
A

f
e
a
a
p
r
©

K

1

f
t
a
2
c
t
a
s
[
b
p
a
c
b

t

0
d

Available online at www.sciencedirect.com

Journal of Hazardous Materials 155 (2008) 601–609

Removal of basic dye from aqueous medium using a novel
agricultural waste material: Pumpkin seed hull

B.H. Hameed a,∗, M.I. El-Khaiary b

a School of Chemical Engineering, Engineering Campus, Universiti Sains Malaysia, 14300 Nibong Tebal, Penang, Malaysia
b Chemical Engineering Department, Faculty of Engineering, Alexandria University, El-Hadara, Alexandria 21544, Egypt

Received 24 October 2007; received in revised form 25 November 2007; accepted 26 November 2007
Available online 4 December 2007

bstract

In this work, pumpkin seed hull (PSH), an agricultural solid waste, is proposed as a novel material for the removal of methylene blue (MB)
rom aqueous solutions. The effects of the initial concentration, agitation time and solution pH were studied in batch experiments at 30 ◦C. The
quilibrium process was described well by the multilayer adsorption isotherm. The adsorption kinetics can be predicted by the pseudo-first-order
nd the modified pseudo-first-order models. The mechanism of adsorption was also studied. It was found that for a short time period the rate of

dsorption is controlled by film diffusion. However, at longer adsorption times, pore-diffusion controls the rate of adsorption. Pore diffusion takes
lace in two distinct regimes, corresponding to diffusion in macro- and mesopores. The results demonstrate that the PSH is very effective in the
emoval of MB from aqueous solutions.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The major industrial wastewater polluters in Malaysia are
ood and beverage processors, electric and electronics indus-
ries, chemical-based industries, textiles industries, and rubber
nd palm oil industries. The textile industry contributes about
2% of the total volume of industrial wastewater generated in the
ountry [1]. Dye-containing wastewaters are well-known pollu-
ants of receiving bodies in industrial areas. Much focus and
ttention have been placed upon the removal of dyes from waste
treams due to the adverse effects of dyes on the environment
2]. There are many structural varieties of dyes, such as acidic,
asic, disperse, azo, diazo, anthroquinone based and metal com-
lex dyes. Basic dyes are widely used in acrylic, nylon, silk,
nd wool dyeing. Most of these dyes are toxic, mutagenic and
arcinogenic. Therefore, their removal from industrial effluents

efore discharging into the environment is extremely important.

Activated carbon has been widely investigated for the adsorp-
ion of basic dyes [3–6], but its high cost limits its commercial

∗ Corresponding author. Tel.: +60 4 5996422.
E-mail address: chbassim@eng.usm.my (B.H. Hameed).
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pplication. Recently, various low-cost adsorbents derived from
gricultural waste, industrial by-products or natural materials,
ave been investigated intensively for dye removal from aque-
us solutions. Many researchers have investigated the use of
heap and efficient alternative substitutes to remove dyes from
astewater. Some of these alternative adsorbents are palm ash

nd chitosan/oil palm ash [7,8], shale oil ash [9], Posidonia
ceanica (L.) fibres [10], water-hyacinth [11], pomelo (Citrus
randis) peel [12], de-oiled soya and bottom ash, [13], sunflower
eed shells and mandarin peelings [14], sawdust [15], wheat bran
16], guava leaf powder [17] and almond shells [18].

Agro wastes are currently receiving attention as raw materi-
ls for water pollution control because of their availability and
ow-cost. In this context, we are investigating the potential of
umpkin seed hulls (PSH), an agricultural solid waste, as an
lternative low-cost dye adsorbent. According to the authors’
nowledge, no attempt has been made until now to use pumpkin
eed hull for removal of basic dyes from aqueous solutions.
umpkin, Cucurbita pepo L., is a herbaceous, monoecious,

nnual plant of the Cucurbitaceae family [19,20]. It is one of the
ost highly demanded vegetables in Asia and the Pacific region.
he larger kinds acquire a weight of 18–36 kg but smaller vari-
ties are in vogue for garden culture. The hull of a pumpkin

