Int. J. Environ. Sci. Technol. (2014) 11:1459-1472
DOI 10.1007/s13762-013-0333-x

ORIGINAL PAPER

Partial pyrolysis of olive wood to improve its sorption

of chlorophenols and nitrophenols

A. H. El-Sheikh

Received: 9 August 2012/Revised: 12 March 2013/ Accepted: 6 May 2013 /Published online: 25 May 2013

© Islamic Azad University (IAU) 2013

Abstract Partial pyrolysis alters the chemical and textural
properties of the lignocellulosic material. This work reports
the effect of partial pyrolysis of olive wood on adsorption
isotherms, kinetics and thermodynamics of chloro and
nitrophenols. Shape of adsorption isotherms of the partially
pyrolyzed sorbents was L3 for phenol; L2 for 2-nitrophenol
and 2,4-dinitrophenol; H3 for 2-chlorophenol, 3-chloro-
phenol and 4-nitrophenol; and H2 for 4-chlorophenol. The
pyrolyzed olive wood sorbents obeyed Langmuir and Fre-
undlich models. Pyrolysis raised adsorption capacity,
favorability and spontaneity; the adsorption became more
exothermic; the randomness decreased. The adsorption was
mainly physical; it occurred first by film diffusion then by
pore-filling. Adsorption followed second-order rate kinet-
ics. Adsorption of phenols on olive wood seemed to be
governed by hydrophobic interaction. Washing the pyro-
lyzed olive wood with ethanol caused a decrease in
adsorption capacity, favorability and spontaneity, and the
adsorption became less exothermic. This indicated that
pyrolysis produced species on the olive wood surface that
played a significant role in phenols adsorption.
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Introduction

Olive wood is considered an important agricultural waste
product in the Mediterranean area. This is due to the
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widespread cultivation of olives and to huge amounts of
wood produced from pruning process every year. Olive
wood has many uses: an energy source, a sugar source for
bioethanol production, and for the production of cellulose
kraft pulp and activated carbon. Environmentalists have
used olive waste materials for uptake of metal ions from
aqueous solutions (de Hoces et al. 2006; Saka et al. 2012).
Modification of lignocellulosic sorbents by physical and/or
chemical methods may affect its chemical and textural
properties.

For example, Shin et al. (2005) reported modification of
lignocellulosic sorbents with lanthanum for orthophosphate
treatment. Martin-Lara et al. (2008) reported modification
of olive waste with phosphoric acid and hydrogen peroxide
for improving adsorption of cupper and cadmium. Abia
et al. (2003) reported modification of cassava waste bio-
mass with thioglycolic acid to improve the adsorption of
cadmium, copper and zinc. Raji and Amirudhan (1998)
reported modification of sawdust with polyacrylamide for
chromium (VI) adsorption. Igwe et al. (2005) reported
carboxymethylation and thiolation of coconut fiber and
sawdust for the adsorption of lead, mercury and arsenic
ions in water. Zghida et al. (2006) reported the cationiza-
tion of cotton fibers, wood sawdust and maize-cob flour for
removing anionic surfactants from water.

Pyrolysis is a physical process which involves heating a
carbonaceous material at high temperature under inert
atmosphere. Pyrolysis was widely used for the preparation
of activated carbon (El-Sheikh et al. 2004). If the ligno-
cellulosic sorbent is heated at low temperature under inert
atmosphere, this will partially change the chemical and
textural characteristics of the sorbent without forming
activated carbon. This is called partial pyrolysis.

Phenolic compounds are toxic compounds. Some are
suspected human carcinogens (EPA 1988). They may
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present in the wastewater generated from paint, petro-
chemical, pharmaceutical, plastic, rubber proofing, pesti-
cide, iron steel, phenol production, paper and pulp
industries (Ahmaruzzaman 2008). Long-term exposure to
them may cause loss of appetite, headache and rapid fati-
gue. United States Environmental Protection Agency called
for lowering phenol content in wastewater to less than
1 mg L™\

Traditionally, adsorption by activated carbon was the
most efficient method for the removal of phenolic com-
pounds from water. Recently, microorganisms have been
considered promising biosorbents of phenols (Brandt et al.
1997). Various sorption processes may be involved:
adsorption, ion exchange and covalent bonding (Fourest
and Volesky 1997). Unfortunately, the use of microor-
ganisms may cause fatal diseases. Alternatively, the use of
agricultural waste material is safer and renewable. It also
solves waste disposal problem. Sorption of phenols was
reviewed by Ahmaruzzaman (2008) and by Mathialagan
and Viraraghavan (2008). Sorption of phenol and 2-chlo-
rophenol on Funalia trogii pellets was investigated by
Bayramoglu et al. (2009). Vazquez et al. (2007) reported
adsorption of phenol on formaldehyde-pretreated Pinus
pinaster bark. Wu and Yu (2006) studied adsorption of 2,4-
dichlorophenol from aqueous solution on Phanerochaete
chrysosporium biomass. This is in addition to many
other works (Navarro et al. 2008; Aravindhan et al. 2009;
Nadavala et al. 2009).

In adsorption studies, it is critical to investigate the
shape of isotherms, equilibrium, kinetic and thermody-
namic parameters of the adsorption process. This will help
better understand the adsorption characteristics. Some
researchers reported the kinetics of phenols adsorption on
various biosorbents (Wu and Yu 2006; Vazquez et al.
2007; Bayramoglu et al. 2009; Nadavala et al. 2009). Other
works reported thermodynamics of phenols adsorption (Wu
and Yu 2006; Aravindhan et al. 2009; Bayramoglu et al.
2009).

In this work, the effect of pyrolysis of olive wood at
various temperatures on its adsorption properties toward
seven phenolic compounds is investigated. The following
chlorophenols and nitrophenols were selected because they
have a wide range of pK, values: phenol: 9.89; 2-chloro-
phenol: 8.5; 3-chlorophenol: 8.8; 4-chlorophenol: 9.2;
2-nitrophenol: 7.17; 4-nitrophenol: 7.15; 2,4-dinitrophenol:
4.96. It is proposed that pyrolysis will change the surface
chemistry and textural properties of the olive wood surface.
While volatile components will be vaporized, chemical
degradation of some constituents may also occur. So that
further washing of the pyrolyzed sorbent may be necessary
to uncover the pyrolyzed surface. This will elucidate the
role of the compounds covering the pyrolyzed olive wood
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surface in the adsorption process. Parameters of Langmuir
and Freundlich adsorption models, free energy of adsorp-
tion, kinetic and intraparticle diffusion parameters, and
thermodynamic parameters (AG°, AH® and AS°) will be
studied in this work. All experiments were conducted at pH
7 in this work because it was the optimum pH for solid
phase extraction of those phenols on olive wood in our
previous work (El-Sheikh et al. 2011). This work was done
during the period from February to October 2010 at the
department of chemistry/The Hashemite University/Zarqa/
Jordan.

