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Abstract

In this work, pumpkin seed hull (PSH), an agricultural solid waste, is proposed as a novel material for the removal of methylene blue (MB)
from aqueous solutions. The effects of the initial concentration, agitation time and solution pH were studied in batch experiments at 30 °C. The
equilibrium process was described well by the multilayer adsorption isotherm. The adsorption kinetics can be predicted by the pseudo-first-order
and 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
adsorption is controlled by film diffusion. However, at longer adsorption times, pore-diffusion controls the rate of adsorption. Pore diffusion takes
place in two distinct regimes, corresponding to diffusion in macro- and mesopores. The results demonstrate that the PSH is very effective in the

removal of MB from aqueous solutions.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The major industrial wastewater polluters in Malaysia are
food and beverage processors, electric and electronics indus-
tries, chemical-based industries, textiles industries, and rubber
and palm oil industries. The textile industry contributes about
22% of the total volume of industrial wastewater generated in the
country [1]. Dye-containing wastewaters are well-known pollu-
tants of receiving bodies in industrial areas. Much focus and
attention have been placed upon the removal of dyes from waste
streams due to the adverse effects of dyes on the environment
[2]. There are many structural varieties of dyes, such as acidic,
basic, disperse, azo, diazo, anthroquinone based and metal com-
plex dyes. Basic dyes are widely used in acrylic, nylon, silk,
and wool dyeing. Most of these dyes are toxic, mutagenic and
carcinogenic. Therefore, their removal from industrial effluents
before discharging into the environment is extremely important.

Activated carbon has been widely investigated for the adsorp-
tion of basic dyes [3—6], but its high cost limits its commercial
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application. Recently, various low-cost adsorbents derived from
agricultural waste, industrial by-products or natural materials,
have been investigated intensively for dye removal from aque-
ous solutions. Many researchers have investigated the use of
cheap and efficient alternative substitutes to remove dyes from
wastewater. Some of these alternative adsorbents are palm ash
and chitosan/oil palm ash [7,8], shale oil ash [9], Posidonia
oceanica (L.) fibres [10], water-hyacinth [11], pomelo (Citrus
grandis) peel [12], de-oiled soya and bottom ash, [13], sunflower
seed 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-
als for water pollution control because of their availability and
low-cost. In this context, we are investigating the potential of
pumpkin seed hulls (PSH), an agricultural solid waste, as an
alternative low-cost dye adsorbent. According to the authors’
knowledge, no attempt has been made until now to use pumpkin
seed hull for removal of basic dyes from aqueous solutions.
Pumpkin, Cucurbita pepo L., is a herbaceous, monoecious,
annual plant of the Cucurbitaceae family [19,20]. It is one of the
most highly demanded vegetables in Asia and the Pacific region.
The larger kinds acquire a weight of 18-36 kg but smaller vari-
eties are in vogue for garden culture. The hull of a pumpkin
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seed is a naturally occurring fibrous coat that serves to protect
the inner seed. This hull is considered a beneficial source of
fiber. To make better use of this cheap and abundant agricultural
waste, it is proposed to use it as an adsorbent to remove basic
dye from aqueous solutions. Thus, the purpose of the present
work was to test the possibility of using the pumpkin seed hull
for the removal of methylene blue from aqueous solutions. The
second objective was to investigate the ability of three isotherms
models; namely the Langmuir, the Freundlich and the multilayer
adsorption isotherms, to model the equilibrium adsorption data.
Finally, kinetic studies have been conducted to determine the
rate of MB adsorption on PSH and to study the mechanism of
the process.

2. Materials and methods
2.1. Adsorbate

The basic dye used in this study is methylene blue (MB)
purchased from Sigma—Aldrich. The MB was chosen in this
study because of its known strong adsorption onto solids. The
maximum absorption wavelength of this dye is 668 nm. The
structure of MB is shown in Scheme 1.

2.2. Adsorbent

Raw pumpkin seeds obtained from a local market were de-
hulled manually in the laboratory. The collected hulls were
washed several times with boiled water and finally with deion-
ized water to remove any adhering dirt. It was then oven dried at
70 °C for 24 h to constant weight. The dried sample was crushed,
sieved to a particle size range of 0.5-1 mm, and stored in plastic
bottle for further use. No other chemical or physical treatments
were used prior to adsorption experiments.

