diffusion of phenol molecules from
the solution to the adsorbent surface is accelerated by
increasing the OMW concentration. The increase in
uptake capacity of the sorbent with increasing OMW
concentration may be due to the increase of sorbate
guantity. However, the experimental data were
measured at 180 min to be sure that full equilibrium
was attained. The amount of the OMW adsorbed at
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equilibrium on Olive Stones increased with an
increase in the initial OMW concentration of solution
to a plateau value which corresponds to the
maximum capacity of adsorption. This can be
explained by the fact that adsorbent had a limited
number of active sites, which would have become
saturated above a certain concentration.
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Figure 3. kinetics adsorption of OMW by: a- KOH and b-H3sPQO, treated Olive Stones (AOLS) at different T°

Despite the fact that the effect of Olive Stones
temperature on adsorption is not investigated
experimentally in this work, it is worth to mention
that several researchers showed that the adsorption of
OMW decreases with temperature increase above 20
°C as depicted in Fig.3. Temperature increase
reduces the attractive forces between OMW and the
adsorbent and increase in adsorbent thermal energy
is observed. It also leads to conclusion that physical
adsorption has important role besides chemisorption
in OMW attachment onto the adsorbent. The
equilibrium uptake percentage of OMW ions using
Olive Stones was affected by temperature. So, the
increase in temperature decreases the physical forces
responsible for sorption. Fig.3 shows that the
adsorption of OMW by Olive Stones decreased with
an increase in temperature from 20 to 47°C for the
two systems, but we saw that the same capacity of
adsorption at 20 and 30 °C for the system OMW-
AOLS (KOH) which explain that the treatment of
olive stones by KOH is not better at low
temperatures. This behavior indicates that the OMW
adsorption is an exothermic process. Furthermore,
the decrease uptake of the OMW removal at higher
temperatures (above 20°C) may be attributed to the
destruction of some polymeric active sites on the
adsorbent surface due to bond rupture, as well as the
deformation of surfaces at higher temperatures.
Consequently, the study found that the OMW
adsorption process was affected by temperature and
that the optimum working range was 20°C.

Kinetic Models

The most famous experimental models obtained
in the present work was tested with Pseudo-first,
Pseudo-second, intraparticle diffusion, Elovich and
Bangham models to predict the adsorption kinetic of
OMW on Olive Stones. The adsorption data were
analyzed according to the pseudo first-order kinetic
model at various effects (agitation. concentration and
temperature). The plots of In (ge-qt) versus t obtained
are presented in Table 1. We can see that the first
order kinetic model is not checked for all effects
because the curves are not perfectly linear with lower
values of R2 It is therefore imperative to check the
second order model. Table 5 shows the applicability
of the pseudo-second-order equation, with a
coefficient of correlation R? greater than 0.99.
Values of the rate constant k; and equilibrium
adsorption capacity ¢. were calculated from the
intercept and slope of the plots of t/q: versus t
respectively. Results according to Figures 4,5,6 and
7 show that the adsorption complies with a pseudo-
second order equation. Indeed, the R? in this case is
very near to 1 and the calculated ge values (qe ca), in
Table 1, also agree with the ge experimental (Qe exp)-
These results indicate that the adsorption system
studied belongs to the second-order kinetic model.
Several works on OMWW bioadsorption have
reported that the pseudo-second order model
describes their results.
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Table 1. Comparison of the First- and Second-Order Constants Values for adsorption OMW onto KOH and
HsPO, treated Olive Stones (AOLS) at different temperatures.

Adsorbent Pseudo 1%t order Pseudo second order
T(°C) R1? k1 (I/min) ge (Mg/g) R2? k2 Qe

(/min) (mg/g)
20 0.64 0,0129 4,16 0.998 0,0180 12,83

AOLS
(KOH) 30 0.64 0,0129 4,23 0.99 0,0178 12,85
47 0.84 0,0119 4,45 0.98 0,0083 6,88
20 0.89 0,0146 7,59 0.999 0,0039 11,53

AOLS
(HsPO:) 30 0.84 0,0167 4,35 0.999 0,0202 12,46
47 0.69 0,0169 4,16 0.999 0,0285 12,03

Table 2. Comparison of Elovich and Bagham models parameters for for adsorption OMW onto KOH and H3PO4
treated Olive Stones (AOLS) at different temperatures.

