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a b s t r a c t

In this paper, pineapple stem (PS) waste, an agricultural waste available in large quantity in Malaysia,
was utilized as low-cost adsorbent to remove basic dye (methylene blue, MB) from aqueous solution by
adsorption. Batch mode experiments were conducted at 30 ◦C to study the effects of initial concentra-
tion of methylene blue, contact time and pH on dye adsorption. Equilibrium adsorption isotherms and
vailable online 15 May 2008

eywords:
ineapple stem
ethylene blue

dsorption isotherm

kinetic were investigated. The experimental data were analyzed by the Langmuir and Freundlich mod-
els and the isotherm data fitted well to the Langmuir isotherm with monolayer adsorption capacity of
119.05 mg/g. The kinetic data obtained at different concentrations were analyzed using a pseudo-first-
order and pseudo-second-order equation and intraparticle diffusion equation. The experimental data
fitted very well the pseudo-second-order kinetic model. The PS was found to be very effective adsorbent
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for MB adsorption.

. Introduction

The textile dyeing industry consumes large quantities of water
nd produces large volumes of wastewater from different steps in
he dyeing and finishing processes [1]. Though these release dyes
nto the environment constitute only a small proportion of water
ollution, they are visible in small quantities due to their brilliance
2].

Many treatment processes have been applied for the removal
f dyes from wastewater such as: photocatalytic degradation
3,4], sonochemical degradation [5], micellar enhanced ultra-
ltration [6], cation exchange membranes [7], electrochemical
egradation [8], adsorption/precipitation processes [9], inte-
rated chemical–biological degradation [10], integrated iron(III)
hotoassisted-biological treatment [11], solar photo-Fenton and
iological processes [12], Fenton-biological treatment scheme [13]
nd adsorption on activated carbon [14,15]. As synthetic dyes in
astewater cannot be efficiently decolorized by traditional meth-
ds, the adsorption of synthetic dyes on inexpensive and efficient
olid supports was considered as a simple and economical method

or their removal from water and wastewater [16].

The high cost of removal of dyes from aqueous solutions using
dsorption on commercial activated carbons though very effec-
ive has motivated the search for alternatives adsorbents. Such

∗ Corresponding author. Fax: +60 4 594 1013.
E-mail address: chbassim@eng.usm.my (B.H. Hameed).
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lternatives include: waste metal hydroxide sludge [17], oil palm
runk fibre [18], broad bean peels [19], biomass fly ash [20], rice
traw-derived char [21], durian (Durio zibethinus Murray) peel [22],
hitosan bead [23], rice husk [24] and palm kernel fibre [25].
ecently, an extensive list of alternative and cheaper adsorbents
or dyes removal has been compiled by Allen and Koumanova
26].

Pineapple (Ananas comosus Merr.) is the leading edible member
f the family Bromeliaceae. It is a perennial plant with a height
f 75–150 cm, a spread of 90–120 cm, a short, stout stump, and
rosette of long (50–180 cm), narrow, fibrous and spiny leaves

27]. According to the FAO online databases, it was estimated that
alaysia produced 255,000 T of pineapple in 2003 [28]. The pineap-

le is mainly produced as canned fruits and consumed worldwide
28]. The crown leaves and stems are the burden of the canned
ineapple industry because the need of these leaves for replanting

s relatively small compared to the amount of the refuse generated,
hus become an issue and contributes to serious environmental
roblems. Therefore, to help in the disposal of these wastes, a study
ould be carried out on the possibility of converting these wastes
nto a profitable adventure; which formed the motivations of this
resent study.

The main aim of this study was to investigate the potentiality

f using pineapple stem (PS) as an adsorbent for the adsorption
f methylene blue (MB). The effects of initial dye concentration,
ontact time and pH on MB adsorption were studied. Adsorption
sotherms and kinetics parameters were also calculated and dis-
ussed.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:chbassim@eng.usm.my
dx.doi.org/10.1016/j.jhazmat.2008.05.036
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. Material and methods

.1. Adsorbate

Basic dye used in this study was methylene blue purchased from
igma–Aldrich. MB has molecular formula C16H18N3ClS (Mol. wt.
19.85 g/mol). The maximum wavelength of this dye is 668 nm. The
ye stock solution was prepared by dissolving accurately weight
ye in distilled water to the concentration of 1 g/L. The experimen-
al solutions were obtained by diluting the dye stock solution in
ccurate proportions to needed initial concentrations.