2.3. Scanning electron microscopy and Fourier transform
infra red study

Scanning electron microscopy (SEM) analysis was carried
out on the PSH to study its surface texture before and after
adsorption. Fourier Transform Infrared (FTIR) analysis was
applied on the PSH to determine the surface functional groups,
by using FTIR spectroscope (FTIR-2000, PerkinElmer), where
the spectra were recorded from 4000 to 400 cm ™.

2.4. Adsorption studies

Adsorption experiments were carried out by adding a fixed
amount of adsorbent (0.30g) into 250-mL Erlenmeyer flasks
containing 200 mL of different initial concentrations (25, 50,
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Scheme 1. The chemical structure of MB.

100, 150, 200, 250 and 300 mg/L) of dye solution and pH 7.
The flasks were agitated in an isothermal shaker at 120 rpm and
30°C for 110 min until equilibrium was reached. Aqueous sam-
ples were taken from the solutions and the concentrations were
analyzed. Attime # =0 and at equilibrium, the dye concentrations
were measured by a double beam UV/vis spectrophotometer
(Shimadzu, Model UV 1601, Japan) at 668 nm. The amount of
equilibrium adsorption, g. (mg/g), was calculated by

_ (G =CoV
w

where Cy and C,. (mg/L) are the liquid-phase concentrations of
dye at initial and equilibrium, respectively. V is the volume of
the solution (L) and W is the mass of dry sorbent used (g).

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

Kinetic experiments were identical to those of equilibrium
tests. The aqueous samples were taken at preset time intervals
and the concentrations of MB were similarly measured. All the
kinetic experiments were carried out at pH 7. The amount of
sorption at time ¢, ¢ (mg/g), was calculated by:

_ (G-
w

where C; (mg/L) is the liquid-phase concentrations of dye at any
time.

ey

2

3. Results and discussion
3.1. SEM and FTIR of PSH

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

The FTIR spectrum of PSH (Figure is not shown) shows

distinct peaks at 3922.60-3445.63 cm~! (OH stretch),
2928.47cm~! (CH stretch shift), 2361.19, 2341.47,
2290.88cm~! (NH stretch), 1747.36cm~! (C=0O stretch
disappeared), 1655.14, 1651.05cm~' (NH, deformation),

1498.02 cm ™! (phenyl), 1458.13 cm~! (CH, deformation),
1020.42 cm ™! (C-O—C stretch), 670.37, 661.89 cm~! (C—O-H
twist). It is clear that the adsorbent displays a number of
absorption peaks, reflecting the complex nature of the adsor-
bent. The FTIR spectrum of dye adsorbed PSH shows (Figure
is not shown) peaks at 3787.78, 3571.19, 3435.68 cm™! (OH
stretch), 2929.70cm™! (CH stretch), 2349.45cm~! (NH
stretch), 1649.43cm~! (NH, deformation), 1458.08 cm™!
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Fig. 1. SEM micrograph of PSH particle (magnification: 500): (a) before dye
sorption and (b) with dye adsorbed.

(CH; deformation), 1053.14, 1032.23 cm™! (C-O stretch), and
527.57cm™! (C=CI stretch). The results indicate that some
peaks were shifted or disappeared, and that new peaks are also
detected. These changes observed in the spectrum indicate the
possible involvement of those functional groups on the surface
of the PSH in biosorption process.

3.2. Effect of initial concentration and agitation time on
dye adsorption

Adsorption experiments were conducted to study the effect
of the initial concentration of MB in the solutions on the rate
of dye adsorption on PSH. The experiments were carried out
at a fixed adsorbent dose (0.30g) and at different initial dye
concentrations of malachite green (25, 50, 100, 150, 200 and
300mg/L) for different time intervals (5, 10, 15, 20, 30, 40,
50,70, 90 and 110 min) at 30°C as shown in Fig. 2. It was
observed that dye uptake is rapid for the first 10 min and there-
after it proceeds at a slower rate and finally attains saturation.
This maybe explained by a rapid adsorption on the outer surface,
followed by slower adsorption inside the pores. As the initial
MB concentration increases from 25 to 300 mg/L the equilib-
rium removal of MB decreases from 60.76 to 31.63%. This may
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-~ 200 mg/L
2501 —A- 250 mg/L
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Fig. 2. Effect of initial concentration and contact time on MB adsorption (adsor-
bent dose =0.30 g; Temperature =30 °C).

