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a b s t r a c t

This communication describes how olive solid wastes can be used to prepare activated carbon (AC), with
soundly high surface areas, suitable to remove nitrite ions from water. Solid olive wastes, so called Jeft,
separated as unwanted bi-products from olive oil mills, have been converted into charcoal. The charcoal
was then physically and/or chemically activated using different compounds namely conc. H3PO4 or ZnCl2.
Charcoal carbonization was performed under inert atmosphere to avoid loss of heated carbon by
oxidation with air. Surface area measurements and SEM micrographs showed that activation using ZnCl2
yields AC with highest surface area and more porous surfaces. The ZnCl2-activated carbon was then used
to remove nitrite ions from water by adsorption. Effects of different parameters on value of surface area
and adsorption capacity of the AC were investigated. Commercial AC materials were used as reference for
comparison. The AC showed higher adsorption capacity toward nitrite than other reported adsorbents.
The results suggest that using 5 g of the ZnCl2-activated carbon per liter of heavily nitrite-contaminated
water (50 ppm) may bring the contaminant concentration down to the WHO accepted concentration
limits within 60 min. This work highlights the future feasibility of using olive waste as feed stocks to
produce useful renewable materials while keeping in mind the wisdom “make wastes work in environ-
mental protection”.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

In a preceding communication (El-Hamouz et al., 2007), olive
solid wastes were used to produce charcoal materials useful for
reversible adsorption of chromium ions from water. In this report,
attention has been paid to find best methods to activate the olive
solid waste-based charcoal materials. The prepared activated car-
bon (AC) materials have then been characterized by their surface
morphology and relative surface areas. Adsorption efficiency of the
resulting materials has been tested using a hazardous water
contaminant, nitrite ion, as a model adsorbate.

The idea of using carbon produced from agricultural wastes in
water purification is not new. Man wisely used such methods long
time ago (Al-Swaidan and Ahmad, 2011; Cheremisinoff and
Ellerbusch, 1978; Karthikeyan et al., 2008; Smâi�esek and �eCernây,
1970). Currently, carbons produced from different agricultural
sources are being activated in different ways so as to maximize
their surface areas and increase their adsorption capacity (Angin,
2013; Jimenez-Cordero et al., 2014; Libra et al., 2011; Martínez de
Yuso et al., 2014; Velo-Gala et al., 2013). Two methods are
commonly used, namely physical activation and chemical activa-
tion. In chemical activation, which is considered more economic
due to lower needed processing temperatures, the charcoal mate-
rial is typically impregnated and pyrolyzed (Caturla et al., 1991;
Yavuz et al., 2010). The remaining activating agent is then
removed away. Many types of substances have been investigated as
activating agents, such as potassium hydroxide (Bagheri and Abedi,
2009; Tseng, 2007), sodium hydroxide (Budinova et al., 2006; Sun
et al., 2012), sulfuric acid (Bagheri and Abedi, 2009), hydrochloric
acid (Yavuz et al., 2010), phosphoric acid (Lafi, 2001; Martinez et al.,
2006; Puziy et al., 2003, 2002; Williams and Reed, 2006), calcium
chloride (El-Hamouz et al., 2007; Yavuz et al., 2010), aluminum
chloride, potassium chloride (Baccar et al., 2009), zinc chloride
(Angin, 2013; Caturla et al., 1991; Kopac and Toprak, 2007; Petrov
et al., 2008; U�gurlu et al., 2008, 2007), ammonium chloride
(Moussavi et al., 2012; Rosas et al., 2009), potassium carbonate (Foo
and Hameed, 2012; Liou, 2010; Mestre et al., 2011; Olivares-Marín
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et al., 2006) and sodium carbonate (Liou, 2010).
This work aims at preparing AC from olive solid wastes to be

used in removal of hazardous substances, such as nitrite ions, from
water. Two reported activating agents, namely zinc chloride and
phosphoric acid, will be examined here. Neither of such com-
pounds has any serious threat to health or environment as reported
in their Material Safety Data Sheets (MSDS). The carbonization step
will be performed under inert atmosphere to avoid oxidation
(burning) of heated charcoal during carbonization. The AC mate-
rials resulting from using the two activating agents will be char-
acterized for comparison purposes. Bench marking with
documented commercial activated carbon (CAC) material will be
investigated here, in addition to comparison with other reported
adsorbents. The material of choice will then be investigated as an
adsorbent for nitrite ions from water.

