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Dye adsorption by calcium chloride treated beech
sawdust in batch and fixed-bed systems
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Abstract

Batch and column kinetics of methylene blue and red basic 22 adsorption on CaCl2 treated beech sawdust was investigated, using untreated
beech sawdust as control, in order to explore its potential use as a low-cost adsorbent for wastewater dye removal. The adsorption capacity,
estimated according to Freundlich’s model, and the adsorption capacity coefficient values, determined using the Bohart and Adams’ bed depth
s
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. Introduction

Recent EU environmental policy, including measures af-
ecting all member states, requires that zero synthetic chem-
cal compounds should be released into the marine environ-

ent. Due to their chemical structure, dyes, present in the
astewater streams of many industrial sectors, such as dye-

ng, textile, tannery and the paint industry, are resistant to ex-
osure to light, water and many chemicals and therefore diffi-
ult to decolourise once released into the aquatic environment
1]. Activated carbon is the most efficient adsorbent used
idely, but its high cost limits its applicability. Research is
urrently focusing on the use of low-cost commercially avail-
ble organic materials as viable substitutes for activated car-
on; in fact, sawdust, a relatively abundant and inexpensive
aterial, is being extensively investigated as an adsorbent for

emoving contaminants from water[2]. Other adsorbent ma-
erials that have been studied include wood and agricultural
esidues, untreated[3–11]or treated in various ways[12–18].

Among the untreated materials that have been inv
gated, wood shavings are commonly used as an adso
especially for basic dyes, with capacities varying accor
to the structure of the dye and the mesh size[4]. Many agri-
cultural residues, such as wood chips, wheat straw, corn
barley husk and apple pomace have been successfully
to adsorb individual dyes and dye mixtures in textile e
ents[1,5–7]. Removal of methylene blue and other basic d
has been carried out using coir pith (an unwanted by-pro
from coir processing industry)[8], banana/orange peels[9]
and palm-fruit bunch particles[10,11].

Formaldehyde- and concentrated sulphuric acid-tre
sawdust and dilute acid-hydrolysed charred sawdust
successfully used as adsorbents for a variety of dyes[2,12].
Many chemical (NaOH, NH4OH, FeCl3) and physical trea
ments (steam, milling) have been used to help break dow
complex lignin complex in order to improve the adsorp
performance of many lignocellulosic materials (wheat st
corncob, barley husk)[13]. Cellulose-based anionic dye a
sorbents have been prepared by lignocellulosic residues
wood sawdust) treated with cross-linked polyethylenim
∗ Corresponding author. Tel.: +30 210 414 2360; fax: +30 210 414 2366.
E-mail address:sidiras@unipi.gr (D.K. Sidiras).

[14]; also, carbonised agricultural wastes such as coir pith
[15], cassava peel[16], bagasse[17] and kudzu[18] have
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Nomenclature

c intercept of the intra-particle diffusion equa-
tion

C concentrations of methylene blue or red basic
22 in the bulk solution at timet in the case
of batch adsorption process; also, the effluent
concentration (mg/L) in the case of the column
adsorption process

Ce equilibrium concentration of the adsorbate
(mg/L) for t → ∞

Ci influent concentration (mg/L) in the case of
column adsorption process

C0 initial dye concentration (mg/L)
E adsorption activation energy
k first order rate constant for the adsorption pro-

cess (in min−1).
kp intra-particle diffusion rate constant in

mg g−1 min−0.5.
K adsorption rate coefficient (L mg−1 min−1) in

the case of column adsorption process
KF Freundlich constant related to adsorption ca-

pacity
KL Langmuir constant related to the energy of ad-

sorption (L/mg)
n inverse of the slope of the Freundlich isotherm,

is the constant related to adsorption intensity
N adsorption capacity coefficient (mg/L) in the

case of column adsorption process
p frequency factor at the Arrhenius law (min−1)
q amount adsorbed per unit mass of the adsorbent

(mg/g)
qm Langmuir constant related to the amount of dye

adsorbed (mg/g) when the saturation is attained
qt amounts of dye adsorbed per unit mass of the

adsorbent (in mg/g) at timet
RL dimensionless constant called ‘equilibrium

parameter’ or ‘separation factor’ expressing
the essential characteristics of the Langmuir
isotherm

t adsorption time (min)
T adsorption temperature (K)
u linear velocity (cm/min) in the case of column

adsorption process
x bed depth of the adsorption column (cm)

been successfully utilized for the removal of dyes from aque-
ous solutions.