Materials and methods
Chemicals and materials

Chemicals used in this work were purchased from the
following resources: phenol (Ph) from POCH (Poland);
2-chlorophenol (2-CP) and 4-chlorophenol (4-CP) from
Fluka (Italy); 3-chlorophenol (3-CP) and 2,4-dinitrophenol
(2,4-DNP) from ACROS (Belgium); 2-nitrophenol (2-NP)
from Aldrich (Germany); 4-nitrophenol (4-NP) from
Merck (Germany); ethanol and n-hexane from TEDIA
(USA); and diethyl ether from Scharlau (Spain). Olive
wood used in this work was collected from olive trees
grown in Tareq area at the capital city Amman. Olive wood
was cut into small pieces, ground with a blender and then
passed through a 1.0 mm sieve. That was considered as the
unpyrolyzed olive wood.

Pyrolysis of olive wood

The raw (unpyrolyzed) olive wood was used to prepare
pyrolyzed olive wood; 10.0 g raw (unpyrolyzed) olive wood
was placed inside a furnace under inert atmosphere (N, gas
flowing at 8.0 L min~"). Pyrolysis was conducted at various
temperatures: 100, 150, 200, 250 and 300 °C. Pyrolysis was
done by flowing N, gas for 15 min, and then the furnace was
turned on and adjusted to the desired temperature. The
temperature was maintained for 1 h after which the furnace
was switched-off and N, gas flow was maintained until
furnace temperature reached room temperature.

For the sake of removing any compounds covering the
pyrolyzed adsorbents’ surface, the produced sorbents were
washed. Washing pyrolyzed olive wood was conducted by
agitating the pyrolyzed olive wood with 50 ml of the
desired solvent for 2 h. The UV-VIS spectrum of the wash
was recorded and the process was repeated several times
until absorption spectrum was identical with that of the
pure washing solvent. The washed-pyrolyzed sorbents were
then dried at 150 °C to remove any traces of ethanol. The
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produced adsorbents were labeled according to the pyro-
lysis temperature followed by washing solvent. So that
three sets of olive wood were used in this work:

(a) Unpyrolyzed olive wood (OW).

(b) Pyrolyzed only olive wood at various temperatures:
raw unpyrolyzed olive wood, OW-100, OW-150,
OW-200, OW-250 and OW-300.

(c) Pyrolyzed olive wood at various temperatures
followed by ethanol washing: OW-100-ethanol,
OW-150-ethanol, OW-200-ethanol, OW-250-ethanol
and OW-300-ethanol.

Equilibrium adsorption experiments

Batch adsorption experiments were conducted for each
phenolic compound separately to estimate the equilibrium
adsorption parameters and thermodynamic constants for
the adsorption of each phenolic compound on the unpy-
rolyzed and pyrolyzed olive wood sorbents. To reach this
purpose, masses of 50 mg of the adsorbent were mixed
with 25 mL solutions of certain phenolic compound (con-
centration range 0-25 mg L™') in 50-ml-conical flasks at
pH 7.0. Tightly closed flasks were shaken for 24 h at 30, 50
or 70 °C to reach equilibrium using a thermo-stated shaker
(GFL 1083, Germany). The remaining concentrations of
the phenolic compound at equilibrium (C.) were estimated
spectrometrically using a Cary 100Bio UV-VIS spectro-
photometer at the following wavelength values: Ph:
270 nm; 2-CP and 3-CP: 276 nm; 4-CP: 282 nm; 2-NP:
278 nm; 4-NP: 316 nm; 2,4-DNP: 354 nm. The amount of
the phenolic compound removed per unit mass of sorbent
at equilibrium (g., mg g~ ') was calculated using the fol-
lowing equation:

ge = [Co — Ce]V/m

where C, is the initial phenolic compound concentration
(mg L™ 1), V is the total volume of mixture (L), and m is the
mass of sorbent (g).

Batch kinetic experiments

Kinetic adsorption experiments were conducted as follows:
500 mg of the adsorbent was stirred at 30 °C with 500 mL
solution of 15 mg L™ of the desired phenolic compound at
pH 7. The decay in phenolic compound concentration was
followed by withdrawing 3 mL samples from the mixture
using a pipette at certain time intervals (¢), and then the
phenolic compound concentration at that time (C,) was
determined spectrometrically as described in “Equilibrium
adsorption experiments.” The adsorbed amount of the
phenolic compound on the adsorbent (g,) at time ¢ was
estimated (mg g~ ") using the equation:

g:r =[Co — G|V /m

Evaluation of adsorption data
Equilibrium adsorption isotherm models

Langmuir model Langmuir assumes that the surface is
homogenous. The linear Langmuir equation may be written
as follows (Langmuir 1918):
C_ 1 c

Qmax

e B bOnmax

where C. is the remaining concentration of phenolic
compound at equilibrium in the solution (mg L™"), ¢. is the
amount of phenolic compound adsorbed per unit mass of
sorbent at equilibrium (mg g”), Omax 1S the amount of
adsorbate at complete monolayer coverage (mg g~ '), and
b is the equilibrium adsorption constant (L mg~"), which
represents the ratio of adsorption and desorption rate con-
stants. Higher values of b indicate more favorable
adsorption. Evaluation of Q,,.,x and b was conducted by
plotting (C¢/q.) against C. and then linear regression.

Freundlich model Freundlich assumes heterogeneous
surface. Freundlich isotherm model can be represented by
the following linear equation (Freundlich 1906; Sanchez
et al. 1999):

log g. = log Kr + nlog Ce

where Kp (mg'™ g~' L") represents the sorption capacity
when equilibrium concentration equals to 1, and n repre-
sents the degree of dependence of sorption on equilibrium
concentration. 7 is an indicator of sorption intensity, surface
heterogeneity and adsorption favorability (Frimmel and
Huber 1996). Lower values of n reflect higher heterogeneity
of the adsorbent surface and that sorption is favorable over
the entire studied concentrations range (Frimmel and Huber
1996). Evaluation of Kg and n values was conducted by
plotting log g. against log C. and then linear regression.