be due to the fact that at lower concentrations almost all the dye
molecules were adsorbed very quickly on the outer surface, but
further increases in initial dye concentrations led to fast satura-
tion of PSH surface, and thus most of the dye adsorption took
place slowly inside the pores. It is also shown in Fig. 2 that
for the initial MB concentrations of 25 and 50 mg/L, equilib-
rium is reached in about 20 min. For MB solutions with initial
concentrations of 100-300 mg/l1, equilibrium time of 40-70 min
was required. However, the experimental data were measured at
110 min to make sure that full equilibrium was attained. Data on
the adsorption kinetics of MB by various adsorbent have shown a
similar range of adsorption rates. For example, Bulut and Aydin
[21] have studied methylene blue adsorption on wheat shells
and reported around 135 min equilibrium adsorption time. For
adsorption of methylene blue on fallen phoenix tree’s leaves,
equilibrium was reached in 150 min [22].

3.3. Effect of solution pH on dye adsorption

The effect of pH was studied between 2 and 11 and the results
at initial concentration of 25 mg/L. Fig. 3 shows the effect of
initial solution pH on the amount of dye adsorbed at equilibrium
conditions (mg/g) for the adsorption of MB on PSH. It can be
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

Fig. 3. Effect of pH on equilibrium uptake of MB (W=0.30g; V=0.20L;
Co=25mg/L).
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charged, thus making (H*) ions compete effectively with dye
cations causing a decrease in the amount of dye adsorbed [10].
Also lower adsorption of MB at acidic pH is probably due to the
presence of excess H* ions competing with the cation groups
on the dye for adsorption sites of PSH. When the pH increased,
adsorbed MB also increases. This can be explained with the
electrostatic interaction of MB with negatively charged surface
of PSH [23].

3.4. Equilibrium isotherms

Three isotherms were tested for their ability to describe the
experimental results, namely the Freundlich isotherm, the Lang-
muir isotherm, and the multilayer adsorption isotherm. The
thermodynamic assumptions of the best fitting isotherm pro-
vide insight into both the surface properties and the mechanism
of adsorption.

The Freundlich isotherm is used for non-ideal adsorption on
heterogeneous surfaces. The heterogeneity is caused by the pres-
ence of different functional groups on the surface, and also by
various mechanisms of adsorbent—adsorbate interactions. The
Freundlich isotherm is represented by the following empiri-
cal equation [24]:(3)ge = KrCL/"where K¢ is the Freundlich
adsorption constant and 1/n is a measure of the adsorption inten-
sity.

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

gmKaCe

e =

— ImPare 4
1+ KoCe @)

where C is the equilibrium concentration (mg/L), g the amount
of dye adsorbed at equilibrium (mg/g), gm is g. for complete
monolayer adsorption capacity (mg/g), and K, is the equilibrium
adsorption constant (L/mg).

The adsorption in a multilayer equilibrium type is formulated
as

First layer adsorption : S+M&s S—M;, K
-M+M&S—M; Ko

Third layer adsorption : S—Mr+M<& S—M3; K3

Second layer adsorption :

it

nth layer adsorption : S—My_1+M&sS—-—M,;; K,

®

where § represents the available surface sites (mg/g), M the
equilibrium concentration of MB, § — M,, the surface complex
(mg/g), and K, (L/mg) is the equilibrium adsorption constant
of the nth layer. It is expected that the adsorption affinity of
the first layer (K1) will be much greater than the subsequent
layers (K7, K3, ..., and K},) because dye adsorption within the
multilayer results from the attachment of the dye to the sur-
face and to the subsequent layers. Therefore, it follows that the
adsorption affinity for subsequent layers would be the same, i.e.
K> =K3 =...=K,. The total multilayer adsorption capacity (I,
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Fig. 4. Isotherm plots for MB adsorption on PSH at 30 °C.