Mineral salts, mostly calcium chloride and in lesser extent
sodium chloride, potassium chloride, zinc chloride, have been
used to increase cork biomass sorption capacity[19], activate
wood charcoals[20] and regenerate activated carbon[21].

The suitability of a range of materials as dye adsorbents
(e.g. activated carbons from bamboo dust, coconut shell,
groundnut sell, rice husk and straw) is often established using
the kinetics of methylene blue adsorption during batch and
continuous (column) processes[22].

In the present study, the removal of chemical grade methy-
lene blue and commercial red basic 22 by CaCl2 treated beech
sawdust was studied using untreated beech sawdust as con-
trol; the batch and column adsorption kinetics of the two dyes
were used to estimate the adsorption capacity of the untreated
and treated beech sawdust. The effect of the CaCl2 treatment
temperature on the adsorption capacity was also investigated.

2. Materials and methods

2.1. Material development

The beech sawdust used was obtained from a local
furniture manufacturing company, as a suitable source for
full-scale/industrial applications. The moisture content of
the material when received was 9% w/w; after screening,
the fraction with particle sizes between 0.2 and 0.8 mm was
isolated. The composition of the raw material was as follows
(expressed in % w/w on a dry weight basis): 41.5% cellulose
( .7%
a .5%
e
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80% degree of crystallinity), 27.3% hemicelluloses, 25
cid-insoluble lignin, 0.05% ash, and approximately 5
xtractives and other components.

The CaCl2 treatment process was performed in a 500
lass batch reactor, equipped with an internal thermoco

mmersed in a heating oil bath. The CaCl2 treatment time
as 1 h; 20% w/v CaCl2 solution catalysed the reaction
liquid-to-solid ratio of 10:1. In pretreatment-1, the re

ion ending temperature was 23◦C, whereas in pretreatme
CaCl2 treatment occurred at 100◦C. The yields of the pre

reated beech sawdust were really the same (95–97%
f the original dry material), for both pretreatment-1
retreatment-2.

.2. Adsorption studies

Adsorption isotherms were derived from batch exp
ents. Following the batch procedure, accurately wei
uantities of adsorbent were transferred into 0.8 L bo
here 0.5 L of buffered adsorbate solution were added
ottles were sealed and mechanically tumbled for a p
f 14 days. The resulting solution concentrations were d
ined and the equilibrium data from each bottle represe
ne point on the adsorption isotherm plots.

.3. Kinetic studies

Adsorption rate batch experiments were conducted
.5 L completely mixed glass reactor fitted with a twis
lade-type stirrer, operating at 300 rpm for keeping the
ocellulosic material in suspension. The reactor, conta
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1 L aqueous dye solution, was placed into a water bath to keep
temperature constant at the desired level. The effect of stir-
ring was studied in the rage of 0–600 rpm. The pH effect was
studied in the range of 1.5–13 (the initial pH of the dye so-
lutions was adjusted using dilute H2SO4 or NaOH solutions,
as appropriate).

2.4. Column studies

Fixed-bed up-flow adsorber studies were conducted in
10 cm × 2 cm and 20 cm× 2 cm glass columns. The ex-
perimental set-up consisted of three parallel columns, fed
by a multi-channel peristaltic pump at a constant flow rate,
ranging from 5 to 15 mL/min. Interconnecting tubing and fit-
tings were made of polytetrafluoroethylene (PTFE). Effluent
samples were analysed to yield output concentration break-
through curves.