Kinetic parameters

The adsorption kinetics of the phenolic compounds was
evaluated by applying two kinetic models to fit the con-
centration decay of phenolic compounds with time: the
pseudo-first-order model (Lagergren 1898) and pseudo-
second-order model (Ho and Mckay 2000). The experi-
mental value of g. was estimated by extrapolating the
experimental data to t = co.

Pseudo-first-order kinetics According to Lagergren

(1898), pseudo-first-order kinetic equation may take the
following linear form:
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log (g — q;) = log ge — (k1/2.303)1

where ¢, and ¢, (both in mg g_l) are the amounts of
phenolic compounds adsorbed at equilibrium and at time
t (minutes), and k; is the pseudo-first-order rate constant
(min~"). k; may be found by plotting log (g. — ¢,) versus
t and then linear regression.

Pseudo-second-order kinetics The pseudo-second-order
kinetics may be expressed using the following equation
(Ho and Mckay 2000):

t/q = (1/kaq?) + (1/ge)t

where k, (g mg~' min~") is the second-order rate constant
of adsorption. The values of k, and ¢g. can be estimated
experimentally from the slope and intercept of the plot #/g,
Versus .

Adsorption mechanism

It is important in adsorption studies to understand whether
adsorption occurs through chemisorption process or phys-
icsorption process. This may be predicted by following the
free energy of adsorption (E). Furthermore, it is important
to decide which step is the rate determining step: film
diffusion or pore diffusion.

Free energy of adsorption (E) Free energy of adsorption
(E) (mol® J7?) was estimated by applying Dubinin—Rad-
ushkevich model (Nadavala et al. 2009), which is repre-
sented by the following linear equation:

Ing. = Ing,, — B¢’

where ¢ = RT In(1 + (1/C.)); B is a constant that is
related to E (J mol™") where E = (—2B)~"? (Bansode
et al. 2004); R is the gas constant (8.314 J mol ™! K_l);
and T is the temperature (K). The values of B were found
by plotting In ¢. against &> and then linear regression.
The adsorption mechanism may be predicted by follow-
ing the value of E: If E is between 8 and 16 kJ mol ™',
then the adsorption occurs mainly through chemisorption
(ion exchange) process. If E < 8kJmol™', then the
adsorption process has mainly physical nature (Sanchez
et al. 1999).

Intraparticle diffusion  Kinetic data can be used to specify
the mechanism of adsorption (Wu and Yu 2006; Arav-
indhan et al. 2009). For solid-liquid adsorption, either film
diffusion or intraparticle diffusion or both usually control
the solute transfer process. The sorption rate will be gen-
erally controlled by the slowest step (Aravindhan et al.
2009). The intraparticle (pore) diffusion may be the rate-
limiting step of the adsorption process. This may be
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confirmed by applying Morris—Weber equation (Weber and
Morris 1963):

g = kigt?

where k4 is the intraparticle transport constant
(mg g min~'"?) of the phenolic compound. If a straight line
passing through the origin is obtained, then the intraparticle
diffusion is the only rate-limiting step. If biphasic plot is
obtained, film diffusion (first linear portion of the plot
usually of steeper slope) occurs first and then pore diffusion
(second linear portion of the plot usually of lower slope)
follows. The slope of the second portion represents kiq.

Thermodynamic parameters

Thermodynamic properties of the adsorption system were
estimated by conducting the sorption experiments at dif-
ferent temperatures (30, 50 and 70 °C). The effect of
temperature on adsorption of various phenolic compounds
on olive wood-based adsorbents was studied by applying
the following equations:

InK. = (—AH°/RT) + (AS°/R) and
AG° = —RTInK,

where AH° (kJmol™"), AS° (kKJmol™'K™"), AG°
(kJ mol™"), T (K) and K., are enthalpy, entropy, Gibbs free
energy, absolute temperature and equilibrium constant,
respectively, R is the gas constant (8.314 J mol~' K™,
and K, is the thermodynamic equilibrium constant which
reflects the ability and capacity of the adsorbent to retain the
phenolic compound. This constant is determined by plotting
In (g./C.) against g, and extrapolating to g. = 0 (Khan and
Singh 1987). AG° reflects the adsorption spontaneity. It also
indicates that physical adsorption is taking place if AG®
ranges from —20 to 0 kJ mol~" or chemisorption is taking
place if AG° ranges from —80 to —400 kJ mol~'. By
plotting In K. against (1/7), straight lines were obtained
from which AH° and AS° were calculated from the slope
and intercept of the plots, respectively. The value of AH®
reflects the enthalpy of the reaction (exothermic or endo-
thermic reaction). The value of AS® reflects the change in
randomness and disorder of the adsorption process.

Results and discussion

Characteristics of unpyrolyzed and pyrolyzed olive
wood

The purpose of the present work is to study the effect of
partial pyrolysis of olive wood on its kinetic, thermody-
namic and equilibrium adsorption properties toward chlor-
ophenols and nitrophenols. This is based on the hypothesis
that pyrolysis alters the chemical composition of the olive
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wood by forcing chemical degradation of the olive wood.
This may produce new compounds that play role or retard
the adsorption process. It was shown in a previous work
(El-Sheikh et al. 2011) that olive wood contains 6.9 %
moisture; 1.8 % hemicelluloses; 42.0 % o-cellulose; 44.0 %
lignin; 1.4 % ash content; 49.9 % C; and 44.0 % O. After
pyrolysis: the carbon content has increased and the oxygen
content has decreased due to significant loss of volatile
compounds and water. Almost 63 % of the OW mass was
lost after pyrolysis at 300 °C (El-Sheikh et al. 2011).
Pyrolysis will surely affect the chemical and structural
properties of the olive wood. It was reported by Hajaligol
et al. (2002) that the temperature range (250-400 °C) is
responsible for primary decomposition (thermolysis) of the
lignocellulosic material. Bridgwater (1994) reported that
cellulose degradation starts at 200 °C by B-elimination of the
cellulose hydroxyl groups. The IR spectra showed a signifi-
cant decrease in O-H stretching band peak height at 200 °C.
This indicated loss of water originally adsorbed or formed by
B-elimination. As temperature increases, the symmetrical
and asymmetrical stretching of etheric group at ~ 1,240,
1,160 and 1,050 cm™! disappeared, which indicate further
destruction of cellulose. At higher temperatures, random
bond cleavage of cellulose caused formation of low molec-
ular weight compounds. Bridgwater (1994) reported that the
production of volatile compounds ends at 450 °C and aro-
matization reactions start forming carbon. However, in this
work, it was aimed not to allow the formation of carbon.
According to Bridgwater (1994), degradation of hemicellu-
lose starts by decomposition of the polymeric chain into
water-soluble fragments, then to monomeric units and then
into volatile compounds. This occurs between 220 and
320 °C. Unfortunately, in our study, we could not support
this hypothesis by IR data. The degradation of lignin starts by
breaking aliphatic bonds to release tar hydrocarbon com-
pounds (Bridgwater 1994). Secondary reactions (cracking
and polymerization) then take place. This was indicated by
the appearance of the C=C stretching of symmetrical con-
jugated diene band at 1,620-1,625 cm™" at 250 °C. Not only
will the chemical properties be affected, but also the textural
properties. Grioui et al. (2007) reported that pyrolysis
increases the porosity of the pyrolyzed lignocellulosic sor-
bents especially in the range 250-275 °C. However, in our
previous work (El-Sheikh et al. 2011), we have reported that
the methylene blue relative surface area has decreased after
pyrolysis. It was reported that olive wood may contain
variety of compounds, such as hydroxytyrosol, tyrosol,
cycloolivil, 7-deoxyloganic acid, oleuropein and ligstroside
(Perez-Bonilla et al. 2006). The presence of some metals
(alkali, earth alkaline and transition metals) in the olive wood
may due to the decomposition of these compounds totally or
partially. So that gaseous products such as CO,, CO, H,,
C,H,, C;H, and C,Hg (Overend and Chornet 1999) may be