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

o UnK G - (K2Ce)")] ©)
(1 = K2Ce)[1 + (K1 — K2)Ce])

where [, is the monolayer adsorption capacity (mg/g) and Ce

is the equilibrium MB concentration (mg/L). In the case of mul-

tilayer adsorption, the amount of MB adsorbed in a subsequent

layer must be smaller than that in the previous layer. Therefore,

the term (K> Ce)" ~ 0, and Eq. (6) can be simplified to:

r— I'hKCe
T (1 = K2C[1 + (K1 — K2)Cel)

It can be seen that for ideal monolayer adsorption K, will have
a value of zero, and Eq. (7) will be reduced to the monolayer
Langmuir isotherm of Eq. (4).

Fig. 4 shows the fitted equilibrium data to Freundlich, Lang-
muir, and the multilayer adsorption (MLA) expressions. The
fitting results, i.e. isotherm parameters and the coefficients of
determination, R2, are shown in Table 1. It can be seen in Fig. 4
that the MLA curve fits the data better than Freundlich and Lang-
muir models, this is also confirmed by the high value of R? 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

(N

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

Langmuir isotherm

qm (mg/g) 141.92

K, (L/mg) 0.00357

R? 0.9507
Freundlich isotherm

K 1.648

n 1.479

R? 0.9775
Multilayer adsorption model

I'm (mg/g) 29.07

K; (L/mg) 0.0467

K> (L/mg) 0.00276

R? 0.9953
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is homogenous in adsorption affinity. The inflection point in the
multilayer isotherm is seen at about Ce & 71 mg/L, which means
that the second layer of adsorption begins when C. ~ 71 mg/L
and the corresponding value of g, (from Table 1) is 29.07 mg/g.

3.5. Specific surface area determination

Specific surface area (SSA) is the accessible area of adsor-
bent surface per unit mass of material. The phase surrounding
the adsorbent can modify the surface area; and therefore, each
method used for measuring the surface area has its shortcomings
and uncertainties. The interference by the surrounding phase is
especially problematic for the BET N> adsorption/desorption
isotherm method because the entire surface is modified by the
application of vacuum before N, adsorption. As an alternative to
the BET method, the adsorption of dyes from aqueous solution
has been used to determine the SSA of many substances such as
layered silicate [27], sludge ash [28], and cotton [29]. Assuming
that the PSH surface is homogenous and completely covered by
dye molecules, the SSA (mz/g) of PSH can then be related to
the first layer adsorption density (I'y,) as described in Eq. (8):

SSA = Il NA (®)
(a) ©25 mglL
70}F050 mg/L
0100 mg/L
%150 mg/L v v 7
60 [¢200 mg/L
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D 40t *:
E
U- 30 | b4 2 x
! I I}
20¢
0
10 H o]
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where N is the Avogadro’s number (6.023 x 10?* molecules/
mol) and A is the apparent surface area occupied by one MB
molecule. Studies have shown that MB molecules are adsorbed
in a flat orientation on fibrous cellulosic materials, so that the
occupied surface area of one molecule of MB is196 A2 [30]. The
SSA of PSH calculated from Eq. (8) is 91.79 m?/g.

3.6. Adsorption kinetics
The two most widely used equations for adsorption kinetics

are Lagergren’s pseudo-first order model (Eq. (9)) [31],and Ho’s
pseudo-second-order model (Eq. (10)) [32],

q = ge(1 —e ki) )
_ (gihan)
(1 + gekat) (10)

where g, is the amount of adsorbate adsorbed at equilibrium
(mg/g), q is the amount of adsorbate adsorbed at time ¢ (mg/g), ki
is the rate constant of pseudo-first order adsorption (min—!), k; is
the rate constant of pseudo-second-order adsorption (g/mg min).

Recently Yang and Al-Duri [33] proposed a modified pseudo-
first-order model that successfully described the adsorption of
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Fig. 5. (a) The fitting of pseudo-first-order model for MB on PSH for different initial concentrations at 30 °C. (b) The fitting of pseudo-second-order model for MB
on PSH for different initial concentrations at 30 °C. (c) The fitting of the modified pseudo-first-order model for MB on PSH for different initial concentrations at

30°C.