.2. Preparation of adsorbent

Pineapple stems were collected from nearby market as solid
aste. The collected materials were then washed with distilled
ater for several times to remove all the dirt particles. The washed
aterials were cut into small pieces (1–3 cm) and dried in a hot air

ven at 70 ◦C for 48 h. Then ground and finally screened to obtain a
article size range of 355–500 �m. Thirty grams of PS was repeat-
dly washed with hot distilled water until the filtered water was
lear. Therefore, the PS was dried at 70 ◦C for 24 h in an oven and
hen stored in plastic bottles for further use.

.3. Scanning electron microscopy and Fourier Transform Infra
ed study

Scanning electron microscopy (SEM) analysis was carried out on
he PS to study its surface texture before and after MB adsorption.
ourier Transform Infrared.

(FTIR) (FTIR-2000, PerkinElmer) analysis was applied on the
nused PS and dye-adsorbed-PS to determine the surface func-
ional groups, and the spectra were recorded from 4000 to
00 cm−1.

.4. Equilibrium studies

A fixed amount of adsorbent (0.30 g) was added into a set of
ach 250 mL Erlenmeyer flasks containing 200 mL of different ini-
ial concentrations (25, 50, 100, 150, 200, 250 and 300 mg/L) of dye
olution without adjusting pH. The flaks were agitated in an isother-
al water bath shaker at 120 rpm and 30 ◦C for 5 h and 30 min

ntil equilibrium was reached. At time t = 0 and equilibrium, the
ye concentration were measured by a double beam UV/Vis spec-
rophotometer (Shimadzu, Model UV 1601, Japan) at 668 nm. Each
xperiment was duplicated under identical conditions. The amount
f adsorption at equilibrium, qe (mg/g), was calculated by:

e = (C0 − Ce)V
W

(1)

here C0 and Ce (mg/L) are the liquid-phase concentrations of dye
t initial and equilibrium time t, respectively. V (L) is the volume of
he solution, and W (g) is the mass of adsorbent used.

The dye removal percentage can be calculated as follows:

emoval percentage =
(

C0 − Ct

C0

)
× 100 (2)

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

.5. Effect of pH
The effect of pH on the amount of dye removal was studied over
he pH range from 2 to 10. The pH was adjusted by adding a few
rops of 1.0N NaOH or 1.0N HCl. In this study, 200 mL of a fixed

nitial concentration of dye solution at different pH were agitated

e
b
s

p

ig. 1. SEM micrographs of PS particle (a) before dye sorption (magnification: 369)
nd (b) with dye adsorbed (magnification: 336).

ith 0.30 g of PS adsorbent using water-bath shaker at 30 ◦C. Agi-
ation was provided at a constant speed of 120 rpm for 5 h 30 min.
he concentrations at equilibrium were determined.

.6. Batch kinetic studies

The procedure of kinetic tests was identical to those of equilib-
ium tests. The aqueous samples were taken at preset time intervals
nd the concentrations of MB solutions were similarly measured.
he amount of adsorption at time t, qt (mg/g), was calculated by:

t = (C0 − Ct)V
W

(3)

. Results and discussion

.1. SEM and FTIR of PS

Fig. 1 shows the SEM micrographs of PS sample before and after
ye adsorption. It is clear that PS has considerable numbers of het-

rogeneous layer of pores where there is a good possibility for dye to
e adsorbed. The surface of dye-loaded adsorbent, however, clearly
hows that the surface of PS is covered with dye molecules (Fig. 1b).

The FTIR spectrum of PS (Fig. 2 and Table 1) shows that some
eaks were shifted or disappeared and that new peaks were also
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Fig. 3. Effect of initial concentration on removal of MB by PS (conditions:
W = 0.30 g/200 mL; temperature = 30 ◦C).
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from 13.29 to 104.50 mg/g for an increase in pH from 2 to 10. A

T
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1

ig. 2. FTIR of PS adsorbent: (a) before dye sorption and (b) after dye adsorption.

etected. These changes observed in the spectrum indicated the
ossible involvement of those functional groups on the surface of
he PS in adsorption process.

.2. Effect of contact time and initial dye concentration

The effect of the initial MB concentration on the MB adsorp-
ion by PS is shown in Fig. 3. It can be seen that the amount of
ye adsorbed (mg/g) increased with increased dye concentration
nd remained constant after equilibrium time. The concentration
rovides an important driving force to overcome all mass trans-

er resistance of the dye between the aqueous and solid phases.
ence a higher initial concentration of dye will enhance the adsorp-

ion process. The equilibrium sorption capacity of the PS increased
ith an increase initial dye concentration, while the % removal

f dye showed the opposite trend. When the initial dye concen-
ration increased from 25 to 300 mg/L, the loading capacity of PS
ncreased from 18.33 to 116.95 mg/g and the percentage removal
ecreased from 96.70 to 54.50%. A similar trend was also observed
or MB adsorption onto Parthenium hysterophorus [29] and MB onto
amboo-based activated carbon [30].