elevated, and thus, porosity of the olive wood may be
affected. It was also shown (El-Sheikh et al. 2011) that
pyrolysis increased the surface acidity but decreased the
surface basicity. This may reflect negligible responsibility of
the textural properties and surface area toward phenols
adsorption. On the contrary, the surface functional groups
probably play the major role in phenols adsorption.

Equilibrium adsorption isotherms of phenols on olive
wood

Unpyrolyzed olive wood

From the adsorption data presented in Table 1, adsorption
of various phenols on unpyrolyzed olive wood was best
represented by Fruendlich isotherm model as indicated by
R* > 0.9755, while Langmuir isotherm model gave R’
between 0.4921 and 0.8903. The adsorption was favored
over the entire concentration range and the surface was
heterogeneous and the energy of the active sites was var-
iable as indicated by n values less than 1 (Frimmel and
Huber 1996). The values of mean free energy of adsorption
of unpyrolyzed olive wood (E) are shown in Table 1. They
were in the range 2,236-2,887 J mol~'. This indicated the
physical nature for the adsorption of all the phenols on
unpyrolyzed olive wood (Sanchez et al. 1999).

Pyrolyzed olive wood

From Table 1, it was generally noted that Freundlich model
best represented adsorption of Ph, 2-NP and 2,4-DNP on
pyrolyzed olive wood, while Langmuir model best repre-
sented adsorption of 2-CP, 3-CP, 4-CP and 4-NP on
pyrolyzed olive wood. From K values, it was noted that
thermal treatment has almost doubled adsorption capacity
of the olive wood. Pan and Xing (2008) reported that when
H-bonds are predominant, a decrease in the oxygen-con-
taining groups on the adsorbent surface would decrease the
adsorption. This will offer less polar—polar and ion-
exchange type interaction with phenols. This will inhibit
adsorption of more polar phenolic compounds. On the
other hand, for adsorption controlled by hydrophobic
interactions, the decrease in oxygen content would increase
the accessibility and affinity of phenols toward the less
polar surface. So that adsorption of phenols on olive wood
seemed to be governed by hydrophobic interaction.
Surface heterogeneity, variability in active sites and
favorability of adsorption at the entire concentration range
are still predominant as indicated by n values less than 1.
The adsorption became more favored since b values have
increased after pyrolysis. It was generally noted that the
adsorption capacity (K values) and favorability (b values)
of chlorophenols are higher than those of nitrophenols.
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Table 1 Parameters of adsorption isotherms of various phenols on unpyrolyzed and pyrolyzed olive wood sorbents