Literature described removal of nitrite ions from water by
adsorption, using carbon cloth, activated carbon and other mate-
rials (Afkhami, 2003; Afkhami et al., 2007; Neşe and Ennil, 2008;
Otten et al., 2012). To our knowledge, AC materials obtained from
olive solid wastes have not been widely described for nitrite ion
removal from water. The nitrite ions have been chosen as model
contaminants due to their hazardous nature as defined by World
Health Organization (WHO) (Organization, 2004). The toxicity of
nitrite and nitrate ions, together with their occurrence in envi-
ronment, is well described elsewhere (Ayyasamy et al., 2009;
Melchert et al., 2007; Miku�ska and Ve�ce�ra, 2003; Mishra and
Patel, 2009; Mizuta et al., 2004; Okafor and Ogbonna, 2003;
€Oztürk and Bektaş, 2004; Tu et al., 2012), and needs no further
elaboration. Removal of nitrite ions from water should be of prime
importance to environment and health. Comparison of ZnCl2-acti-
vated carbon with other reference adsorbents, in terms of adsorp-
tion capacity, will be highlighted in this work.

2. Experimental

2.1. Chemicals

All used chemicals were of analytical grade and were used
without further purification. Phosphoric acid (85%), methanol,
toluene, acetic acid, diphenyl amine and sodium hydroxide were all
purchased from Frutarom. Potassium hydrogen phthalate (KHP)
and zinc chloride were purchased from Alfa Aeser, and sodium
nitrite from Avokado. Commercial granular activated carbon (CAC),
Aktivkohle (Hydraffin CC8X30), from Donau Carbon, with surface
area (1000 m2/g), and particle size (0.5e2.5 mm) (Kaya et al., 2008)
was used, without treatment, as benchmark adsorbent.

Wet olive waste (Jeft) byproduct collected from oil mills in
Nablus area, Palestine, was used as raw material for the production
of activated carbon. The Jeft samples were collected during the olive
cultivation season (OctobereDecember) and stored in a refrigerator
for further use.

2.2. Preparation of AC materials

A stepwise process was followed to prepare AC materials, as
follows:

2.2.1. Pre-treatment of Jeft
Lignocellulosic materials, hemicellulose, cellulose and lignin are

the main components of olive stone, in addition to fats, proteins,
water-soluble carbohydrates and phenolic compounds
(Alburquerque et al., 2004; Rodríguez et al., 2008). Jeft involves
crushed hard olive stones, soft pulp, moisture and oil remains. The
soft pulp was mainly removed away by immersing the rawmaterial
in tap water. The soft pulp particulates floated onto the water
surface allowing easy separation by decantation. The desired olive
stones were separated and dried in an oven at 110 �C. The resulting
particles were then sieved, with the range (1.18e2.36 mm) taken
for further processing. Any oil remaining in the olive stones was
removed by extraction using a Soxhlet apparatus, as described
earlier (El-Hamouz et al., 2007) with modification. Solvent toluene
(300 mL) was refluxed over olive stone (100.00 g) in a 1.0 L Soxhlet
apparatus for 20 min. The same toluene system (with oil inside)
was repeatedly used 5 times, by replacing the solid stone batch
with a fresh one every time. The oil was collected from the solution
by toluene evaporation. In each distillation, the evaporated toluene
was recovered in a cooled container, with percentage loss no more
than 25%. The measured oil ratio inside the dried olive stones was
only 1%. Parallel extraction experiments conducted on the raw wet
Jeft showed that up to 7% of mass was oil, which confirms earlier
findings (El-Hamouz et al., 2007). The resulting olive solidmaterials
(termed as OS) were dried and stored to prepare activated carbons.

2.2.2. Carbonization procedure
A heavy duty tubular regulated furnace (Lindberg 9001) was

used for carbonization. The pre-dried solid sample was inserted in
the middle of the furnace using a 4 cm in diameter and 75 cm long
cylindrical stainless steel tube. The furnace was heated to the
desired carbonization temperature at a ramp (30 �C/min). The
sample was kept at the desired temperature 450 �C for 2 h, under
inert atmosphere (N2 gas 99.9%) at a flow rate of about 0.5 L min�1.
The resulting carbon was cooled to room temperature under ni-
trogen flow. The resulting product yield was recorded.

2.2.3. Chemical activation
Different methods for carbon activation were followed, as

described below, for comparison purposes. Samples (50.00 g) from
same batch of pre-dried solid OS were used.