mailto:chbassim@eng.usm.my
dx.doi.org/10.1016/j.jhazmat.2007.11.102
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eed is a naturally occurring fibrous coat that serves to protect
he inner seed. This hull is considered a beneficial source of
ber. To make better use of this cheap and abundant agricultural
aste, it is proposed to use it as an adsorbent to remove basic
ye from aqueous solutions. Thus, the purpose of the present
ork was to test the possibility of using the pumpkin seed hull

or the removal of methylene blue from aqueous solutions. The
econd objective was to investigate the ability of three isotherms
odels; namely the Langmuir, the Freundlich and the multilayer

dsorption isotherms, to model the equilibrium adsorption data.
inally, kinetic studies have been conducted to determine the
ate of MB adsorption on PSH and to study the mechanism of
he process.

. Materials and methods

.1. Adsorbate

The basic dye used in this study is methylene blue (MB)
urchased from Sigma–Aldrich. The MB was chosen in this
tudy because of its known strong adsorption onto solids. The
aximum absorption wavelength of this dye is 668 nm. The

tructure of MB is shown in Scheme 1.

.2. Adsorbent

Raw pumpkin seeds obtained from a local market were de-
ulled manually in the laboratory. The collected hulls were
ashed several times with boiled water and finally with deion-

zed water to remove any adhering dirt. It was then oven dried at
0 ◦C for 24 h to constant weight. The dried sample was crushed,
ieved to a particle size range of 0.5–1 mm, and stored in plastic
ottle for further use. No other chemical or physical treatments
ere used prior to adsorption experiments.

.3. Scanning electron microscopy and Fourier transform
nfra red study

Scanning electron microscopy (SEM) analysis was carried
ut on the PSH to study its surface texture before and after
dsorption. Fourier Transform Infrared (FTIR) analysis was
pplied on the PSH to determine the surface functional groups,
y using FTIR spectroscope (FTIR-2000, PerkinElmer), where
he spectra were recorded from 4000 to 400 cm−1.

.4. Adsorption studies
Adsorption experiments were carried out by adding a fixed
mount of adsorbent (0.30 g) into 250-mL Erlenmeyer flasks
ontaining 200 mL of different initial concentrations (25, 50,

Scheme 1. The chemical structure of MB.
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00, 150, 200, 250 and 300 mg/L) of dye solution and pH 7.
he flasks were agitated in an isothermal shaker at 120 rpm and
0 ◦C for 110 min until equilibrium was reached. Aqueous sam-
les were taken from the solutions and the concentrations were
nalyzed. At time t = 0 and at equilibrium, the dye concentrations
ere measured by a double beam UV/vis spectrophotometer

Shimadzu, Model UV 1601, Japan) at 668 nm. The amount of
quilibrium adsorption, qe (mg/g), was calculated by

= (C0 − Ce)V

W
(1)

here C0 and Ce (mg/L) are the liquid-phase concentrations of
ye at initial and equilibrium, respectively. V is the volume of
he solution (L) and W is the mass of dry sorbent used (g).

The effect of initial solution pH was determined by agitating
.30 g of PSH and 200 mL of dye solution of initial basic dye
oncentration 25 mg/L in a water-bath shaker (30 ◦C) at different
olution pH values ranging from 2 to 11. Agitation was provided
or 110 min contact time which is sufficient to reach equilibrium
ith a constant agitation speed of 120 rpm. The pH was adjusted
y adding a few drops of diluted 1.0N NaOH or 1.0N HCl before
ach experiment. The pH was measured by using a pH meter
Ecoscan, EUTECH Instruments, Singapore).

Kinetic experiments were identical to those of equilibrium
ests. The aqueous samples were taken at preset time intervals
nd the concentrations of MB were similarly measured. All the
inetic experiments were carried out at pH 7. The amount of
orption at time t, q (mg/g), was calculated by:

= (C0 − Ct)V

W
(2)

here Ct (mg/L) is the liquid-phase concentrations of dye at any
ime.

. Results and discussion

.1. SEM and FTIR of PSH

Fig. 1 shows the SEM micrographs of PSH samples before
nd after dye adsorption. It is clear that PSH has considerable
umbers of heterogeneous pores where there is a good possibil-
ty for dye to be trapped and adsorbed. The surface of dye-loaded
dsorbent, however, clearly shows that the surface of PSH is
overed with a layer of dye.

