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a  b  s  t  r  a  c  t

Olive  mill  wastewater  (OMW)  is an  environmental  concern  that has  been  highlighted  as  a  serious  envi-
ronmental  problem  in  the  Mediterranean  basin  countries  because  of its high  organic  load  and  phytotoxic
and  antibacterial  phenolic  compounds,  which  resist  biological  degradation.  Consequently,  this  type  of
wastewater  represents  a  huge  challenge  for the  conventional  wastewater  treatment  techniques  as  it
can impact  the  lifetime  of bacteria  needed  for the  treatment.  Iron-oxide  nanoparticles  are  attractive
for  wastewater  treatment  for  two  important  reasons.  First,  nanoparticles  can  remove  pollutants  from
wastewater  rapidly.  Second,  this  magnetic  type  of  nanoparticles  could  be separated  easily  using a mag-
net  after  finishing  treatment  process.  In this  study,  we aimed  at investigating  the  effectiveness  of  the
magnetic  iron  oxide  nanoparticles  in the removal  of  large  organic  contaminants  from  OMW.  Batch  and
continuous  mode  processes  were  applied  on OMW  treatment  to determine  the  effect  of  contact  time,
solution  pH,  coexisting  contaminants  and  the adsorption  isotherm.

The results  showed  that  the  adsorption  was  fast and  the  adsorption  reached  equilibrium  within  less
than  30  min.  The  adsorption  equilibrium  data  fit  very  well  to the  Brunauer–Emmett–Teller  (BET)  Model,
indicating  multi-layers  adsorption.  The  adsorption  of  major  pollutants  was  associated  to  an  efficient
removal  of coexisting  contaminants  such  as  heavy  metals  and  free  ions.  The adsorption  of  OMW  pollutants
was  dependent  on  pH of  the solution.  Finally,  continuous-mode  process  was tested  successfully  using
a packed  bed  column  that  combined  sand  filtration  with  magnetic  nanoparticles  to  decolourize  OMW
effluent.  This  study  will provide  valuable  insight  on  the  effect  of nanoparticles  toward  the  treatment

and  recyclability  of  olive  mill  wastewater,  which  is  crucial  for the  local  olive  mill industry.  After  seeing
the  successful  achievement  of  integrating  nanoparticles  with  fixed  bed  filtration,  a preliminary  process
description  and  cost  estimation  of  stand-alone  plant  (with  a  capacity  of 4 m3/h)  for  OMW  treatment  were
considered  in  this  study.  Process  capital  and  annual  operating  costs  were  estimated  to  be $12,306  and
$476/year,  respectively.

©  2014  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
. Introduction

Olive mill wastewater (OMW)  is generated by the olive oil

ills during the extraction of olive oil (Ben Sassi et al., 2008;

roğlu et al., 2008; Jarboui et al., 2008; Hanafi et al., 2009; Hanifi
nd El Hadrami, 2009; Ipsilantis et al., 2009; Kallel et al., 2009;
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Choy et al., 2005). Around 6 × 106 m3 of OMW  is produced yearly
worldwide, of which 98% is produced in the Mediterranean basin
(Zorpas and Costa, 2010). These types of effluents are produced
seasonally during September to November of every year in the
Mediterranean region, where there is a major production of olive
oil. It is anticipated that for every ton of olive fruits processed
approximately 1.2–1.8 m3 of wastewater is generated, by three-
phase olive mills (centrifugal systems) (Nassar, 2007). Actually,

OMW  resulting from the production processes in the Mediter-
ranean basin surpasses 30 MCM  per year (El-Gohary et al., 2009).
OMW  contains appreciable amount of organic materials with a high
amount of toxicity/phytotoxicity-associated compounds, which

der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Table 1
Characteristics of different fresh OMW  samples collected from different olive mill
presses in Palestine.

Nablus Qalqilia Jenin

3 3 3

that these values are in good agreement with those reported in
literature (Zorpas and Costa, 2010).

Table 2
Main characteristics of fresh OMW  sample obtained from olive mill press in the city
of  Nablus, before and after sedimentation.

Parameter Before sedimentation After sedimentation
(supernatant)

