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The purpose of this study was to investigate the sorption of total phenols, which are contained in olive-
mill wastewater (OMWW), on solid by-products of olive pomace processing mills. Preliminary batch
experiments were conducted using three different types of olive pomace, dried olive pomace (OP-1), dried
and solvent extracted olive pomace (OP-2) and dried, solvent extracted and incompletely combusted olive
pomace (OP-3). According to the results, OP-3 showed high performance for total phenols sorption and
stability. For sorbent concentration of 10 g L−1 and sorbate concentration of 50 mg L−1, more than 40%
orption
live pomace
astewater

henolic compounds

of initial total phenols concentration was removed. Sorption kinetics was well described by the pseudo-
second order rate model (R2 > 0.99). Total phenols removal efficiency was improved by increasing sorbent
concentration and solution’s pH or decreasing particle size of the sorbent material. The Langmuir and
Freundlich isotherms sufficiently described OP-3 sorption capacity for the concentration range studied
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(50–500 mg L ). Fixed be
sorbent resulted in longer
thermally or chemically re

. Introduction

Olive-mill wastewater (OMWW) is a characteristic by-product
f olive-oil production and a major environmental problem in the
editerranean area because of its high and toxic organic load

nd its low pH. The maximum BOD and COD concentrations of
MWW can reach values up to 110 and 170 g L−1, respectively

1], while the presence of phenolic compounds at concentrations
anging between 1.5 and 10.2 g L−1 [2,3] increases the toxic load,
ausing OMWW unsuitable for further use. The large produced
olume of OMWW and the brief olive-producing period aggravate
hese characteristics. In particular, the annual OMWW production
n Mediterranean olive growing countries is ranged between 7
nd over 30 million m3 and occurs between November and March
1].

Due to the fact that most of the produced OMWW is discharged
ntreated into the environment; there is a strong requirement

or OMWW management. Various physico-chemical treatment

ethods such as flotation, sedimentation, use of selected mem-
ranes, oxidation by O3 and Fenton reagent have already been
sed [1,4,5]. However, these methods are too expensive to find a

Abbreviations: BOD, biochemical oxygen demand; COD, chemical oxygen
emand; cal, calculated; exp, experimental.
∗ Corresponding author. Tel.: +30 22510 36257; fax: +30 22510 36246.

E-mail address: astas@env.aegean.gr (A.S. Stasinakis).
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tion experiments showed that lower flow rates and smaller particle size of
n exhaustion time and higher initial removal efficiency. Experiments with

rated OP-3 showed that sorption capacity deteriorated after regeneration.
© 2008 Elsevier B.V. All rights reserved.

ide application. Additionally to the above, the use of biological
ethods – based on anaerobic or aerobic processes – has also

een investigated [6–8]. High total phenols concentrations in
MWW have limited the effectiveness of these methods due to

heir antibacterial activity [1,9,10].
It is evident that the adaptation of a cheap and conve-

ient pretreatment method for total phenols removal could make
asier biological treatment. So far, few studies have been carried
ut using sorbent materials for the removal of polyphenolic com-
ounds contained in OMWW. Al Malah et al. [11] used activated clay
nd reported that sorption of phenols was reversible and mainly
ue to hydrophobic interactions. Activated carbon obtained from
reated olive pomace has also been used for polyphenols sorption,
ucceeding efficient phenol removal [2]. Treated olive pomace is a
y-product of olive pomace processing mills which is produced in
reat amounts in Mediterranean countries. According to a previous
tudy, 0.3 million tonnes of treated olive pomace are estimated to be
roduced annually in Greece [12], while its price is ranged between
.02 and 0.03 Euro per Kg. However, its transformation to activated
arbon demands the use of several chemical or physical activation
ethods [2,13], preventing its wide use. So far, treated olive pomace

as been used without previous activation for the removal of heavy

etals [14] and methylene blue [15]. However, there are no data for

ts direct use as sorbent material on total phenols removal that are
ontained in OMWW.