The FTIR spectrum of PSH (Figure is not shown) shows
istinct peaks at 3922.60–3445.63 cm−1 (OH stretch),
928.47 cm−1 (CH stretch shift), 2361.19, 2341.47,
290.88 cm−1 (NH stretch), 1747.36 cm−1 (C O stretch
isappeared), 1655.14, 1651.05 cm−1 (NH2 deformation),
498.02 cm−1 (phenyl), 1458.13 cm−1 (CH2 deformation),
020.42 cm−1 (C–O–C stretch), 670.37, 661.89 cm−1 (C–O–H
wist). It is clear that the adsorbent displays a number of
bsorption peaks, reflecting the complex nature of the adsor-

ent. The FTIR spectrum of dye adsorbed PSH shows (Figure
s not shown) peaks at 3787.78, 3571.19, 3435.68 cm−1 (OH
tretch), 2929.70 cm−1 (CH stretch), 2349.45 cm−1 (NH
tretch), 1649.43 cm−1 (NH2 deformation), 1458.08 cm−1
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seen from Fig. 3 that removal of MB was high at pH (6–9) and
above pH 9 no further increase takes place. The amount of dye
adsorbed increased from 9.67 to 15.33 mg/g for an increase in pH
from 6 to 11. At lower pH, the surface charge may get positively
ig. 1. SEM micrograph of PSH particle (magnification: 500): (a) before dye
orption and (b) with dye adsorbed.

CH2 deformation), 1053.14, 1032.23 cm−1 (C–O stretch), and
27.57 cm−1 (C–Cl stretch). The results indicate that some
eaks were shifted or disappeared, and that new peaks are also
etected. These changes observed in the spectrum indicate the
ossible involvement of those functional groups on the surface
f the PSH in biosorption process.

.2. Effect of initial concentration and agitation time on
ye adsorption

Adsorption experiments were conducted to study the effect
f the initial concentration of MB in the solutions on the rate
f dye adsorption on PSH. The experiments were carried out
t a fixed adsorbent dose (0.30 g) and at different initial dye
oncentrations of malachite green (25, 50, 100, 150, 200 and
00 mg/L) for different time intervals (5, 10, 15, 20, 30, 40,
0,70, 90 and 110 min) at 30 ◦C as shown in Fig. 2. It was
bserved that dye uptake is rapid for the first 10 min and there-
fter it proceeds at a slower rate and finally attains saturation.

his maybe explained by a rapid adsorption on the outer surface,

ollowed by slower adsorption inside the pores. As the initial
B concentration increases from 25 to 300 mg/L the equilib-

ium removal of MB decreases from 60.76 to 31.63%. This may
F
C

ig. 2. Effect of initial concentration and contact time on MB adsorption (adsor-
ent dose = 0.30 g; Temperature = 30 ◦C).

e due to the fact that at lower concentrations almost all the dye
olecules were adsorbed very quickly on the outer surface, but

urther increases in initial dye concentrations led to fast satura-
ion of PSH surface, and thus most of the dye adsorption took
lace slowly inside the pores. It is also shown in Fig. 2 that
or the initial MB concentrations of 25 and 50 mg/L, equilib-
ium is reached in about 20 min. For MB solutions with initial
oncentrations of 100–300 mg/l, equilibrium time of 40–70 min
as required. However, the experimental data were measured at
10 min to make sure that full equilibrium was attained. Data on
he adsorption kinetics of MB by various adsorbent have shown a
imilar range of adsorption rates. For example, Bulut and Aydın
21] have studied methylene blue adsorption on wheat shells
nd reported around 135 min equilibrium adsorption time. For
dsorption of methylene blue on fallen phoenix tree’s leaves,
quilibrium was reached in 150 min [22].