606 B.H. Hameed, M.1. El-Khaiary / Journal of Hazardous Materials 155 (2008) 601-609

reactive dyes on activated carbon. In this model, which has no
theoretical derivation, the pseudo first-order equation is mod-
ified through its rate constant by replacing k; by Kj, where
k1 = K1(ge/q) which gives the rate equation:

g=qe(l — e*((Q/Qe)JrKlf)) (11)

The fittings of the experimental kinetic results to Eqgs.
(9)—-(10) were done by nonlinear regression. Eq. (11) cannot
be fitted directly because ¢ is present in both sides of the equa-
tion, so it was fitted to the data by nonlinear minimization of the
sum of squared deviations from zero of the formula:

q—qe(l — e—((fI/CIe)+K1t)) (12)

The fitting results are shown in Fig. 5a—c, and the values of
the estimated parameters are presented in Table 2. It was found
that the modified pseudo-first-order model gives good fitting to
our experimental data, almost just as good as the normal pseudo-
first-order model, but not better. Both models have almost similar
R? values, and both models predict g, with similar accuracy. The
normal performance of the modified pseudo-first-order model in
our study in spite of its superiority in the study of Yang and Al-
Duri [33] can be attributed to their use of the following linearized
form of Eq. (11):

qr
ge +In(ge — q1) = In(ge) — K1t

and plotting (g¢/ge +1In(ge — q¢)) against ¢, thus obtain a
straight line whose slope equals K. The transformations applied
to linearize the equation distorted the error distribution of the
data and changed the relative weights of data points [34], leading
to exaggerated correlation coefficients.

On comparing the values of the coefficient of determina-
tion, R, it is not possible to decide which model has the best
agreement with the experimental data. Although the pseudo
second-order model has relatively low R? values (0.9833,
0.9873) for initial MB concentrations 25 and 50 mg/L, the fits
are good at higher concentrations and R? values are in the
range 0.9905-0.9977. On the other hand, the pseudo-first-order
model has a moderate fit for initial MB concentration 100 mg/L
(R*=0.9892), but for all other concentrations the R? values are
in the range 0.9939-0.9987. The modified pseudo-first order
model also has good fit for all initial concentration with R? val-
ues are in the range 0.9930-0.9984. Therefore, it is concluded
that at low concentrations of MB the pseudo-second-order model

(13)

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

By inspecting the values of ki, K1, and k, in Table 2, it is
found that the values of the rate constants decrease with increas-
ing the initial concentration of MB from 25 to 200 mg/L. A larger
rate constant implies that it will take shorter time for the adsorp-
tion system to reach the same fractional uptake. Therefore, the
trend that k1, K1, and k, decrease with increasing Co in the range
25-200 mg/L only reveals the fact that it is faster for an adsorp-
tion system with a lower initial concentration to reach a specific
fractional uptake. However, on increasing Cp above 200 mg/L,
itis seen that k1, K1, and k, show a slight increase. This suggests
that increasing Cy has two opposing effects: a high concentration
means more competition between MB molecules for adsorption
sites, but a high concentration leads also to enhancement in mass
transfer. It seems that up to 200 mg/L the effect of less com-
petition is dominant, but at higher concentrations the increase
in mass transfer becomes high enough to increase the rate of
adsorption. This conclusion is corroborated by the results of
mass transfer study (Section 3.7).

The initial rates of adsorption (at time =zero) were calcu-
lated from the pseudo first and second order models from the
equations:

ho1 = kige, ho.1m = K1ge (14)
hoa = kag? (15)

and the results are plotted in Fig. 6. The major trend seen
in the figure is an increase in the initial rate of adsorption with
increasing the initial concentration; this is explained by increas-
ing the driving force for adsorption at higher concentrations. It
is also noticed in the figure that for Cp = 100 mg/L the initial rate
of adsorption is higher than the general trend of the curve; this
concentration also corresponds to the beginning of the second
adsorption layer. It is not clear whether the high value of &g is
related to the beginning of multilayer adsorption or is a result
of experimental error in determining the concentration of MB at
the early stages of the adsorption period.