2.2.3.1. Activation with no agents. For comparison purposes, pre-
dried olive stones were carbonized at 450 �C for 2 h without acti-
vating agents. After cooling, the samplewas washedwith deionized
water, to remove dust, then dried in an oven at 110 �C and finally
stored in a desiccator for further use. The resulting solid was
termed (OSC).

2.2.3.2. Chemical activation with phosphoric acid. Phosphoric acid
solution (100 mL, 50% w/w) was used in chemical activation of pre-
dried OS. Literature suggests that such a concentration yields
highest surface area for carbon activated by H3PO4 (Yavuz et al.,
2010). The acid solution was mixed with the pre-dried olive stone
sample, and themixturewas thoroughly stirred at 85 �C for 4 h. The
solution was then filtered to separate the residual acid. The solid
was thenwashed with deionized water, dried in an oven at (110 �C)
and carbonized at 450 �C under nitrogen atmosphere as described
above. The product was washed with hot deionized water and then
with cold deionized water until the filtrate reached the pH range
4.5e5. The product was then dried in an oven at 110 �C and stored
in a desiccator for further use. The resulting AC was termed H3PO4/
450-AC.

2.2.3.3. Chemical activation with zinc chloride. Dried olive stone
samples were mixed by stirring with zinc chloride solution
(250 mL, 20% w/w) at room temperature for 24 h. This concentra-
tion gave highest surface area as described earlier (U�gurlu et al.,
2008). Impregnation was then carried out at 70 �C in a water
bath until excess water was evaporated. The samples were filtered
and dried at 110 �C in an oven, without washing, before carbon-
ization at 450 �C under inert atmosphere. The carbonized products
werewashed with 0.50 M hydrochloric acid solution, hot deionized



Table 1
Summary of chemically ACmaterials prepared from pre-dried solid. All preparations
were made using solution to solid mass ration 1:1.

Sample code Activating agent Carbonization temperature (�C) Yield (%)a

OS None Non-carbonized 100%
OSC None 450 34.90
H3PO4/450-

AC
H3PO4 50% (by mass) 450 54.00

ZnCl2/450-AC ZnCl2 20% (by mass) 450 47.40

a Yield calculated with reference to original OS.
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water and cold deionized water sequentially, to remove residual
organic and mineral matters and to bring the pH within the range
4.5e5. The final product was dried in an oven at 110 �C and stored
in a desiccator for further use. The resulting AC solid was termed
ZnCl2/450-AC. The general activation procedure discussed above is
schematically outlined in Scheme 1 below. Table 1 summarizes
preparation procedures for all AC samples described above.

2.3. AC characterization

The resulting AC solids were characterized by SEM and relative
surface area (SA) measurement.

2.3.1. SEM micrographs
SEM micrographs were measured for different solid surfaces

using a field emission scanning electron microscope (FE-SEM. JEOL
JSM-6700F) with an energy dispersive X-ray spectrometer (EDS), at
ICMCB, University of Bordeaux, France; and in Dansuk Industrial
Co., LTD., Jeongwang-Dong, Shiheung-Si, Kyonggi-Do, South Korea.

2.3.2. Surface area measurement
Values of the relative surface area for different AC solids were

measured by acetic acid adsorption, assuming a mono-layer
coverage using Langmuir isotherms, as described earlier
(Glasstone and Lewis, 1960). The BET method (using N2 gas as
adsorbate) was used to confirm the measured values. The relative
surface area per gram of adsorbent was calculated assuming the
cross sectional area per one acetic acid molecule is 2.110�19 m2 per
molecule (Pashley and Karaman, 2005), and per one liquid
N2 molecule is 1.6 10�19 m2 (Arnett and Cassidy, 1988).

2.3.3. FT-Infra-red spectra
The FT-IR spectra were measured for solid activated carbon

samples on a Thermo Fisher-ASB1200315-Nicolet 5 FT-IR Spec-
trometer. Measurements were made using single granules of the
activated carbon material.

2.3.4. Thermal gravimetric analysis
TGA measurement for activated carbon samples were per-

formed manually using a pre-calibrated muffle furnace and a
Mettler balance. Activated carbon samples (1.000 g each) were
placed in a pre-fired porcelain crucible. The mass was measured vs.
temperature increase. Temperature was started at room
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temperature and was increased to 900 �C in the course of 120 min
(ramp rate 2.3�/min).

