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abstract
In this study, activated carbon was prepared from olive bagasse by physical activation. The pore 
properties including the BET surface area, pore volume, pore size distribution and average pore 
diameter were characterized. BET surface area of the activated carbon was determined as 803 m2g–1. 
In this study, boron removal from aqueous solutions by adsorption was investigated. In the batch 
mode adsorption studies, the effects of initial pH of solution, contact time, temperature and initial 
boron concentration of solution were examined. A comparison of kinetic models applied to the 
adsorption of boron onto activated carbon was evaluated for the pseudo-first order, pseudo-second 
order, intraparticle diffusion, Elovich and Bangham’s kinetic models. The experimental data fitted 
the pseudo-first order and intraparticle diffusion kinetic model. The thermodynamic parameters 
were also calculated. In the isotherm studies, the Langmuir, Freundlich and Dubinin –Radushkevich 
(DR) isotherm models were applied. The results indicate that Freundlich and DR equations are well 
described with the adsorption data for boron adsorption.
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1. Introduction

Boron is a widely distributed element in nature and 
usually appears in the form of boric acid or borate salts. 
Boric acid and borates are used as raw materials for the 
manufacture of glass, soap, detergents, cosmetics, pho-
tographic chemicals and flame retardants and as neutron 
absorbers for nuclear installations [1,2].

Boron is known as one of the essential elements for 
living plants, animals and humans. However, in greater 
amounts, boron can be harmful to animal and plant life 
[3,4]. Boron is important in the metabolism and utilization 
of calcium in humans. Other benefits of boron include im-

provement of brain function, psychomotor response, and 
the response to oestrogens ingestion in postmenopausal 
women. In humans, the sign of acute toxicity include 
nausea, vomiting, diarrhea, dermatitis and lethargy [4]. 
The World Health Organization (WHO) guidelines for 
drinking water quality proposed 0.5 mg L–1 as standard 
for boron in drinking water. European Union (EU) has 
classified boron as a pollutant of drinking water, and 
adopted a standard of 1 mg L–1 for drinking water [5]. 

Boron contamination of water is a serious environ-
mental problem. Removing boron from water is difficult 
and can be prohibitively expensive and impractical. One 
or more methods may be applied due to the boron con-
centration in medium. To obtain low boron concentration, 
advanced treatment methods such as adsorption and ion 
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exchange must be used. Various type of materials have 
been used as adsorbent, such as oxides, cellulose [6], soils 
[7], coal and fly ash [8,9], activated sludge [2], boron se-
lective resins Amberlite IRA 743 [10], N-glucamine type 
chelating resins [11] and Dowex 2×8 anion exchange 
resin [12].

Activated carbon is a well known material used in 
ever increasing numbers of environmental applications, 
in environment protection, in water and wastewater 
treatment, in gas filters, etc. Activated carbon can be 
produced theoretically from any carbonaceous material 
rich in elemental carbon [13]. In recent years, a lot of 
research has been reported on activated carbons from 
agricultural wastes such as rice hull, palm shell, cassava 
peel, sugar beet bagasse, olive stone, pistachio-nut shell 
and hazelnut bagasse [14–20].

There are basically two methods for preparing acti-
vated carbon: physical activation and chemical activation. 
The physical activation involves primary carbonization 
of the raw material followed by controlled gasification 
at higher temperatures in a stream of an oxidizing gas 
(steam, CO2, air or a mixture) [21]. Chemical activation 
is carried out in two stages: in the first one the precur-
sor is impregnated by a solution of the chemical (ZnCl2, 
Na2CO3, K2CO3, KOH, NaOH, H3PO4 etc.) and in the 
second the heat treatment influences the carbonization 
process, generating the porosity which becomes acces-
sible when the chemical is removed by washing [22].

In the present study, activated carbon was produced 
from olive bagasse by physical activation using steam. 
The resultant carbons were used to remove boron from 
aqueous solutions and the applicability of the various 
adsorption kinetic models for boron adsorption was 
investigated. Along with the adsorption process, the ef-
fects of contact time, initial pH of solution, initial boron 
concentration of solution and temperature on removal ef-
ficiency of boron was investigated by batch experiments. 
Isotherm studies were also made. The thermodynamic 
parameters were determined for boron removal.  