Type E (J mol™") Langmuir model Freundlich model
bLmg™)  QOmu(mgg) R Kp(mg'™"g'mgLh  n R
Ph
Unpyrolyzed L3 2,236 0.18 7.6 0.6567 1.2 0.63 0.9878
OW-100 L3 2,500 0.27 8.5 0.8128 1.7 0.56 0.9783
OW-150 L3 3,162 0.30 8.1 0.8007 1.8 0.52 0.9808
OW-200 L3 2,500 0.24 8.4 0.7857 1.6 0.58 0.9782
OW-250 L3 2,887 0.28 8.1 0.8039 1.7 0.54 0.9850
OW-300 L3 2,673 0.27 8.2 0.7848 1.7 0.55 0.9755
2-Cp
Unpyrolyzed L1 2,236 0.14 12.8 0.7734 1.5 0.72 0.9971
OW-100 H3 2,887 1.04 8.8 0.9634 3.4 0.51 0.8794
OW-150 H3 2,673 0.84 9.0 0.9513 32 0.52 0.8350
OW-200 H3 2,500 0.75 8.9 0.9520 3.0 0.53 0.8396
OW-250 H3 2,887 0.94 8.6 0.9604 32 0.51 0.8594
OW-300 H3 2,673 0.78 8.9 0.9506 3.1 0.53 0.8298
3-CP
Unpyrolyzed L1 2,887 0.27 10.6 0.8903 2.0 0.62 0.9978
OW-100 H3 3,536 1.43 8.6 0.9666 3.7 0.47 0.9149
OW-150 H3 2,887 1.06 8.8 0.9624 35 0.50 0.8519
OW-200 H3 2,887 0.97 8.6 0.9611 33 0.50 0.8454
OW-250 H3 3,536 1.24 8.5 0.9660 35 0.48 0.8771
OW-300 H3 2,387 1.00 8.7 0.9618 3.4 0.50 0.8395
4-CP
Unpyrolyzed L1 2,887 0.26 12.1 0.8717 22 0.65 0.9933
OW-100 H2 3,162 1.15 11.1 0.9877 4.8 0.59 0.9107
OW-150 H2 2,887 0.97 11.3 0.9726 4.6 0.61 0.8783
OW-200 H2 2,887 0.80 11.6 0.9239 43 0.61 0.8525
OW-250 H2 3,162 1.11 11.1 0.9736 4.7 0.58 0.8868
OW-300 H2 2,887 0.88 11.6 0.9390 45 0.61 0.8516
2-NP
Unpyrolyzed L4 2,236 0.10 6.1 0.6765 0.7 0.59 0.9755
OW-100 L2 5,000 0.27 59 0.9065 1.2 0.52 0.9797
OW-150 L2 2,500 0.28 5.8 0.9074 1.2 0.52 0.9773
OW-200 L2 2,357 0.27 5.8 0.9026 1.2 0.53 0.9799
OW-250 L2 2,673 0.29 5.7 0.9088 1.3 0.50 0.9812
OW-300 L2 2,500 0.29 5.7 0.9014 1.2 0.51 0.9788
4-NP
Unpyrolyzed L1 2,236 0.078 17.2 0.4921 1.2 0.81 0.9825
OW-100 H3 2,357 0.61 9.4 0.9573 2.9 0.57 0.8849
OW-150 H3 2,357 0.55 9.5 0.9439 2.8 0.58 0.8686
OW-200 H3 2,236 0.49 9.5 0.9359 2.6 0.59 0.8641
OW-250 H3 2,500 0.54 9.4 0.9538 2.7 0.59 0.8888
OW-300 H3 2,357 0.50 9.7 0.9554 2.6 0.60 0.8901
2,4-DNP
Unpyrolyzed L4 2,236 0.094 6.1 0.6430 0.7 0.62 0.9803
OW-100 L2 5,000 0.26 5.8 0.9011 1.2 0.53 0.9741
OW-150 L2 2,357 0.27 5.8 0.9015 1.2 0.53 0.9680
OW-200 L2 2,887 0.26 5.7 0.8859 1.2 0.50 0.9814
OW-250 L2 2,673 0.29 5.6 0.8944 1.2 0.49 0.9692
OW-300 L2 2,673 0.28 5.6 0.8784 1.2 0.49 0.9661
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Table 2 Parameters of adsorption isotherms of pyrolyzed-ethanol-washed olive wood sorbents
Type E (J mol™") Langmuir model Freundlich model
bLmg™)  Ounu(mgg™) R Kp(mg'™" g 'mgL")  »n R
Ph
OW-100-ethanol L1 3,162 0.24 7.5 0.8187 1.3 0.51 0.9896
OW-150-ethanol L1 2,673 0.22 7.6 0.810 1.3 0.58 0.9849
OW-200-ethanol L1 4,082 0.18 8.0 0.7636 1.4 0.52 0.9190
OW-250-ethanol L1 4,082 0.20 7.9 0.7916 1.4 0.52 0.9253
OW-300-ethanol L1 2,887 0.23 7.5 0.8265 1.5 0.50 0.9368
2-CP
OW-100-ethanol L1 2,887 0.20 10.8 0.7835 1.7 0.57 0.9448
OW-150-ethanol L1 2,500 0.18 11.3 0.7973 1.7 0.65 0.9814
OW-200-ethanol L1 3,162 0.11 14.0 0.6832 1.4 0.74 0.9780
OW-250-ethanol L1 3,536 0.13 12.9 0.7503 1.5 0.71 0.9809
OW-300-ethanol L1 2,357 0.15 12.1 0.7765 1.6 0.68 0.9817
3-CP
OW-100-ethanol L1 2,887 0.24 10.4 0.8227 1.8 0.57 0.9611
OW-150-ethanol L1 2,673 0.22 10.6 0.8128 1.7 0.65 0.9854
OW-200-ethanol L1 4,082 0.15 12.0 0.7434 1.6 0.67 0.9778
OW-250-ethanol L1 5,000 0.18 114 0.7929 1.6 0.66 0.9834
OW-300-ethanol L1 2,673 0.19 11.1 0.79717 1.7 0.64 0.9799
4-Cp
OW-100-ethanol L1 4,082 0.26 11.4 0.7199 22 0.56 0.9497
OW-150-ethanol L1 3,162 0.23 11.9 0.7038 2.1 0.61 0.9631
OW-200-ethanol L1 5,000 0.16 13.5 0.6221 1.8 0.65 0.9658
OW-250-ethanol L1 7,071 0.21 12.1 0.6617 2.1 0.58 0.9543
OW-300-ethanol L1 3,536 0.21 12.1 0.6756 2.1 0.60 0.9588
2-NP
OW-100-ethanol L4 2,236 0.22 44 0.8737 0.82 0.52 0.9625
OW-150-ethanol L4 2,236 0.24 43 0.8803 0.85 0.53 0.9647
OW-200-ethanol L4 4,082 0.18 4.5 0.8621 0.80 0.53 0.9648
OW-250-ethanol L4 4,082 0.20 45 0.8735 0.86 0.52 0.9640
OW-300-ethanol L4 2,236 0.22 44 0.8754 0.89 0.50 0.9654
4-NP
OW-100-ethanol L1 2,357 0.15 11.6 0.7757 1.4 0.71 0.9774
OW-150-ethanol L1 2,236 0.13 12.6 0.7211 1.3 0.76 0.9777
OW-200-ethanol L1 3,162 0.10 142 0.5842 1.3 0.70 0.9646
OW-250-ethanol L1 3,162 0.11 14.0 0.6712 1.3 0.75 0.9680
OW-300-ethanol L1 2,236 0.12 13.1 0.7672 1.4 0.74 0.9752
2,4-DNP
OW-100-ethanol L4 2,236 0.20 45 0.8899 0.75 0.58 0.9788
OW-150-ethanol L4 2,236 0.21 44 0.8766 0.77 0.56 0.9716
OW-200-ethanol L4 4,082 0.17 4.5 0.8788 0.76 0.55 0.9625
OW-250-ethanol L4 4,082 0.20 44 0.8862 0.83 0.52 0.9607
OW-300-ethanol L4 2,236 0.20 44 0.8734 0.84 0.52 0.9635

This was due to the fact that olive wood surface is nega-
tively charged at pH 7 since its point of zero charge was in
the range 5-7 (El-Sheikh et al. 2011). Since nitrophenols
are more acidic (less pK, values), then they will produce

more phenolate anions at pH 7, and more repulsion with
the olive wood surface occurred. In case of nitrophenols,
2-NP and 2,4-DNP gave lower K and Q,,.x values than
4-NP. This is probably due to the intramolecular hydrogen
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bonding between the phenolic hydrogen and the oxygen of
the nitro substituent in the ortho position. This makes the
phenolic proton of 2-NP less available for interaction with
the surface functional groups (El-Sheikh et al. 2011).