COD (mg/L) 153 × 103 89 × 103

BOD5 (mg/L) 71.4 × 103 52.8 × 103

TOC (mg/L) 57.5 × 103 33.5 × 103

TSS (mg/L) 51 × 103 1.3 × 103
N.N. Nassar et al. / Environmental Nanotechno

esist biological degradation (Coskun et al., 2010). Typically, due
o the current absence of appropriate treating technologies for
MW effluents, OMW is discharged directly into sewer systems,
alleys, and uncontrolled ponds, despite the fact that such dis-
arding methods are forbidden in many Mediterranean countries
Shaheen and Karim, 2007; Brunetti et al., 2007; Boukhoubza
t al., 2008; Dhaouadi and Marrot, 2008; Jarboui et al., 2008;
anifi and El Hadrami, 2009). The inadequate and uncontrolled
isposal methods of OMW  to the water bodies possess an envi-
onmental concern as these effluents contain appreciable amount
f COD and BOD concentrations, high amount of microbial growth-
nhibiting compounds, such as phenolic compounds and tannins
Hanifi and El Hadrami, 2009; Kallel et al., 2009; Lucas and Peres,
009). Nonetheless, a number of physical, chemical and biologi-
al treatment methods have been reported in literature; including
otation and sedimentation (Achak et al., 2008), sand filtration
Achak et al., 2009a,b), ozonation (Chedeville et al., 2009), mem-
rane filtration (Paraskeva et al., 2007; Dhaouadi and Marrot, 2008;
kdemir and Ozer, 2009), neutralization with addition of acid,
dvanced chemical oxidation (Fenton reaction) (Gomec et al., 2007;
orpas and Costa, 2010), adsorption by activated carbon and aer-
bic and anaerobic digestions (Azbar et al., 2008a,b; Boubaker
nd Ridha, 2008). These methods, however, are limited because
hey are too expensive to find a wide application, ineffective in

eeting stringent effluent standards, and could result in huge
mount of sludge. Nanoparticle technology (i.e., the technology
elated to the preparation and application of materials at nanoscale,
–100 nm)  has emerged as a fascinating area of interest for removal
f various contaminants from wastewater effluents (Nassar, 2012a,
013; Savage and Diallo, 2005; El Saliby et al., 2009; Kaur and
upta, 2009; Narayan, 2010; Xu et al., 2012). Nanoparticles can
e employed as an alternate method for OMW  treatment. Because
f their relatively low cost and unique properties such as large
urface area, high reactivity, high specificity, self-assembly and
ispersibility nanoparticles have promising perspectives for OMW
reatment. With a particular affinity toward organic compounds,
hese nanoparticles are also magnetic, allowing for their mag-
etic separation and removal from the process stream. Because
hese particles could be prepared and applied in situ, the materi-
ls costs are reduced. Several researchers have reported about the
mployment of iron-based nanoadsorbents in removing various
ollutants from wastewater (Nassar, 2010a,b, 2012a,b; Tratnyek
nd Johnson, 2006). The utilization of photocatalysis approach
ith different nanoparticles for OMW  treatment has been suc-

essfully reported (Ruzmanova et al., 2013; Ochando-Pulido et al.,
013). However, to the best of our knowledge, there have been
o reports on the application of magnetic assisted-nanoparticle
dsorption technology on the removal of contaminants from olive
ill wastewater.
This study is aimed at investigating the effectiveness of the

agnetic iron oxide nanoparticles for the adsorptive removal of
arge organic contaminants from OMW  effluent. In this study, a
atch-contact-time method is used for the treatment of real OMW
amples obtained from selected local olive mill factories in the

est Bank, Palestine. The following operating and experimental
arameters are investigated to find out the optimum conditions for
nhancing the treatment efficiency, namely: contact time, adsorp-
ion isotherm, coexisting pollutants and solution pH. Further, a
ontinuous-mode process using a fixed bed column that com-
ines sand filtration with magnetic nanoparticles to decolourize
MW effluent has been tested. In addition, a preliminary process
esign and cost estimation of stand-alone OMW  treatment plant

as reported. This study provides valuable insight on the effect

f nanoparticles toward the treatment and recyclability of olive
ill wastewater, which is crucial for the local olive mill indus-

ry.
COD (mg/L) 153 × 10 136 × 10 10 × 10
pH 5.04 4.41 4.49

2. Materials and methods

2.1. Adsorbent

Magnetic nanoparticles (�-Fe2O3) purchased from Alfa Aesar
(Ontario, Canada) were used as an adsorbent. Its measured particle
size and surface area were 10 ± 2.0 nm and 93 m2/g, respectively.
The nanoadsorbents were used as received without further purifi-
cation. Structure and particle size were determined using X-ray
Ultima III Multi Purpose Diffraction System (Rigaku Corp., The
Woodlands, TX) with Cu K� radiation operating at 40 kV and
44 mA  with a �–2� goniometer. Surface area of the nanoparticles
was measured by a surface area and porosity analyzer (TriStar II
3020, Micromeritics Corporate, Norcross, GA) by performing N2-
physisorption at 77 K. The sample was  degassed at 150 ◦C under N2
flow overnight before analysis. Surface area was calculated using
Brunauer–Emmett–Teller (BET) equation. External surface area was
obtained by t-plot method, and there was  no significant difference
between the surface areas obtained by BET and t-plot methods,
indicating that the selected nanoparticles have no significant poros-
ity and maintain a high external surface area.

2.2. Adsorbate

Three olive mill wastewater samples were obtained from the
main drainpipe of three different olive mill presses located at differ-
ent cities in Palestine, namely: Nablus, Qalqilia and Jenin. The three
samples were obtained in November 1, 2013 from a two-phase full
automatic presses. The samples were collected in pre-washed dried
tightly capped glass vials and kept stored in a dark incubator at 21 ◦C
prior to analysis, which was performed immediately after stabiliza-
tion. These samples were analyzed prior to treatment for pH and
chemical oxygen demand (COD); the results of analysis are shown
in Table 1. As seen, in all cases, OMW  is slightly acidic, pH < 7.0.
Nablus sample showed the highest COD concentration probably
due to different types of environmental conditions available for
the olive trees there. Accordingly, the Nablus sample was  consid-
ered in this study and was  further analyzed prior to treatment for
electrical conductivity (EC), biological oxygen demand (BOD), total
suspended solids (SS), total dissolved solids (TDS), and density; the
results of analysis are presented in Table 2. It is worth noting here
TDS (mg/L) 57.2 × 103 35 × 103