2.5. Analytical techniques

The degree of crystallinity of wood cellulose was mea-
sured with the X-ray diffraction method proposed by Segal
et al.[23]. Following the technique proposed by Saeman et al.
[24], the lignocellulosic materials were hydrolysed to glucose
and reducing sugars in nearly quantitative yields; the filtrates
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Fig. 1. Freundlich isotherms for the removal of methylene blue by adsorption
on original and CaCl2 treated beech sawdust.

adsorption capacity and intensity, respectively. Deriving the
logarithmic form of Eq.(1):

logq = logKF + 1

n
logCe (2)

The Freundlich constantsKF andnwere estimated by linear
regression analysis from the experimental adsorption data
obtained at 23◦C for methylene blue (seeFig. 1) and red ba-
sic 22. The Freundlich parameter mean values are shown in
Table 1; the confidence interval (given in brackets for each
parameter) is not symmetrical to the relevant mean value due
to the linearization of Eq.(1). However, the non-linear regres-
sion parameter estimated values did not differ significantly
than the linear ones. Furthermore, linear regression analy-
sis is preferred for the sake of simplicity and for achieving
comparable results with those obtained by other researchers
for other adsorbents. TheKF values estimated for the CaCl2
treated samples were significantly higher than those of the
untreated materials for both dyes, indicating an increased ad-
sorption capacity of the former; among pretreatments higher
values were obtained for the treated sawdust at 100◦C. The
Langmuir isotherm applies to adsorption on completely ho-
mogeneous surfaces with negligible interaction between ab-
sorbed molecules. In contrast, the Freundlich model, which
is an empirical model used to describe adsorption in aque-
o rfaces
w quate
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a /g)
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e , the
p
s s for
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ere analysed for glucose using the Glu-cinet test an
educing sugars using the Somogyi technique[25]. Based on
hese results the cellulose and hemicelluloses content
dsorbents were estimated. Finally, the acid-insoluble li
Klason lignin) was determined according to the Tappi T
m-88 method[26].

The concentration of methylene blue and red basi
n the solution was obtained by measuring OD at
nd 530 nm (λmax) respectively, using a HACK DR4000
V–vis spectrophotometer.

. Results

.1. Adsorption isotherms

The comparison of the adsorption capacity of the untre
nd pretreated beech sawdust samples was based on t
ndlich and Langmuir isotherm models, both commonly u

or investigating the sorption of a variety of dyes on e.g. s
ust[2], wood shavings[3], coir pith[8], banana/orange pee

9], palm-fruit bunch particles[10], dried kudzu[18], acti-
ated carbons[15,17,22,27–31]and lyocell fibres[25].

The Freundlich isotherm is given by the following eq
ion:

= KF(Ce)
1/n (1)

hereq is the amount adsorbed per unit mass of the ad
ent (mg/g),Ce the equilibrium concentration of the ads
ate (mg/L) andKF, nare the Freundlich constants relate
-

us systems, applies to adsorption on heterogeneous su
ith interaction between absorbed molecules. The ade
pplicability of the Freundlich equation to our data sho

hat the adsorbents’ surface was heterogeneous.
The Langmuir isotherm equation is based on the follow

pseudo-monolayer’ adsorption model.

1

q
=

(
1

qm

)
+

(
1

KLqm

) (
1

Ce

)
(3)

hereKL is the Langmuir constant related to the energ
dsorption (L/mg) andqm the amount of dye adsorbed (mg
hen the saturation is attained. In cases where the iso
xperimental data approximates the Langmuir equation
arametersKL andqm can be obtained by plotting 1/q ver-
us 1/Ce. Table 2presents the estimated parameter value
he data gathered in the present study. The adsorption c
ties (qm) obtained for untreated beech sawdust were lo
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Table 1
The Freundlich parameters of adsorption isotherms (confidence interval 95%)

Parameter Original beech sawdust Beech sawdust pretreated with 20% w/v CaCl2 for 1 h

At 23◦C At 100◦C

Methylene blue
KF 6.05 (5.78–6.33) 7.76 (7.45–8.11) 11.99 (11.02–13.04)
n 1.59 (1.51–1.69) 1.53 (1.45–1.62) 1.61 (1.47–1.79)
Correlation coefficient (R) 0.987 0.995 0.982
SEE (mg/g) 0.565 0.548 1.30