.3. Effect of solution pH on dye adsorption

The effect of pH was studied between 2 and 11 and the results
t initial concentration of 25 mg/L. Fig. 3 shows the effect of
nitial solution pH on the amount of dye adsorbed at equilibrium
onditions (mg/g) for the adsorption of MB on PSH. It can be
ig. 3. Effect of pH on equilibrium uptake of MB (W = 0.30 g; V = 0.20 L;

0 = 25 mg/L).
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muir models, this is also confirmed by the high value of R2 in
case of MLA (0.9990) compared to Freundlich (0.9928) and
Langmuir (0.9575). This indicates that the adsorption of MB
on PSH takes place as a multilayer adsorption on a surface that

Table 1
Isotherm constants for MB adsorption on PSH at 30 ◦C

Langmuir isotherm
qm (mg/g) 141.92
Ka (L/mg) 0.00357
R2 0.9507

Freundlich isotherm
Kf 1.648
n 1.479
R2 0.9775

Multilayer adsorption model
04 B.H. Hameed, M.I. El-Khaiary / Journal

harged, thus making (H+) ions compete effectively with dye
ations causing a decrease in the amount of dye adsorbed [10].
lso lower adsorption of MB at acidic pH is probably due to the
resence of excess H+ ions competing with the cation groups
n the dye for adsorption sites of PSH. When the pH increased,
dsorbed MB also increases. This can be explained with the
lectrostatic interaction of MB with negatively charged surface
f PSH [23].

.4. Equilibrium isotherms

Three isotherms were tested for their ability to describe the
xperimental results, namely the Freundlich isotherm, the Lang-
uir isotherm, and the multilayer adsorption isotherm. The

hermodynamic assumptions of the best fitting isotherm pro-
ide insight into both the surface properties and the mechanism
f adsorption.

The Freundlich isotherm is used for non-ideal adsorption on
eterogeneous surfaces. The heterogeneity is caused by the pres-
nce of different functional groups on the surface, and also by
arious mechanisms of adsorbent–adsorbate interactions. The
reundlich isotherm is represented by the following empiri-
al equation [24]:(3)qe = KFC

1/n
e where KF is the Freundlich

dsorption constant and 1/n is a measure of the adsorption inten-
ity.

The derivation of the Langmuir isotherm is based on the
ssumption of ideal monolayer adsorption on a homogenous
urface. It is expressed by [25]:

e = qmKaCe

1 + KaCe
(4)

here Ce is the equilibrium concentration (mg/L), qe the amount
f dye adsorbed at equilibrium (mg/g), qm is qe for complete
onolayer adsorption capacity (mg/g), and Ka is the equilibrium

dsorption constant (L/mg).
The adsorption in a multilayer equilibrium type is formulated

s

First layer adsorption : S- + M ⇔ S- − M; K1

Second layer adsorption : S- − M + M ⇔ S- − M2; K2

Third layer adsorption : S- − M2 + M ⇔ S- − M3; K3

· ·
· ·
nth layer adsorption : S- − Mn−1 + M ⇔ S- − Mn; Kn

(5)

here S- represents the available surface sites (mg/g), M the
quilibrium concentration of MB, S- − Mn the surface complex
mg/g), and Kn (L/mg) is the equilibrium adsorption constant
f the nth layer. It is expected that the adsorption affinity of
he first layer (K1) will be much greater than the subsequent
ayers (K2, K3, . . ., and Kn) because dye adsorption within the
ultilayer results from the attachment of the dye to the sur-
ace and to the subsequent layers. Therefore, it follows that the
dsorption affinity for subsequent layers would be the same, i.e.
2 = K3 = . . . = Kn. The total multilayer adsorption capacity (Γ ,
Fig. 4. Isotherm plots for MB adsorption on PSH at 30 ◦C.

g/g) can be expressed by the following Eq. [26]:

= [(ΓmK1Ce)(1 − (K2Ce)n)]

((1 − K2Ce)[1 + (K1 − K2)Ce])
(6)

here Γ m is the monolayer adsorption capacity (mg/g) and Ce
s the equilibrium MB concentration (mg/L). In the case of mul-
ilayer adsorption, the amount of MB adsorbed in a subsequent
ayer must be smaller than that in the previous layer. Therefore,
he term (K2Ce)n ≈ 0, and Eq. (6) can be simplified to:

= ΓmK1Ce

((1 − K2Ce)[1 + (K1 − K2)Ce])
(7)

t can be seen that for ideal monolayer adsorption K2 will have
value of zero, and Eq. (7) will be reduced to the monolayer
angmuir isotherm of Eq. (4).