2.4. Adsorption experiments

Nitrite ion adsorption onto activated carbon surfaces was
studied using batch systems. Additional experiments were per-
formed on packed column flow systems as well. In batch system,
experiments were conducted in a set of 100 mL pre-cleaned capped
conical flasks, dipped inside a thermo-stated bath with continuous
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Adsorption behaviors of AC prepared here were benchmarked with
CAC described above.

2.5. Measurement of nitrite ion concentrations
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Table 2
Correlation between measured relative surface areas and nitrite ion uptake (after
60 min contact time) for different prepared AC systems. Measurements were made
at room temperature, using 50 mL solution of nominal NO2

� concentration (20 mg/L),
and 0.30 g adsorbent.

Sample
code

Relative surface area
(m2/g)

Nitrite ion
removalc %

Nitrite ion up-takec (mg
NO2

�/g C)

OS <100a 11.75 0.39
OSC 150a 6.75 0.23
H3PO4/

450-AC
400a 13.5 0.45

ZnCl2/450-
AC

1480a 67.5 2.25

CAC 1000 m2/gb 15.40 0.51

a Measurement based on acetic acid adsorption at 25 �C.
b From literature (Kaya et al., 2008).
c Measured after 60 min, using 0.30 g adsorbent in 50 mL solution, with nominal

pH 4.0 at 25 �C.
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step duration 0.2 s, step amplitude 5 mv, purge time 30 s, pulse
duration 20 ms and pulse amplitude 25 mv.

A stock solution of nitrite ions was freshly prepared every day by
dissolving 1.499 g dried NaNO2 in 100 mL distilled water and then
diluting to 1000 mL. Nitrite ion intermediate solution (100 mg
NO2

�/L) was prepared by diluting 100.00 mL of the stock solution to
1.00 L with distilled water. The polarographic measurements were
not affected by original solution pH values, due to dilution of the
measured aliquot. To 5.00 mL of distilled water, placed in the
polarographic vessel, were added 1.00 mL of reagent (0.10 M
diphenylamine) and 0.40 mL nitrite ion solution. The diphenyl
amine reagent solution was prepared by dissolving 0.169 g in
100.00 mL of (methanol 99% and concentrated acetic acid 99%)
with volume ratio (1:1). Calibration curves were used in measuring
the remaining nitrite ion concentrations in solutions by differential
pulse polarography.
3. Results and discussions

3.1. AC characterization results

AC samples prepared by different methods exhibited different
surface morphologies, as depicted from SEM micrographs. Fig. 1
summarizes surface morphologies for different AC materials pre-
pared here. Fig. 1a shows that the dried solid OS showed slightly
textured surfaces, whereas Fig. 1b shows more textured surface for
OSC. The H3PO4/450-AC, described here, showed higher porosity
than the non-chemically activated counterpart, as observed from
Fig. 1aec. Fig. 1c shows a surface with no profound porosity for
H3PO4/450-AC. This is contrary to other reported systems based on
different agricultural wastes. Reffas et al. reported that highly
porous surfaces were observed in H3PO4 activated carbons, at
450 �C temperature, from coffee grounds (Reffas et al., 2010). The
Fig. 1. SEM micrographs measured for a) OS; b
difference between the two systems is presumably due to the na-
ture of cellulosic materials present in coffee ground and olive solid
wastes. Moreover, Reffas performed the activation under air,
whereas inert atmosphere was used in this work. Under air, the
carbonized charcoal undergoes oxidation and burning, which may
wash it away, whereas under inert atmosphere such a burning
process does not occur. The challenge in this work is to produce AC
materials with high surface areas while avoiding charcoal burnout.
The phosphoric acid examined here seems not a good activating
agent for the stated objectives of this work.

The ZnCl2/450-AC, Fig. 1d, showed more porous structure than
the H3PO4/450-AC. Activation at higher temperatures, 600 or
750 �C did not cause significant enhancement in porosity, and was
thus avoided for cost and energy saving purposes. A closer look at
the SEM image for the ZnCl2/450-AC shows that the solid has
) OSC; c) H3PO4/450-AC d) ZnCl2/450-AC.



Table 3
FT-IR spectral characteristic bands observed for ZnCl2/450-AC and CAC samples.

Wave number (cm�1) Functional group

3500e4000 OeH stretching
2800e3000 CeH stretching
1600e1700 C]C (conjugated) stretching
1250 CeO stretching

Fig. 3. TGA patterns observed for a) CAC, b) ZnCl2/450-AC, and c) Non-Activated
Carbon.