2. Materials and methods 

2.1. Materials

The olive waste used in the study was composed of a 
crushed mixture of kernel and pulp which was a waste 
product from vegetable oil production using olives from 
the Marmara Region of Turkey.

The model aqueous solution for the experiments was 
prepared by dissolving an appropriate amount of boric 
acid (Merck product) in distilled water in the concentra-
tion of 100 mg B L–1. All the other solutions used were 
freshly prepared for each experimental run. 

2.2. Preparation of activated carbon

The dried olive bagasse samples (at 105°C) were 

milled and then screened. Fraction with particle diam-
eters in the range of 0.425–0.600 mm was selected for the 
experiments. Carbonization was conducted in a hori-
zontal steel tube placed in a tube furnace. Samples (20 g 
each) were placed into the tube and heated in nitrogen 
from room temperature to 500°C at 10°C min–1. Activa-
tion was carried out in a vertical tube furnace (Carbolite) 
using steam as the activating agent. Carbonized char 
(5 g) was placed into the tube during activation. Samples 
were heated to the activation temperature of 850°C under 
nitrogen flow with a heating rate of 10°C min–1. Once the 
activation temperature was reached, nitrogen flow was 
switched to steam. Furnace temperature and steam flow 
rate were kept constant for the desired period of activation 
(45 min). At the end of the activation period, the sample 
was cooled under nitrogen. The final yield of the prepared 
adsorbent was calculated as 58.45%.

2.3. Batch adsorption of boron

A fixed amount of activated carbon (1 g) and 50 mL 
of H3BO3 solution containing 100 mg B L–1 were placed 
in capped polyethylene bottle and shaken at 130 rpm 
using a temperature controlled water bath with shaker 
(MEMMERT) for 48 h. The boron concentration in the 
supernatant was determined spectrophotometrically 
(HACH DR-2000) using Carmine Method. 

In order to investigate the effect of initial solution 
pH on the boron adsorption, the initial pH values of the 
H3BO3 solutions (100 mg B L–1) were adjusted to different 
values (3, 5.5, 7, 9 and 11) by using dilute NaOH or HCl 
solutions. The pH measurements were performed using 
a pH-meter (Ino Lab). Kinetic tests were carried out by 
contacting 5 g adsorbent with 250 mL H3BO3 solution 
(100 mg B L–1) at 25°C and original pH (5.5) in water bath 
with shaker. The concentration of boron in supernatant 
was determined at different time intervals. To determine 
the effect of temperature, the isothermal experiments 
were carried out at three different temperatures (25, 45 
and 55°C) for 48 h. For the adsorption isotherm study, 1 g 
of adsorbent was contacted with 50 mL of H3BO3 solution 
at concentrations of 40, 60, 80 and 100 mg B L–1 at 25°C 
and optimum pH for 48 h with continuous shaking.

3. Results and discussion

3.1. Characterization of the prepared activated carbon

The determination of the porosity of activated carbon 
sample was performed using physical adsorption of N2 at 
–196°C (Quantachrome, Autosorb-1C). The surface area, 
pore volume and pore size distribution were determined 
from nitrogen adsorption data and Quantachrome soft-
ware. Adsorption data were obtained over the relative 
pressure, P/Po, range from 10–5 to 1. The sample was de-
gassed at 300°C under vacuum for 3 h. The N2 apparent 
surface area was calculated by using the BET (Brunauer, 



112  T.E. Köse et al. / Desalination and Water Treatment 29 (2011) 110–118

Emmett and Teller) equation within the 0.01–0.2 relative 
pressure range. The micropore volume, Vmicro, was de-
termined according to the DR (Dubinin–Radushkevich) 
method. The amount of N2 adsorbed at relative pressures 
near unity (≈ 0.99) corresponds to the total amount ad-
sorbed (VT) in both the micropores and the mesopores; 
consequently the subtraction of the micropore volume 
from the total amount will provide the volume of the 
mesopores. Pore size distribution was obtained apply-
ing the DFT (Density Functional Theory) method to the 
nitrogen adsorption isotherm using the software supplied 
by Autosorb–1C. 