EC (mS/cm) 8.29 9.22
Density (kg/m3) 974 961
pH  5.04 5.0
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Fig. 1. Photographs taken at different time

.3. Chemicals

A 70% (w/w) nitric acid (HNO3) and 99% (w/w) sodium hydrox-
de (NaOH) purchased from Riedel de Haen (Germany) were used
t concentration of 0.5 M for pH adjustment. For heavy metals
etermination tests, a standard solution containing CrCl2·6H2O,
u(NO3)2·5H2O and FeCl3 obtained from Riedel de Haen (Germany)
ere used as sources for Cr+2, Cu+2 and Fe+3, respectively. A KHP
urchased from Sigma Aldrich (Germany), was used to prepare

 COD calibration curve. 97% (w/w) ethyl acetate and methanol
nd 70% (w/w) HCl purchased from Frutarom (Israel), 99% (w/w)
odium sulphate and 97% 3,4 dihydroxy benzoic acid purchased
rom Sigma Aldrich (Germany) were used for polyphenols determi-
ation test. A 99% KOH purchased from Sigma Aldrich (Germany)
as used for BOD5 test. A 91% (w/w) phenol purchased from Riedel
e Haen (Germany) was used as a model molecule to mimic  OMW
ample.

.4. Stabilization of OMW  sample

Before conducting any adsorption experiment, the fresh OMW
ample was monitored for 36 h to allow for the big suspended parti-
les to precipitate. Fig. 1 shows photographs of OMW  sample taken
t different time intervals. As seen, the fresh OMW  sample was
nitially completely turbid and homogeneous. After 12 h it starts to
eparate into two phases, at the macro level, the upper layer, which
s mainly the supernatant, and the lower layer, which contains
ludge, dirt and suspended solids. After 24 h, the sample was com-
letely stable and separated into two clear layers, at the macro level.
hen, the two layers were remained unchanged. Hence, the sedi-
entation time needed is concluded to be 24 h to obtain a very clear

upernatant. Worth noting here that a very thin layer of oily phase
as appeared on the top of the supernatant, which was skimmed off

efore taking the supernatant for analysis or adsorption test. After
hat the supernatant was decanted and transferred for further anal-

sis and adsorption tests. Table 2 shows the characteristics of the
upernatant. As seen, the sample characteristics have changed after
recipitation. COD value was still very high though. The reduction

n the COD value by sedimentation was approximately 40%. Also,
 selected OMW  sample for a period of 36 h.

the reduction in the BOD5 value was approximately 21%. Again, the
pH of the supernatant was still slightly acidic which could be due
to the presence of high concentration of phenolic compounds and
carboxylic acids, which are categorized as weak acids.

2.5. Batch adsorption experiments

Phenolic compounds (i.e., phenol and polyphenols) are believed
to be the coloring agent of OMW  since it recorded to be the major
pollutants (Ugurlu and Kula, 2007). Accordingly, to understand the
adsorption mechanism of OMW  pollutants, phenol was  chosen as
a model molecule. Therefore, in addition to the real OMW  sample,
synthetic wastewater samples containing different known initial
concentrations of phenol were prepared for the adsorption test as
well. Batch-mode adsorption method was  employed in this study
by exposing a specified dried mass of �-Fe2O3 nanoparticles to
an aqueous solution containing a specified initial concentration
of contaminants. Then, the mixture was  shaken for a certain time
at 298 K. For kinetics study, time-dependent adsorption process
was conducted by exposing a certain amount of nanoparticles to
a solution containing a specified concentration of pollutant for
fixed preselected time intervals. In this study, for phenol, 0.05 g of
�-Fe2O3 nanoparticles were added to 5 mL  aqueous solution con-
taining a 100 ppm concentration of phenol at 298 K and a pH of 7.5.
The mixture was shaken for 180 min, unless otherwise noted. To
determine the adsorption equilibrium time required for saturation,
samples were selected at different times during the 180 min  and
analyzed for phenol concentration. In a similar manner, for real
OMW  sample, 0.1 g of �-Fe2O3 nanoparticles were added to a 5 mL
solution at a specified COD, 298 K and a pH equal 5. The mixture was
shaken for 90 min, unless otherwise noted. For pH-dependent stud-
ies, OMW  model pollutant (phenol) and real OMW  adsorption pH
experiments were conducted at 298 K for a mixing time of 24 h and
a pH range of 2–12. To adjust the solution pH, HNO3 or NaOH were
used. For isotherm experiments, 0.05 g of �-Fe2O3 nanoparticles

were added to a set of 5 mL  vials containing different initial concen-
tration of phenol ranged from 0 to 400 ppm at a pH equal to 7.5 and
at temperature of 298 K. The mixture was  left shaking for 24 h. In
a similar manner, for OMW  sample, 0.1 g of �-Fe2O3 nanoparticles
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ere added to a set of 5 mL  test tubes containing different COD
oncentrations ranged from 100 to 3200 times dilution at pH 5
nd temperature of 298 K. The mixture was left shaking for 24 h.
or the effect of coexisting contaminants study, the following ions
ere measured before and after adsorption for a selected OMW

ample using atomic absorption (AA) (iCE 3400, Thermo Fisher
cientific, USA) and flame photometer (PFP7, Jenway, UK): Cu+2,
r+2, Fe+2, Na+, Ca+2, and K+. A calibration curve was constructed
etween 0 and 20 ppm, by using prescribed standard solutions.