Fig. 4 shows the fitted equilibrium data to Freundlich, Lang-
uir, and the multilayer adsorption (MLA) expressions. The
tting results, i.e. isotherm parameters and the coefficients of
etermination, R2, are shown in Table 1. It can be seen in Fig. 4
hat the MLA curve fits the data better than Freundlich and Lang-
Γ m (mg/g) 29.07
K1 (L/mg) 0.0467
K2 (L/mg) 0.00276
R2 0.9953
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s homogenous in adsorption affinity. The inflection point in the
ultilayer isotherm is seen at about Ce ≈ 71 mg/L, which means

hat the second layer of adsorption begins when Ce ≈ 71 mg/L
nd the corresponding value of qe (from Table 1) is 29.07 mg/g.

.5. Specific surface area determination

Specific surface area (SSA) is the accessible area of adsor-
ent surface per unit mass of material. The phase surrounding
he adsorbent can modify the surface area; and therefore, each

ethod used for measuring the surface area has its shortcomings
nd uncertainties. The interference by the surrounding phase is
specially problematic for the BET N2 adsorption/desorption
sotherm method because the entire surface is modified by the
pplication of vacuum before N2 adsorption. As an alternative to
he BET method, the adsorption of dyes from aqueous solution
as been used to determine the SSA of many substances such as
ayered silicate [27], sludge ash [28], and cotton [29]. Assuming
hat the PSH surface is homogenous and completely covered by

ye molecules, the SSA (m2/g) of PSH can then be related to
he first layer adsorption density (Γ m) as described in Eq. (8):

SA = ΓmNA (8)

i
t

fi

ig. 5. (a) The fitting of pseudo-first-order model for MB on PSH for different initial
n PSH for different initial concentrations at 30 ◦C. (c) The fitting of the modified p
0 ◦C.
zardous Materials 155 (2008) 601–609 605

here N is the Avogadro’s number (6.023 × 1023 molecules/
ol) and A is the apparent surface area occupied by one MB
olecule. Studies have shown that MB molecules are adsorbed

n a flat orientation on fibrous cellulosic materials, so that the
ccupied surface area of one molecule of MB is196 Å2 [30]. The
SA of PSH calculated from Eq. (8) is 91.79 m2/g.

.6. Adsorption kinetics

The two most widely used equations for adsorption kinetics
re Lagergren’s pseudo-first order model (Eq. (9)) [31], and Ho’s
seudo-second-order model (Eq. (10)) [32],

= qe(1 − e−k1t) (9)

= (q2
ek2t)

(1 + qek2t)
(10)

here qe is the amount of adsorbate adsorbed at equilibrium
mg/g), q is the amount of adsorbate adsorbed at time t (mg/g), k1

s the rate constant of pseudo-first order adsorption (min−1), k2 is
he rate constant of pseudo-second-order adsorption (g/mg min).

Recently Yang and Al-Duri [33] proposed a modified pseudo-
rst-order model that successfully described the adsorption of

concentrations at 30 ◦C. (b) The fitting of pseudo-second-order model for MB
seudo-first-order model for MB on PSH for different initial concentrations at
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eactive dyes on activated carbon. In this model, which has no
heoretical derivation, the pseudo first-order equation is mod-
fied through its rate constant by replacing k1 by K1, where
1 = K1(qe/q) which gives the rate equation:

= qe(1 − e−((q/qe)+K1t)) (11)

The fittings of the experimental kinetic results to Eqs.
9)–(10) were done by nonlinear regression. Eq. (11) cannot
e fitted directly because q is present in both sides of the equa-
ion, so it was fitted to the data by nonlinear minimization of the
um of squared deviations from zero of the formula:

− qe(1 − e−((q/qe)+K1t)) (12)

The fitting results are shown in Fig. 5a–c, and the values of
he estimated parameters are presented in Table 2. It was found
hat the modified pseudo-first-order model gives good fitting to
ur experimental data, almost just as good as the normal pseudo-
rst-order model, but not better. Both models have almost similar
2 values, and both models predict qe with similar accuracy. The
ormal performance of the modified pseudo-first-order model in
ur study in spite of its superiority in the study of Yang and Al-
uri [33] can be attributed to their use of the following linearized

orm of Eq. (11):

qt

qe + ln(qe − qt) = ln(qe) − K1t
(13)

and plotting (qt/qe + ln(qe − qt)) against t, thus obtain a
traight line whose slope equals K1. The transformations applied
o linearize the equation distorted the error distribution of the
ata and changed the relative weights of data points [34], leading
o exaggerated correlation coefficients.