The purpose of the present study was to investigate the use of
everal solid by-products of olive pomace processing mills (dried

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:astas@env.aegean.gr
dx.doi.org/10.1016/j.jhazmat.2008.03.012


A.S. Stasinakis et al. / Journal of Hazardo

Nomenclature

b Langmuir constant related to the enthalpy of the
process (L mg−1)

Ce concentration of the sorbate in the solution at equi-
librium time (mg L−1)

Ct concentration of the sorbate in the solution at time
t (mg L−1)

C0 initial concentration of the sorbate in the solution
(mg L−1)

k1 first order equilibrium rate constant (min−1)
k2 second order rate constant of sorption

(g mg−1 min−1)
KF Freundlich constant related to the sorption capacity

(mg g−1) (L mg−1)1/n

n Freundlich parameter related to the intensity of
sorption

N number of observations
P normalized percent deviation
qe amount of substrate sorbed per specified amount of

sorbent at equilibrium time (mg g−1)
qt amount of substrate sorbed per specified amount of

sorbent at time t (mg g−1)
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Q Langmuir constant related to the sorption capacity
(mg g−1)

live pomace, OP-1, dried and solvent extracted olive pomace,
P-2, and dried, solvent extracted and incompletely combusted
live pomace, OP-3) on total phenols removal. Initially, the equi-
ibrium time was investigated and afterwards, the effects of
orbent mass concentration (1–50 g L−1), solution’s pH (4–10),
orbent particle size (<1.4 mm, 1.4–2 mm, >2 mm) and initial sor-
ate concentration (50–500 mg L−1) on total phenols uptake were
tudied in batch experiments. Chemical and thermal regeneration
xperiments were also performed to investigate whether treated
live pomace could be reused after regeneration. Finally, a glass
olumn was fully loaded with sorbent material of different parti-
le size and wastewater was poured over the column at different
ow rates (1–9 mL min−1) to assess the practical utility of the sor-
ent.

. Materials and methods

.1. Collection of OMWW and sorbent materials

OMWW samples were collected during the oil-harvesting sea-
on from nine olive mills located in the island of Lesvos (Greece).
amples were collected in plastic vessels, transported to the
aboratory immediately after sampling and stored at 4 ◦C. The
oncentrations of COD, total suspended solids and total phe-
ols were 44297 ± 15933, 19372 ± 6106 and 2287 ± 1235 mg L−1,
espectively, while pH values were ranged from 4.6 to 5.2.

Three types of olive pomace (OP-1, OP-2 and OP-3) were
ollected from an olive pomace processing mill in the island of
esvos (Greece) and they were sieved to desired particle size such
s <1.4 mm, 1.4–2 mm and >2 mm. Regarding the production of
ifferent types of this material in olive pomace processing mills,
P-1 is produced after drying of olive cake, while OP-2 is produced

fter extraction of OP-1 using hexane and vapor. This type of olive
omace is either rejected to the environment or it is incompletely
ombusted in boilers of olive pomace processing mills and other
ndustries. The solid product of this combustion (OP-3) can be
urther used as fuel with low calorific value.
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c
T
s
p
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.2. Sorption batch experiments

Preliminary batch experiments were performed to investigate
he effect of different types of treated olive pomace (OP-1, OP-2
nd OP-3) on total phenols removal and to calculate the sorption
quilibrium time. For this reason, 2 g of olive pomace samples were
ntroduced into three 250-mL conical flasks. The flasks were put on
shaker and appropriate volumes of filtered OMWW and distilled
ater were added to provide a final volume of 200 mL and a concen-

ration of total phenols equal to 50 mg L−1. Homogenous samples
ere taken at predetermined different time intervals (0–24 h), fil-

ered using glass-fiber filters (GF/F, pore size 0.7 �m, Whatman,
ngland) and the filtrates were analyzed for residual total phenols
oncentration. To quantify any potential release of polyphenolic
ompounds by the sorbents, three additional batch flasks were
perated with no addition of sorbate solution and samples were
ollected at the start and at the end of the experiment (0, 24 h).
oreover, to quantify any losses of polyphenolic compounds due

o sorption on the conical flasks, an additional batch reactor was
perated containing only sorbate solution with known total phe-
ols concentration [16]. During the experiments, all flasks were
ealed with Parafilm to prevent the loss of phenols by volatilisation
17].