Adsorbent T(°C) Elovich Bangham
102B (g/mg) @ (mg/g min) R? ko(mL/g/L) a R2

20 9,39 0.816 0,9499 5.109 0.816  0.868

AOLS

(KOH) 30 7,60 0.680 0,9783 4471 0.854  0.829
47 8,61 0.365 0,9336 2.974 0.402  0.952
20 9,35 0.349 0,9971 5.450 0.025  0.932

AOLS

(HaPOs) 30 8,98 0.1793 0,9934 5.500 0.05  0.944
47 8,52 0.0282 0,9939 5.387 0.034  0.986

In the Table 1 presents all of the results
concerning the characteristics of the pseudo-first-
order model and the pseudo-second-order kinetic
models. This indicates that the OMW-Olive Stones
adsorption system obeys the pseudo-second-order
kinetic model for the entire sorption period. It was
observed that the pseudo-second-order rate constant
(ko) increased with increasing of temperature from
20 to 47°C respectively for the system OMW- AOLS
(HsPO4) and this constant decreased for the system
OMW- AOLS (KOH). However, the results obtained

using the pseudo-second-order model are not enough
to predict the diffusion mechanism.

The Elovich parameters o and § and Bangham’s
model constant can be computed from the slope and
intercept of the linear plots of q { versus Ln (t), and
Log[Co/Co—mq:] versus log(t) respectively for
adsorption OMW onto Olive Stones, KOH and
HsPO, treated Olive Stones (AOLS) as shown in
Table 6. Table 6 lists the kinetic constants a and Ko
obtained from the Bangham's equation. Thus, when
temperature passed from 20 to 47 °C, for the system
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OMW- AOLS (KOH) the value of a decreased from
0.816 to 0.365 and the value of ko decreased from
5.109 to 2.886 (mL/g/L). Hence, or the system
OMW- AOLS (H3PO.) the value of o decreased
from 0.349 to 0.0282 mg/g min and the value of ko
decreased from 5.450 to 5.387 (mL/g/L) when
temperature passed from 20 to 47 °C. The
experimental data did not give a good correlation. In
addition, it was found that the correlation
coefficients for the Elovich model are higher than
those obtained for Bangham's model (Table 2). This
result confirmed that the pore diffusion is not the
only rate-controlling step.

The intraparticle diffusion is another Kkinetic
model developed by Weber and Morris that should
be used to study the rate-limiting step for OMW
adsorption onto olive stone. The intraparticle
diffusion is the sole rate-limiting step only if the
plots of q; versus t'2 pass through the origin, which is
not the case in Table 3. The intraparticle diffusion
rate constant Kgir were in the range of 4.312 -2.577
mg/g.min'? and it increases with an increase of

W. Yassine et al.
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temperature for the two system of adsorption of
OMW onto KOH and HsPO. treated Olive Stones
(AOLS). For intraparticle diffusion plots, the first
sharper region is the instantaneous adsorption or
external surface adsorption that can be attributed to
the film diffusion. The second region is the gradual
adsorption stage where intraparticle diffusion is the
rate limiting. It confirms that intraparticle diffusion
was not the only rate limiting mechanism in the
sorption process. The values of Kgimand Kaitrz as
obtained from the slopes of the two straight lines are
listed in Table 3. The values of the intraparticle
diffusion rates kg1 are smaller than the film
diffusion rates Kkaifro. That gives prediction that the
dye sorption process may be controlled by the
intraparticle diffusion. The constant of Weber and
Morris equation depending on the concentration
shows that the diffusion constant(C) increases with
increasing temperature in a linear fashion. This
confirms that the limiting step is the intra-granular
distribution.

Table 3. Parameters Obtained from Intraparticle Diffusion Model for adsorption OMW KOH and H3PO, treated

Olive Stones (AOLS) at different temperatures.