On comparing the values of the coefficient of determina-
ion, R2, it is not possible to decide which model has the best
greement with the experimental data. Although the pseudo
econd-order model has relatively low R2 values (0.9833,
.9873) for initial MB concentrations 25 and 50 mg/L, the fits
re good at higher concentrations and R2 values are in the
ange 0.9905–0.9977. On the other hand, the pseudo-first-order
odel has a moderate fit for initial MB concentration 100 mg/L

R2 = 0.9892), but for all other concentrations the R2 values are

n the range 0.9939–0.9987. The modified pseudo-first order

odel also has good fit for all initial concentration with R2 val-
es are in the range 0.9930–0.9984. Therefore, it is concluded
hat at low concentrations of MB the pseudo-second-order model

3

i

able 2
inetic models parameters for the adsorption of MB on PSH at 30 ◦C and different
/min)

0 qexp Pseudo-first-order Pseudo-seco

qe k1 R2 qe

25 10.13 10.12 0.257 0.9980 10.54
50 17.18 16.98 0.153 0.9972 18.36
00 26.45 25.43 0.137 0.9892 27.68
50 32.59 32.00 0.0926 0.9945 36.01
00 42.97 42.31 0.0740 0.9959 48.87
50 53.24 52.60 0.0938 0.9987 59.25
00 63.25 61.40 0.107 0.9939 68.40
zardous Materials 155 (2008) 601–609

s not suitable, while at concentrations higher than 50 mg/L, the
hree models can be used for modeling and prediction of the
xperimental kinetic data of MB adsorption on PSH.

By inspecting the values of k1, K1, and k2 in Table 2, it is
ound that the values of the rate constants decrease with increas-
ng the initial concentration of MB from 25 to 200 mg/L. A larger
ate constant implies that it will take shorter time for the adsorp-
ion system to reach the same fractional uptake. Therefore, the
rend that k1, K1, and k2 decrease with increasing C0 in the range
5–200 mg/L only reveals the fact that it is faster for an adsorp-
ion system with a lower initial concentration to reach a specific
ractional uptake. However, on increasing C0 above 200 mg/L,
t is seen that k1, K1, and k2 show a slight increase. This suggests
hat increasing C0 has two opposing effects: a high concentration

eans more competition between MB molecules for adsorption
ites, but a high concentration leads also to enhancement in mass
ransfer. It seems that up to 200 mg/L the effect of less com-
etition is dominant, but at higher concentrations the increase
n mass transfer becomes high enough to increase the rate of
dsorption. This conclusion is corroborated by the results of
ass transfer study (Section 3.7).
The initial rates of adsorption (at time = zero) were calcu-

ated from the pseudo first and second order models from the
quations:

0,1 = k1qe, h0,1m = K1qe (14)

0,2 = k2q
2
e (15)

and the results are plotted in Fig. 6. The major trend seen
n the figure is an increase in the initial rate of adsorption with
ncreasing the initial concentration; this is explained by increas-
ng the driving force for adsorption at higher concentrations. It
s also noticed in the figure that for C0 = 100 mg/L the initial rate
f adsorption is higher than the general trend of the curve; this
oncentration also corresponds to the beginning of the second
dsorption layer. It is not clear whether the high value of h0 is
elated to the beginning of multilayer adsorption or is a result
f experimental error in determining the concentration of MB at
he early stages of the adsorption period.
.7. Mechanism of adsorption