Red basic 22
KF 4.77 (4.40–5.16) 5.42 (5.19–5.68) 6.22 (5.88–6.57)
n 1.64 (1.50–1.80) 1.49 (1.42–1.56) 1.44 (1.36–1.53)
Correlation coefficient (R) 0.978 0.998 0.994
SEE (mg/g) 1.72 0.450 1.04

than the values for the CaCl2 treated samples; the superiority
of the CaCl2 treated at 100◦C sample over the pretreated at
23◦C was confirmed as per both dyes, with methylene blue
exhibiting better results. The fitting of the Lagmuir’s adsorp-
tion model to the present data was also satisfactory but to
a lesser degree than the Freundlich model, as shown by the
corresponding standard error of estimate (SEE) values given
in Table 2.

The essential characteristics of the Langmuir isotherm can
be described by a dimensionless constant called ‘equilibrium
parameter’ or ‘separation factor’RL [10,15,17,22], defined
by the following equation:

RL = 1

1 + KLC0
(4)

whereC0 is the initial dye concentration (mg/L) andKL the
Langmuir constant (L/mg). It is generally accepted thatRL
values indicate the type of isotherm, while anRL value close
to zero indicates favourable adsorption. At present, theRL
values were found to be close to zero for both dyes and dye
concentrationsC0 in the range of 1.4–14.0 mg/L for methy-
lene blue and 2.1–21.0 mg/L for red basic 22 (seeTable 2),
for all adsorbents studied.

T
T al 95%

P

M

R

3.2. Kinetics of adsorption

The kinetics of adsorption of methylene blue on various
materials has been extensively studied using various kinetic
equations[8,9,32]. The widely used Langergren equation
[33] is shown below:

q − qt = q e−kt (5)

whereq andqt are the amounts of dye adsorbed per unit
mass of the adsorbent (in mg/g) at equilibrium time (t→ ∞)
and timet, respectively, whilek is the pseudo-first order rate
constant for the adsorption process (in min−1). Moreover,
q = (C0 − Ce)/m andqt = (C0 − C)/m, whereC, C0, Ce
are the concentrations of methylene blue in the bulk solution
at time t, 0, and∞, respectively, whilem is the weight of
the adsorbent used (in g). Further modification of Eq.(5) in
logarithmic form gives:

ln(q − qt) = ln q − kt (6)

The plots of ln(q− qt) versust for all methylene blue adsor-
bent systems were found to be linear, indicating the first order
nature of the adsorption process. The values of the first order
rate constants, the correlation coefficients (R-values) and the
SEE were estimated.
able 2
he Langmuir parameters of adsorption isotherms (confidence interv

arameter Original beech sawdust

ethylene blue
qm (mg/g) 9.78 (7.93–12.8)
KL (L/mg) 1.60 (1.33–1.83)
Correlation coefficient (R) 0.976
SEE (mg/g) 1.62
RL 0.037–0.349

ed basic 22
qm (mg/g) 20.2 (16.1–27.1)
KL (L/mg) 0.34 (0.28–0.39)
Correlation coefficient (R) 0.980
SEE (mg/g) 3.45
RL 0.109–0.630
)

Beech sawdust pretreated with 20% w/v CaCl2 for 1 h

At 23◦C At 100◦C

13.02 (9.89–18.7) 16.05 (10.9–30.5)
1.44 (1.12–1.70) 2.13 (1.37–2.65)

0.980 0.949
1.85 3.08
0.040–0.389 0.026–0.343

23.9 (17.7–36.6) 29.1 (20.6–49.9)
0.34 (0.25–0.40) 0.30 (0.19–0.38)

0.982 0.980
3.72 3.08
0.107–0.653 0.112–0.710
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Fig. 2. The Langergren plots for the removal of methylene blue by adsorption
on original and CaCl2 treated beech sawdust at adsorption temperature =
23◦C (C0 = 14.0 mg/L).

