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a b s t r a c t

The simulation of batch and column kinetics of Methylene Blue and Red Basic 22 adsorption on mild acid
hydrolyzed wheat straw was investigated, using untreated wheat straw as control, in order to examine its
properties for potential use as a low cost adsorbent for wastewater dye removal. The BET surface area, the
adsorption capacities (estimated according to Freundlich and Langmuir models), indicated that mild acid
ccepted 20 September 2008

eywords:
asic dyes
dsorption
heat straw

cid hydrolysis

hydrolysis enhances significantly the adsorption properties of the original material. This enhancement
can be attributed to the removal of the hemicelluloses during sulfuric acid treatment, resulting in the
‘opening’ of the pores of lignocellulosic matrix’s structure and the increasing of the BET surface area.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Inexpensive, locally available and effective materials could be
sed in place of commercial activated carbon for the removal of dyes

n aqueous solutions. The environmental impact of the dyes present
n the wastewater streams of many industrial sectors, such as dye-
ng, textile, paper, tannery and the paint industry, has drawn a lot of
ttention, emphasizing the necessity for their removal. Undoubt-
dly, low-cost adsorbents offer a lot of promising benefits for
ommercial purposes in the future. In particular, straw, a relatively
bundant and inexpensive material, has been extensively investi-
ated as an adsorbent for removing contaminants from water. Other
dsorbent materials that have been studied include wood sawdust
nd other agricultural residues, untreated or treated in various ways
1–3].

Among the untreated materials that have been investigated,
any agricultural residues, such as wheat straw, rice husk, corncobs

nd wood chips, have been used successfully to adsorb individual

yes and dye mixtures in textile effluent [4]. They are commonly
sed as an adsorbent, especially for basic dyes, with capacity vary-

ng according to the structure of the dye and the mesh size [5].
emoval of methylene blue and other basic dyes has been car-

∗ Corresponding author. Tel.: +30 104 142360; fax: +30 104 142366.
E-mail address: sidiras@unipi.gr (D. Sidiras).
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ied out using cedar sawdust [6], rubber-wood sawdust [7] coir
ith, an unwanted by-product from the coir processing industry
8], banana/orange peels [9] and palm-fruit bunch particles [10,11].

Concentrated sulfuric acid- and formaldehyde-treated wheat
traw and dilute acid-hydrolyzed charred straw were successfully
sed as adsorbents for a variety of dyes [2,12]. Cellulose-based
nionic dye adsorbents have been prepared from agricultural
esidues (e.g. wheat straw) treated with cross-linked polyethylen-
mine [13] or cross-linked amphoteric starch [14]; also, carbonized
gricultural wastes such as coir pith [15], cassava peel [9], bagasse
16] and kudzu [17] have been utilized successfully for the removal
f dyes from aqueous solutions. Prehydrolyzed (with dilute sul-
huric acid solution at 100 ◦C) beech sawdust [18] and calcium
hloride treated (at 100 ◦C) beech sawdust [19] has been proven
o be effective for basic dyes adsorption in batch and fixed-bed
ystems.

The suitability of a range of materials as dye adsorbents (e.g. acti-
ated carbons from bamboo dust, coconut shell, groundnut shell,
ice husk and straw) is often established using (i) the kinetics of
ethylene blue adsorption during batch and continuous (column)

rocesses [20] and (ii) the BET surface area.

In the present study, the BET surface area and the removal of

hemical grade Methylene Blue and commercial Red Basic 22 by
cid hydrolyzed wheat straw was studied using untreated wheat
traw as control. The batch and column adsorption kinetics of the
wo dyes were used to estimate the adsorption capacity of the

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:sidiras@unipi.gr
dx.doi.org/10.1016/j.cej.2008.09.025
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Nomenclature

a′
KF intercept of the linear relation KF vs. B

a′
N intercept of the linear relation N vs. B

a′
qm intercept of the linear relation qm vs. B

aB intercept of the linear relation B vs. Cp

aKF intercept of the linear relation KF vs. Cp

aN intercept of the linear relation N vs. Cp

aqm intercept of the linear relation qm vs. Cp

b′
KF slope of the linear relation KF vs. B

b′
N slope of the linear relation N vs. B

b′
qm slope of the linear relation qm vs. B

bB slope of the linear relation B vs. Cp

bKF slope of the linear relation KF vs. Cp

bN slope of the linear relation N vs. Cp

bqm slope of the linear relation qm vs. Cp

B BET surface area (m2 g−1)
B0 value of B for acid hydrolysis reaction time t = 0 (at

the beginning of the preheating period)
Be value of B for acid hydrolysis reaction time t → ∞
c intercept of the intra-particle diffusion equation
C concentrations of Methylene Blue or Red Basic 22

in the bulk solution at time t in the case of batch
adsorption process; also, the effluent concentration
(mg L−1) in the case of the column adsorption pro-
cess

C0 initial dye concentration (mg L−1)
Ce equilibrium concentration of the adsorbate (mg L−1)

for t → ∞
Ci influent concentration (mg L−1) in the case of col-

umn adsorption process
Cp removed polysaccharides, i.e. cellulose and hemi-

celluloses as dry weight of product of the original
dry material (%, w/w)

Cpe value of Cp for acid hydrolysis reaction time t → ∞
E adsorption activation energy
k first order rate constant for the adsorption process

(min−1).
kB BET surface area kinetic constant (h−1)
kN kinetic constant (h−1)
kp hydrolysis first order rate kinetic constant (h−1)
kp intra-particle diffusion rate constant

(mg g−1 min−0.5)
kqm kinetic constant (h−1)
kT heating rate constant (h−1)
K adsorption rate coefficient (L mg−1 min−1) in the

case of column adsorption process
KF Freundlich constant related to adsorption capacity
KF0 value of KF for acid hydrolysis reaction time t = 0 (at

the beginning of the preheating period)
KFe value of KF for acid hydrolysis reaction time t → ∞
KKF kinetic constant (h−1)
KL Langmuir constant related to the energy of adsorp-

tion (L mg−1)
m weight of the adsorbent used (g)
n inverse of the slope of the Freundlich isotherm, it is

related to adsorption intensity
N adsorption capacity coefficient (mg L−1) in the case

of column adsorption process
N0 value of N for acid hydrolysis reaction time t = 0 (at

the beginning of the preheating period)
Ne value of N for acid hydrolysis reaction time t → ∞
p frequency factor at the Arrhenius law (min−1)

q amount adsorbed per unit mass of the adsorbent
(mg g−1)

qm Langmuir constant related the amount of dye
adsorbed (mg g−1) when the saturation is attained

qm0 value of qm for acid hydrolysis reaction time t = 0 (at
the beginning of the preheating period)

qme value of qm for acid hydrolysis reaction time t → ∞
qt amounts of dye adsorbed per unit mass of the adsor-

bent (in mg g−1) at time t
RL dimensionless constant called ‘equilibrium param-

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

SEE standard error of estimate
t adsorption or acid hydrolysis treatment time (in min

or in h, respectively).
T adsorption or acid hydrolysis treatment tempera-

ture (K)
T0 acid hydrolysis reaction initial temperature (at the

beginning of the preheating period), i.e. the value of
T for t = 0

Te acid hydrolysis reaction final temperature, i.e. the
value of T for t → ∞

u linear velocity (cm/min) in the case of column
adsorption process

x bed depth of the adsorption column (cm)

Greek symbols
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˛1, ˇ1, �1, ı1, ε1 empirical parameters of the equation for
the Freundlich parameter KF as a function of pH

ntreated and treated by mild acid-hydrolysis wheat straw. The
ffect of the hydrolysis time on the adsorption capacity and the
ET surface area was also investigated. The results indicate that the
cid hydrolyzed lignocellulosic material exhibits advanced adsorp-
ion properties and higher BET surface area values compared to the
riginal material, enhanced by increasing the pretreatment time.
onsidering the abundance and low cost of the original material and
he vast applicability of the treatment process proposed herein, the
reated wheat straw could be an extremely cost-effective adsorbent
or basic dyes.