Table 1 shows the physical properties including BET 
surface area (SBET), micropore surface area (Smicro), total 
pore volume (VT), micropore volume (Vmicro) and meso-
pore volume (Vmeso). All calculations were performed by 
using the software supplied by Autosorb 1C.

Basically, the structure of the activated carbons con-
taining pores are classified according to the International 
Union of Pure and Applied Chemistry (IUPAC) into three 
groups; micropore (diameter < 2 nm), mesopore (2–50 nm) 
and macropore (> 50 nm).

Table 1
Textural properties of the activated carbon

Activation time (min) 45
SBET (m2g–1) 803
Smicro (m2g–1) 520
VT (cm3g–1) 0.4723
Vmicro (cm3g–1) 0.3002
Vmeso (cm3g–1) 0.1721 Fig. 1. Pore size distribution of the activated carbon.
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Fig. 2. (a) SEM photographs of olive bagasse char; (b) SEM photographs of the derived activated carbon.

Fig. 1 shows the pore size distribution of the activated 
carbon sample. The activated carbon exhibits two peaks 
around 0.7–2 nm (7–20 Å) and 2–5 nm (20–50 Å). As it 
is seen from Fig. 1, the activated carbon includes both 
micropores and mesopores.

In order to examine the surface morphology, the ol-
ive bagasse char and activated carbons were submitted 
to scanning electron microscopy (SEM). Figs. 2a and 2b 
show SEM photographs of olive bagasse char and the 
derived activated carbon, respectively. Fig. 2a shows the 
surface of olive bagasse chars was quite dense without 
any pores except for some occasional cracks. This explains 
the low BET surface area of 15 m2g–1. Fig. 2b shows the 
micrograph of the activated carbon prepared at 850°C. 
The development of the pore structure is shown in this 
figure. Small pores, transitional pores and large pores 
with different shapes could also be clearly identified 
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from this micrograph, which account for the higher BET 
surface area (803 m2g–1) and micropore volume. 

In a previous study [23], FTIR of the prepared acti-
vated carbon before sorption was given. For prepared 
activated carbon samples no band was observed at 
3637 cm–1. The spectra of carbon samples displayed the 
following bands:2874 and 2849 cm–1 could be assigned 
to (C–H) group (aliphatic), 2375 and 2327 cm–1 could be 
assigned to C=C group. If the OH group was observed 
FTIR after sorption would be useful because hydroxyl 
groups show high selectivity for boron removal through 
the formation of borate diol complexes [24]. So the FTIR 
of the adsorbent not been done.

3.2. Effect of initial pH

The initial pH of solution affects not only the adsor-
bates but also the adsorbents. The effect of initial pH on 
the sorption of boron is shown in Fig. 3. Results show 
that the optimum solution pH was 5.5 for boron removal. 
Similar results were reported for the adsorption of boron 
using boron selective hybrid gel and commercial resin 
D564 [5], hybrid gel derived from tetraethoxysilane and 
bis(trimethoxysilylpropyl)amine [25] and composite 
magnetic particles [26]. 

Since the H+ ion is a product of the boric acid adsorp-
tion, the adsorption is suppressed at low pH. At high 
pH (>8–9), B(OH)4

– is the primary anion, so there is an 
electrostatic repulsion between the B(OH)4

– ions and the 
negatively charged adsorbents [5].

Fig. 3. Effect of pH on boron removal onto activated carbon.
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Fig. 4. Effect of contact time on boron removal onto activated 
carbon (initial pH of solution: 5.5).

3.3. Effect of contact time

The sorption of boron at 100 mg B L–1 concentration on 
active carbon was studied as a function of contact time to 
determine the equilibrium time. The results are shown in 
Fig. 4. The equilibrium time was determined as 48 h for 
an initial concentration of 100 mg B L–1 at 25°C.

3.4. Kinetics of adsorption

In this study, we used five different models to predict 
the adsorption kinetics of boron on activated carbon. 
These models are the pseudo-first-order, pseudo-second-
order, intra-particle diffusion, Elovich and Bangham 
models. All the constants and the linear regression cor-
relation coefficient values of the models are summarized 
in Table 2.