In all experiments, the �-Fe2O3 nanoparticles containing
dsorbed contaminants were separated from the mixture by a
agnet and the supernatant was decanted. The initial and resid-

al concentration of phenol in the solution was measured by
V-vis spectrophotometry (UV-VIS-NIR-3101PC, Shimadzu). Con-
entration of phenol was measured at the specified wavelength
�max = 254 nm). A calibration curve of UV–vis absorbance at same
avelengths against the phenol concentration was established,
sing prepared standard model solutions with known concentra-
ions. UV–vis spectra of phenol in solution were selected on the
asis of the absorption linearity range. For the case of OMW,  the

nitial and residual concentration of contaminants in OMW  sample
as measured by the chemical oxygen demand (COD) test using

Digital Reactor Block DRB 2000, HACH, Germany) and following
 standard procedure (ASTM, 1995). The adsorbed amount of con-
aminants per mass of nanoparticles (mg/g) was determined by the

ass balance in Eq. (1):

 = Co − C

m
V (1)

here Co is the initial concentration of phenol or COD in the solu-
ion (mg/L), C is the final concentration of phenol or COD in the
upernatant (mg/L), V is the solution volume (L), and m is the dry
ass of �-Fe2O3 nanoparticles (g). For equilibrium data, Ce replaces

, and Qe replaces Q in Eq. (1).

.6. Continuous adsorption experiment

Continuous-mode decolourization of OMW  was  achieved by
sing a fixed-bed column made of glass tube of 50 cm height and

 cm inner diameter. At the bottom of the column, a plastic sieve
as attached followed by a layer of cotton and 2 cm layer sand to
revent nanoparticles from escaping out of the column. Approx-

mately 10 g of virgin fine locally supplied sand particles mixed
ell with different mass% of �-Fe2O3 nanoparticles were packed in

he column to yield the desired bed height (∼30 cm). 5 and 10 wt%
f nanoparticles were considered in this study. The column was
hen filled up with another 2 cm layer of sand particles in order to
rovide a uniform flow of the solution through the column. OMW
olution of 79,000 mg/L COD concentration at temperature of 298 K
nd pH 5 was driven by gravity downward through the column at

 desired flow rate of 0.03 L/h by maintaining a constant level of
MW solution in the column. The OMW  solutions at the outlet of

he column were collected at different time intervals and the color
hange was noted and the concentration was measured. In this set
f experiments, the time zero was considered after the first drop of
ater comes out from the fixed-bed column.

One sample was selected from the breakthrough curve for
olyphenols removal test, whereby 1 mL  of the sample was diluted

nto 100 mL  distilled water. The sample was acidified up to pH = 2
ith HCl and then followed by extraction with 20 mL  ethyl acetate

t 298 K for three times. The sample was dried by contacting
ith 2 g sodium sulphate crystals for 30–40 min. The ethyl acetate
eft in the extraction was vaporized using a rotary evaporator
nd the residual solution was mixed with 50 mL  of a mixture of
ater/methanol at 40/60 volumetric ratio (Garcia et al., 2000).

he final solution was a liquid that contains all the phenolic
onitoring & Management 1–2 (2014) 14–23 17

compounds of the sample. For measuring total polyphenol, the
sample extracted by ethyl acetate was  measured by a spectropho-
tometer at 725 nm and using a standard curve of 3,4 dihydroxy ben-
zoic acid, where total polyphenol could be determined (Box, 1983).

3. Modeling

Adsorption kinetics of contaminants onto nanoparticles surface
were modeled using the Lagergren pseudo first-order and pseudo-
second-order models. The adsorption isotherms were modeled
using the Brunauer–Emmett–Teller (BET) adsorption models.

3.1. Adsorption kinetics

Modeling of the adsorption kinetics of the batch experiments
was achieved using the Lagergren pseudo first-order model in Eq.
(2) (Ho, 2004) and pseudo-second-order model in Eq. (3) (Ho and
McKay, 1998).

dQt

dt
= k1(Qe − Qt) (2)

dQt

dt
= k2(Qe − Qt)

2 (3)

where Qe and Qt are the amount of pollutants adsorbed onto the
nanoparticles (mg/g) at equilibrium and at any time, t (min), respec-
tively, and K1 (min−1) and K2 (g/mg min) are the equilibrium rate
constants of first order and second order adsorption, respectively.
Nonlinear Chi-square analysis were conducted for comparing the
best-fit-model by Eq. (4) (Montgomery and Runger, 2006):

�2 =
∑ (Qe − Qemodel)

2

Qemodel
(4)

where Qe and Qemodel are the adsorbed amount of contaminants
obtained experimentally and by model fitting, respectively. The
lower the value of �2 the better the fitting.