. Experimental

.1. Materials development

The wheat straw used was obtained from the Greek region of
hessaly, as a suitable source for full-scale/industrial applications.
he moisture of the material when received was 9% w/w. After
rinding by a hummer mill and screening, the fraction with particle
izes between 0.2 and 0.8 mm was isolated as ‘fine grinded wheat
traw’ and the fraction with particle sizes between 0.8 and 8 mm
as isolated as ‘coarse grinded wheat straw’. The chemical compo-

ition and the BET surface area of the raw material are presented in
able 1.

The mild acid hydrolysis process was performed in a 500-
L glass batch reactor, equipped with an internal thermocouple,

mmersed in a heating oil bath [21,22]. The mild acid hydrolysis

nal temperature was 100 ◦C; 1.8 M H2SO4 solution catalyzed the
eaction at a liquid-to-solid ratio of 10:1 by mass. The reaction time
as 0.5, 1, 2, 3, 4 and 5 h, plus 40 min the preheating period.

The composition of the pre-treated wheat straw (cellulose,
emicelluloses, lignin, etc. as dry weight of product % (w/w) of the
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Table 1
Composition and BET surface area of the original and the hydrolyzed wheat straw.

Composition (expressed as % (w/w) on a dry weight basis of the hydrolyzed material)

Component Original wheat straw Wheat straw pre-treated with 1.8 M H2SO4 at 100 ◦C

0.5 ha 1 ha 2 ha 3 ha 4 ha 5 ha

Fine grinded wheat straw
Celluloseb 36.2 50.6 53.0 52.1 51.0 47.9 47.3
Hemicelluloses 31.6 15.2 6.1 2.3 0.9 0.3 0.1
Acid-insoluble lignin 27.2 38.5 41.5 43.7 45.7 45.7 47.9
Ash 1.0 1.4 1.5 1.6 1.7 1.7 1.8
Extractives and others 4.0 5.7 6.1 6.4 6.7 6.7 7.0
BET surface area (m2 g−1) 3.1 6.1 6.8 11.0 11.0 11.5 9.0

Coarse grinded wheat straw
Celluloseb 37.0 49.6 52.0 51.1 50.0 46.9 46.4
Hemicelluloses 30.9 14.9 5.9 2.3 0.9 0.3 0.1
Acid-insoluble lignin 27.7 37.8 40.7 42.8 44.8 44.9 47.0
Ash 0.8 1.4 1.5 1.6 1.6 1.6 1.7
Extractives and others 3.6 5.6 6.0 6.3 6.6 6.6 6.9
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ET surface area (m2 g−1) 5.3 7.6

a Hydrolysis reaction time without including preheating time.
b Degree of crystallinity 80%.

re-treated dry material) and the BET surface area values of the
reated material are presented in Table 1.

.2. Adsorption studies

Adsorption isotherms were derived from batch experiments.
ollowing the batch procedure, accurately weighed quantities of
dsorbent (0.5 g with particle sizes between 0.2 and 0.8 mm or
.8 and 8 mm, respectively) were transferred into 0.8-L bottles,
here 0.5 L of buffered (at pH 8) adsorbate solution were added.

he Methylene Blue and Red Basic 22 initial concentrations were
.4–14 mg L−1 and 3.2–32 mg L−1, respectively. The bottles were
ealed and mechanically tumbled for a period of 7 days at 23 ◦C. The
esulting solution concentrations were determined and the equilib-
ium data from each bottle represented one point on the adsorption
sotherm plots.

.3. Kinetic studies

Adsorption rate batch experiments were conducted in a 2-L
ompletely mixed glass reactor fitted with a twisted blade-type
tirrer, operated at 600 rpm to keep the lignocellulosic material in
uspension. The reactor, containing 1 L aquatic dye solution and 1 g
dsorbent (with particle sizes between 0.2 and 0.8 mm or 0.8 and
mm), was placed into a water bath to keep temperature constant
t the desired level (23 ◦C). The Methylene Blue and Red Basic 22
nitial concentrations were 1.4–14 mg/L and 3.2–32 mg L−1, respec-
ively. The effect of stirring was studied in the range of 0–1000 rpm.
he pH effect was studied in the range of 1.5–13 (the pH values of the
ye solutions were adjusted using dilute H2SO4 or NaOH solutions,
s appropriate).

.4. Column studies

Fixed-bed up-flow adsorber studies were conducted in
0 cm × 2 cm and 20 cm × 2 cm glass columns filled with 10 and
0 g of fine grinded wheat straw or 5 and 10 g of coarse grinded
heat straw, respectively. The experimental set-up consisted
f three parallel columns, fed by a multi-channel peristaltic
ump at a constant flow rate, ranging from 5 to 15 mL min−1.
he Methylene Blue and Red Basic 22 influent concentrations
ere 14 and 32 mg L−1, respectively. Interconnective tubing and
tting were made of polytetrafluoroethylene (PTFE). Effluent sam-

l
‘
l
y
w

11.9 13.7 14.0 13.5 14.5

les were analyzed to yield output concentration breakthrough
urves.

.5. Analytical techniques

The degree of crystallinity of wood cellulose was measured with
he X-ray diffraction method proposed by Segal et al. [23]. Follow-
ng the technique proposed by Saeman et al. [24], the lignocellulosic

aterials were hydrolyzed to glucose and reducing sugars in nearly
uantitative yields; the filtrates were analyzed for glucose using the
lu-cinet test and for reducing sugars using the Somogyi technique

25]. Based on these results the cellulose and hemicelluloses con-
ents of the adsorbents were estimated. Finally, the acid-insoluble
ignin (Klason lignin) was determined according to the Tappi T222
m-88 method.

The BET (Brunauer, Emmet and Teller) surface area of the original
nd the pre-treated straw was measured from the N2 adsorp-
ion isotherm with an ‘Areameter II’ (Juwe-Laborgeräte GmbH)
orptiometer in accordance with DIN 66132 [26]. Prior to this
easurement, the samples were dried under vacuum at 150 ◦C

vernight to clean the surface.
The concentrations of Methylene Blue and Red Basic 22 in the

olution were obtained by measuring O.D. at 663 and 530 nm (�max)
espectively, using a HACH DR4000U UV–vis spectrophotometer.
he effect of the pH at the �max value for specifically severe con-
itions (pH > 12 and adsorption time t = 7 days) was taken into
ccount.

. Results and discussion

.1. Simulation of the mild acid hydrolysis

Cellulose crystallinity, accessible surface area, protection by
ignin, and cellulose sheathing by hemicelluloses all contribute to
ts resistance of biomass hydrolysis [27]. Dilute acid hydrolysis of
ellulose and hemicelluloses produces glucose, xylose and degrada-
ion products as furfural. The hydrolysis is affected by temperature,
oncentration of acid and reaction time [28]. The detailed simu-

ation of the mild acid hydrolysis process was performed using
HYDROSTRAW’, a simulation model for dilute acid hydrolysis of
ignocellulosic materials [22], adapted to the wheat straw hydrol-
sis data presented herein. Cellulose fractions are hydrolyzed to
ater-soluble glucose, hemicelluloses are hydrolyzed to xylose and
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Fig. 1. Simulation of the (a) yield of the pre-treated wheat straw (dry weight of
product % (w/w) of the original dry material) and (b) the removed polysaccharides
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where Be is the value of B for hydrolysis time t → ∞, B0 is the value
of B for t = 0 (at the beginning of the preheating period) and kB is
the BET surface area kinetic constant in h−1. The parameters were
found by non-linear regression analysis (Table 6). The solid line for

Fig. 2. Simulation of the BET surface area (a) vs. the acid hydrolysis time (reaction
cellulose and hemicelluloses) fraction (dry weight of product % (w/w) of the original
ry material) vs. the acid hydrolysis time (reaction final temperature: 100 ◦C; 1.8 M
2SO4 aquatic solution; liquid-to-solid ratio: 10:1 by mass).

cid-insoluble lignin fraction is not affected by mild acid hydroly-
is.