The adsorption capacities of the pyrolyzed olive wood
sorbents toward phenols were comparable to some values
reported by Aravindhan et al. (2009), such as sawdust-
based activated carbon: 2.82 mg g~', and olive pomace:
5mg g~ '. Free energy of adsorption (E) has generally
increased after pyrolysis at almost all pyrolysis tempera-
tures for all the phenols (see Table 1). However, all
E values indicated physical adsorption was taking place.
However, values reported for E in our work were lower
than E values (12.5 kJ mol™") reported by Nadavala et al.
(2009) for the adsorption of phenol on chitosan.

Ethanol washing of the pyrolyzed olive wood
on the adsorption process

Pyrolysis of olive wood is expected to change the chemistry
of the olive wood surface and may produce new species on
the olive wood surface. These species may be adsorbed on
the olive wood surface and may play a significant role in the
adsorption process; they may enhance or inhibit the
adsorption process. So that it was proposed that removing
these species will affect the adsorption process positively or
negatively depending on the role of these species in the
adsorption process. Washing olive wood was conducted
primarily to investigate the role of those species. Ethanol
was selected for the washing process; it has a polarity index
of P! = 4.3. Adsorption parameters are given in Table 2,
from which it was noted that Freundlich model
(R? > 0.9190) represented the data better than Langmuir
model (0.5842 < R* < 0.8899). Compared to pyrolyzed
only sorbents (OW-100, OW-150, OW-200, OW-250, OW-
300), it was noted that Ky values have decreased after
washing the pyrolyzed olive wood with ethanol. This
indicated that the washed-up species that were produced by
the pyrolysis process and adsorbed on olive wood surface
played a significant role in the adsorption process of phe-
nols. Removal of these species by washing has negatively
affected the adsorption process. This was also supported by
noting that b values have decreased after washing, which
reflected a decrease in the adsorption favorability. n values
still <1, which reflected heterogeneous surface. Free energy
of adsorption (E) did not show clear trend after ethanol
washing. However, values of E indicated that the adsorption
still has physical nature.

Shape of adsorption isotherms

The adsorption isotherms of the phenolic compounds on
unpyrolyzed, pyrolyzed, and pyrolyzed-then-washed olive
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Fig. 1 Adsorption isotherms of various phenolic compounds on
unpyrolyzed olive wood

wood adsorbents are shown in Figs. 1, 2 and 3. Classifi-
cation of the isotherm types is presented in Tables 1 and 2.
The adsorption isotherms of phenolic compounds on
unpyrolyzed olive wood were all of L-type according to Giles
and Smith (1974) classification. After pyrolysis, adsorption
isotherms of 2-CP, 3-CP, 4-CP and 4-NP became of
H-type, while Ph, 2-NP and 2,4-DNP maintained L-type
isotherms. Washing after pyrolysis gave L-type isotherm
for almost all the phenols according to Giles and Smith
(1974) classification. L shape is considered the normal
isotherm shape, which indicates that molecules adsorbed
flat on the surface. H curve is a special case of the L curve,
in which the solute has such high affinity so that in dilute
solutions, it is completely adsorbed. The subgroups of these
classes are arranged according to the shape of the curve
part farther from the origin and the significance of plateau
and changes of slope (Giles and Smith 1974). L2 and H2
curves indicate that as more sites in the substrate are filled,
it becomes more difficult for solute molecules to find an
empty available site. In L2 and H2 curves, the adsorbed
solute molecules in the monolayer are so oriented that the
new surface they present to the solution has low attraction
for solute molecules (Giles and Smith 1974). This is
reflected by the plateau in L2 and H2 curves, which rep-
resents first-degree saturation or complete monolayer
coverage. If they are so oriented that the new surface has
high attraction for more solute, then the curve rises steadily
and has no plateau (L1). That was the case for 2-CP, 3-CP,
4-CP, 4-NP on unpyrolyzed olive wood and for almost all
phenols on pyrolyzed-then-ethanol-washed olive wood
sorbents. If new surface is developed, adsorption will
continue until a second plateau is developed (L or H4-
shapes), which represents the new saturation of the new
surface. L4-shape was recorded for 2-NP and 2,4-DNP on
unpyrolyzed olive wood and for 2-NP on pyrolyzed-then-
ethanol-washed olive wood. If second saturation is not
reached, then the curve appears as L3 or H3 shapes (Giles
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Fig. 2 Adsorption isotherms of various phenolic compounds on pyrolyzed olive wood adsorbents. a Ph; b 2-CP; ¢ 3-CP; d 4-CP; e 2-NP; f 4-NP;

g 2,4-DNP

and Smith 1974). L3-shape was the case for Ph on unpy-
rolyzed and pyrolyzed olive wood; H3-shape was the case
for 2-CP, 3-CP and 4-NP on pyrolyzed olive wood.

Kinetic considerations

Adsorption of all the phenolic compounds on unpyrolyzed
and pyrolyzed olive wood followed second-order rate

equation (see Table 3) in terms of high R* and agreement
between Geexp) aNd Ge(caiculated)- The first-order rate law was
not satisfactorily obeyed. Cruz et al. (2004) reported that the
first-order adsorption kinetics is usually found within the first
30-50 min of the adsorption process. According to Morris—
Weber equation, by plotting g. versus >, biphasic plots,
which do not pass through the origin, were observed (see
Fig. 4). Three steps are taking place in the sorption process:
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Fig. 3 Adsorption isotherms of various phenolic compounds on pyrolyzed-then-ethanol-washed olive wood adsorbents. a Ph; b 2-CP; ¢ 3-CP;

d 4-CP; e 2-NP; f 4-NP; g 2,4-DNP

first by film diffusion, then by intraparticle diffusion (pore
diffusion), and then equilibrium was reached. Since a linear
relationship between ¢. and 1> was observed over a period
of time but did not pass through the origin, this suggested that
intraparticle diffusion was present but not the only control-
ling step. From Table 3, it was noted that, compared to

)
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unpyrolyzed olive wood, k, increased for Ph, 2-NP and 4-CP
but decreased for 2-CP, 3-CP, 4-NP and 2,4-DNP. The
intraparticle diffusion parameter (k;q) has decreased for all
phenolic compounds except for Ph (see Table 1). This indi-
cated that pyrolysis of olive wood slowed down the pore
diffusion, and thus, it had more effect as a rate-limiting step.
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Table 3 Parameters of adsorption kinetics and thermodynamics of various phenols on unpyrolyzed and pyrolyzed olive wood sorbents