3.7. Mechanism of adsorption

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

Table 2
Kinetic models parameters for the adsorption of MB on PSH at 30 °C and different initial MG concentrations (Cp: mg/L; g.: mg/g; ki: 1/min; kp: g/mg min, K;:
1/min)
Co Gexp Pseudo-first-order Pseudo-second-order Modified pseudo-first-order
%e ki R % ka R %e K, R

25 10.13 10.12 0.257 0.9980 10.54 0.0555 0.9833 10.16 0.140 0.9930

50 17.18 16.98 0.153 0.9972 18.36 0.0136 0.9873 17.29 0.0693 0.9970
100 26.45 2543 0.137 0.9892 27.68 0.00784 0.9977 26.18 0.0554 0.9984
150 32.59 32.00 0.0926 0.9945 36.01 0.00350 0.9970 33.48 0.0348 0.9967
200 42.97 42.31 0.0740 0.9959 48.87 0.00188 0.9948 45.15 0.0256 0.9950
250 53.24 52.60 0.0938 0.9987 59.25 0.00213 0.9905 54.60 0.0372 0.9931
300 63.25 61.40 0.107 0.9939 68.40 0.00221 0.9962 63.87 0.0412 0.9971
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Fig. 6. The variation of the initial rate of adsorption with the initial MB con-
centration.

the present time, Boyd’s film-diffusion [35] and Webber’s pore-
diffusion [36] are the two most widely used models for studying
the mechanism of adsorption. Both models usually show a mul-
tilinear nature in their plots, and the conventional method is that
the researcher inspects the plots visually to decide the start and
end of each linear segment. In this study, the statistical approach
of piecewise linear regression was used to avoid subjective
choice of linear segments. The software package NCSS [37] was
used to fit the data by the method of piecewise linear regression.
The film diffusion model of Boyd assumes that the main
resistance to diffusion is in the thin film (boundary layer) that
surrounds the adsorbent particle, this model is expressed as

F=1- (:2) exp(—Bt) (16)

Where F is the fractional attainment of equilibrium, at different
times, ¢, and Bt is a function of F.

F=2 a7

qe
where ¢; and g, are the dye uptake (mg/g) at time ¢ and at
equilibrium, respectively.
Eq. (16) can be rearranged to

Bt = —0.4977 —In(1 — F) (18)

According to Eq. (18), if film-diffusion controls the overall
rate of adsorption, it follows that a plot of Bf versus ¢ must give
a straight line whose intercept is —0.4977 and the slope, B, is
used to calculate the effective diffusion coefficient, D;, (cm2/s)
from the equation:

2p.
B— (7 ZDz) (19)
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Fig. 7. Boyd plots for MB adsorption on PSH at 30 °C and different initial MB
concentrations.

where r is the radius of the adsorbent particle assuming spherical
shape.

Fig. 7 shows the Boyd plots for the first 50 min of MB adsorp-
tion on PSH at 30 °C. The plots are linear in the initial period of
adsorption and their intercepts are all close to —0.498, indicat-
ing that external mass transfer is the rate limiting process in the
beginning of adsorption. It is noticed in the figure that during
the first 50 min, the values of Bt (which is a function of frac-
tional attainment of equilibrium) decrease as Cy increases from
25 to 200 mg/L, but above 200 mg/L Bt values become smaller
with increasing concentration. This corroborates the trend previ-
ously observed of changing k1 and k» with the MB concentration.
Table 3 shows the estimated values of D;, and also the length of
the time period of film-diffusion control. At first glance, the dura-
tion of film diffusion control seems to fluctuate meaninglessly,
but by observing the dye uptake at the end of film diffusion, ggg
(mg/g), an explanation can be found. Fig. 8 shows the relation-
ship between the concentration of MB in aqueous solution when
film diffusion control ends, Crq, against ggq, the dye uptake at
this time. It is seen from the figure that the relationship between
Crg and ggq is in agreement with the shape of the multilayer
adsorption isotherm of MB on PSH. It is also noticed that the
dye uptake corresponding to saturation of the outer surface, g4,
increases steadily with increasing Cy. Therefore, it can be con-
cluded that film-diffusion control ends when the outer surface
of PSH is saturated with MB.