Amorphous cellulose → glucose → degradation products.
Crystalline cellulose → glucose → degradation products.
Easily hydrolyzed hemicelluloses → xylose → degradation prod-
ucts.
Resistant to hydrolyzed hemicelluloses → xylose → degradation
products.
Lignin → not hydrolyzed.

According to the simulation applied in the present work, more
han 67% (w/w) of the amorphous cellulose, 16% (w/w) of the
rystalline cellulose, 99.9% (w/w) of the easily hydrolyzed hemicel-
uloses and 99% (w/w) of the resistant to hydrolysis hemicelluloses

ere hydrolyzed at 5 h acid hydrolysis time (without including
0 min preheating period). The results for the yield of the pre-
reated wheat straw (dry weight of product % (w/w) of the original
ry material) vs. reaction time (t in hours) are given in Fig. 1a. The
emoved polysaccharides Cp (cellulose and hemicelluloses as dry
eight of product % (w/w) of the original dry material) are given in

ig. 1b (solid line). The reaction temperature profile was simulated
y the equation

= Te − (Te − T0)e−kT t (1)

here Te is the acid hydrolysis reaction final temperature, i.e. the
alue of T for t → ∞, T0 is the reaction initial temperature (at the
eginning of the preheating period), i.e. the value of T for t = 0
nd kT is the heating rate constant in h−1. The parameters were

ound by non-linear regression analysis, Te = 100 ◦C, T0 = 10 ◦C and
T = 0.038 h−1.

Alternatively, the simulation of the removed polysaccharides,
or reaction time including preheating period >(40 + 30)/60 = 1.17 h,
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an be approximately achieved by simple first order kinetics:

dCp

dt
= k(Cpe − Cp), which gives Cp = Cpe(1 − e−kpt) (2)

here Cpe is the value of Cp for t → ∞, and kp is the hydrolysis kinetic
onstant in h−1. The value of Cp is zero for t = 0 (at the beginning
f the preheating period). The Cpe was found to be approximately
qual to the hemicelluloses and the amorphous cellulose quantity.
he crystalline cellulose was not hydrolyzed at the conditions used
erein. The kp parameter value was found by non-linear regression
nalysis (Table 6). The alternative simulation results are shown by
he dashed line in Fig. 1b.

.2. Simulation of the BET surface area as affected by the mild
cid hydrolysis

Introducing the surface area B (in m2 g−1, measured by the BET
ethod) as a variable, possibly depended on Cp, we observe an

lmost linear relation between them (Fig. 2b):

= aB + bBCp (3)

The results from the fitting of Eq. (3) to the experimental data are
iven in Fig. 2a and the parameters’ values are given in Table 6. The
ET surface area is increasing linearly vs. the removed polysaccha-
ides percentage (dry % (w/w) fraction of the original dry material)
or both (fine and coarse grinded) wheat straw fractions.

By combining relations (2) and (3) we obtain Eq. (4), which
imulates specific surface area B growth as a function of the
ild acid hydrolysis processing time, including preheating period

(40 + 30)/60 = 1.17 h:

= Be − (Be − B0)e−kBt (4)
nal temperature: 100 ◦C; 1.8 M H2SO4 aquatic solution; liquid-to-solid ratio: 10:1
y mass) and (b) vs. the removed polysaccharides (cellulose and hemicelluloses)
raction (dry weight of product % (w/w) of the original dry material) for the same
ydrolysis reaction conditions. The solid lines correspond to the fine grinded wheat
traw data and the dashed lines correspond to the coarse grinded wheat straw data.
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he fine grinded wheat straw fraction and the dashed line for the
oarse grinded wheat straw fraction are shown in Fig. 2a. By the
ssumption that kB = kp, then Be = aB + bBCpe and B0 = Be − bbCpe.

The hemicelluloses content of the original wheat straw was sig-
ificantly decreased by mild acid hydrolysis (the initial value of
1.6% (w/w) was decreased to 0.1% (w/w) of the hydrolyzed mate-
ial after 5 h of treatment). The cellulose fraction decreased by its
morphous part (the initial value of 36.2% (w/w) was increased
o 47.3% (w/w) of the hydrolyzed material but decreased to 26.9%
w/w) of the original material after 5 h of treatment) while the
ignin quantity remained practically unchanged (according to the
ata in Table 1 combined with the Fig. 1 data). The efficient removal
f the hemicelluloses (in the form of water soluble reducing sugars,
.g. xylose, etc.) and the amorphous part of cellulose (in the form
f water soluble glucose) results in ‘opening’ of the pores of the
tructure of the lignocellulosic matrix [21,22]. This phenomenon
as as a result the increasing the BET surface area of the mate-
ial, which accounts for the advanced adsorption properties of the
ydrolyzed materials over the untreated ones. Furthermore, the
ulfuric acid treatment of the material possibly leads to the activa-
ion of the internal surface of wheat straw particles, thus increasing
he number of active sites available for dye binding.

.3. Adsorption isotherms

The comparison of the adsorption capacities of the untreated
nd pre-treated wheat straw samples was based on the Freundlich
29] and Langmuir [30] isotherm models, both commonly used
or investigating the sorption of a variety of dyes on: straw [2],
ood shavings [3], coir pith [8], banana/orange peels [9], palm-

ruit bunch particles [11], dried kudzu [17], beech sawdust [18,19]
nd activated carbons [15,16,20,31–35].

The Freundlich [29] isotherm form is given by the following
quation:

= KF (Ce)1/n (5)

here q is the amount adsorbed per unit mass of the adsorbent
mg g−1), Ce is the equilibrium concentration of the adsorbate
mg L−1) and KF, n are the Freundlich constants related to adsorp-
ion capacity and intensity, respectively. The logarithmic form of
q. (5) gives the following linearized expression:

og q = log KF + 1
n

log Ce (6)
The Freundlich constants KF and n were estimated by lin-
ar regression analysis from the experimental adsorption data
btained at 23 ◦C for Methylene Blue and Red Basic 22 (Table 2).
n Fig. 3, methylene blue adsorption on the original and the 4 h
ydrolyzed samples are given as an example for sake of compar-

ig. 3. Freundlich isotherms for the removal of methylene blue by adsorption on
riginal and acid hydrolyzed for 4 h (the 40 min preheating period is not included)
ne grinded wheat straw.
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he fine grinded wheat straw acid hydrolysis time (t in h) and (b) the corresponding
ET surface area (B in m2 g−1). The solid lines correspond to the methylene blue
dsorption data and the dashed lines correspond to the Red Basic 22 adsorption
ata.

son between them. The Freundlich parameter mean values are
hown in Table 3. The parameter values estimated by non-linear
egression gave only slightly lower S.E.E. (standard error of esti-
ate) and were not significantly different in comparison with the

alues obtained by using the linearized expression (6). Further to
implicity of the algebraic determination of parameter-values (in
omparison with the algorithmic procedures followed in non-linear
pproximations), the linearized expression provides values that
an be directly compared with the results reported by most of the
uthors who have adopted this simpler approach.

The KF values estimated for the hydrolyzed samples were sig-
ificantly higher, comparing to those of the untreated material for
oth dyes, indicating an increased adsorption capacity of the for-
er; among pre-treated materials, higher values were obtained

rom the stronger hydrolyzed samples (higher hydrolysis reaction
imes). The goodness of fitting of the Freundlich equation to exper-
mental data shows that the adsorbents’ surface was most probably
eterogeneous and capable for multiplayer adsorption.