AS° I K 'mol™) AH° (kI mol™!) AG®° (kI mol™1) kiq (g mgf1 min~%%) Second order
30°C 50°C 70°C ky (x1073) (g mg71 min~!) R?
Ph
Unpyrolyzed —133.7 —46.7 =57 =26 -02 0.16 2.1 0.9990
OW-100 —72.1 -27.0 -54 =31 =26 028 6.9 0.9999
OW-150 -90.2 -329 —-6.0 —-29 -25 026 3.8 0.9977
OW-200 —53.8 —21.2 -54 =26 -34 030 38 0.9999
OW-250 —86.0 —31.1 -53 -28 =2 0.36 7.1 1.0000
OW-300 —89.2 —-32.2 -54 =27 -19 032 33 0.9993
2-CP
Unpyrolyzed 37.0 9.5 -17 =57 =35 042 8.8 0.9995
OW-100 —11.6 —11.9 —-68 —119 -58 0.20 1.5 0.9415
OW-150 —-12.9 —-12.0 —-6.6 —11.3 -56 0.18 2.8 0.9983
OW-200 —14.8 —-12.0 —-62 —-104 -52 0.30 6.0 0.9995
OW-250 —21.6 —14.8 —-6.6 —11.5 =53 028 33 0.9963
OW-300 —332 —18.7 -73 —-109 =56 0.24 1.8 0.9832
3-CP
Unpyrolyzed —111.9 —38.0 -53 =21 -0.8 042 8.6 0.9991
OW-100 —181.0 —65.3 -10.7 -63 -3.6 024 39 0.9998
OW-150 —168.1 —61.1 -103 -67 -3.6 0.14 3.6 0.9985
OW-200 —165.8 —60.0 -98 —-62 =32 0.12 2.8 0.9979
OW-250 —189.2 —68.0 -108 —-6.5 -33 0.14 3.1 0.9977
OW-300 —172.5 —62.5 —-104 —-62 -3.6 0.14 2.5 0.8975
4-CP
Unpyrolyzed —116.1 —41.5 =55 =24 —-0.6 044 33 0.9993
OW-100 —198.6 —70.6 -10.8 =55 -3.0 032 8.3 0.9998
OW-150 —238.1 —83.5 —-12.1 =51 =27 022 3.1 0.9985
OW-200 —188.0 —66.4 —99 —46 -25 032 35 0.9997
OW-250 —219.6 —77.2 -113 -50 -2.6 0.30 8.9 0.9996
OW-300 —2429 —85.0 —-12.1 =50 -25 0.26 38 0.9993
2-NP
Unpyrolyzed —98.0 —-335 -3.0 —-12 09 040 43 0.9989
OW-100 —78.3 —28.3 —45 =31 —-14 0.16 6.6 0.9997
OW-150 —81.9 —29.6 —47 =34 —-14 0.14 3.1 0.9849
OW-200 —115 —39.8 -50 =27 -04 022 5.8 0.9995
OW-250 —71.9 —26.2 —45 =29 —-16 022 5.5 0.9997
OW-300 —74.9 -27.5 —-49 =30 -19 028 5.3 0.9996
4-NP
Unpyrolyzed —87.2 —28.7 -35 —-16 —-0.6 038 6.6 0.9989
OW-100 —177.8 —64.2 -107 =59 -37 0.16 1.9 0.9904
OW-150 —172.5 —62.4 -104 —-62 -35 0.20 32 0.9956
OW-200 —142.6 —51.6 -86 —50 —-29 0.20 2.0 0.9935
OW-250 —142.5 —52.7 -9.7 —-63 —40 0.20 25 0.9910
OW-300 —178.4 —65.0 —-112 —-69 —-42 0.18 2.1 0.9983
2,4-DNP
Unpyrolyzed —48.1 —19.2 -35 =23 —-19 030 4.7 0.9991
OW-100 —82.2 -30.0 —49 -39 —-15 024 1.5 0.9631
OW-150 —94.1 —33.8 =52 =36 —-14 026 34 0.9984
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Table 3 continued

AS° (J K~ ! mol™h

AH® (kT mol™")  AG® (kJ mol™")

kia (g mg7l min70'5) Second order

30°C 50°C 70°C ky (x107%) (g mg™" min™") R?
OW-200 —98.0 —34.6 —-48 =32 -09 030 2.6 0.7675
OW-250 714 —26.4 -47 =37 -1.8 020 4.0 0.9994
OW-300 —71.3 —26.5 -49 =36 -20 026 4.7 0.9997
10+ (a) According to the Morris—Weber equation, the pyrolyzed-
9+ ‘ ‘ then-ethanol-washed sorbents gave higher k;q values for all
8 ‘ 2-CP phenols (except Ph), which indicated that the intraparticle
74 ‘ diffusion step became faster and thus has a less effect as a
— (] rate-limiting step.
T & ‘x HOW-100
g ] ‘ AOW-150 Thermodynamic considerations
= 44 X OW-200
X OW-250
31 g ©OW-300 According to the thermodynamic parameters presented in
21 ¥ Table 3, adsorption of phenols on unpyrolyzed olive wood
1 * was generally exothermic as indicated by negative AH°
0 ' , K , values. The adsorption process was spontaneous at 30 °C,
0 10 20 30 40 but the spontaneity of the adsorption decreases at higher
t%5 (min®3) temperatures as indicated by AG® values that became less
negative. The randomness decreased after adsorption as
141 (b) indicated by the negative values of AS°.
124 The effect of pyrolysis of olive wood on its adsorption
i i 4-CP thermodynamic parameters toward various phenols is shown
10 i i i in Table 3. The results were compared with the unpyrolyzed
T *! A - olive wood sorbent. It was noted that In K. (which represent
vt 81 :2::1:2 the favorability, capacity and ability of the adsorbent to
~E: 6 ?  OW-200 retain adsorbate) increased for all the phenols at all the
s P «OW-250 temperatures. Consequently, the spontaneity of the reaction
47 .' ©0W-300 .(expressed by the increase in negativity of AG® Va'lues). h%lS
2] % increased for all the phenols. The values of AG® lie W1th11n
the physical adsorption range (from —20 to 0 kJ mol™ ).
0 ’ : : : . The adsorption process became more exothermic for all the
0 10 20 30 40

£9-5 (min®5)

Fig. 4 Intraparticle diffusion plots for the adsorption of a 2-CP and
b 4-CP on pyrolyzed olive wood adsorbents

The values of k;q of the pyrolyzed olive wood were very close
to those values reported by Aravindhan et al. (2009) for the
adsorption of phenol on green macro-alga, and those reported
by Wu and Yu (2006) for the adsorption of 2.4-dichloro-
phenol on Phanerochaete chrysosporium.