3.4.1. Pseudo-first-order model

A simple pseudo-first order equation is given by La-
gergren equation [27]:

( ) 1log log
2.303e t e

k tq q q− = −  (1)

where qe and qt are the amounts of boron adsorbed (mg g–1) 
at equilibrium time and any time t (min), respectively, and 
k1 is the rate constant of adsorption (min−1). The value 
of k1 was calculated from the slope of the linear plot of 
log (qe – qt) vs. t (Fig. 5). Based on the correlation coeffi-
cients, the pseudo-first-order model appears to be more 

Table 2
Kinetic parameters for the adsorption of boron onto activated carbon

Kinetic models Kinetic parameters

Pseudo-first-order k1 = 18.424×10–5 qe(cal) = 3.312 R2 = 0.9454
Pseudo-second-order k2 = 2.93×10–4 qe(cal) = 2.238 R2 = 0.6188
Intra-particle diffusion ki = 0.0312 R2 = 0.9366
Elovich ae = 0.0048 be = 2.75 R2 = 0.8425
Bangham kb = 0.0047 a = 0.6541 R2 = 0.8599
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suitable to describe the adsorption kinetic data. Further-
more, the calculated qe value is closer to the experimental 
value (qe = 3.5 mg g–1). This shows that the pseudo-first-
order kinetic model can justify the adsorption mechanism.

3.4.2. Pseudo-second-order model

A pseudo-second-order equation based on adsorption 
equilibrium capacity was investigated. The equation was 
expressed in the form [5,28]:

2
2

1
t e e

t t
q k q q

= +  (2)

where k2 is the pseudo-second order rate constant 
(g mg–1 min–1). The equilibrium adsorption capacity (qe), 
and the second order constants (k2) can be determined 
experimentally from the slope and intercept of plot t/qt 
vs. t. The experimental qe (3.5 mg g–1) value did not agree 
with the calculated one. Due to the low correlation coef-
ficient, no plot is shown.

3.4.3. Intra-particle diffusion model

Adsorption is a multi-step process involving transport 
of the solute molecules from the aqueous phase to the 
surface of the solid particulate, followed by diffusion of 
the solute molecules into the pore interiors [29]. The in-
traparticle diffusion equation can be described as follows:

1/ 2
t iq k t=  (3)

where ki is intraparticle diffusion rate constant (mg g–1 

min–1/2). The ki is the slope of the straight line portions of 
the plot of qt vs. t1/2. The results showed that the intra-par-
ticle diffusion model is acceptable as the rate-controlling 
step and the plot is shown in Fig. 6.

3.4.4. Elovich model

The Elovich equation is satisfied in chemical adsorp-
tion processes and is suitable for systems with hetero-

Fig. 5. Pseudo-first-order kinetic of boron adsorption onto 
activated carbon. Error bars indicate the standard error of 
the mean.
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geneous adsorbing surfaces [30]. The linear form of this 
equation is given by

ln( ) 1 lne e
t

e e

a bq t
b b

= +  (4)

where ae is the initial adsorption rate (mg (g min)–1), and 
the parameter be is related to the extent of surface cover-
age and activation energy for chemisorption (g mg–1). The 
Elovich coefficients were calculated from the intercept 
and slope of the straight line plot of qt vs. ln t. As can be 
seen from Table 2, the experimental data did not give 
a good correlation for boron adsorption onto activated 
carbon. 

3.4.5. Bangham’s model

Bangham’s model equation is generally expressed as 
[31,32]:

log log log log
2.303

i b s

i s t

c k c t
c c q V
   = + a   −   

 (5)

where ci is the initial concentration of adsorbate in solu-
tion (mgL–1), V is the volume of the solution (mL), cs is the 
weight of adsorbent per liter of solution (gL–1), qt (mgg–1) 
is the amount of adsorbate retained at time t, and a (<1) 
and kb are constants. These constants were calculated 
from the intercept and slope of the straight line plot of 
log log [ci/(ci – csqt)] vs. log t. If the experimental data is 
represented by this equation then the adsorption kinetics 
are limited by the pore diffusion [32]. As can be seen in 
Table 2, the experimental data did not give a good cor-
relation for boron adsorption onto activated carbon. This 
result confirmed that the pore diffusion is not the only 
rate-controlling step.