Introducing the KF parameter (in mg1−1/n g−1 L1/n), as a vari-
ble, possibly depended on Cp, we observe an almost linear relation
etween them:

F = aKF + bKF Cp (7)

By combining relations (2) and (7) we obtain Eq. (8), which sim-
lates KF parameter (in mg1−1/n g−1 L1/n), growth as a function of the
ild acid hydrolysis processing time, including preheating period

(40 + 30)/60 = 1.17 h:

F = KFe − (KFe − KF0)e−kKF t (8)

here KFe is the value of KF for t → ∞, KF0 is the value of KF for t = 0 (at
he beginning of the preheating period) and kKF is the kinetic con-

tant in h−1. The parameters were found by non-linear regression
nalysis (Table 6). The solid line for the methylene blue absorption
nd the dashed line for the Red Basic 22 adsorption on the fine
rinded wheat straw fraction are presented in Fig. 4a. Assuming
hat kKF = kp then KFe = aKF + bKF Cpe, and KF0 = KFe − bKF Cpe.
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Table 2
The Freundlich parameters of adsorption isotherms.

Parameter Original wheat straw Wheat straw pre-treated with 1.8 M H2SO4 at 100 ◦C

0.5 ha 1 ha 2 ha 3 ha 4 ha 5 ha

Fine grinded wheat straw
Methylene Blue
KF 1.57 6.50 10.52 11.95 10.42 10.95 9.59
n 0.97 1.30 1.37 1.33 1.09 1.01 1.40
Correlation coefficient (R) 0.9511 0.8762 0.8110 0.9686 0.9615 0.9683 0.9903
S.E.E. (mg g−1) 1.06 1.15 1.24 1.04 1.05 1.42 1.39

Red Basic 22
KF 3.02 7.13 8.30 8.42 8.72 9.81 8.12
n 1.28 1.28 1.27 1.44 1.33 1.60 1.22
Correlation coefficient (R) 0.9251 0.9449 0.8881 0.9589 0.9871 0.8750 0.9820
S.E.E. (mg g−1) 4.14 4.05 4.31 3.99 3.88 6.30 3.61

Coarse grinded wheat straw
Methylene Blue
KF 2.68 8.06 18.27 14.82 13.26 12.86 15.45
n 1.66 1.62 1.43 1.64 1.39 1.19 1.35
Correlation coefficient (R) 0.9321 0.8586 0.7948 0.9492 0.9423 0.9489 0.9705
S.E.E. (mg g−1) 1.08 1.17 1.27 1.06 1.07 1.45 1.42

Red Basic 22
KF 5.17 8.85 14.43 10.44 11.09 11.52 13.07
n 1.31 1.59 1.76 1.79 1.69 1.50 1.57
C 0.8
S 4.4

E

K

T
T

P

F
M
q
K
C
S
R

R
q
K
C
S
R

C
M
q
K
C
S
R

R
q
K
C
S
R

orrelation coefficient (R) 0.9066 0.9260
.E.E. (mg g−1) 4.22 4.13

a Hydrolysis reaction time without including preheating time.
Alternatively, the same Eq. (8) comes from the combination of
q. (3) with the following equation:

F = a′
KF + b′

KF B (9)

b
K

a
a

able 3
he Langmuir parameters of adsorption isotherms.

arameter Original wheat straw Wheat straw pre-trea

0.5 ha 1 h

ine grinded wheat straw
ethylene Blue

m (mg g−1) 2.23 12.65 19
L (L mg−1) 0.758 1.086 0
orrelation coefficient (R) 0.9652 0.7491 0
.E.E. (mg g−1) 1.20 1.55 1
L

b 0.086 0.062 0

ed Basic 22
m (mg g−1) 23.4 45.4 43
L (L mg−1) 0.190 0.237 0
orrelation coefficient (R) 0.7347 0.9273 0
.E.E. (mg g−1) 5.40 6.96 7
L

c 0.141 0.116 0

oarse grinded wheat straw
ethylene Blue

m (mg g−1) 3.82 15.69 33
L (L mg−1) 1.30 1.35 1
orrelation coefficient (R) 0.9459 0.7341 0
.E.E. (mg g−1) 1.26 1.62 1
L

b 0.052 0.050 0

ed Basic 22
m (mg g−1) 40.00 56.28 75
L (L mg−1) 0.20 0.29 0
orrelation coefficient (R) 0.7714 0.9087 0
.E.E. (mg g−1) 5.56 7.17 6
L

c 0.138 0.096 0

a Hydrolysis reaction time without including preheating time.
b The RL values for Methylene Blue adsorption are calculated for C0 = 14 mg L−1.
c The RL values fro Red Basic 22 adsorption are calculated for C0 = 32 mg L−1.
704 0.9397 0.9673 0.8575 0.9624
0 4.07 3.96 5.14 3.69

′ ′
y the assumption that kKF = kB. In this case KFe = aKF + bKF Be, and
F0 = KFe − b′

KF (Be − B0).
The results from the fitting of Eq. (9) to the experimental data

re given in Fig. 4b (the solid line for the methylene blue absorption
nd the dashed line for the Red Basic 22 adsorption on the fine

ted with 1.8 M H2SO4 at 100 ◦C

a 2 ha 3 ha 4 ha 5 ha

.44 19.46 17.87 20.41 16.21

.976 1.185 0.786 0.663 0.974

.7075 0.9581 0.9568 0.9795 0.9546

.64 1.21 1.33 1.10 1.46

.068 0.057 0.083 0.097 0.068

.2 55.8 72.7 54.7 67.8

.233 0.171 0.106 0.211 0.138

.8932 0.9532 0.9949 0.8814 0.9749

.00 5.44 5.99 4.95 6.55

.118 0.154 0.227 0.129 0.185

.78 24.13 22.74 23.96 26.12

.02 1.47 1.00 0.78 0.94

.6933 0.9389 0.9377 0.9599 0.9355

.63 1.27 1.40 1.16 1.53

.066 0.046 0.067 0.084 0.071

.16 69.16 92.52 64.25 109.24

.32 0.21 0.14 0.20 0.18

.8754 0.9341 0.9750 0.8637 0.9554

.85 5.60 6.17 5.10 6.75

.088 0.128 0.188 0.136 0.149
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rinded wheat straw fraction) and the parameters’ values are given
n Table 6. The KF values are increasing linearly vs. BET surface area
ncreasing for both (fine and coarse grinded) wheat straw fractions.

The Langmuir [30] isotherm equation is based on the following
pseudo-monolayer’ adsorption model.

1
q

=
(

1
qm

)
+

(
1

KLqm

)(
1
Ce

)
(10)

here KL is the Langmuir constant related to the energy of adsorp-
ion (L mg−1) and qm the amount of dye adsorbed (mg g−1) when
aturation is attained. The name ‘pseudo-monolayer’ is justified by
replacement of the original concept ‘monolayer capacity’ with

saturation’ as the upper limit for the amount of the adsorbed
ubstance, implying a corresponding change in the adsorption driv-
ng force, which is the difference q − qt, where q and qt are the
mounts of dye adsorbed per unit mass of the adsorbent mate-
ial (in mg g−1) at equilibrium time (∞) and adsorption time t,
espectively. If the isotherm experimental data approximates the
angmuir equation, the parameters KL and qm can be obtained by
lotting 1/q vs. 1/Ce. Table 3 presents the estimated parameter-
alues for the data gathered in the present study. The adsorption
apacities (qm) obtained for untreated wheat straw were lower than
he values for the hydrolyzed samples. The superiority of the more
ydrolyzed sample over the less pre-treated ones is confirmed in
he case of Methylene Blue and Red Basic 22 experiments, respec-
ively. The goodness of fitting of the Langmuir’s adsorption model
o the present data is lower than the Freundlich’s model, as shown
y the high S.E.E. Nevertheless the validity and use of both mod-
ls (although with different S.E.E.-values) provides us with reliable
arameter-values which can be used in the same knowledge base
KB) together with the results reported by other authors, who have
orked on only one of these models; this provision is a prerequi-

ite for an inference engine to perform data mining (for comparing
esults from various sources) in such a KB according to the principle
f consistency.