To investigate the effect of olive pomace concentration on
otal phenols removal, similar experiments were repeated using
ifferent OP-3 concentrations (1–50 g L−1). Moreover, sorption
xperiments were conducted at different solution’s pH (4–10)
nd using different sorbent’s particle size (<1.4 mm, 1.4–2 mm,
2 mm). The effect of initial concentration of sorbate on the removal
fficiency was investigated by using different concentrations of
otal phenols (50, 100, 200, 300, 400 and 500 mg L−1). All the
xperiments were performed at a temperature of 20 ± 2 ◦C. After
quilibrium time, the samples were filtered and analyzed for total
henols.

.3. Regeneration experiments

To investigate the effect of thermal regeneration on total phenols
emoval, batch experiments were initially performed in the pres-
nce of 100 mg L−1 total phenols. After termination of these experi-
ents, OP-3 samples were thermally regenerated in air atmosphere

t 100, 150, 200 and 250 ◦C for 2 h in a Thermolyne 30400 oven
nd sorption experiments were repeated using regenerated OP-3.
o investigate the effect of chemical regeneration on total phe-
ols removal, a similar experimental procedure was followed. To
chieve chemical regeneration, OP-3 samples were stirred for 2 h
n the presence of an organic solvent (acetone 20% (v/v) or methanol
0% (v/v)). After organic solvent removal, washing of OP-3 with dis-
illed water and drying at 50 ◦C for 1 h, sorption experiments were
erformed in the presence of 100 mg L−1 total phenols.

.4. Fixed bed sorption experiments

In fixed bed experiments, a glass column (0.7 cm i.d. and 15 cm
ength) was filled with 30 g of OP-3 on glass wool support. Before
tarting the experiments, distilled water was pumped in an upflow
ode to remove any trapped air from the bed. Afterwards, diluted
MWW containing 500 mg L−1 total phenols was delivered up flow

o the column using a peristaltic pump (Masterflex L/S) at three
ifferent flow rates (1, 3 and 9 mL min−1). To obtain breakthrough

urves, samples were periodically collected from the top of the
olumn and analyzed for residual concentration of total phenols.
o investigate the effect of particle size on total phenols removal,
imilar experiments were performed using different sorbent’s
article size (<1.4 mm, 1.4–2 mm, > 2 mm).
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tion on toxic compounds removal has often been reported in the
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ig. 1. Residual total phenols concentration in batch experiments with different
ypes of olive pomace (initial sorbate concentration: 50 mg L−1; sorbent mass: 2 g;
orbent size: <2 mm).

.5. Analytical methods

Total phenols were determined on filtered samples using the
pectrophotometric method associated with the Folin-Ciocalteau
henol reagent [18]. Specifically, a 10 mL diluted sample or phe-
olic standard was mixed with 0.5 mL of the Folin-Ciocalteu
eagent and 1.5 mL of a sodium carbonate solution (200 g L−1). The
nal solution was left in the dark for 1 h (20 ◦C) and afterwards
he absorbance of the solution was measured at 750 nm (Hach
pectrophotometer, model DR/2400). A similar procedure was
ollowed using a distilled water reagent blank. For the instru-

ental calibration, standard phenol’s solutions of 0, 0.1, 0.3, 0.5,
.8 and 1 mg L−1 were used. The repeatability/reproducibility of
he analytical method was sufficient (R.S.D. < 10%). Samples’ pH
as measured using a digital calibrated pH-meter (Hach, model

ension 2). Concentrations of COD and total suspended solids were
etermined according to Standard Methods [19].