3.5. Effect of temperature

The sorption of boron decreased as temperature in-
creased, indicating that the sorption process was favoured 
at lower temperatures (Table 3).
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The change in standard free energy (DGo), enthalpy 
(DHo) and entropy (DSo) of adsorption were calculated 
using the following equations:

lnoG RT KD = −  (6)

where R is the gas constant, K is the equilibrium constant 
and T is the temperature in K. Equilibrium constant (K) 
was estimated as:

s

e

CK
C

=  (7)

where Cs is the equilibrium concentration of boron on 
adsorbent (mg L–1), Ce is the equilibrium concentration 
of boron in solution (mg L–1).

According to the van’t Hoff equation:

ln
o oS HK

R RT
D D

= −  (8)

A plot of ln K vs. 1/T is linear (Fig. 7). The values of 
DHo  (kJ mol–1) and DSo (J mol–1 K–1) were evaluated from 
the slope and intercept of van’t Hoff plots (Table 3). Gener-
ally, the change of enthalpy for physisorption is approxi-
mately –20 kJ mol–1 but chemisorption is approximately 
–200 kJ mol–1. The enthalpy change (–33.26 kJ mol–1) of 
this process indicates that the adsorption is physical. The 
heat of physical adsorption involves only relatively weak 
intermolecular forces such as van der Waals and mainly 
interactions. The low affinity of adsorbent for the boron 
is caused positive free energy [33]. The positive values 

Table 3
Thermodynamic parameters for the adsorption of boron onto activated carbon

T (°C) Ce (mgL–1) K DGo (kJ mol–1) DHo (kJ mol–1) DSo (J mol–1 K–1)

25 70 0.43 2.09 –33.26 –117.8
45 78 0.28 3.36
55 90 0.11 6.02

Fig. 7. Van’t Hoff plot for boron removal onto activated carbon. 
Error bars indicate the standard error of the mean.
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of DGo (kJ mol–1) indicate that spontaneity is not favored. 
Boron and activated carbon interaction presented exother-
mic enthalpy change which suggests that adsorption is 
enthalphically favorable. However the adsorption onto 
activated carbon was accompanied by dramatic decrease 
of entropy. Thus, the non-spontaneous boron adsorp-
tion onto activated carbon is driven by negative entropy 
change. The negative value of DSo suggests that the system 
exhibits random behavior. Kavak [34] and Prado et al. [35] 
obtained similar result.

3.6. Effect of initial boron concentration

The effect of initial boron concentration on boron sorp-
tion was investigated. The amount of boron sorbed in-
creased with increased boron concentration. The amount 
of boron sorbed at equilibrium (qe) increased from 0.05 
to 1.5 mg g–1 as the concentration was increased from 40 
to 100 mg B L–1. This is due to the increase in the driving 
force of the concentration gradient, as an increase in the 
initial boron concentration. 

The Langmuir Eq. (8) was applied for the sorption 
equilibrium of the activated carbon [36].

1e e

e o o

C C
q Q b Q

= +  (9)

where Ce is the equilibrium concentration (mg L–1), qe is 
the amount of boron adsorbed at equilibrium (mg g–1), 
Qo and b are Langmuir constants related to monolayer 
sorption capacity and energy of sorption, respectively.

The Freundlich equation is represented by the equa-
tion

1log log loge eq K C
n

= +  (10)

where K (mg g–1)(L mg–1)1/n is the Freundlich capacity 
constant and n is the Freundlich intensity constant. A plot 
of linear Freundlich equation log Ce vs. log qe is shown in 
Fig. 8. The constants of Langmuir and Freundlich equa-
tion were given in Table 4. Negative values for the Lang-
muir isotherm constants indicate the inadequacy of the 
isotherm model to explain the adsorption process, since 
these constants are indicative of the surface-binding en-
ergy and monolayer coverage [37]. The Freundlich model 
would be applicable. The fit of data to the Freundlich 
equation may indicate the heterogeneity of the adsorbent 
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surface. The closer the n value of Freundlich is to zero the 
more heterogeneous is the system. The low value of K 
showed difficulty uptake of boron from aqueous solution 
with low adsorptive capacity of sorbent [36].