Table 4
Measured values of functional groups on the CAC and ZnCl2/450-AC surfaces
measured by the Boehm method.

AC type Carboxylic
(mmol/g)

Phenolic
(mmol/g)

Lactonic
(mmol/g)

Basic sites
(mmol/g)

CAC 0.66 0.21 0.27 0.43
ZnCl2/450-

AC
1.19 0.23 0.31 0.24
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different types of pores with different parameters. Larger pores
with ~10 mm in diameter exist together with smaller pores in the
nanometer scale.

The relative surface area results, Table 2, are consistent with
SEM micrographs. The OSC and OSC exhibited relatively low rela-
tive surface areas (~150 m2/g). The H3PO4/450-AC showed higher
relative surface area value ~400 m2/g, and the ZnCl2/450-AC
exhibited much higher value 1480 m2/g.

Based on surface porosity and relative surface area, ZnCl2 seems
to be more favorable agent over the H3PO4 for activation of carbon
from olive solid waste, under the working conditions. Technically
speaking, the ZnCl2 agent was also more feasible to handle. The AC
product resulting from ZnCl2 activation was easier to purify, as the
excess ZnCl2 was easily removed by washing, whereas the H3PO4
was too difficult to remove due to its oily nature and strong
adsorption onto the solid. This manifests the added value of using
ZnCl2 as activating agent. Collectively the results make activation
using ZnCl2 the method of choice in this work, and unless other-
wise stated, the ZnCl2/450-AC was used in this study. For compar-
ison purposes, CAC samples were used in parallel. The FT-IR
spectrummeasured for the ZnCl2/450-AC resembled that measured
for the CAC, as shown in Fig. 2. Both spectra showed bands char-
acteristic for OeH, CeH, C]C and CeO stretching frequencies, as
reported earlier for activated carbons based on different materials
(Al-Swaidan and Ahmad, 2011; Belgacem et al., 2013;
Boonamnuayvitaya et al., 2005), as shown in Table 3.

Thermal gravimetric analysis (TGA) for bot ZnCl2/450-AC and
CAC showed similar behaviors, as shown in Fig. 3. Both compounds
exhibited carbon mass lowering starting at 250 �C and reaching
steady values above 700 �C. The lowering at ~100 �C is due to loss of
moisture from the samples. The TGA pattern for the ZnCl2/450-AC
sample showed remaining stuff at above 800 �C due to remaining
inorganic salts, presumably due to the ZnCl2 activating agent itself.

Functional groups on the CAC and ZnCl2/450-AC surfaces were
determined by the Boehm acid-base titration method (Boehm,
1994). The results are shown in Table 4. The Table shows that the
carboxylic acids are the dominant functional groups in both the
CAC and the ZnCl2/450-AC solid surfaces.

The pH values at zero point of charge (pHZPC) were also
measured by known methods (Al-Degs et al., 2000). The values for
Fig. 2. FT-IR spectra measured for ZnCl2/450-AC and CAC samples.
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CAC and ZnCl2/450-AC materials were 5.8 and 4.3, respectively.

3.2. Nitrite ion adsorption

The characterization results discussed above were further
examined by adsorption study of the nitrite ion. The values of ni-
trite removal percent from originally contaminated nitrite aqueous
solutions (20 mg/L) using a constant pH value at 25 �C, after 60 min,
were calculated. Within the specified time, the ZnCl2/450-AC was
much more effective in removing the nitrite ions than either the
H3PO4/450-AC or the OSC.

Nitrite ion uptake values are summarized in Table 2. The results
show that adsorptionwas affected by particle size of the adsorbent.
More nitrite ions were removed using powder carbon particles than
using granular carbon. However, for comparison purposes with
CAC, granular AC samples were used in adsorption study. The
granular AC was also easier to recover by simple filtration. The
granular AC materials were thus used throughout this work.

The results discussed above clearly indicate the higher ability of
the ZnCl2/450-AC to adsorb nitrite ions, than other counterpart
carbons do, at least within a given period of time. This shows the
feasibility of using the ZnCl2-activated carbon, and unless other-
wise stated, adsorption experiments described below were all
performed using ZnCl2/450-AC. Effects of different experimental
parameters on nitrite ion adsorption behavior have been examined.
For comparison purposes, the adsorption behavior of the prepared
AC was investigated in parallel with CAC.