Adsorbent T(°C) Intraparticle diffusion R? Extraparticle diffusion R?
1073 Kgir, Cc Kaitr2 C
20 4,49 4,0472 0,9665 4312 136.3 0.951
AOLS (KOH) 30 2,03 4,125 0,9798 3.475 148.1 0.873
47 6,21 2,0717 0,992 3.191 160.1 0.869
20 1,56 108,31 0,9982 2.596 62.95 0.958
AOLS (HsPO.) 30 1,55 112,05 0,998 2.866 8293  0.999
47 3,28 106,03 0,9874 2.577 116.3 0.948

Isotherm Modeling of the Sorption Equilibrium
Depending on Temperature

For analyzing experimental data and for
describing the equilibrium of biosorption, Langmuir,
Freundlich and Temkin isotherms were simulated.
Table 4 sHows the fitting parameters for the
measured isotherm data for OMW adsorption onto
Olive Stones on the linear forms of isotherms. It can
be observed that the adsorption isotherm of OMW
onto Olive Stones fits Langmuir isotherm well with
higher correlation coefficients (R?) in comparison
with other isotherms, reflecting that the adsorption
sites on the surface of Olive Stones are evenly
distributed. According to Langmuir adsorption
isotherm, the gmax for OMW are calculated to be
189.83, 175.44 and 172.41 mg.g* at 20, 30 and 47
°C respectively. The maximum adsorption of OMW
on Olive Stones decreases with increasing the
temperature, exhibiting the exothermic nature of the
adsorption process. The adsorbed amount g of the
OMW increases when the concentration of OMW
grows then becomes constant which reflects the

saturation of the adsorption active sites at various
temperatures. Also, the increase in temperature leads
to a decrease in the adsorbed amount, it can be said
that the low temperatures are of most interest and the
maximum monolayer capacity qmadsorbed at 20°C is
189.83 mg/g obtained from Langmuir model. In the
D-R model, the plot of In(ge ) versus €2 gives K (mol
/(kJ )) and the adsorption capacity, Q (mg/g). The
constant K gives the mean free energy of adsorption
(E) per molecule of the sorbate when it is transferred
to the surface of the solid from infinity in the
solution. Calculated D-R constants for the
adsorption of OMW on Olive Stones were given in
Table 4. The value of regression coefficient of D-R
isotherm R? are 0.832, 0.871 and 0.856 is lower than
the Langmuir value and the Freundlich value, in this
case, D-R equation represents the poorer fit of
experimental data than the other isotherm equations.
According to the calculated E as 14.821,11.920 and
10.170 kJ/mol respectively at 20, 20, 30 and 47°C,
which are between 8 and 16 kJ/mol, the type of
adsorption of OMW on the Olive Stones was
described as chemical adsorption.
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Table 4. I1sotherms constants for OMW adsorption onto Olive Stones AOLS.

Models T (°C)
20°C
Langmuir
gm(Mg/g) 189.83
Ki(l/mg) 0.0345
R? 0.995
Freundlich
Kt 51.96
n 441
R? 0.987
Temkin
ki 0.45
B 38.39
R? 0.993
(D-R)
Qm(mg.g-1) 90.74
K(mol2/kJ2) 0.012
E(kJ/mol) 14.821
R2 0.832

30°C 47°C
175.44 172.41
0.0270 0.0259
0.991 0.999
31.28 26.31
3.48 3.12
0.986 0.991
0.51 0.11
31.44 47.69
0.974 0.991
95.23 86.73
0.013 0.014
11.920 10.170
0.871 0.856

The separation factor R values for the sorption of OMW on the Olive Stones adsorbent have been shown in
Table 5. All Ry values fall between zero and one; this fact supports the previous observation where the Langmuir
isotherm was favorable for OMW sorption for all studied temperatures.