On the other hand, Webber’s pore-diffusion model was
derived from Fick’s second law of diffusion [33,36]. This model
assumes that:

(i) the external resistance to mass transfer is only significant
for a very short period at the beginning of diffusion;
(i1) 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 (Co: mg/L; D;: cm?/s, ggq: mglg; k;: mg/g min®-; qpd: mg/g; diffusion

period: min)
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Co D; x 10°

First pore diffusion period®

qtd Film diffusion period® ki1 kin Gpd Second pore diffusion period®
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 <124 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 13.3-214 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

2 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-diffusion plot.
¢ Estimated from the beginning of the third linear segment in the pore-diffusion plot.

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

The pore diffusion parameter, k; (mg/g min®) is defined by
q = kit®? (20)

where ¢ is the amount adsorbed (mg/g) at time 7.

It can be seen from Eq. (20) that if pore-diffusion is the rate
limiting step, then a plot of ¢ against /> must give a straight
line with a slope that equals k; and an intercept equal to zero.

Fig. 9 shows the pore diffusion plot of MB adsorption on PSH
at 30 °C. It is clear that the plots are multilinear, containing four
segments. The piecewise linear regression results are presented
in Table 3. For all the multilinear plots in Fig. 9, the regres-
sion estimates of the first linear segments has intercept values
significantly different from zero, suggesting that pore diffusion
does not control the overall rate of adsorption at this early stage.
Therefore, it is confirmed that the first linear segment represents
film-diffusion, and that the second and third linear segments
represent two pore-diffusion regimes. The presence of two pore
diffusion periods allows the estimation of two pore diffusion
parameters, k; | and k;> that are presented in Table 3. The rate
parameters k; 1 and k; » represent the diffusion in of MG in pores
that have two distinct sizes (macropores and mesopores) [38].
Therefore, the decrease in values of k; for macro- to mesopore

60

—— Multilayer adsorption isotherm
—o— Pore diffusion model

50 —@-Film diffusion model

S 40}
)
E
o 30

20

10}

0 50 100 150 200
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Fig. 8. The relationship between the dye uptake at the time of ending the film
diffusion period and the aqueous MB concentration at this time.

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

It is also observed in Table 3 that an increase in the initial
MB concentration increases the pore diffusion rate parameters.
This is due to the increase in the bulk liquid dye concentration
which increases the driving force for dye diffusion. For each
initial concentration of MB, the end of the first linear segment
represents the transition from film-diffusion-control to pore-
diffusion-control. The dye uptake at this time, gpq, is plotted
against the concentration of MB in aqueous solution in Fig. 8,
and it is seen from the plot that g,q follows a trend similar to the
multilayer adsorption isotherm. The discrepancy near the end of
the plot between values obtained from film and pore diffusion-
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 Co =250 mg/L.

@ 25 mg/lL
gol © 50 mglL
o 100 mg/L
x 150 mg/L
< 200 mg/L
A 250 mg/L
50| ¥ 300 mg/L

— 40f
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Fig. 9. Intraparticle diffusion plot for the adsorption at 30 °C and different initial
MB concentrations.
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4. Conclusions

The present study shows that PSH can be used as an adsorbent
for the removal of methylene blue dye from aqueous solutions.
The amount of dye adsorbed was found to vary with the initial
methylene blue concentration and contact time. The multilayer
adsorption isotherm was found to have the best fit to the experi-
mental data, suggesting multilayer adsorption on a homogenous
surface. The adsorption kinetics can be predicted by both the
pseudo-first-order and the modified pseudo-first-order models,
while the pseudo-second-order model is applicable at concen-
trations higher than 50 mg/L. The overall rate of dye uptake
was found to be controlled by film diffusion at the beginning of
adsorption. As the adsorption time increases, it was found that
pore-diffusion becomes the rate controlling step. The multilin-
earity of pore diffusion plots indicate that there are two distinct
pore-diffusion regimes, corresponding to diffusion in macro and
mesopores.
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