. Results and discussion

.1. Effect of olive pomace type and sorption kinetics

No sorption of total phenols on the conical flasks walls was
bserved in experiments conducted in the absence of sorbent. In
atch reactors using OP-1 and OP-2 as sorbents, residual total phe-
ols concentrations were changed with time according to Fig. 1. On
he whole duration of the experiment, residual total phenols con-
entrations were higher than the initial concentration of 50 mg L−1

nd almost doubled 24 h after the start of the experiment. This
ehavior was probably due to the release of polyphenolic com-
ounds contained in these sorbents. This hypothesis was further
roved by determining total phenols concentration in similar batch

eactors operating in the absence of OMWW. Specifically, in batch
eactors using OP-1 and OP-2 as sorbents, residual total phenols
oncentrations of 50.8 and 30.3 mg L−1 were determined respec-
ively, at the end of the experiment (24 h).

l

p
a

able 1
etermination of sorption kinetic rate constants in experiments using OP-3 as sorbent m

0 (mg L−1) qe (exp) (mg g−1) Pseudo-first order

k1 × 10−3 (min−1) qe (cal) (mg g−1)

0 2.10 0.70 2.54
us Materials 160 (2008) 408–413

On the contrary, in the presence of OP-3, total phenols removal
as high during the first hour of the experiment, while it was gradu-

lly reduced until the attainment of equilibrium (∼5 h) (Fig. 1). This
ehavior has also been noticed for other toxic compounds and the
xistence of a two-step reaction model for toxic compounds sorp-
ion has been reported [20,21]. The first step is a rapid uptake phase
n which the sorbate is sorbed in external surfaces and relative large
ores, while the second one is a slow phase where the sorbate slow
nters into small micropores due to the diffusion effect [16]. Deter-
ination of solution’s pH showed that after sorbent addition, pH

alue was directly increased from 4 to 10 and remained constant
n the whole duration of the experiment. This increase of solution’s
H in the presence of treated olive pomace is probably due to the
asic character of this sorbent.

To investigate possible release of polyphenolic compounds con-
ained in OP-3, a batch reactor operating in the absence of OMWW
as also used. At the end of the experiment, no total phenols were
etected in the dissolved phase, indicating OP-3 stability as sor-
ent material. The above results revealed that OP-1 and OP-2 could
ot be used as sorbents for the treatment of OMWW due to their
rend to desorb polyphenolic compounds. On the other hand, OP-3
howed significant sorption capacity and stability. As a result, the
ollowing batch and column experiments were conducted using
P-3 as sorbent.

The kinetics data of total phenols onto OP-3 were analyzed using
seudo-first order (Eq. (1)) and pseudo-second order models (Eq.
2)) [22]:

og(qe − qt) = log qe − k1

2.303
t (1)

t

qt
= 1

k2q2
e

+ 1
qe

t (2)

here qt (mg g−1) is the amount of substrate sorbed per specified
mount of sorbent at time t (min), qe is the amount sorbed per
pecified amount of sorbent at equilibrium time (mg g−1), k1 is the
rst order equilibrium rate constant (min−1) and k2 is the second
rder rate constant of sorption (g mg−1 min−1).

The experimental and model predicted data are shown in
able 1. Comparison of R2 values indicated that sorption of total
henols onto OP-3 followed second order kinetics. Moreover, the
alculated qe value obtained from Eq. (2) was in agreement with
xperimental qe value (Table 1).