For the process design and control of adsorption systems, it is
mportant to understand the dynamic behavior of the system. At

initial MG concentrations (C0: mg/L; qe: mg/g; k1: 1/min; k2: g/mg min, K1:

nd-order Modified pseudo-first-order

k2 R2 qe K1 R2

0.0555 0.9833 10.16 0.140 0.9930
0.0136 0.9873 17.29 0.0693 0.9970
0.00784 0.9977 26.18 0.0554 0.9984
0.00350 0.9970 33.48 0.0348 0.9967
0.00188 0.9948 45.15 0.0256 0.9950
0.00213 0.9905 54.60 0.0372 0.9931
0.00221 0.9962 63.87 0.0412 0.9971
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ig. 6. The variation of the initial rate of adsorption with the initial MB con-
entration.

he present time, Boyd’s film-diffusion [35] and Webber’s pore-
iffusion [36] are the two most widely used models for studying
he mechanism of adsorption. Both models usually show a mul-
ilinear nature in their plots, and the conventional method is that
he researcher inspects the plots visually to decide the start and
nd of each linear segment. In this study, the statistical approach
f piecewise linear regression was used to avoid subjective
hoice of linear segments. The software package NCSS [37] was
sed to fit the data by the method of piecewise linear regression.

The film diffusion model of Boyd assumes that the main
esistance to diffusion is in the thin film (boundary layer) that
urrounds the adsorbent particle, this model is expressed as

= 1 −
(

6

π2

)
exp(−Bt) (16)

here F is the fractional attainment of equilibrium, at different
imes, t, and Bt is a function of F.

= qt

qe
(17)

here qt and qe are the dye uptake (mg/g) at time t and at
quilibrium, respectively.

Eq. (16) can be rearranged to

t = −0.4977 − ln(1 − F ) (18)

According to Eq. (18), if film-diffusion controls the overall
ate of adsorption, it follows that a plot of Bt versus t must give
straight line whose intercept is −0.4977 and the slope, B, is

sed to calculate the effective diffusion coefficient, Di, (cm2/s)

rom the equation:

= (π2Di)

r2 (19)
ig. 7. Boyd plots for MB adsorption on PSH at 30 ◦C and different initial MB
oncentrations.

here r is the radius of the adsorbent particle assuming spherical
hape.

Fig. 7 shows the Boyd plots for the first 50 min of MB adsorp-
ion on PSH at 30 ◦C. The plots are linear in the initial period of
dsorption and their intercepts are all close to −0.498, indicat-
ng that external mass transfer is the rate limiting process in the
eginning of adsorption. It is noticed in the figure that during
he first 50 min, the values of Bt (which is a function of frac-
ional attainment of equilibrium) decrease as C0 increases from
5 to 200 mg/L, but above 200 mg/L Bt values become smaller
ith increasing concentration. This corroborates the trend previ-
usly observed of changing k1 and k2 with the MB concentration.
able 3 shows the estimated values of Di, and also the length of

he time period of film-diffusion control. At first glance, the dura-
ion of film diffusion control seems to fluctuate meaninglessly,
ut by observing the dye uptake at the end of film diffusion, qfd
mg/g), an explanation can be found. Fig. 8 shows the relation-
hip between the concentration of MB in aqueous solution when
lm diffusion control ends, Cfd, against qfd, the dye uptake at

his time. It is seen from the figure that the relationship between
fd and qfd is in agreement with the shape of the multilayer
dsorption isotherm of MB on PSH. It is also noticed that the
ye uptake corresponding to saturation of the outer surface, qfd,
ncreases steadily with increasing C0. Therefore, it can be con-
luded that film-diffusion control ends when the outer surface
f PSH is saturated with MB.

On the other hand, Webber’s pore-diffusion model was
erived from Fick’s second law of diffusion [33,36]. This model
ssumes that:
(i) the external resistance to mass transfer is only significant
for a very short period at the beginning of diffusion;

(ii) the direction of diffusion is radial and the concentration;
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Table 3
Diffusion coefficients for adsorption of MB on PSH at 30 ◦C and different initial concentrations (C0: mg/L; Di: cm2/s, qfd: mg/g; ki: mg/g min0.5; qpd: mg/g; diffusion
period: min)

C0 Di × 106 qfd Film diffusion perioda ki,1 ki,2 First pore diffusion periodb qpd Second pore diffusion periodc