Fig. 3 also indicated that the contact time needed for MB
olutions with initial concentrations of 25–100 mg/L to reach equi-

ibrium was less than 1 h and 30 min. For MB solutions with
nitial concentrations of 150–300 mg/L, equilibrium time of 4 h was
equired. However, the experimental data were measured at 5 h
nd 30 min to be sure that full equilibrium was attained. A simi-

c
t
9
r

able 1
TIR of PS adsorbent

R peak Frequency (cm−1) Differe

Before adsorption After adsorption

1 3,402 3,398 4
2 2,919 2,916 3
3 2,130 –
4 1,736 1,733 3
5 1,635 –
6 1,605 1,602 3
7 1,513 –
8 1,427 –
9 1,377 1,384 −7

10 1,318 1,355 −37
11 – 1,337
2 1,252 1,248 4

13 1,159 1,161 −2
14 – 1,107
15 1,048 1,037 11
16 896 886 10
17 – 828,791
18 667 664 3
ig. 4. Effect of the solution pH on the adsorption of MB on PS (C0 = 250 mg/L,
emperature 30 ◦C, agitation rate 120 rpm and W = 0.3 g).

ar observation was reported for the adsorption of MB on pomelo
Citrus grandis) peel [24].

.3. Effect of solution pH on dye adsorption

The effect of solution pH on the equilibrium up-take capacity of
S was studied at 250 mg/L initial dye concentration and tempera-
ure 30 ◦C between pH value of 2 and 10. As shown in Fig. 4, the dye
p-take was found to increase with an increase in pH. It increased
onsistent increase in adsorption capacity of the PS was noticed as
he pH increased from 2 to 4, but further increase in pH from 4 to
seemed not affect the sorption in any wise. A similar trend was

eported for the adsorption of MB onto wheat shells [31].

nces Assignment

Bonded OH groups
Two bands for CH2 groups
C N stretching
C O stretching
C O stretching
Bonded C C
NH stretching
in-plane OH bending and C O stretch of dimmers
CH3 deformation

NO2 aromatic nitro compounds
SO2 NH2 sulfonamides
C O stretching
C N stretching

C NH3 primary aliphatic amines
P O C strongest band highest frequencies for aliphatic amines
CH out-of-plane deformation
CH out-of-plane deformation
C O H twist broad
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Fig. 5. Langmuir isotherm for MB sorption onto PS.

At lower pH as 2, the surface charge may be positively charged,
hus making (H+) ions compete effectively with dye cations caus-
ng a decrease in the amount of dye adsorbed. At higher pH the
urface of PS, may be negatively charged which enhance the posi-
ively charged dye cations through electrostatic force at attraction
32]. A similar trend was also observed for adsorption of MB onto
eech sawdust [33] and malachite green onto treated sawdust [21].
resent result is in good agreements with the above previous find-
ngs.

.4. Adsorption isotherms

In order to establish the most appropriate correlations for the
quilibrium data in the design of adsorption system, two common
sotherm models were tested: the Langmuir and Freundlich mod-
ls. The applicability of the isotherm equations was compared by
udging the correlation coefficients, R2.

The Langmuir adsorption [34] model is based on the assumption
hat maximum adsorption corresponds to a saturated monolayer of
olute molecules on the adsorbent surface. The linear form of the
angmuir equation can be described by

Ce

qe
=

(
1

Q0b

)
+

(
1

Q0

)
Ce (4)

here Ce (mg/L) is the equilibrium concentration of the adsorbate,
e (mg/g) is the amount of adsorbate per unit mass of adsorbent,
0 and b are Langmuir constants related to adsorption capacity and

ate of adsorption, respectively. The linear plot of specific adsorp-
ion (Ce/qe) against the equilibrium concentration (Ce) (Fig. 5)
hows that the adsorption obeys the Langmuir model. The Lang-
uir constants Q0 and b were determined from the slope and

ntercept of the plot and are presented in Table 2. The R2 values

0.998) suggest that the Langmuir isotherm provides a good fit to
he isotherm data. A similar observation was reported for adsorp-
ion of MB on fly ash [35], pomelo (Citrus grandis) [24], silk worm
36], cedar sawdust and crushed brick [37].

able 2
angmuir and Freundlich isotherm constants and correlation coefficients for adsorp-
ion of MB onto PS adsorbent

angmuir isotherm
Q0 119.05
b 0.00009
R2 0.998

reundlich isotherm
KF 25.42
n 2.97
R2 0.921
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Fig. 6. Freundlich isotherm for MB sorption onto PS.