.2. Effect of olive pomace concentration

The effect of OP-3 concentration on total phenols removal is
llustrated in Fig. 2. In these experiments, initial total phenols con-
entration was equal to 56 mg L−1. According to the experimental
esults, total phenols removal on equilibrium time was increased
ith increasing sorbent concentration from 1 to 50 g L−1 (Fig. 2). As
result, in the presence of 1 g L−1 OP-3, almost 17% of total phenols
ere removed, while total phenols removal exceeded 90% when
0 g L−1 of OP-3 was used. A similar effect of sorbent concentra-
iterature [15,20,23].
The results obtained in the aforementioned experiments are

romising comparing to other treatment methods that have
lready been applied in OMWW for total phenols removal. Saez et

aterial

Pseudo-second order

R2 k2 × 10−3 (g mg−1 min−1) qe (cal) (mg g−1) R2

0.9442 5.24 2.59 0.9947
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phenomenon. As a result, the smaller particle size offers compara-
tively larger surface area per unit weight of the sorbent and hence
higher phenol removal at equilibrium time.

Regarding the effect of initial total phenols concentration on
their removal, the amount of phenols sorbed per unit mass of OP-
ig. 2. Effect of sorbent (OP-3) concentration on percentage removal of total phenols
initial total phenols concentration: 56 mg L−1; sorbent size: <2 mm).

l. [24] reported 43% reduction in phenols after 90 days residence
n evaporation ponds. In that study, the initial phenolic content
as equal to 1470 mg L−1. Israilides et al. [25], using OMWW that

ontained initial total phenols concentration of 11410 mg L−1,
bserved phenols reduction equal to 50% and 99% after 1 and
0 h of electrolysis, respectively. Al-Malah et al. [11] reported that
lmost 80% of total phenols removed when activated clay was used
s sorbent material (sorbent concentration equal to 21 g L−1, initial
henol concentration equal to 1190 mg L−1). Galiatsatou et al. [2]
eported that total phenols removal ranged from 13 to 73% using
ifferent types of activated carbon originated from olive stone and
olvent extracted olive pomace (sorbent concentration equal to
g L−1, initial phenol concentration equal to 205 mg L−1).

.3. Effect of solution’s pH

To investigate the effect of solution’s pH on total phenols
emoval, a series of flasks were prepared, containing OP-3 (sor-
ent concentration, 10 g l−1, x < 2 mm) and diluted OMWW (initial
otal phenols concentration, 70 mg l−1) at various pH values ranging
rom 4 to 10. Solution pH was adjusted with 0.5 M, HCl and NaOH
olutions.

According to the results, total phenols removal increased with
ncrease of solution’s pH and the higher sorption rates were
bserved at pH 10 (Fig. 3). So far, the effect of pH on total phenols
emoval by treated olive pomace has not been investigated. How-
ver, in a previous study where basic character activated carbon was
repared from olive stone and olive pulp, significant total phenols
emoval was also observed [2]. The adsorption capacity of phenolic
ompounds onto activated carbon and similar adsorbent materials
epends on several factors such as the physical nature of the adsor-
ent, the nature of the adsorbate and the solution’s conditions [26].
egarding the role of solution’s pH, it is widely known that at solu-
ion’s pH lower than the pKa, phenols remain undissociated, while
t pH values higher than pKa, phenolic compounds dissociate into
nionic forms, leaving negligible amount of neutral molecules [27].
n this study, due to the use of real wastewater containing a great
umber of different polyphenolic compounds (with different pKa

alue for each compound), a clear conclusion cannot be derived for
he existence of ionic or neutral forms of phenolic compounds in

olution. However, based on the fact that the pKa value of phenol is
qual to 9.89 [26], then it is possible that for the pH range used
n this study, both polyphenolic compounds and surface groups
oexisted in their protonated and deprotonated forms. As a result,
ll three different types of surface-phenol interactions could occur

F
O

ig. 3. Effect of pH on percentage removal of total phenols sorbed on OP-3 (initial
orbate concentration: 70 mg L−1; sorbent mass: 2 g; sorbent size: <2 mm).

imultaneously. Specifically (a) electron donor–acceptor interac-
ions between the aromatic phenolic ring and the basic surface
xygen groups; (b) dispersion effect between the aromatic pheno-
ic ring and the � electrons in carbons; (c) electrostatic attraction
nd repulsion when ions are present [28].