The kinetic parameters for the adsorption of phenols
pyrolyzed-then-ethanol-washed sorbents are shown in
Table 4. It was noted that, compared to the pyrolyzed only
olive wood sorbents, k, decreased for Ph and 2-NP but
increased for 2-CP, 3-CP, 4-CP, 4-NP and 2,4-DNP.
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phenols after pyrolysis except for Ph. This was indicated by
the negative increase in AH® values. The randomness of the
adsorption process increased for Ph and 2-NP. This was
reflected by the increase in AS° values. On the contrary, the
randomness of the adsorption process decreased for 2-CP,
3-CP, 4-CP, 4-NP and 2,4-DNP.

Thermodynamic parameters for the pyrolyzed-ethanol-
washed olive wood are presented in Table 4. Compared to
the pyrolyzed only olive wood sorbents, it was noted that
adsorption became less spontaneous as indicated by less
negative AG® values. Furthermore, less negative AH® val-
ues indicated less exothermic adsorption for the phenolic
compounds after washing the pyrolyzed olive wood sor-
bents (except for Ph). By following AS° values, it was
noted that the randomness of the adsorption process
increased for all the phenols except for Ph.
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Table 4 Parameters of adsorption kinetics and thermodynamics of pyrolyzed-ethanol-washed olive wood sorbents

AS° UK mol™) AH° (kI mol™!)  AG° (k] mol™h) kq (g mg™' min™®%)  Second order
30°C  50°C 70 °C ky (x1073) R?
(g mg™" min~")
Ph
OW-100-ethanol ~ —107.5 —374 —47 =29 —03 026 22 0.9990
OW-150-cthanol  —103.3 —358 —43 -28 -0l 0.16 1.9 0.9990
OW-200-cthanol  —106.5 —36.1 -39 -15 03 028 2.8 0.9991
OW-250-ethanol ~ —89.9 —30.8 -37 —-14 —02 0.14 15 0.9964
OW-300-cthanol  —115.0 —394 —47 -18 —0.1 0.20 2.1 0.9970
2-CP
OW-100-ethanol 23.1 25 —-38 —66 —45 046 7.7 0.9998
OW-150-ethanol 22.0 25 -35 —63 —41 0.56 6.3 0.9997
OW-200-ethanol 2.7 -3.0 —-30 =57 =29 036 42 0.9998
OW-250-ethanol 16.9 1.1 -33 —-59 38 042 9.1 0.9998
OW-300-ethanol 11.6 -09 -38 —61 —41 0.38 10.9 0.9998
3-CP
OW-100-cthanol  —119.0 —422 —-63 -33 —16 0.16 6.7 0.9994
OW-150-ethanol ~ —104.2 —36.9 —-56 —26 —15 020 8.7 0.9958
OW-200-ethanol ~ —115.1 —40.1 —54 -23  —09 018 4.1 0.9956
OW-250-cthanol ~ —88.4 -31.7 -53 -24 -18 0.6 4.4 0.9991
OW-300-ethanol ~ —92.0 —332 -56 —27 =21 0.26 6.7 0.9921
4-CP
OW-100-cthanol  —115.3 —40.2 —54 —26 —08 048 8.8 0.9999
OW-150-cthanol ~ —114.3 —39.8 —-53 —25 —07 044 232 1.0000
OW-200-cthanol ~ —114.4 —39.4 —48 —21 —03 040 2.4 0.9895
OW-250-cthanol ~ —104.5 —36.6 -51 -—24 —10 038 10.2 0.9999
OW-300-cthanol ~ —123.7 —43.2 -59 -—29 -—11 0.38 8.0 0.9998
2-NP
OW-100-ethanol ~ —73.1 —26.6 —43 34 —-13 022 3.9 0.9987
OW-150-cthanol ~ —75.5 -272 —42  -32 -11 0.28 3.8 0.9989
OW-200-ethanol ~ —69.9 —243 —-31 -19 —02 034 4.1 0.9994
OW-250-cthanol ~ —80.5 —283 -38 -25 —06 026 26 0.9927
OW-300-cthanol ~ —79.6 —28.2 -39 —29 —07 038 53 0.9991
4-NP
OW-100-ethanol ~ —119.8 —415 —54 24 —06 048 9.9 0.9999
OW-150-cthanol  —110.8 —378 —44  -17 -01 0.50 24.5 1.0000
OW-200-cthanol  —111.8 -378 —40 -15 0.4.0 0.46 8.0 0.9999
OW-250-cthanol ~ —115.5 —399 —49 24 —03 044 7.9 0.9999
OW-300-cthanol  —111.0 —38.2 —47 =22 —03 038 8.0 0.9998
2,4-DNP
OW-100-ethanol ~ —54.8 —20.8 —42 -28 21 0.32 10.3 0.9999
OW-150-cthanol ~ —69.8 —253 —42 =27 —15 0.6 32 0.9987
OW-200-cthanol ~ —66.6 —23.5 -35 -15 —08 022 3.8 0.9963
OW-250-cthanol ~ —69.4 —24.7 -38 —-19 —10 024 53 0.9993
OW-300-cthanol ~ —61.1 —22.1 —-37 =20 —13 024 46 0.9993
Conclusion on the pyrolyzed olive wood. The temperature of pyrolysis did

not show any clear trend on the adsorption properties. Wash-
Pyrolysis of olive wood has positively affected adsorption  ing the pyrolyzed sorbents with ethanol has negatively affec-
capacity, favorability and spontaneity of phenolic compounds  ted the adsorption capacity, favorability and spontaneity. This
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indicated that pyrolysis produced species on the surface that
were responsible for the improved adsorption properties of the
pyrolyzed olive wood. While this paper is important in its own
right, the authors wish to make suggestions for further work. In
particular, the authors feel that the process needs investigating
in a scaled up form. Future experiments might include an
investigation of the effects of different pyrolysis techniques;
for example, partial pyrolysis before the grinding might be
equally effective and, in practice, might make the required
grinding process less demanding of energy. It is also worthy to
investigate how the partial pyrolysis might be achieved to
provide sorbents for use in real water treatment situations.
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