The essential characteristics of the Langmuir isotherm can be
xpressed in terms of a dimensionless constant separation factor
L [38] given by Eq. (5)

L = 1
1 + bC0

(5)

here C0 (mg/L) is the highest initial concentration of adsorbent,
nd b (L/mg) is Langmuir constant. The parameter RL indicates the
ature of shape of the isotherm accordingly:

L > 1 Unfavorable adsorption
<RL <1 Favorable adsorption
L = 0 Irreversible adsorption
L = 1 Linear adsorption

The value of RL in the present investigation has been found to be
.9737 at 30 ◦C showing that the adsorption of MB on PS is favorable
t the temperature studied.

The Freundlich isotherm [39] is the earliest known relationship
escribing the sorption equation. The fairly satisfactory empirical

sotherm can be used for non-ideal sorption that involves hetero-
eneous surface energy systems and is expressed by the following
quation:

e = KFC1/n
e (6)

here KF (mg/g (L/mg)1/n) is roughly an indicator of the adsorption
apacity and 1/n is the adsorption intensity. In general, as the KF
alue increases the adsorption capacity of adsorbent for a given
dsorbate increases. The magnitude of the exponent, 1/n gives an
ndication of the favorability of adsorption. Value of n > 1 represents
avorable adsorption condition [40,41]. The linear form of Eq. (6) is:

og qe = log KF +
(

1
n

)
log Ce (7)

alues of KF and n are calculated from the intercept and slope of the
lot (Fig. 6) and are listed in Table 2.The R2 value (0.921) is lower
han Langmuir isotherm. The value of Freundlich exponent n (2.97)
s the range of n > 1, indicating a favorable adsorption [40,41].

The best equilibrium model was determined based on the lin-
ar square regression correlation coefficient R2. From Table 2, it was
bserved that the equilibrium sorption data were very best repre-
ented by the Langmuir isotherm. The best fit isotherm expressions
onfirm the monolayer coverage process of MB onto PS. A similar
esult was reported for adsorption of methylene blue on adsorbents
aterials produce from sewage sludge [42].

Table 3 lists a comparison of maximum monolayer adsorption

apacity of MB on various adsorbents. PS is found to have a relatively
arge adsorption capacity of 119.05 mg/g and this indicates that it
ould be considered a promising material for the removal basic dye
rom aqueous solution, mostly when compared with waste apricot
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Table 3
Comparison of adsorption capacities of various adsorbents for MB

Adsorbent Q0 (mg/g) T (◦C) Reference

Pineapple stem 119.05 30 This study
Sulfuric acid treated

Parthenium (SWC)
88.29 26 ± 1 [29]

Pathenium (PWC) 20.8 30 [29]
Wheat shells 16.56 30 [31]
Raw Posidonia oceanica fibres 5.56 30 [32]
Yellow passion fruit peel 0.0068 25 [33]
Cedar sawdust 142.36 20 [36]
Crushed brick 96.61 20 [36]
Waste apricot-based activated

carbon
102.04–136.98 30–50 [43]

Bamboo dust carbon 143.20 30 [44]
Dehydrated peanut hull 123.5 27 [45]
Rice husk 40.58 32 [46]
Orange peel 18.6 30 [47]
Eggshell 0.80 25 [48]
Eggshell membrane 0.24 25 [48]
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Fig. 7. Pseudo-first-order kinetics for adsorption of MB on PS.

ased activated carbon (102.04–136.98 mg/g) [44] and dehydrated
eanut hull (123.5 mg/g) [46].