3.2.1. Adsorption profiles with time
Nitrite ion removal by ZnCl2/450-AC and CAC is shown in Fig. 4.

The Figure shows profiles of nitrite ions remaining inside the
contaminated solutions with time, under the working conditions.
In case of CAC, saturation was reached within 25 h, with no more
than 25% removal of nitrite ions. In case of ZnCl2/450-AC, adsorp-
tion continued to occur reaching more than 90% removal of nitrite
ions after 25 h. The WHO stated maximum acceptable nitrite ion
concentration to be 3 mg NO2

�/L (Organization, 2004). The results
show that using 5.0 g of ZnCl2/450-AC per 1 L of highly pre-
contaminated water (40 mg NO2

�/L) can bring the nitrite level
down to the WHO acceptable contamination levels, after 24 h
treatment. This shows the feasibility of using ZnCl2/450-AC in
future large scalewater purification strategies, which highlights the
potential impact of this work in nitrite removal processes. Other
activated carbons prepared here were uncompetitive with the
ZnCl2/450-AC, nor was the CAC.
Fig. 4. Effect of contact time on the removal of nitrite ions (from 40 mg/L solution) by
a) ZnCl2/450-AC and b) CAC. Measurements were made using 0.25 mg solid/50 mL
solution and initial pH 4, at 30 �C.
3.2.2. Effect of pH
The effect of pH on nitrite ion adsorption, onto ZnCl2/450-AC

and CAC, was investigated. Fig. 5 shows that within 60 min con-
tact time (before equilibrium), percentage removal of nitrite ion
increased with lower pH and decreased with higher pH values. At
each pH value, the AC prepared here was more efficient than the
CAC, in adsorbing the nitrite ions.

The effect of pH is understood by changing the nature of the
carbon surface with pH. At lower pH values, the solution contains
more protons, which convert the carbon surface into the H-form.
This favors adsorption of the negatively charged nitrite ions onto
the surface. At higher pH values, the carbon surface releases the Hþ

ions and holds negative charges which retard the nitrite ions and
lower adsorption.

At lower solution pH values, the majority of nitrite ions are
converted into the weak nitrous acid in a way of an equilibrium
(Chang, 2010). Despite that, the nitrite ions/nitrous acid adsorb
more at lower pH values as observed from the Figure. This means
that the nitrite ions may be adsorbed in either free ionic form or in
nitrous acid form. The H-form of the carbon surface may thus
adsorb the nitrous acid via the oxygen atoms which carry partial
negative charges.

The high adsorption of the AC in acidic media and low adsorp-
tion in basic media may impose limitation on using AC in nitrite
removal studies. On the other hand, this could be advantageous by
the fact that desorption and AC recovering strategies can be further
investigated by shifting acid-base conditions in the solution.

3.2.3. Effect of temperature
The effect of temperature on nitrite ion adsorption onto ZnCl2/

450-AC and CAC was investigated. Fig. 6 shows how adsorption
changes for both solid surfaces as temperature changes in the range
10e40 �C within 60 min contact time.

The Figure shows that removal of nitrite ions by both carbon
materials increases with increased temperature. While the CAC
showed only limited removal of nitrite ions at lower temperatures,
the ZnCl2/450-AC showed significant removal at such tempera-
tures. This indicates the applicability of the prepared ZnCl2/450-AC
as adsorbent at different temperatures within the working
conditions.

3.2.4. Kinetics of nitrite adsorption
Normally speaking, the adsorption mechanism depends on the

type of adsorbent and on the adsorbate transfer processes (U�gurlu
et al., 2007). In this work, three reported adsorption models were
Fig. 5. Effect of pH on removal of nitrite ions (from solution 30 mg/L) by a) ZnCl2/450-
AC and b) CAC. Measurements were made using 0.30 g solid/50 mL solution at 25 �C,
after 60 min contact time (before equilibrium).
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tested, namely:

- The pseudo-first order model (€Oztürk and Bektaş, 2004; U�gurlu
et al., 2008, 2007; Yuh-Shan, 2004), Equation (1):

Log(qe � qt)¼ Log(qe) � k1(t/2.303) (1)

- The pseudo-second order model (€Oztürk and Bektaş, 2004;
U�gurlu et al., 2008, 2007), Equation (2):

t/qt 1/(k2qe2) þ (1/qe)t (2)