The essential characteristics of the Langmuir [30] isotherm
an be described by a dimensionless constant called ‘equilibrium
arameter’ or ‘separation factor’ RL, defined by the following equa-
ion:

L = 1
1 + KLC0

(11)

here C0 is the initial dye concentration (mg L−1) and KL is the
angmuir constant (L mg−1). It is generally accepted that RL values
ndicate the type of isotherm, with an RL value close to zero indicat-
ng favorable adsorption. At present, the RL values were found to be
lose to zero for both dyes and dye concentrations C0 in the range of
.4–14 mg L−1 for Methylene Blue and 3.2–32 mg L−1 for Red Basic
2 (Table 3), for all adsorbents studied. Moreover, the higher RL val-
es of the untreated wheat straw indicate that adsorbent treatment
nhanced adsorption properties and verifies the findings according
o the Freundlich model.

Introducing the qm parameter (in mg g−1), as a variable, possi-
ly depended on Cp, we observe an almost linear relation between
hem:

m = aqm + bqmCp (12)

By combining relations (2) and (12) we obtain Eq. (13), which
imulates qm parameter (in mg g−1), growth as a function of the
ild acid hydrolysis processing time, including preheating period
(40 + 30)/60 = 1.17 h:

m = qme − (qme − qm0)e−kqmt (13)

here qme is the value of qm for t → ∞, qm0 is the value of qm for
= 0 (at the beginning of the preheating period) and kqm is the

3

r

ig. 5. Simulation of the Langmuir parameter (qm in mg g−1) vs. (a) the fine grinded
heat straw acid hydrolysis time (t in h) and (b) the corresponding BET surface area

B in m2 g−1). The solid lines correspond to the methylene blue adsorption data and
he dashed lines correspond to the Red Basic 22 adsorption data.

inetic constant in h−1. The parameters were found by non-linear
egression analysis (Table 6). The solid line for the Methylene Blue
bsorption and the dashed line for the Red Basic 22 adsorption
n the fine grinded wheat straw fraction are shown in Fig. 5a. By
he assumption that kqm = kp then qme = aqm + bqmCpe, and qm0 =
me − bqmCpe.

Alternatively, Eq. (13) comes from the combination of Eq. (3)
ith the following equation:

m = a′
qm + b′

qmB (14)

y the assumption that kqm = kB. In this case qme = a′
qm + b′

qmBe, and
m0 = qme − b′

qm (Be − B0).
The results from the fitting of Eq. (14) to the experimental data

re given in Fig. 5b (the solid line for the Methylene Blue absorp-
ion and the dashed line for the Red Basic 22 adsorption on the
ne grinded wheat straw fraction) and the parameters’ values (esti-
ated by non-linear regression analysis) are given in Table 6. The

m values are increasing linearly vs. BET surface area increasing for
oth (fine and coarse grinded) wheat straw fractions.

Untreated and hydrolyzed wheat straw were both found to
dsorb Methylene Blue and Red Basic 22 strongly. The adsorption
f Methylene Blue was stronger in comparison with the adsorp-
ion of Red Basic 22 by the same adsorbent, when parameter
alues are estimated according to the Freundlich isotherm, which is
ore consistent with multi-layer adsorption. The KF values and the

dsorption capacities (qm), estimated using the Freundlich and the
angmuir models, respectively, indicate that the adsorption prop-
rties of the wheat straw were enhanced by mild acid hydrolysis.
he time of mild acid hydrolysis was also found to affect adsorp-
ivity, as noted by the difference in the values of KF for the 0.5–5 h
ydrolyzed material.
.4. Kinetics of adsorption

The kinetics of adsorption of methylene blue on various mate-
ials have been extensively studied using various kinetic equations
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8,9,18,19,36–38]. The best prevailing equation is the Lagergren [39]
ne:

− qt = qe−kt (15)

here q and qt are the amounts of dye adsorbed per unit mass
f the adsorbent material (in mg g−1) at equilibrium time (∞) and
ime t, respectively, while k is the first order rate constant for the
dsorption process (in min−1). In logarithmic form:

n(q − qt) = ln q − kt (16)

The Lagergren equation can be rewritten as follows:

C0 − Ce

m
− C0 − C

m
= C0 − Ce

m
e−kt

here C, C0, Ce are the concentrations of methylene blue in the bulk
olution at time t, 0, and ∞, respectively, while m is the weight of
he adsorbent used (in g). Further modification gives:

− Ce = (C0 − Ce)e−kt (17)

nd in logarithmic form:

n(C − Ce) = ln(C0 − Ce) − kt (18)

The Lagergren plots of ln(q – qt) vs. t for methylene blue on orig-
nal wheat straw were found to be linear, indicating the first order
ature of the adsorption process (Fig. 6). The values of the first order
ate constants, the correlation coefficients (R-values) and the S.E.E.
re given in Table 4.

All the linear correlations were found to be statistically signif-
cant, as is evident from both the R-values and the S.E.E.-values,
ndicating the applicability of this kinetic equation to the adsorp-
ion of methylene blue. The calculated first order rate constant value
k) of the Lagergren equation for the untreated wheat straw was
ound to be higher than that estimated for the hydrolyzed mate-
ial for methylene blue and about the same for red basic 22. The
esults show that the pretreatment enhances the adsorption rate
y increasing both the amount of dye adsorbed per unit mass of
he adsorbent (q in mg g−1) at equilibrium time (t → ∞) but not the
rst order rate constant (k in min−1) for the adsorption process.
his enhancement can possibly be attributed to the removal of the
emicelluloses during sulfuric acid treatment (Table 1 and Fig. 1b),
esulting in the ‘opening’ of the pores of the lignocellulosic matrix’s
tructure and the increasing the BET surface area of the absorbent
aterial (Table 1 and Fig. 2).
The rate constant value (k in min−1) of the Lagergren equation
s given in Fig. 7 for Methylene Blue adsorption on fine grinded
heat straw vs. hydrolysis time (t in h). Since the experimental
ata for k vs. t give a profile/path which is inverse to that obtained
y Eqs. (4), (8) and (13), we tried fitting the following isomorphic
to these equations) relation with satisfactory results, judging by

ig. 6. Lagergren plots for the removal of methylene blue by adsorption on original
nd acid hydrolyzed for 4 h fine grinded wheat straw at 23 ◦C (C0 = 14.0 mg L−1).

d
o
w
q

3

e
f
(
m
a
i
c
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m
p
o

ig. 7. The plot of k (Lagergren rate constant k in min−1) for the removal of methylene
lue by adsorption on original and acid hydrolyzed for 4 h fine grinded wheat straw
s. the acid hydrolysis time (hydrolysis conditions as in Fig. 1).

he low S.E.E.-value:

= k0 − (k0 − ke)e−kkt (19)

here ke is the value of k for hydrolysis time t → ∞, k0 is the
alue of k for t = 0 (at the beginning of the hydrolysis preheating
eriod) and kk is the kinetic constant in h−1. The parameters’ values
ere found by non-linear regression analysis: ke = 0.0090 min−1,

0 = 0.0201 min−1, kk = 0.9084 h−1 and S.E.E. = 0.0020.This equation
as found to be applicable only in the case of Methylene Blue

dsorption; for Red Basic 22 the k parameter was practically not
ffected by the hydrolysis time.