All the linear correlations were found to be statistically
significant, as evident by theR-values and the SEE-values,
indicating the applicability of this kinetic equation to the ad-
sorption of methylene blue. The calculated first order rate
constant value (k) of the Langergren equation for the un-
treated beech sawdust was found to be lower than that esti-
mated for the CaCl2 treated at 23◦C material, whereas the
valuek for the CaCl2 treated at 100◦C material was the high-
est. The Langergren plots are shown inFig. 2.

According to the Langergren model and the Arrhenius
law k = pexp(−E/RT), the activation energy for the adsorp-
tion of methylene blue on untreated and pretreated beech
sawdust was estimated by linear regression of lnk (rate con-
stantk in min−1) on 1/T (T in K), as shown inFig. 3. The
methylene blue adsorption activation energyE (Table 3) was
found equal to 3.31 kcal/mol (13.8 kJ/mol) and 3.66 kcal/mol
(15.3 kJ/mol) for the CaCl2 treated at 23 and 100◦C material,
respectively, approximately equal to the activation energy of
the original material (3.62 kcal/mol or 15.1 kJ/mol). This in-
dicates that a physical process, i.e. the intra-particle diffusion,
is the controlling step of the adsorption process.

3.2.1. Effect of stirring speed
Agitation is an important parameter in sorption phenom-

ena, influencing the distribution of the solute in the bulk so-
l he
e on-
s d.
T d for

T
T ergren

P t

F
A
A
C
S

Fig. 3. The plots of lnk (rate constantk in min−1) for the removal of methy-
lene blue by adsorption on original and CaCl2 treated beech sawdust vs. 1/T
(T in K), according to the Arrhenius law.

values between 0 and 200 rpm, thus confirming that the influ-
ence of external diffusion on the sorption kinetic control plays
a significant role. In contrast, the small effect of agitation in
the range of 200–600 rpm showed that external mass transfer
was not the rate limiting step, and implied that intra-particle
diffusion resistance needed to be included in the analysis of
overall sorption[8,9,32].

3.2.2. Effect of pH
The effect of the pH of the dye solution on the amount

of dye adsorbed was studied by varying the initial pH un-
der constant process parameters. The final concentrationC
of methylene blue solutions after an adsorption period of
190 min was significantly higher for pH values between 1.5
and 4 for both untreated and pretreated materials than the
relevant concentration (C for t = 190 min) for pH = 8. The
lower adsorption of methylene blue at acidic pH was due
to the presence of excess H+ ions that competed with the
dye cation for adsorption sites. As the pH of the system in-
creased (pH > 8), the number of positively charged available
sites decreased while the number of the negatively charged
sites increased. The negatively charged sites favoured the ad-
sorption of dye cation due to electrostatic attraction. The
increase in initial pH from 8 to 13, slightly increased the
amount of dye adsorbed. The final pH of the solution was
f fter
a re-
l ace.
T orts
[

ution and the formation of the external boundary film. T
ffect of stirring speed (in rpm) on the adsorption rate c
tantk (in min−1) of the original material was investigate
he kinetics seemed to be affected by the agitation spee

able 3
he activation energy of methylene blue adsorption according to Lang

arameter Original beech sawdus

requency factor (p in min−1) 4.27 (2.26–8.06)
ctivation energy (E in kJ/mol) 15.1 (13.4–16.7)
ctivation energy (E in kcal/mol) 3.62 (3.21–4.02)
orrelation coefficient (R) 0.953
EE (min−1) 0.00176
model

Beech sawdust pretreated with 20% w/v CaCl2 for 1 h

At 23◦C At 100◦C

3.09 (0.99–8.84) 7.45 (1.79–30.9)
13.8 (10.7–16.6) 15.3 (11.5–19.1)

3.31 (2.58–3.98) 3.66 (2.75–4.58)
0.876 0.841
0.00311 0.00570

ound to decrease only slightly (by 0.3–0.5 pH units) a
dsorption of methylene blue (in cationic form) with the

ease of H+ ions from the active site of the adsorbent surf
he results were in agreement with other literature rep