- The intra-particle diffusion model (Tan et al., 2008; Tu et al.,
2012), mathematically expressed as:

qt¼kpt1/2 þ A (3)

where qe and qt (mg/g) are the amounts of adsorbate per unit mass
of adsorbent at equilibrium and at time t (min), respectively; k1
(min�1) is the pseudo-first-order rate constant for adsorption, k2
(g/mg min) is the pseudo-second-order rate constant of adsorption
Table 5
Pseudo-first-order and pseudo-second-order kinetic model parameters for nitrite
ion adsorption onto ZnCl2/450-AC and CAC. Measurements were made using 40 mg
nitrite/L, and 0.25 g solid/50 mL in pH 4 solution at 30 �C.

Adsorbent qe (exp)

(mg/g)
Pseudo-first-order kinetic
model

Pseudo-second-order kinetic
model

k1 (min�1)
10�3

qe (calc)

(mg/g)
R2 k2 (g/mg

min) 10�3
qe (calc)

(mg/g)
R2

ZnCl2/
450-AC

7.00 3.68 4.32 0.98 2.56 6.71 0.99

CAC 2.00 5.07 1.66 0.98 4.23 2.20 0.98
and kp (mg/g min1/2) is the rate constant of intra-particle diffusion,
respectively; A is a parameter that tells about the thickness of the
boundary layer (Kavitha and Namasivayam, 2007).

Linear plots were observed based on the pseudo-first-order and
on the pseudo-second-order models for both ZnCl2/450-AC and
CAC. The measured parameter values are summarized in Table 5.

Table 3 shows that the correlation coefficient (R2) values of both
models are close to 1.00. In each adsorbent, the difference between
the two models is pronounced in values of the calculated equilib-
rium nitrite concentration qe(calc). The Table shows that, unlike the
pseudo-first-order model, the qe(calc) value for the pseudo-second-
order model resembles the experimental value qe(exp). This applies
to both adsorbents used. Therefore, the pseudo-second-order ki-
netic model is more suitable to describe the kinetics of adsorption
of nitrite ions onto both solids. Chemisorption of the nitrite ions
onto both adsorbents is presumably involved (Hanafiah et al., 2009;
Ho and McKay, 1999; Tan et al., 2008). This is consistent with the
fact that the adsorption (in 60 min) of nitrite ions increased with
temperature, as shown in Fig. 6.

In order to envision the rate determining step, the intra-particle
diffusion model (Kavitha and Namasivayam, 2007; Musapatika,
2010; Tan et al., 2008; U�gurlu et al., 2008, 2007; Wu et al., 2009)
was investigated, based on Equation (3):

Linear plots for both ZnCl2/450-AC and CAC were observed and
the results are summarized in Table 6. According to the intra-
particle diffusion model, a non-zero value for the intercept in-
dicates that the rate of diffusion is limited by mass transfer across
the boundary layer (Wu et al., 2009).
3.2.5. Adsorption isotherms
Fig. 7 shows experimental equilibrium adsorption isotherm for

nitrite ions onto ZnCl2/450-AC.
Langmuir and Freundlich isotherm models were both employed

using Equations (4) and (5), respectively. Linear plots were
observed in each case, and the values of the adsorption plot pa-
rameters are summarized in Table 7.

Ce
qe

¼ 1
Qob

þ 1
Qo

Ce (4)

where Ce is the equilibrium concentration of the adsorbate (mg/L),
qe is the amount of adsorbate per unit mass of adsorbent (mg/g), Qo
and b are Langmuir constants related to adsorption capacity and
rate of adsorption, respectively

log qe ¼ log KF þ
�
1
n

�
log Ce (5)

where Ce is the equilibrium concentration of the adsorbate (mg/L),
qe is the amount of adsorbate per unit mass of adsorbent (mg/g) at
equilibrium, KF is Freundlich constant, and n is an indicator for
occurrence of adsorption process. KF ((mg/g) (L/mg) 1/n) is related to
adsorption capacity of the adsorbent.

The negative Langmuir isotherm parameters indicate the non-
suitability of the model to explain adsorption process
(Ramakrishna and Viraraghavan, 1997), whereas the Freundlich
Table 6
Intra-particle diffusion kinetic model parameters for nitrite adsorption onto ZnCl2/
450-AC and CAC. Measurements were made using nitrite ion solution (40 mg/L) and
adsorbent (0.25 g/50 mL) with initial pH 4 at 30 �C.