Table 5. Dimensionless Separation Factor (R.) at Different Initial OMW Concentrations Studied at Different
Solution Temperatures for the Sorption of OMW onto the Olive Stones Adsorbent

C (mg/g)
20
Ki(l/mg) 0.0345
20 0.33014
40
" 0.1977
0.1411
n 441
Ln 0.155

Freundlich constants can be determined from the
plot of In(qe) versus In(C.). Thus we can generate the
value of Kg from the intercept and 1/n from the slope
and coefficients of determination are presented in
Table 2. Freundlich model is not comparable to that
obtained from Langmuir model linear form. This
result indicates that the experimental data were not
fitted well Freundlich model (low correlation
coefficient). The values of ns are higher than unity,
indicating that adsorption of OMW onto OLS is a
favorable physical process (obtained in Table 4). The
Temkin constants k; and B are calculated from the
slope and the intercept of ge versus InCe. The linear

T (°C)

30 47
0.0270 0.0259
0.6268 0.6648
0.4565 0.4979
0.3589 0.3979

3.48 3.12
0.15 0.179

isotherm constants and coefficients of determination
are presented in Table 4. Examination of the data
shows that the Temkin isotherm is not applicable to
the OMW adsorption onto Olive Stones judged by
low correlation coefficient (R?).

Thermodynamic Parameters of Adsorption

Thermodynamics experiments were carried out
at a temperature range of 20-47°C. Fig.8 shows the
plot of In K_ versus 1/T and the values of estimated
thermodynamic parameters are given in Table 6.
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Figure 8. Plot of the adsorption of OMW

Figure 9. Arrhenius plots for the adsorption of OMW

onto Olive Stones at various temperatures.

As can be observed, the negative value of
AH°® (-105.54 kJ/mol) shows that the adsorption is
exothermic as process. The negative value of
AS° (-72.91 J/mol.°K) can be used to describe the
randomness at the solid/solution interface during the
adsorption process. The Gibbs energy(AG®)

increased from 8.38 kJ/mol to 9.35 kJ/mol with an
increase in temperature from 20 to 47 °C indicate a
decrease in feasibility of adsorption at higher
temperatures and the spontaneous nature of the
adsorption.

Table 6. Thermodynamic Parameters Obtained from Isotherm Adsorption of OMW onto Olive Stones.

T(C) Kul/mg) T(CK) 10¥TCK?Y)  Ln(K)
20 0.0345 298 3.36 -3.38
30 0.0270 303 3.30 -3.61
47 0.0259 308 3.25

Concerning the evaluation of the activation
energy (E.) of the adsorption, the Fig.9 shows a
linear relationship between the logarithm of rate
constant and the inverse temperature and gives an
estimation value E, =-20.5879582  kJ/mol and
ko=10,327 (g/mg.min). The negative values of E,
indicate the presence of an energy barrier in the
adsorption and confirming the nature of
physisorption processes of OMW on the surface of
Olive Stones.

Conclusion

The batch adsorption experiments proved that
H3PO. Treated Olive Stones (TOLS) is a promising
abundant, low cost and high capacity adsorbent for
the removal of Olive Mill Wastewater (OMW). High
adsorption capacity of total Olive Mill Wastewater
onto HsPO4 Treated Olive Stones is observed The
adsorption capacity is exponentially increased with
initial OMW concentration. The equilibrium time is
independent of the concentration and the amount
adsorbed at equilibrium increases with concentration.
This is because the diffusion of OMW molecules
from the solution to the surface of the adsorbent is
accelerated by increasing the dye concentration. This
work confirms that the Olive Stones could be used
for the removal of OMW from aqueous solutions.
The adsorbed amount decreases with increasing
temperature. Equilibrium studies signify favorable

AG (KJ/mol) AH (KJ/mol) AS (J/mol*°K)
8.38
610 -105.54 -72.91
9.35

adsorption isotherm for OMW adsorption onto Olive
Stones. Langmuir isotherm better represents the
equilibrium system than Freundlich and Temkin
isotherm. Results indicate that the adsorption
isotherm data were fitted good agreement with the
Langmuir isotherm model by comparing the values
of the linear correlation coefficient Rz The
adsorption process is considered to be of medium
speed at low agitation speed; Equilibrium is almost
achieved after 7 hrs of OMW contact with Treated
Olive Stones. Kinetic modeling indicates that total
OMW adsorption is best represented by pseudo-
second order rate. The adsorption process followed
pseudo-second order kinetics and was spontaneous
and exothermic. This study shows that Olive Stones
is an effective adsorbent for removal of OMW from
aqueous solutions.
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