8,9,22,32].
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3.2.3. Intra-particle diffusion model
Adsorbate species are probably transported from the bulk

of the solution into the solid phase through an intra-particle
diffusion/transport process, which is frequently the rate-
limiting step in many adsorption processes, especially in a
rapidly stirred batch reactor[22]. The possibility of intra-
particle diffusion was explored by using the intra-particle
diffusion model[34]:

qt = kp
√

t + c (7)

whereqt is the amount of dye adsorbed at timet; c the in-
tercept andkp the intra-particle diffusion rate constant in
mg g−1 min−0.5. Thekp andc values were estimated by lin-
ear regression analysis ofqt on

√
t; the low SEE values as

well as the highR-values indicate the applicability of this
model to our data. It showed that an intra-particle diffusion
process took place. The estimated values ofkp were higher
for CaCl2 treated beech sawdust than for the original mate-
rial. The values of the intercept are related to the boundary
layer thickness, i.e. the larger the intercept, the greater the
boundary layer effect.

3.3. Column studies

Oulman proposed the use of a bed depth service model for
s beds
[
w to the
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w
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w ;
=

Fig. 4. Breakthrough curves for fixed bed of original and CaCl2 treated
beech sawdust (methylene blue solution flow rate 10 mL/min and bed height
10 cm).

Eq.(10)was applied to the effluent data from the column
adsorber, using linear regression (Fig. 4). Transforming Eq.
(10):(

Ci

C

)n−1

− 1 = A e−rt (11)

Linearizing Eq.(11):

ln

[(
Ci

C

)n−1

− 1

]
= ln A − rt (12)

The values ofAandr can be thus estimated from the column
effluent data assumingCi = column influent andC = the
column effluent at timet. As can be observed inFig. 4, the
theoretical estimations sufficiently simulate the experimental
data. In addition, the adsorption rate coefficient (K) and the
adsorption capacity coefficient (N), shown inTable 4, were
estimated from theA andr-values. The adsorption capacity
coefficient values were found higher for the CaCl2 treated
materials than the original one.

4. Discussion

Untreated and CaCl2 treated beech sawdust were both
f c 22.
T
u vely,
s wdust
w of
p ed by
t t
2 ver
t
r lying
a t ad-
s
w an
t

the
o d by
t llu-
imulating granular activated carbon (GAC) adsorption
35]. The model, first developed by Bohart and Adams[36],
as based on surface reaction theory and is equivalent

logistic curve’ [37–41], anS-shaped curve given by Eq.(8),
hich is symmetrical around its midpoint att = a/b,C=Ci /2.

C

Ci
= 1

1 + ea−bt
(8)

he Bohart–Adams equation is as follows:

n

(
Ci

C
− 1

)
= KNx

u
− KCi t (9)

n which C = effluent concentration (mg/L);Ci = influ-
nt concentration (mg/L);K = adsorption rate coefficie
L mg−1 min−1);N= adsorption capacity coefficient (mg/L
= bed depth (cm);u= linear velocity (cm/min); andt = time

min). The above equation can be rewritten as Eq.(8) where
= KNx/u andb = KCi .
One of the limitations of the ‘simple logistic functio

s that it requires symmetry. However, many breakthro
urves are not perfectly symmetrical owing to the natur
he adsorption system under study. Clark[38] has develope
n alternative to the ‘simple logistic function’, called the ‘g
ralized logistic function’, that incorporates the paramen
f the Freundlich adsorption isotherm:

=
[

Ci
n−1

(1 + A e−rt)

]1/n−1

(10)

heren = inverse of the slope of the Freundlich isothermA
ea = eKNx/u; r = b = KCi .
ound to strongly adsorb methylene blue and red basi
heKF values and the adsorption capacities (qm), estimated
sing the Freundlich and the Langmuir models respecti
howed that the adsorption properties of the beech sa
ere enhanced with CaCl2 treatment. The temperature
retreatment was also found to affect adsorption, as not

he difference in the values ofKF for the CaCl2 treated a
3 and 100◦C material. The superiority of the treated o

he untreated material was further verified by theRL values
eferring to the same dye concentrations. Moreover, app
bed depth service model for the simulation of sawdus

orption beds, the adsorption capacity coefficient (N) values
ere found higher for the CaCl2 treated beech sawdust th

hose for the original one.
The content of hemicelluloses, cellulose and lignin of

riginal beech sawdust remained practically unchange
he CaCl2 treatment. The efficient swelling of the hemice
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Table 4
Estimated parameter values for methylene blue and red basic 22 adsorption according to the Bohart–Adams bed depth service model