3.2. Brunauer–Emmett–Teller adsorption model (BET)

The BET model has been widely used to correlate adsorp-
tion isotherm experimental data (Teller et al., 1938). This model
describes the multilayer adsorption phenomena for gas–solid equi-
librium systems and liquid–solid systems (Ebadi et al., 2009; Wang
et al., 1998). The BET model can be expressed as follows:

Q = Qmax
KSCe

(1 − KLCe)(1 − KLCe + KSCe)
(5)

where Q is the amount of pollutants (mg/g) adsorbed at equi-
librium; Qmax the maximum adsorption capacity (mg/g); Ce the
equilibrium concentration of pollutants in the aqueous phase
(mg/L); and KS (L/mg) and KL (L/mg) are the equilibrium constants
of adsorption for the first and the upper layers, respectively. Again,
�2 analysis (Eq. (4)) was also employed for finding the goodness of
fittings.

4. Results and discussion

4.1. Effect of contact time (adsorption kinetics)

Time-dependent experiments were conducted at 298 K to deter-
mine the pollutant adsorptive removal rate by the nanoparticles.
The initial phenol concentration was  100 ppm and two different ini-
tial COD concentrations were considered for the case of real OMW

samples, namely 962 and 460 mg/L. Panels a and b of Fig. 2 show
the change in the amount adsorbed of phenol and pollutants from
synthetic and real OMW,  respectively, as a function of contact time
together with kinetic model fit. As seen, in all cases, adsorption was
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Fig. 2. Effect of contact time on the adsorptive removal of (a) phenol at initial con-
centration of 100 ppm and pH = 7.5 and (b) OMW  pollutants at initial COD of 962 and
4
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Table 4
Estimated values of the kinetic parameters of the pseudo-first-order and pseudo-
second-order models for the adsorptive removal of OMW  pollutants by �-Fe2O3

nanoparticles at different initial concentrations. Other experimental parameters are
T  = 298 K, pH = 5, shaking rate = 300 rpm.

CODi (mg  O2/L) 962 460
Qe,exp (mg/g) 23.03 10.2

Pseudo-first-order
Qe (mg/g) 18.75 8.72
K1 (min−1) 85.15 220.07
�2 4.497 3.09

Pseudo-second-order
Qe (mg/g) 21.3 10.2
K (g/mg min) 0.133 0.227

T
E
E

60 mg/L at pH = 5. Points are experiments; lines are second-pseudo-order model
Eq. (3)). Other experimental conditions are T = 298 K, shaking rate = 300 rpm.

uite fast, as adsorption equilibrium was reached within 10 min  for
henol and less than 30 min  for real OMW.  This is not surprising
s the selected nanoparticles are nonporous. Therefore, one would
nticipate that external adsorption is dominant and no intraparticle
iffusion is available to retard the adsorption rate (Nassar, 2010a;
assar and Ringsred, 2012). Unlike the classical adsorbents such as
ctivated carbon and activated alumina, where adsorption equilib-
ium time could take days (Crittenden, 2005). To further investigate
he kinetic mechanism that controls the adsorption process, the

xperimental data were fitted to the Lagergren pseudo-first-
rder model (Ho, 2004) and pseudo-second-order model (Ho and
cKay, 1998) presented previously in Eqs. (2) and (3); respectively.

able 3
stimated values of the kinetic parameters of the pseudo-first-order and pseudo-secon
xperimental parameters are T = 298 K, pH = 7.5, shaking rate = 300 rpm and Co = 100 ppm

Qe,exp (mg/g) Pseudo-first-order 

Qe (mg/g) K1 (min−1) �2

7.6000 7.604 1.602 0.004
2

�2 0.295 0.262

Tables 3 and 4 show the estimated kinetic parameters pertaining to
the two  models. As shown in panels a and b of Fig. 2, and on the basis
of Chi values presented in Tables 3 and 4, both models fit well to the
experimental data with the pseudo-second-order model being the
best fit for the two cases, synthetic and real OMW  samples. This sug-
gests that, owing to good degree of mixing and extent dispersion of
nanoparticles, adsorption is only affected by two mechanisms; first,
rapid adsorption due to electrostatic attraction followed by slow
gradual adsorption of pollutants onto nanoparticle surface by com-
plexation (Nassar and Ringsred, 2012; Franco et al., 2014a; Nassar,
2012a). It is worth noting here that the estimated theoretical values
of Qe (i.e., by the kinetic model) were in excellent agreement with
the ones obtained experimentally, as seen in Tables 3 and 4.