.4. Effect of particle size and initial total phenols concentration

The effect of OP-3 particle size on total phenols removal can be
een in Fig. 4. Experiments were performed in triplicate using initial
otal phenols concentrations ranging between 50 and 500 mg L−1.
he sorption capacity of total phenols was significantly higher (at
5% confidence interval, using one-way ANOVA) in experiments
here OP-3 with particle size lower that 1.4 mm was used. On the

ther hand, no significant difference was observed when OP-3 with
article size ranging between 1.4 and 2 mm and higher than 2 mm
as used (Fig. 4). In previous studies where clay [29] and unburned

arbon [30] were used as sorption materials for phenols removal,
he particle size had a similar effect on target compounds sorption.
his behavior is probably due to the fact that sorption is a surface
ig. 4. Effect of particle size on equilibrium sorption capacities of total phenols on
P-3 (initial sorbate concentration: 50–500 mg L−1; sorbent mass: 2 g; pH: 10).
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Table 2
Langmuir and Freundlich parameters for total phenols sorption onto OP-3, regres-
sion coefficient squares (R2) and normalized percent deviations (P) values (initial
sorbate concentration: 50–500 mg L−1; sorbent mass: 2 g; sorbent size: <1.4 mm)

Sorption isotherms

Langmuir Freundlich
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to the properties of the sorbent material. The effect of flow rate
on total phenols breakthrough curve is shown in Fig. 6. Higher
flow rates resulted in shorter column saturation/exhaustion time
probably due to the fact that increased flow rate resulted in
lower residence time in the bed and consequently lower bed
(mg g−1) b (L mg−1) R2 P KF 1/n R2 P

1.40 5.5 × 10−3 0.989 4.20 0.267 0.57 0.990 4.57

increased with increase of initial total phenols concentration
Fig. 4), possibly due to the higher availability of the sorbate in
he solution. Moreover, higher initial total phenols concentration
ncreased driving force to overcome mass transfer resistance of phe-
ols molecules between the aqueous and solid phases resulting in
igher probability of collision between total phenols and sorbent
23].

The data obtained in experiments using OP-3 with particle size
ower that 1.4 mm were fitted to the Langmuir (Eq. (3)) and Fre-
ndlich (Eq. (4)) sorption isotherms [30].

Ce

qe
= 1

Qb
+ Ce

Q
(3)

og qe = log KF + 1
n

log Ce (4)

here Ce is the equilibrium concentration of the sorbate in the solu-
ion (mg L−1), qe is the amount sorbed at equilibrium time (mg g−1),

(mg g−1) and b (L mg−1) are the Langmuir constants related to
he sorption capacity and enthalpy of the process, respectively, KF
s the Freundlich constant related to the sorption capacity (mg g−1)
L mg−1)1/n and n is the empirical Freundlich parameter related to
he intensity of sorption.

To check the adequate fit of experimental data to Langmuir and
reundlich equations, values of regression coefficients squares (R2)
ere compared. Additionally, values of normalized percent devia-

ion (P) were calculated using Eq. (5) [31].

= 100
N

∑ (|qe(exp) − qe(cal)|)
qe(exp)

(5)

here qe(exp) is the experimental value of qe obtained at any value of
e, qe(cal) is the calculated value of qe according to the correspond-

ng equation and N is the number of observations. It is generally
ccepted that when the P-value is less than 5, the fit is considered
o be adequate [31].

The calculated Langmuir and Freundlich parameters are pre-
ented in Table 2. Comparison of R2 values as well as P values
ndicated that both Langmuir and Freundlich isotherms described
ufficiently OP-3 sorption capacity (Table 2). According to the
esults, when applying the Langmuir model, the maximum phenol
orption capacity Q was equal to 11.40 mg g−1. When fitted to the
reundlich equation, the value of KF was 0.267 (mg g−1) (L mg−1)1/n,
hile the value of 1/n was less than 1, indicating favorable sorption

f total phenols onto OP-3 [17].