According to the Lagergren model and the Arrhenius law k =
e−E/RT , the activation energy for the adsorption of methylene blue
n untreated and pre-treated wheat straw was estimated by plot-
ing ln k (Lagergren rate constant k in min−1) vs. 1/T (adsorption
emperature T in K). The methylene blue adsorption activation
nergies E were found to be approximately equal to 2.5 kcal/mol
10.5 kJ/mol) for the hydrolyzed materials, significantly lower than
he activation energy of the original material (3.6 kcal/mol or
5.1 kJ/mol).

Kinetic studies using the Lagergren equation provided values
f k for the hydrolyzed material lower (in the case of fine grinded
heat straw) or similar (in the case of coarse grinded wheat straw)

han those estimated for the original material under the same con-
itions. On the contrary, the adsorption rate for the hydrolyzed
aterial (dC/dt or dqt/dt) was higher than those estimated for the

riginal material under the same conditions. This can be explain by
he fact that dC/dt d(C − Ce)/dt = −k(C − Ce) or dqt/dt = −d(q −
t)/dt = k(q − qt), i.e. dC/dt depends on both k (which does not
ncreases), and the difference (C − Ce) which increases (because Ce

ecreases for the hydrolyzed materials comparing to the untreated
ne, referring on the same dye initial concentration C0). In the same
ay, dqt/dt depends both on k and (q − qt) (which increases, because
increases for the hydrolyzed materials, referring on the same C0).

.4.1. Effect of stirring speed
Agitation is a classic parameter in sorption phenomena, influ-

ncing the distribution of the solute in the bulk solution and the
ormation of the external boundary film. The effect of stirring speed
in rpm) on the adsorption rate constant k (in min−1) of the original

aterial was studied. The kinetics seem to have been affected by the
gitation speed for values between 0 and 500 rpm, thus confirm-
ng that the influence of external diffusion in the sorption kinetic
ontrol played a significant role. On the contrary, the slight effect

f agitation for the range 600–1000 rpm indicates that external
ass transfer was not the rate-limiting step, and implies that intra-

article diffusion resistance needs to be included in the analysis of
verall sorption [8,9,18,19,36–38].
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Table 4
Lagergren kinetic parameters of Methylene Blue adsorption on fine grinded wheat straw (23 ◦C).

C0 (mg L−1) Original wheat straw Wheat straw pre-treated with 1.8 M H2SO4 at 100 ◦C

0.5 ha 1 ha 2 ha 3 ha 4 ha 5 ha

Methylene Blue
Adsorption rate constant (k in min−1)
14 0.0206 0.0119 0.0090 0.0085 0.0082 0.0085 0.0090
10 0.0208 0.0133 0.0100 0.0096 0.0110 0.0099 0.0090
7 0.0212 0.0166 0.0077 0.0070 0.0130 0.0099 0.0110
4 0.0193 0.0178 0.0088 0.0083 0.0088 0.0090 0.0093
3 0.0199 0.0183 0.0101 0.0101 0.0127 0.0075 0.0111
1.4 0.0191 0.0149 0.0083 0.0097 0.0090 0.0101 0.0074

Correlation coefficient (R)
14 −0.9399 −0.9869 −0.9707 −0.9857 −0.9855 −0.9771 −0.9772
10 −0.9311 −0.9826 −0.9804 −0.9883 −0.9896 −0.9660 −0.9844
7 −0.9104 −0.9717 −0.9866 −0.9823 −0.9934 −0.9788 −0.9707
4 −0.8599 −0.9483 −0.9780 −0.9763 −0.9897 −0.9848 −0.9615
3 −0.7820 −0.9601 −0.9734 −0.9825 −0.9201 −0.9679 −0.9728
1.4 −0.6543 −0.8894 −0.9568 −0.9427 −0.9219 −0.9401 −0.9390

S.E.E. (mg L−1)
14 0.71 0.48 0.48 0.48 0.57 0.72 0.57
10 0.57 0.47 0.39 0.36 0.41 0.60 0.41
7 0.43 0.46 0.23 0.29 0.26 0.44 0.27
4 0.74 0.37 0.18 0.23 0.21 0.17 0.21
3 0.57 0.22 0.15 0.16 0.16 0.19 0.15
1.4 0.44 0.10 0.10 0.14 0.15 0.16 0.12

Red Basic 22
Adsorption rate constant (k in min−1)
32 0.0047 0.0050 0.0030 0.0048 0.0069 0.0062 0.0056
22 0.0061 0.0056 0.0033 0.0053 0.0072 0.0073 0.0074
16 0.0080 0.0057 0.0038 0.0062 0.0087 0.0088 0.0118
10 0.0099 0.0086 0.0037 0.0055 0.0099 0.0108 0.0128
6 0.0076 0.0113 0.0060 0.0090 0.0106 0.0138 0.0078
3.2 0.0049 0.0096 0.0064 0.0059 0.0054 0.0074 0.0079

Correlation coefficient (R)
32 −0.9208 −0.9837 −0.9779 −0.9833 −0.9884 −0.9864 −0.9821
22 −0.9228 −0.9772 −0.9775 −0.9829 −0.9852 −0.9900 −0.9848
16 −0.9240 −0.9635 −0.9584 −0.9813 −0.9683 −0.9820 −0.9914
10 −0.8635 −0.9891 −0.9707 −0.9662 −0.9692 −0.9761 −0.9764
6 −0.8080 −0.9815 −0.9523 −0.9802 −0.9378 −0.9483 −0.9829
3.2 −0.6869 −0.9579 −0.9341 −0.9320 −0.8812 −0.9418 −0.9413

S.E.E. (mg L−1)
32 1.43 0.84 0.71 0.84 0.99 1.11 1.08
22 1.01 0.73 0.55 0.62 0.79 0.75 0.83
16 0.76 0.67 0.54 0.45 0.71 0.52 0.49
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10 1.91 4.35 3.14
6 1.98 1.83 1.93
3.2 1.53 1.51 2.02

.4.2. Intra-particle diffusion model
The adsorbate species are most probably transported from the

ulk of the solution into the solid phase through an intra-particle
iffusion/transport process, which is frequently the rate-limiting
tep in many adsorption processes, especially in a rapidly stirred
atch reactor. The possibility of intra-particle diffusion was
xplored by using the intra-particle diffusion model [9,11,18,20,34]:

t = kp
√

t + c (20)

here qt is the amount of dye adsorbed at time t; c is the
ntercept and kp is the intra-particle diffusion rate constant (in

g g−1 min−0.5). The kp values for Methylene Blue adsorption on
riginal and 4 h hydrolyzed fine grinded wheat straw, were esti-
ated by linear regression analysis, and found equal to 0.612 and
.827 mg g−1 min−0.5, respectively. The c-values were found 1.353
nd 0.086 mg g−1, respectively. The S.E.E.-values were found 0.655
nd 0.693, respectively and the R-values were found 0.9601 and
.9751, respectively, indicating the applicability of this model to
he data. It is thereby proven that an intra-particle diffusion pro-

t
d
[
o
t

5.13 1.86 2.61 1.54
1.89 1.78 1.23 1.65
1.75 1.52 1.63 1.50

ess takes place. The estimated values of kp are found higher for
ydrolyzed wheat straw than for the original material. The results
how that the acid hydrolysis pretreatment enhances the adsorp-
ion rate by increasing the intra-particle diffusion rate constant kp.
his enhancement can be attributed to the removal of the hemi-
elluloses and amorphous cellulose fraction during sulfuric acid
reatment, resulting in the ‘opening’ of the pores of the lignocellu-
osic matrix’s structure and the increasing of the BET surface area of
he absorbent material (Table 1). The values of intercept are related
o the boundary layer thickness, i.e. the larger intercept-value for
he original wheat straw indicates stronger boundary layer effect.