25 48.08 9.72 <10.0 0.115 0.0142 10.4–20.0 9.86 20.0–81.0
50 25.42 14.87 <12.4 0.924 0.272 11.0–28.2 15.05 28.2–60.8

100 13.69 23.68 <23.5 1.009 0.285 18.9–40.0 23.11 >40.0
150 10.78 26.02 <18.6 2.408 1.904 17.0–29.7 25.32 29.7–56.0
200 10.66 29.86 <15.9 5.619 2.837 12.9–22.7 27.63 22.7–62.1
250 12.90 45.75 <20.0 8.801 2.181 13.3–21.4 37.03 21.4–56.5
300 15.65 46.10 <12.2 6.598 2.568 11.1–23.3 45.28 23.3–59.0
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models is due to the few experimental points in the film-diffusion
period, which results in uncertainty in predicting the end of the
first linear segment for C0 = 250 mg/L.
a Estimated from the end of the first linear segment in the Boyd plot.
b Estimated from the beginning of the second linear segment in the pore-diffu
c Estimated from the beginning of the third linear segment in the pore-diffusi

iii) the pore diffusivity is constant and does not change with
time.

The pore diffusion parameter, ki (mg/g min0.5) is defined by

= kit
0.5 (20)

here q is the amount adsorbed (mg/g) at time t.
It can be seen from Eq. (20) that if pore-diffusion is the rate

imiting step, then a plot of q against t0.5 must give a straight
ine with a slope that equals ki and an intercept equal to zero.

Fig. 9 shows the pore diffusion plot of MB adsorption on PSH
t 30 ◦C. It is clear that the plots are multilinear, containing four
egments. The piecewise linear regression results are presented
n Table 3. For all the multilinear plots in Fig. 9, the regres-
ion estimates of the first linear segments has intercept values
ignificantly different from zero, suggesting that pore diffusion
oes not control the overall rate of adsorption at this early stage.
herefore, it is confirmed that the first linear segment represents
lm-diffusion, and that the second and third linear segments
epresent two pore-diffusion regimes. The presence of two pore
iffusion periods allows the estimation of two pore diffusion

arameters, ki,1 and ki,2 that are presented in Table 3. The rate
arameters ki,1 and ki,2 represent the diffusion in of MG in pores
hat have two distinct sizes (macropores and mesopores) [38].
herefore, the decrease in values of ki for macro- to mesopore

ig. 8. The relationship between the dye uptake at the time of ending the film
iffusion period and the aqueous MB concentration at this time.

F
M

plot.
t.

iffusion is a direct consequence of the relative free path for dif-
usion available. As pore size decreases, the path available for
iffusion becomes smaller, which leads to a decrease in the rate
f diffusion.

It is also observed in Table 3 that an increase in the initial
B concentration increases the pore diffusion rate parameters.

his is due to the increase in the bulk liquid dye concentration
hich increases the driving force for dye diffusion. For each

nitial concentration of MB, the end of the first linear segment
epresents the transition from film-diffusion-control to pore-
iffusion-control. The dye uptake at this time, qpd, is plotted
gainst the concentration of MB in aqueous solution in Fig. 8,
nd it is seen from the plot that qpd follows a trend similar to the
ultilayer adsorption isotherm. The discrepancy near the end of

he plot between values obtained from film and pore diffusion-
ig. 9. Intraparticle diffusion plot for the adsorption at 30 ◦C and different initial
B concentrations.
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. Conclusions

The present study shows that PSH can be used as an adsorbent
or the removal of methylene blue dye from aqueous solutions.
he amount of dye adsorbed was found to vary with the initial
ethylene blue concentration and contact time. The multilayer

dsorption isotherm was found to have the best fit to the experi-
ental data, suggesting multilayer adsorption on a homogenous

urface. The adsorption kinetics can be predicted by both the
seudo-first-order and the modified pseudo-first-order models,
hile the pseudo-second-order model is applicable at concen-

rations higher than 50 mg/L. The overall rate of dye uptake
as found to be controlled by film diffusion at the beginning of

dsorption. As the adsorption time increases, it was found that
ore-diffusion becomes the rate controlling step. The multilin-
arity of pore diffusion plots indicate that there are two distinct
ore-diffusion regimes, corresponding to diffusion in macro and
esopores.
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