.5. Adsorption kinetics

Pseudo-first-order and second-order models were applied to
est experimental data and thus elucidated the kinetic adsorp-
ion process. Lagergren proposed a method for adsorption analysis
hich is the pseudo-first-order kinetic equation of Lagergren [49]

n the form:

og(qe − qt) = log qe − k1

2.303
t (8)

where k1 (1/min), is the rate constant, qe (mg/g) is the amount
f solute adsorbed on the surface at equilibrium and qt (mg/g) is

he amount of solute adsorbed at any time. The value of k1 for

B adsorption by PS was determined from the plot of log(qe − qt)
gainst t (Fig. 7). The parameters of pseudo-first-order model are
ummarized in Table 4.

d

q

able 4
omparison of the pseudo-first-order, pseudo-second-order adsorption rate constant and c

0 (mg/L) Pseudo-first-order kinetic model

qe, exp (mg/g) qe, cal (mg/g) k1 (1/min) R2

25 20.00 10.19 0.0081 0.858
50 36.00 18.55 0.0122 0.900
00 60.92 35.65 0.0170 0.977

150 86.03 60.81 0.0182 0.979
00 103.64 67.87 0.0152 0.971
50 107.72 72.53 0.0161 0.987
00 116.95 56.18 0.0108 0.905
Fig. 8. Pseudo-second-order kinetics for adsorption of MB on PS.

Although the correlation coefficients (R2) are generally greater
han 0.858 for all initial concentrations under the limit of the
xperimental qe for the pseudo-first-order kinetic model. As such,
he adsorption of MB on PS cannot be best described by the
seudo-first-order kinetic. In many cases the first-order equation
f Lagergren does not fit well to the whole range of contact time
nd is generally applicable over the initial stage of the adsorption
rocesses [50]. Therefore, the pseudo-second-order kinetic model
41,51] as shown in Eq. (9) was used to study the adsorption kinetic
f the present system.

t

qt
= 1

k2q2
e

+
(

1
qe

)
t (9)

here k2 (g/mg min) is the second-order rate constant. The qe and
2 can be calculated from the slope and intercept of the plots t/qt

ersus t (Fig. 8).
The constant k2 is used to calculate the initial sorption rate h

mg/g min), as t→0 as follows:

= k2q2
e (10)

he pseudo-second-order rate constants k2, the calculated h values,
nd the corresponding linear regression correlation coefficients R2

re given in Table 4. The R2 values were found to be in the range
.994–1.000. Moreover, the variations between the calculated qe

nd experimental qe were very minimal for this model.
The high correlations coefficient and high agreement that exist

etween the calculated and experimental qe values of the pseudo-
econd-order kinetic model over the other model renders it best
n adsorption of MB on PS. This confirms that the sorption data are

ell represented by the pseudo-second-order kinetics for the entire
orption period. The increase in values of the initial adsorption
ates, h (Table 4) with an increase in the initial dye concentration
ould be attributed to the increase in the driving force for mass
ransfer, allowing more dye molecules to reach the surface of the
The kinetic results were further analyzed by the intraparticle
iffusion model to elucidate the diffusion mechanism [54]:

t = kidt1/2 + C (11)

alculated and experimental qe value obtained at different initial MB concentrations

Pseudo-second-order kinetic model

qe, cal (mg/g) k2 (g/mg min) R2 h (mg/g min)

18.73 0.0036 0.994 1.263
35.97 0.0019 0.998 2.458
62.50 0.0013 0.996 5.078
93.46 0.0005 1.000 4.367

114.94 0.0004 0.998 8.403
133.64 0.0003 0.998 5.359
114.94 0.0007 0.999 9.248
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ig. 9. Intraparticle diffusion constants for different initial MB dye concentrations.

here C is the intercept and kid is the intraparticle diffusion rate
onstant (mg/g min0.5), which can be evaluated from the slope of
he linear plot of qt versus t1/2 (Fig. 9). If the regression of qt ver-
us t1/2 is linear and passes through the origin, then intraparticle
iffusion is the sole rate-limiting step [55]. For intraparticle diffu-
ion plots, the first, sharper region is the instantaneous adsorption
r external surface adsorption. The second region is the gradual
dsorption stage where intraparticle diffusion is the rate limiting.
n some cases, the third region exists, which is the final equilibrium
tage where intraparticle diffusion starts to slow down due to the
xtremely low adsorbate concentrations left in the solutions [56].
s seen from Fig. 9, the plots were not linear over the whole time
ange, implying that more than one process affected the adsorption.

. Conclusions

The results revealed the potential of pineapple stem, an agricul-
ural waste material, to be a low-cost adsorbent for removing basic
ye from aqueous solutions. Equilibrium data agreed well with
angmuir isotherm model with monolayer adsorption capacity of
19.05 mg/g at 30 ◦C. The value of the separation factor, RL, indicated
he dye/PS system was a favorable adsorption. The suitability of
seudo-first-order kinetic and pseudo-second-order kinetic mod-
ls for the sorption of MB onto PS was also discussed. The kinetic
odeling study has shown that the experimental data were found

o follow the pseudo-second-order model suggesting a chemisorp-
ion process.
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´
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