4.2. Effect of solution pH

Experiments were performed to find the optimum pH on the
adsorption of phenol and OMW  pollutants onto �-Fe2O3 nanopar-
ticles using different initial pH values changing from 2.5 to 12 and
temperature of 298 K. Panels a and b of Fig. 3 show the change
in the amount adsorbed of phenol and pollutants from synthetic
and real OMW  wastewater, respectively, as a function of solution
pH. As shown in panel a, for phenol, it can be clearly seen that
the removal of phenol from wastewater is pH independent. This
is not surprising as the point of zero charge (pHpzc) of iron oxide
particle is around 7.5 (Balistrieri and Murray, 1981; Nassar and
Ringsred, 2012). Therefore, at a pH higher than pHpzc, the nanopar-
ticle surface is negatively charged attracting cations, whereas at a
lower pH, the surface is positively charged attracting anions. Phe-
nol is a water-soluble weak acid. In aqueous solution, the phenol
molecule dissociates negative anion as illustrated in reaction (R1).
As per (R1), hydrogen atom leaves the molecule to form H3O+ and
resulted in a negatively charged phenoxide ion. Hence, at low pH
value, acidic media, an electrostatic attraction exists between the
positively charged surface of the nanoparticles and the phenoxide
molecules (Clifford and Luis, 1979).

C6H5OH + H2O ⇔ C6H5O− + H3O+ (R1)
On the other hand, in an alkaline environment, at high values
of pH, phenol reacts with NaOH as per reaction (R2) to form a

d-order models for the adsorptive removal of phenol by �-Fe2O3 nanoparticles.
.

Pseudo-second-order

Qe (mg/g) K2 (g/mg min) �2

3 7.598 2.333 0.0013
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Fig. 3. Effect of pH on the adsorptive removal of (a) phenol from wastewater by �-Fe2O3 nanoparticles at initial concentration of 100 ppm and nanoparticle dose = 0.1 g per
10  mL, (b) OMW  pollutants by �-Fe2O3 nanoparticles at initial concentration CODi = 978 mg/L and nanoparticle dose = 0.1 g per 10 mL.  Other experimental conditions are
T  = 298 K, mixing time = 24 h.

Table 5
Estimated parameters for BET model at temperature 298 K.

pH Kl (L/mg) Ks (L/mg) Qmax (mg/g) �2
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OMW 5 1.4 × 10−3 1.8 × 10−4 69.6 1.025
Phenol 7.5 6.0 × 10−3 2.7 × 10−3 79.09 0.240

ositively charged sodium phenoxide, which prefers adsorption
nto a negatively charged surface (Clifford and Luis, 1979).

6H5OH + NaOH ⇔ C6H5ONa+ + H2O (R2)

For the case of real OMW,  as shown in panel b of Fig. 3, the
mount adsorbed was independent of pH in region of 3–9. In fact,
his result is expected and not far away from the results of model

olecule, phenol. This indicates that OMW,  which contains plenty
f pollutants, has a considerable extent of phenol and polyphenol
ompounds. However, adsorption decreased sharply with further
ncrease in solution pH. This could be probably due to the increase
f solubility of the pollutant at high pH values.

.3. Adsorption isotherms

To assess the efficiency of �-Fe2O3 nanoparticles in removing
henol and pollutants from OMW  samples, isotherm studies were
onducted at different solution pH and a temperature of 298 K.
anels a and b of Fig. 4 show the phenol and OMW  adsorption
sotherms, respectively, together with the BET model fitting. As
hown in Fig. 4, in both cases, the amount adsorbed increased
xponentially with the equilibrium concentration, and the adsorp-
ion isotherms exhibited Type III behavior according to the IUPAC
Sing et al., 1982). These types of isotherms are characteristic of

ultilayer adsorption on non-porous solids with weak adsorbent-
dsorbate interactions (Franco et al., 2014b). Adsorption proceeds
s the interaction between an adsorbate and an adsorbed layer
s greater than the interaction with the adsorbent surface where
dsorption increases exponentially; this process leads to the for-
ation of multilayers of pollutant on the nanoparticle surface,
ainly at high initial concentrations (Franco et al., 2014b). This

lso confirms the results of the kinetic study, where fast adsorption
quilibrium was achieved due to non-porous structure. Accord-
ngly, the BET model was  used to describe the experimental data of
dsorption isotherms. The estimated model parameters are listed
n Table 5. As seen in Table 5, according to the �2 values, the BET

howed a good fit to the experimental data, which confirms the
ultilayer adsorption mechanism. These results are in good agree-
ent with those reported by Franco et al. (Franco et al., 2014a,b)
ho reported the adsorptive removal of oil from fresh water and

Fig. 4. Adsorption isotherm of (a) phenol at pH = 7.5 and (b) OMW  at pH = 5 by �-
Fe2O3 nanoparticles. Points are experimental data and solid lines are from the BET
model (Eq. (5)). Other experimental conditions are: T = 298 K, mixing time = 24 h.
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Table  6
Adsorption of coexisting ions in the supernatant of OMW  sample onto �-Fe2O3

nanoparticles. Adsorbent dose is 0.1 g per 10 mL  sample, T = 298 K, pH = 5, mixing
time = 24 h.

Before adsorption After adsorption % Removal

Fe+3 (mg/L) 41.51 8.36 79.86
Cr+2 (mg/L) 4.89 1.37 71.98
Cu+2 (mg/L) 8.23 3.78 54.07
K+ (mg/L) 10,162 5120 49.62
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Fig. 5. Breakthrough curves for pollutant adsorption from OMW  solution on sand

the environment, or used as fertilizer or for irrigation purposes
(Komnitsas and Zaharaki, 2012).
Ca+2 (mg/L) 1520 850 44.08
Na+ (mg/L) 2213 805 63.62

alted-water emulsions by alumina nanoparticles functionalized
ith vacuum gas oil molecules, and Weng and Pan, who studied

he adsorption of methylene blue onto bio-sludge ash (Weng and
an, 2006) and spent activated clay (Weng and Pan, 2007) and by
ang et al. (1998) who studied the equilibrium constants for the

rst layer and subsequent adsorption of dye onto sludge particles.