The removal of methylene blue by adsorption on various mate-
ials was found to be rapid in the initial period of contact time
nd then to become slow and stagnate with the increase in con-

act time. The possible mechanism for the removal of the cationic
ye by adsorption is assumed to involve the following four steps
20]: (a) migration of dye from bulk of the solution to the surface
f the adsorbent, (b) diffusion of dye through the boundary layer to
he surface of the adsorbent, (c) intra-particle diffusion of dye into
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Linearizing Eq. (25):

ln

[(
Ci

C

)n−1

− 1

]
= ln A − rt (26)
ig. 8. Simulation of the Freundlich parameter values (KF in mg1−1/n g−1 L1/n) for the
emoval of methylene blue by adsorption on original fine grinded wheat straw vs.
nitial pH of the dye solution at 23 ◦C.

he interior pores of the adsorbent particle, and (d) adsorption of
ye at an active site on the surface of the adsorbent.

Since the uptake of the dye at the active sites of adsorbent is a
apid process, the rate of adsorption is mainly governed by either
liquid phase mass transfer rate or an intra-particle mass transfer

ate [9,11,18–20,34]. In the present study it was found that the intra-
article diffusion model was sufficiently applicable, indicating that

ntra-particle mass transfer was the rate-determining step.
Moreover, the methylene blue adsorption activation energy for

he pre-treated samples was found to be approximately 10.5 kJ/mol,
ignificantly lower than the activation energy of the original mate-
ial (15.1 kJ/mol). The fact that the activation energies were low
trongly suggests that physical reaction was the controlling step of
he adsorption process.

.5. Effect of pH on adsorption

The effect of the pH of the dye solution on the amount of dye
dsorbed was studied by varying the initial pH under constant
rocess conditions. The following equation was developed [36] to
imulate the effect of pH on the Freundlich parameter KF of adsorp-
ion isotherms of Methylene Blue adsorption on beech sawdust:

F = �1

1 + e˛1−ˇ1 pH − ı1 × 10−(14−pH) + ε1 (21)

here ˛1, ˇ1, �1, ı1, ε1 are empirical parameters. The parameter ı1
as set equal to zero for the range of pH 1.7–8.0 (the pH of the dye

olutions were adjusted using dilute H2SO4 solution) and estimated
rom the experimental data for the range of pH 8.0 to 13.0 (the pH
f the dye solutions were adjusted using dilute NaOH solution). Eq.
21) simulation results of the Freundlich parameter values (KF in

g1−1/n g−1 L1/n) for the removal of Methylene Blue by adsorption
n original fine grinded wheat straw vs. initial pH of the dye solu-
ion at 23 ◦C are presented in Fig. 8. The corresponding simulation
arameter values are:

˛1 = 7.81, ˇ1 = 2.63, �1 = 1.19, ı1 = 4.21, ε1 = 0.25,

S.E.E. = 0.169

The KF values were significantly lower for pH values between 1.5
nd 4 for the untreated and the pre-treated materials. The lower
dsorption of methylene blue at acidic pH is due to the presence of
xcess H+ ions that compete with the dye cation for adsorption sites.
s the pH of the system increases, the number of available positively

harged sites decreases while the number of the negatively charged
ites increases. The negatively charged sites favor the adsorption of
ye cation due to electrostatic attraction. The increase in initial pH
rom 8 to 13 did not increase the amount of dye adsorbed. The
F values were a little lower for pH values between 12 and 13 for

F
f
1

g Journal 148 (2009) 459–472

he untreated and the pre-treated materials due to the transfor-
ation of methylene blue. The final pH of the solution was found

o decrease only slightly (by 0.3–0.5 pH units) after adsorption of
ethylene blue (in cationic form) with the release of H+ ions from

he active sites of the adsorbent surface. The results are generally
n agreement with the other literature reports [8,9,18–20,38].

.6. Column studies

Oulman [40] proposed the use of a bed depth service model
or simulating GAC (granular activated carbon) adsorption beds.
he model, first developed by Bohart and Adams [41], was based
n surface reaction theory and is equivalent to the logistic curve
18,19,42–48]. The Bohart–Adams equation is as follows:

n
(

Ci

C
− 1

)
= KNx

u
− KCit (22)

n which C = effluent concentration (mg L−1); Ci = influent concen-
ration (mg L−1); K = an adsorption rate coefficient (L mg−1 min−1);
= an adsorption capacity coefficient (mg L−1); x = bed depth (cm);
= linear velocity (cm min−1); and t = time (min). The above equa-

ion can be rewritten as

C

Ci
= 1

1 + ea−bt
(23)

here a = KNx/u and b = KCi.
Eq. (23) corresponds to the ‘logistic curve’, an S-shaped curve,

hich is symmetrical around its midpoint at t = a/b = (Nx)/(uCi),
= Ci/2. One of the limitations of the ‘simple logistic function’ is that

t requires symmetry. However, many breakthrough curves are not
erfectly symmetrical, owing to the nature of the adsorption sys-
em under study. Clark [44] has developed an alternative to the
simple logistic function’, called the ‘generalized logistic function’,

hich incorporates the parameter n of the Freundlich adsorption
sotherm:

=
[

Ci
n−1

(1 + Ae−rt)

] 1
n−1

(24)

here n = inverse of the slope of the Freundlich isotherm; A = ea;
= b.

Eq. (24) was applied to the effluent data from the column adsor-
er (Fig. 7). Transforming Eq. (24):

Ci

C

)n−1

− 1 = Ae−rt (25)
ig. 9. Breakthrough curves for fixed beds of original (solid line) and hydrolyzed
or 4 h fine grinded wheat straw (dashed line). Methylene blue solution flow rate
0 mL/min and bed height 10 cm.
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Table 5
Estimated parameter values for Methylene Blue (Ci = 14 mg L−1) and Red Basic 22 (Ci = 32 mg L−1) adsorption according to the Bohart–Adams bed depth service model.

Parameter Original wheat
straw

Wheat straw pre-treated with 1.8 M H2SO4 at 100 ◦C

0.5 ha 1 ha 2 ha 3 ha 4 ha 5 ha

Fine grinded wheat straw
Methylene Blue
Adsorption rate coefficient (K in mg−1 L min−1) 0.00031 0.00040 0.00045 0.00038 0.00050 0.00029 0.00063
Adsorption capacity coefficient (N in mg L−1) 5123 6028 6697 7367 7098 7887 7833
Correlation coefficient (R) −0.9752 −0.9264 −0.9919 −0.9423 −0.9212 −0.9697 −0.9048
S.E.E. (mg g−1) 0.371 0.408 0.581 0.639 0.719 0.654 0.402

Red Basic 22
Adsorption rate coefficient (K in mg−1 L min−1) 0.00030 0.00041 0.00043 0.00027 0.00026 0.00019 0.00027
Adsorption capacity coefficient (N in mg L−1) 3480 6054 6726 7399 6936 7301 7290
Correlation coefficient (R) −0.9910 −0.9414 −0.9643 −0.9161 −0.9323 −0.9814 −0.9784
S.E.E. (mg g−1) 1.056 1.161 0.946 1.041 1.026 0.932 0.843

Coarse grinded wheat straw
Methylene Blue
Adsorption rate coefficient (K in mg−1 L min−1) 0.00037 0.00037 0.00035 0.00035 0.00033 0.00027 0.00036
Adsorption capacity coefficient (N in mg L−1) 928 1052 1169 2341 2532 2813 2977
Correlation coefficient (R) −0.9746 −0.9259 −0.9737 −0.9250 −0.9185 −0.9669 −0.9449
S.E.E. (mg g−1) 0.488 0.537 0.604 0.664 0.866 0.787 0.571

Red Basic 22
Adsorption rate coefficient (K in mg−1 L min−1) 0.00036 0.00037 0.00033 0.00024 0.00017 0.00017 0.00015
Adsorption capacity coefficient (N in mg L−1) 630 1056 1174 2351 2474 2605 2771
C .9099
S 28

e
e
e
b
t
c
v
b
(

b
t

F
h
(
t

orrelation coefficient (R) −0.9578 −0
.E.E. (mg g−1) 1.389 1.5

a Hydrolysis reaction time without including preheating time.