Adsorbent kP (mg/g min1/2) R2 A

ZnCl2/450-AC 0.21 0.98 1.95
CAC 0.08 0.98 0.19



Fig. 7. Equilibrium adsorption isotherm of nitrite ions onto ZnCl2/450-AC (0.25 g solid/
50 mL) using initial pH 4 at 30 �C.

Table 7
Langmuir and Freundlich isotherm model parameters and correlation coefficients
for nitrite adsorption onto ZnCl2/450-AC. Measurements were made using adsor-
bent 0.25 g/50 mL solution with initial pH 4 at 30 �C.

Isotherm Langmuir Freundlich

Adsorbate Parameters Parameters

Qo (mg/g) b (L/mg) R2 KF ((mg/g) (L/mg)1/n) n R2

NO2
� �93.46 �0.013 0.74 3.89 2.78 0.99

Table 8
Comparison of nitrite specific adsorption capacity values on different materials.

Entry
no.

Material Nominal NO2
�

conc. (mg/L)
Adsorption
capacity (mg/g)

Reference

1 Sepiolite 25 0.65 (Neşe and
Ennil, 2008)

2 Powder activated
carbon

25 1.17 (Neşe and
Ennil, 2008)

3 Carbon cloth e 0.828 (neutral) (Afkhami,
2003)

4 ZnCl2/450-AC 40 7.00 This worka

5 CAC 40 2.00 This worka

6 ZnCl2/450-AC 40 3.65 This workb

7 CAC 40 1.85 This workb

a Batch adsorption experiments, using 0.25 g AC in 50 mL solution with initial pH
4 at 30 �C.

b Packed column flow experiments, using 1.00 g AC (3.0 cm long) and 200 mL
solution (flow rate 1.5 mL/min) with initial pH 4 at 30 �C.
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model looks more appropriate by showing positive parameter
values. The Freundlich isotherm parameters can be used in con-
firming the value of adsorption capacity, where adsorption in-
creases as KF values increase. The value of n being within the range
1e10 confirms suitability of the model for adsorption, as reported
earlier (€Oztürk and Bektaş, 2004).

Based on the kinetic results shown in Table 2, the values for
adsorption capacity of ZnCl2/450-AC and CAC were obtained for the
batch system experiments, as shown in Table 8 (entries 4e5), with
multi-layer adsorption based on Freundlichmodel. The Table shows
value of adsorption capacity for nitrite onto ZnCl2/450-AC and CAC
samples, together with reported values for other materials (entries
1e5). The results indicate that ZnCl2/450-AC has much higher
adsorption capacity than the reported materials. An earlier report
(Ho andMcKay) stated an adsorption capacity of up to 50 mg nitrite
per 1 g carbon cloth (which was pretreated with acidic media),
however the adsorption capacity described therein could not be
confirmed due to lack of description of experimental conditions.
Packed column flow adsorption experiments (entry 6) indicate that
the adsorption capacity for the ZnCl2/450-AC is also higher than for
other reported systems (entries 1e3 and 7). The lower adsorption
capacity values measured in packed column adsorption experi-
ments compared to the batch experiment systems are presumably
due to insufficient time allowed for equilibrium to be achieved. This
is because batch experiments were allowed to continue for more
than 1500 min (Fig. 5) whereas the column flow experiments were
only allowed for 130 min.

Collectively, the kinetic models and adsorption capacity results
show that the ZnCl2/450-AC described here is far more advanta-
geous than earlier adsorbent systems. This shows the potential
value of using such a material for future water purification strate-
gies. Work is underway here to benefit from possible reversible
adsorption to investigate multiple recycling of the AC adsorbent.
Work is also underway to provide better characterization for the
prepared AC material. Packed column flow study on the AC is also
underway to find conditions for highest possible adsorption
capacity.
4. Conclusions

Activated carbon (AC) materials were prepared from olive solid
wastes for the purpose of removal of nitrite ions from water.
Chemical activation, using two different non-hazardous materials,
H3PO4 and ZnCl2, was investigated. The ZnCl2 showed a product
with high surface area and high adsorption capacity for nitrite ions,
with the potential to bring the contaminant concentration to
within acceptable limits. The ZnCl2-activated AC showed much
higher adsorption capacity than earlier reported materials. The
results show the added value of using the proper activating agents
to produce AC materials from olive solid waste, especially in olive
tree-rich Mediterranean countries.
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