Parameter Original beech sawdust Beech sawdust pretreated with 20% w/v CaCl2 for 1 h

At 23◦C At 100◦C

Methylene blue
Adsorption rate coefficient (K in mg−1 L min−1) 0.00082± 0.00008 0.00086± 0.00027 0.00089± 0.00028
Adsorption capacity coefficient (N in mg/L) 3950± 210 4269± 324 5067± 242
SEE (mg/L) 0.167 0.420 0.395

Red basic 22
Adsorption rate coefficient (K in mg−1 L min−1) 0.00038± 0.00010 0.00060± 0.00008 0.00039± 0.00010
Adsorption capacity coefficient (N in mg/L) 5873± 1130 6138± 611 7641± 672
SEE (mg/L) 0.675 0.758 0.833

loses and cellulose results in ‘opening’ of the structure of the
lignocellulosic matrix[1], which possibly accounts for the
advanced adsorption properties of the CaCl2 treated materi-
als over the untreated ones. Furthermore, the CaCl2 treatment
of the material leads to the activation of the internal surface of
beech sawdust particles, thus increasing the number of active
sites available for dye binding[19,20,21].

Kinetic studies using the Langergren equation provided
values ofk for the CaCl2 treated material higher than the
estimated for the original material under the same conditions.
Moreover, the methylene blue adsorption activation energy
for the pretreated samples was found to be approximately
14–15 kJ/mol, at the same range with the activation energy of
the original material (15.1 kJ/mol). The fact that the activation
energies are low, strongly suggested that a physical stage was
the controlling step of the adsorption process.

The removal of methylene blue by adsorption on various
materials was found to be rapid at the initial period of contact
time and then to become slow and stagnate with the increase
in contact time. The possible mechanism for the removal of
the cationic dye by adsorption was assumed to involve the
following four steps[22]:

• migration of dye from bulk of the solution to the surface
of the adsorbent;

• diffusion of dye through the boundary layer to the surface

• f the

• the

te of
a time
w bility
o t the
a sorp-
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f
t sion
m icle
m y, this
w tages

were not strictly in series over the whole surface under con-
sideration (a spatial distribution of rates seems to be a more
realistic approach).

5. Conclusions

The results presented herein showed that the CaCl2 treat-
ment of the beech sawdust enhances its adsorption properties
considerably. The Freundlich adsorption capacityKF (batch
studies) for methylene blue increased by 28% for pretreat-
ment at 23◦C and 98% for pretreatment at 100◦C. TheKF
value for red basic 22 increased by 14 and 30% for pretreat-
ment at 23 and 100◦C, respectively. The adsorption capacity
coefficientN according to the Bohart–Adams bed depth ser-
vice model (column studies) for methylene blue increased
by 8% for pretreatment at 23◦C and 28% for pretreatment
at 100◦C. TheN value for red basic 22 increased by 5 and
30% for the same pretreatments, respectively. Thus, this low
cost adsorbent could be made widely available for use as an
alternative to commercial activated carbons for the removal
of basic dyes from water/wastewater effluents.
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of the adsorbent;
adsorption of dye at an active site on the surface o
adsorbent;
intra-particle diffusion of dye into the interior pores of
adsorbent particle.

The boundary layer resistance was affected by the ra
dsorption and the contact time. An increase in contact
ill reduce the resistance and thereby increase the mo
f dye during adsorption. Since the uptake of the dye a
ctive sites of adsorbent is a rapid process, the rate of ad

ion is mainly governed by either a liquid phase mass tr
er rate or an intra-particle mass transfer rate[9,11,22,30]. In
he present study it was found that the intra-particle diffu
odel was sufficiently applicable indicating the intra-part
ass transfer rate as the rate-determining step. Evidentl
as an approximation, as in adsorption the steps or s
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