.5. Effect of regeneration

As it has already been reported in Section 2.3, sorption experi-
ents were performed in the presence of 100 mg L−1 total phenols

sing regenerated OP-3 to investigate the possibility of its reuse.

ccording to the results, the sorption capacity of OP-3 was sig-
ificantly decreased (at 95% confidence interval, using one-way
NOVA) after thermal or chemical regeneration (Fig. 5). The highest
emoval efficiencies were observed for thermally regenerated OP-
at 250 ◦C (∼=14%) and chemically regenerated OP-3 using acetone

F
s

ig. 5. Effect of thermal and chemical regeneration on total phenols removal effi-
iency (initial sorbate concentration: 100 mg L−1; sorbent mass: 2 g; sorbent size:
2 mm, pH: 10).

0% (∼=16%). It is possible that if higher regeneration temperature
ad been applied, greater total phenols removal efficiency could
e achieved. For instance, Roostaei and Tezel [16] reported that
hen zeolite HiSiv 1000 was regenerated at 360 ◦C for 15 min, the

dsorption capacity of this sorbent on reagent grade phenol did
ot change. However, due to the low price of the sorbent used

n the present study (OP-3), the loss in properties when rege-
eration is carried out and the energy cost of heating, the future
endency could be the disposal or incineration of this sorbent after
ts exhaustion.

.6. Fixed bed sorption experiments

The breakthrough curve results of OP-3 were investigated at
ifferent flow rates (1–9 mL min−1), using diluted OMWW (initial
oncentration 500 mg L−1). As it was expected, in all column
xperiments OMWW effluent pH was increased to almost 10 due
ig. 6. Effect of different flow rates on total phenols breakthrough curve (initial
orbate concentration: 500 mg L−1, particle size: >2 mm).
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[31] E. Ayranci, O. Duman, Adsorption behaviors of some phenolic compounds onto
ig. 7. Effect of different particle size on total phenols breakthrough curve (initial
orbate concentration: 500 mg L−1, flow rate: 3 mL min−1).

tilization. This phenomenon could also be attributed to diffusion
imitations of the solute into the pores of the sorbent [32]. In
he experiment performed with flow rate 1 mL min−1, complete
xhaustion (Ct/Co = 1) was never reached and at the end of the
xperiment total phenols concentration in effluent wastewater
emained significantly lower than concentration in the influents.
t was also noted that lower flow rate yielded better initial removal
fficiency (1 mL min−1, 90% initial removal efficiency) than higher
ow rate (9 mL min−1, 17% initial removal efficiency) (Fig. 6).

In experiments performed using OP-3 of different particle size,
xhaustion time increased and better initial removal efficiency was
bserved when particles smaller than 1.4 mm were used (Fig. 7).
similar behavior was also noticed for COD decrease (data not

hown). Apart from phenolic compounds removal, this reduction of
OD could be possibly due to the sorption of other high molecular
eight organic molecules onto the filtering media.

. Conclusions

The objective of this study was to investigate total phenols
emoval efficiency by several types of treated olive pomace. OP-1
nd OP-2 could not be used as sorbent materials due to their trend to
elease polyphenolic compounds. On the contrary, OP-3 presented
tability and significant sorption capacity which was affected by
he concentration and the particle size of the sorbent as well as the
olution’s pH. Total phenols sorption on OP-3 followed the pseudo-
econd order rate equation and described sufficiently by Langmuir
nd Freundlich sorption isotherms. Column studies showed that
ecrease of influent flow rate and particle size enhanced OP-3
orption capacity. According to the results, OP-3 could be used as
pretreatment method for total phenols removal containing in
MWW. The use of this material as sorbent provides a two-fold

olution to environmental problems; the decrease of solid waste
olume as well as the treatment of industrial wastewater at a rea-
onable cost.
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