.4. Effect of coexisting pollutants

In addition to the organic pollutants, OMW  contains appreciable
mount of coexisting ions such as Fe3+, Cr2+, Cu2+, Ca2+, K+, and Na+.
hese ions can compete for the adsorption sites and interfere in the
emoval efficiency. As a result, the adsorption of these coexisting
ons was studied at initial pH of 5.0 and 298 K by exposing 10 mL
f fresh supernatant (after sedimentation, COD = 89 × 103 mg/L) of
eal OMW  sample to 0.1 g of �-Fe2O3 nanoparticles for 24 h. After
hat the sample was taken for elemental analysis. The results are
hown in Table 6. As seen, in addition to their organic removal,
anoparticles were able to adsorb different ions. The competitive
dsorption ability varies from one ion to another and is related to

 number of factors, such as molecular mass, ion charges, hydrated
onic radius and hydration energy of the metals (Nassar, 2010b).
his indicates that the nanoparticle surface is highly attractive to

 large extent of OMW contaminants and multi adsorption would
ccur.

.5. Fixed-bed analysis

In real application, most adsorbents are used in continuous
ow configuration (e.g., fixed-bed adsorption) rather than the
atch process. This study, however, deals with the application of
anoparticles for in situ remediation rather than fixed bed adsorp-
ion. Hence, the nanoparticles can be utilized in situ, within the
ontaminated zone, such as sedimentation tank, pond, lakes, etc.
here treatment is needed. Nevertheless, combining the nanopar-

icle technology with the sand filtration process is tested in this
tudy.

Fig. 5 shows the breakthrough curves obtained for OMW  pol-
utant adsorption in a fixed bed process (sand + 5 and 10 wt%
anoparticles), at a constant flow rate of 0.03 L/h and COD

nlet concentration of 79,000 mg/L. As expected, the presence of
anoparticles increased the breakthrough time, where OMW  pol-

utants had more time to contact with sand and nanoparticles. This
esulted in higher removal efficiency of OMW  pollutants in the
xed bed column. Further, the presence of nanoparticles caused

 significant decrease in the COD concentration of the effluent at
he same time. Hence, high adsorption capacity could be observed
n the fixed bed containing nanoparticles. This could be because
f the increase in the surface area of adsorbent in the presence
f nanoparticles, which provided more active sites for the adsorp-

ion.

Fig. 6 shows a photograph for a set of different samples obtained
t different times from the fixed-bed column experiments in the
resence of 10 wt% nanoparticles together with the control sample.
particles with different wt% of �-Fe2O3 nanoparticles at flowrate of 0.03 L/h, pH = 5,
T  = 298 K and inlet COD concentration of 79,000 mg/L.

As seen in Fig. 6, the first sample obtained at time t = 0 is obviously
colorless and more close to the color of pure water. After 30 min,
the sample was  still colorless, and then after 60, 180 and 240 min
it become obvious that the color become pale yellow; but its color
density is different from the original control sample. These results
are promising since the saturation time, where the ratio Ce/Ci = 1.0,
will be long.

One selected sample (i.e., sample obtained after 60 min  in the
breakthrough curve of 10 wt%  nanoparticles) was  analyzed for its
polyphenols content to estimate their removal efficiency. The initial
concentration of polyphenols in the original sample was 7800 mg/L,
and after treatment it become 2200 mg/L. This indicates that the
polyphenol removal efficiency is approximately 72% after 60 min
breakthrough time. Hence, a 100% removal is possible by either
increasing the concentration of nanoparticles in the fixed-bed col-
umn  or by adding another fixed-bed column in series. Accordingly,
the treated OMW  could be reused in the same olive mill press pro-
cess to reduce fresh water consumption or safely discharged onto
Fig. 6. A photograph of a set of different samples obtained at different times from a
fixed bed column of a combination of 10 g of fine sand particles mixed well with 1 g
of  �-Fe2O3 nanoparticles. The flow rate = 0.03 L/h, T = 298 K, and pH = 5.
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Fig. 7. Block flow diagram of in situ OMW  stand-alone treatment plant.

Table 7
Major equipment items and their process description and cost estimation for stand-alone OMW  treatment plant.

Element Descriptions Capital cost ($) Annual operating
cost ($/year)

Piping system 30 m length and 40 mm nominal diameter high density polyethylene (HDPE). 140 –
Equalization tank Circular shape carbon steel tank of 3 m diameter and 1.5 m height. The tank is

supported by a reinforced concrete base.
893 –

Sedimentation tank Rectangular tank of 4.1 m height and 25 m2 cross sectional area. The tank
features allow self-cleaning and easily sludge removal. The tank is supported
by  a reinforced concrete.