The values of A and r can be thus estimated from the column
ffluent data assuming Ci = column influent and C = the column
ffluent at time t. As can be observed in Fig. 9, the theoretical
stimations–curves according to the theoretical model expressed
y Eq. (24)—sufficiently simulate the experimental data. In addi-

ion, the adsorption rate coefficient (K) and the adsorption capacity
oefficient (N), shown in Table 5, were estimated from the A and r-
alues. The adsorption capacity coefficient values were found to
e higher for the hydrolyzed materials than for the original one
Fig. 10a–d).

N

s
m

ig. 10. Simulation of the Bohart–Adams equation adsorption capacity coefficient (N in
ydrolyzed fine grinded wheat straw BET surface area (B in m2 g−1), (c) the wheat straw a
b) the solid and the dashed lines correspond to the Methylene Blue and Red Basic 22 ads
o the Red Basic 22 adsorption data on fine grinded and coarse grinded wheat straw, resp
−0.9650 −0.9167 −0.9020 −0.9495 −0.9517
0.984 1.082 1.235 1.123 1.197

Introducing the N parameter (in mg L−1), as a variable, possi-
ly depended on Cp, we observe an almost linear relation between
hem:
= aN + bNCp (27)

By combining relations (2) and (27) we obtain Eq. (28), which
imulates N parameter (in mg L−1), growth as a function of the
ild acid hydrolysis processing time, including preheating period

mg L−1) vs. (a) the fine grinded wheat straw acid hydrolysis time (t in h), (b) the
cid hydrolysis time and (d) the hydrolyzed wheat straw BET surface area. In (a) and
orption data, respectively. In (c) and (d) the solid and the dashed lines correspond
ectively.
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Table 6
The simulation parameters of the removed polysaccharides Cp , the BET surface area, the KF values, the adsorption capacities (qm) and the adsorption capacity coefficient
values (N).

Simulation parameters Fine grinded wheat straw Coarse grinded wheat straw

Methylene Blue Red Basic 22 Methylene Blue Red Basic 22

Simulation of the removed polysaccharides Cp vs. t
Cpe 38.81% 38.33%
kp 0.879 0.910
S.E.E. 1.74% 0.91%

Simulation of the BET surface area B
B vs. hydrolysis time t
B0 3.06 5.31
Be 12.63 19.13
kB 0.332 0.224
S.E.E. 1.78 1.79
B vs. removed polysaccharides Cp

bB 20.29 24.03
aB 2.52 4.36
Correlation coefficient (R) 0.8679 0.9335

Simulation of the Freundlich KF values
KF vs. hydrolysis time t
KF0 1.57 3.02 2.68 5.17
KFe 10.86 8.90 14.62 11.95
kKF 1.07 1.13 1.27 1.40
S.E.E. 1.47 0.64 3.40 2.06
KF vs. BET surface area B
b′

KF 24.81 15.49 32.45 18.30
a′

KF 1.63 3.18 2.56 5.21
Correlation coefficient (R) 0.9280 0.9564 0.8695 0.8502

Simulation of the Langmuir adsorption capacity qm

qm vs. hydrolysis time t
qm0 2.23 23.39 3.82 40.00
qme 18.80 68.99 25.37 111.67
kqm 1.27 0.49 1.56 0.25
S.E.E. 2.45 8.04 6.09 16.55
qm vs. BET surface area B
b′

qm 1.73 4.40 2.12 4.40
a′

qm 1.00 15.08 −2.87 15.08
Correlation coefficient (R) 0.8539 0.8403 0.8085 0.8403

Simulation of the Bohart–Adams adsorption capacity coefficient values N
N vs. hydrolysis time t
N0 5123 3480 928 630
Ne 8231 7300 18723 4316
kN 0.380 1.067 0.023 0.167
S.E.E. 270 231 346 304
N vs. BET surface area B
b′

N 287 388 214 223
a′

N 4464 3205 −487 −693
C

>

N

w
t
s
r
B
t
c
a

E

N

b
N

a
t
2
l
l
s
r
l
g

a
f

orrelation coefficient (R) 0.9014

(40 + 30)/60 = 1.17 h:

= Ne − (Ne − N0)e−kN t (28)

here Ne is the value of N for t → ∞, N0 is the value of N for t = 0 (at
he beginning of the preheating period) and kN is the kinetic con-
tant in h−1. The parameters of Eq. (27) were found by non-linear
egression analysis (Table 6). The solid line is for the Methylene
lue absorption and the dashed line for the Red Basic 22 adsorp-
ion on the fine grinded wheat straw fraction in Fig. 10a and on the
oarse grinded wheat straw fraction in Fig. 10c, respectively. By the
ssumption that kN = kp then Ne = aN + bNCpe, and N0 = Ne − bNCpe.

Alternatively, the above Eq. (28) comes from the combination of
q. (3) with the following equation:
= a′
N + b′

NB (29)

y the assumption that kN = kB. In this case Ne = a′
N + b′

NBe, and N0 =
e − b′

N(Be − B0).

o
t
c
s
p

0.8818 0.8659 0.9121

The results from the fitting of Eq. (29) to the experimental data
re given in Fig. 10b and d. The solid line presented in Fig. 10b is for
he Methylene Blue absorption and the dashed line for the Red Basic
2 adsorption on the fine grinded wheat straw fraction. The solid

ine in Fig. 10d is for the Methylene Blue absorption and the dashed
ine for the Red Basic 22 adsorption on the coarse grinded wheat
traw fraction. Eq. (29) parameters’ values estimated with linear
egression analysis are given in Table 6. The N values are increasing
inearly vs. BET surface area increasing for both (fine and coarse
rinded) wheat straw fractions.

Applying the bed depth service model for the simulation of straw
dsorption beds, the adsorption capacity coefficient (N) values were
ound to be higher for the hydrolyzed wheat straw than for the

riginal one. In addition, the linear correlations of the KF values,
he adsorption capacities (qm) and the adsorption capacity coeffi-
ient values (N) vs. BET surface area were found to be statistically
ignificant, as is evident from the correlation coefficient R-values
resented in Table 6.
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Mild acid hydrolysis is commonly employed in various processes
wing to the simplicity, the safety in operation, the effectiveness
nd the inexpensive equipment/materials required (sulphuric acid
ight be also provided by treating spent acid released by nearby

ndustrial units according to the principles of Industrial Ecology).
he resulting adsorbent is a suitable low cost material that can
e used as an alternative to commercial activated carbons for the
emoval of basic dyes from water/wastewater effluents. Economies
rise when the facility that can use such adsorption materials is
ear a source of a lignocellulosic waste as agricultural residues, thus
aving transportation cost and contributing to industrial ecology at
ocal level.

. Conclusions

The batch and column kinetics of Methylene Blue and Red
asic 22 adsorption on acid hydrolyzed wheat straw were sim-
lated herein, using untreated wheat straw as control, in order
o facilitate its potential use as a low cost adsorbent for wastew-
ter dye removal. The simulation results indicate that mild acid
ydrolysis of the wheat straw enhanced its adsorption proper-
ies considerably. This can be attributed to the ‘opening’ of the
ores of the structure of the lignocellulosic substrate and the

ncreasing of the BET surface area of the absorbent material by
he removal of the hemicelluloses and the amorphous part of
ellulose. The linear correlation of the BET surface area vs. the
emoved by the acid hydrolysis polysaccharides (cellulose and
emicelluloses) fraction was found to be statistically significant.
oreover, the linear correlations of the KF values, the adsorption

apacities (qm) and the adsorption capacity coefficient (N) val-
es vs. the BET surface area, were also found to be statistically
ignificant, allowing good predictability for industrial applica-
ions.
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