Another equation used in the analysis of isotherms 
was proposed by Dubinin–Radushkevich (DR) [38]

2ln lne sq q B= − ε  (11)

where qs is the adsorption capacity (mol g−1) and ε can 
be correlated as

1ln 1
e

RT
C

 
ε = + 

 
 (12)

where Ce the equilibrium concentration of boron in so-
lution (mol L−1) and qe is the equilibrium concentration 
of boron on adsorbents (mol g−1). R is the gas constant 
(8.314×10–3 kJ mol–1 K–1) and T (K) is the absolute tem-
perature. The isotherm constants of qs and B (Table 4) 
are obtained from the intercept and the slope of the plot 
of ln qe vs. ε2, respectively (Fig. 9). The constant B gives 
the mean free energy, E, of sorption per molecule of the 
sorbate when it is transferred to the surface of the solid 
from infinity in the solution and can be computed by 
using the following relationship [38].

1
2

E
B

=  (13)

Table 4
Langmuir, Freundlich and DR isotherm constants 

Isotherms Constants

Langmuir Qo (mg g–1)
–0.047

b (L mg–1)
–0.014

R2

0.85
Freundlich K (mg g–1)(L mg–1)1/n

5.4×10–10
n
0.199

R2

0.93
DR qs (mol g–1)

15.21
B (mol2kJ–2)
0.077

R2

0.93

Fig. 8. Freundlich isotherm plots for boron removal onto 
activated carbon. Error bars indicate the standard error of 
the mean.
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The magnitude of E is useful for estimating the type of 
adsorption process. According to [39,40] the magnitude 
of E is 8–16 kJmol–1, adsorption type can be explained by 
chemical adsorption. It is accepted that when the adsorp-
tion energy is lower than 8 kJ mol–1, the type of adsorp-
tion can be defined as physical adsorption. According to 
calculated E as 2.54 kJ mol–1, the type of adsorption of 
boron on the prepared activated carbon was described 
as physical adsorption.

3.7. Comparison of the adsorption capacities

Comparison of adsorption capacity observed in this 
work with other adsorption capacities in the literature is 
given in Table 5.

4. Conclusions

In this study, olive bagasse which is the solid waste 
product of vegetable oil production using olives from the 
Marmara Region Turkey. The olive waste was converted 
to activated carbon by physical activation using steam. 
So a valuable product was obtained from solid waste. 
Prepared activated carbon was used to remove boron. 
The following results were obtained:

 • Adsorption capacity of the activated carbon was corre-
lated to its micropore and mesopore surface area since 

Fig. 9. Dubinin –Radushkevich (DR) isotherm plots for boron 
removal onto activated carbon. Error bars indicate the standard 
error of the mean.
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micropores and mesopores are more predominant in 
this material. 

 • Maximum boron removal was obtained at initial pH 
(5.5) of the solution.

 • The adsorption kinetics was found to follow the both 
pseudo-first-order model and intraparticle diffusion 
model expression. In pseudo-first-order model, all the 
steps of adsorption including external diffusion, in-
ternal diffusion, and adsorption are lumped together. 
It’s assumed that the overall adsorption rate is pro-
portional to the driving force (difference between the 
average solid phase concentration and the equilibrium 
concentration) [25]. Prepared activated carbon has a 
highly porous surface area. The intraparticle diffusion 
model is the rate limiting step due to its highly porous 
structure. Similar results were also reported by other 
workers [44,45]

 • The positive free energy indicated that all the surface 
of prepared activated carbon are energetically unfa-
vourable. Surfaces of low surface free energy will be 
more stable and not highly dispersed.

 • The adsorption of boron decreased as temperature 
increased. This can be explained by the fact that as 
temperature increases the solubility of boric acid in-
creases. Thus adsorption is to be assumed as physical. 

 • The results indicate that Freundlich and DR equations 
are well described with the adsorption data.
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