9390 –

Nano-sand packed bed The effluent enters the column by a shower distribter to distribute the flow
and  prevent chanelling. The first layer is a virgin sand layer with a particle
diameter less than 0.1 mm and the total height of the layer is 20 cm.  The
middle layer consists from the same type of sand mixed with �-Fe2O3

nanoparticles in a percentage of 10% (w/w) (nanoparticles/sand). The total
height of the middle layer is 160 cm.  The lower layer is a gravel supporter with
average particle diameter of 2 cm.  The total height of the lower layer is 20 cm.
Finally, the bottom of the column is filled with a cotton layer to prevent the
escaping of nanoparticles or sand with the treated water. The column is made
from carbon steel and is supported by a concrete base.

380 –

Pump A 0.5 hp centrifugal pump to transfer the effluent from the equalization tank to
the sdimentation tank.

130 132

Pump B The size of this pump (4 hp) was  selected according to the total headlosses in
the  piping system and pressure drop inside the fixed bed which was  calculated
using Ergun equation (Bird et al., 2001).

1000 344

Gate  valves Four (4) 40 mm nominal diameter manual gates valves used to adjust the
flowrate.

80

Sand Locally available. 134 –
�-Fe2O3 nanoparticles Locally manufactured. 159 –
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.6. Process description and cost estimation for stand-alone
reatment plant

After the successful achievement of the employment of
anoparticle technology in OMW  treatment, techno-economical
tudy is carried out for the assessment of the tested results on the
erformance of typical wastewater treatment systems for a typical
live mill press. As reported in literature, 1–1.8 m3 of OMW  is gen-
rated for every ton of olive fruit pressed (El-Gohary et al., 2009).
ence, as the majority of olive presses in Palestine and worldwide
orking in a capacity of 3 tons of olive per hour, the estimated gen-

ration of OMW  effluents is approximately 3–5.4 m3/h. However,
hese numbers are affected by many factors, such as operating time,

3
ype of olive, type of olive presses, etc. Anyhow, 4 m /h as effluent
ow rate is safe to consider in this study. Fig. 7 shows the typi-
al block flow diagram of the suggested in situ OMW  stand-alone
reatment plant.
12,306 476

As seen, OMW  effluent leaves the olive mill press to enter an
equalization tank, which is used to regulate the flow, hold the efflu-
ent when the system is shutdown, and adjust the process conditions
to meet the treatment requirement (e.g., pH, flow rate, concentra-
tion, etc.). Then, the effluent leaves the equalization tank to enter a
sedimentation tank for a residence time of 24 h to allow big parti-
cles to settle down, according to the experimental results discussed
in Section 2.4. Finally, the supernatant is withdrawn and pressur-
ized to enter a fixed-bed column that combines fine sand particles
(i.e., less than 0.1 mm)  with �-Fe2O3 nanoparticles. Table 7 lists
the major equipment required for the stand-alone OMW  treatment
process plant together with their capital and operating costs. As
seen, the capital cost of the entire project is $12,306, this cost is rel-

atively inexpensive comparing with other commercial techniques
or conventional treatment stations. Also, the annual operating cost
is very low comparing to the amount of water that will be treated
and the environmental benefits.
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. Conclusion

In this study, �-Fe2O3 nanoparticles were employed success-
ully for decolourization, dephenolization and COD removal from
ynthetic and diluted real olive mill wastewater (OMW). The phe-
ol/COD adsorption rate was fast and equilibrium was achieved
ithin times of less than 10 min  for the case of phenol and 30 min

or the case of COD in OMW.  The adsorption isotherms were
lso determined and were appropriately described by the BET
dsorption model; while the pseudo second-order model appro-
riately described the adsorption kinetics. In addition to removal
f organic pollutants, �-Fe2O3 nanoparticles were able to adsorb
ther coexisting contaminants to different degrees, such as Fe3+,
r2+, Cu2+, Ca2+, K+, and Na+. This suggests that the nanoparticles
ave multi-adsorption sites that can accommodate different types
f contaminants, which also enhances multilayer adsorption. Inte-
rating nanoparticle adsorption with fixed bed sand filtration was
chieved successfully. The presence of nanoparticles caused a sig-
ificant decrease in the COD concentration of the effluent at the
ame time. This is because of the increase in the surface area of
dsorbent in the presence of nanoparticles, which provided more
ctive sites for the adsorption. Preliminary process description and
ost estimation for stand-alone OMW  treatment plant has been
emonstrated successfully. The process capital cost was  estimated
o be $12,306, while the annual operating cost was estimated to
e $476/year. This plant is expected to treat a typical flow rate of
MW of 4 m3/h. Therefore, the plant can be easily integrated with
live mill processes which will favor the economic value of the
hole plant, reduce fresh water consumption and enhance water

ecyclability. Finally, this study confirms that �-Fe2O3 nanoparti-
les could be employed as an alternative technology for the removal
f OMW pollutants. This nanoparticle technology is expected to be
ost-effective as nanoparticles could be employed in situ or can be
asily incorporated with the conventional treatment technology.
urther, this study will provide valuable insight on the effect of
anoparticles toward the treatment and recyclability of olive mill
astewater, which is crucial for the local olive mill industry.
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