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bstract

Batch sorption experiments were carried out using a novel adsorbent, guava leaf powder (GLP), for the removal of methylene blue (MB) from
queous solutions. Potential of GLP for adsorption of MB from aqueous solution was found to be excellent. Effects of process parameters pH,
dsorbent dosage, concentration, particle size and temperature were studied. Temperature–concentration interaction effect on dye uptake was
tudied and a quadratic model was proposed to predict dye uptake in terms of concentration, time and temperature. The model conforms closely
o the experimental data. The model was used to find optimum temperature and concentration that result in maximum dye uptake. Langmuir

odel represent the experimental data well. Maximum dye uptake was found to be 295 mg/g, indicating that GLP can be used as an excellent

ow-cost adsorbent. Pseudo-first-order, pseudo-second order and intraparticle diffusion models were tested. From experimental data it was found
hat adsorption of MB onto GLP follow pseudo second order kinetics. External diffusion and intraparticle diffusion play roles in adsorption process.
ree energy of adsorption (�G◦), enthalpy change (�H◦) and entropy change (�S◦) were calculated to predict the nature of adsorption. Adsorption

n packed bed was also evaluated.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Removal of dyes from polluted effluent is an essential task for
nvironmental protection. Considering both volume and compo-
ition, effluent from the textile industry was declared as one of
he major sources of wastewater in ASEAN countries [1]. Dyes
re widely used in many industries such as textile, leather, pulp

paper and plastics in order to color their products. About
00,000 tonnes and 10,000 different types of dyes and pigments
re being produced annually across the world [2,3]. It is rather
ifficult to treat the textile wastewater by conventional biolog-
cal and physical–chemical processes because of the complex

olecular structure of the dyes. Therefore, innovative treatment
ethods are being investigated. Among the various treatment
ptions available for the removal of dyes from textile effluents,
dsorption is one of the most effective treatment methods [4].
ctivated carbons are widely used as adsorbents for the removal

∗ Corresponding author. Tel.: +91 99947 12632; fax: +91 4362 264120.
E-mail address: vponnu@chem.sastra.edu (V. Ponnusami).
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f dyes from wastewater. However, use of activated carbon for
arge scale removal of dyes is quite expensive. Consequently

any researchers have studied the feasibility of using low-cost
ubstances as alternative to costly activated carbons. Materi-
ls like modified rice straw [2], fly ash [3,5], rice husk [6,7],
eem leaf powder [8], chemically treated guava leaf powder [9],
hoenix tree leaves [10], wheat shell [11], banana and orange
eels [12], etc., have been studied. Many agro-wastes are arbi-
rarily discarded or set on fire generating CO2 and other forms of
ir pollution. The exploitation and utilization of these materials
ust bring obvious economic and social benefits to mankind.
In the present work, adsorption capacity of untreated guava

eaf powder (GLP) was investigated, using methylene blue as
model basic dye. Guava or Psidium guajava of Myrtaceae

amily is a tropical and semitropical plant. It is common in
ackyards and waste places. The raw leaves contain fixed oil
%, and volatile oil 0.365%, resin 3.15%, tannin 8.5%, and a

umber of other fixed substances. Its seeds and leaves possess
edicinal value and are traditionally used to treat a number of

uman ailments [13]. During preliminary studies carried out at
ur laboratory guava leaf powder had shown excellent adsorp-
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dx.doi.org/10.1016/j.jhazmat.2007.06.107
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Nomenclature

ARE average relative error (ARE)
C0 initial dye concentration in aqueous solution

(mg/dm3)
Cb column break through dye concentration

(mg/dm3)
Ce equilibrium dye concentration in liquid phase

(mg/dm3)
Ct dye concentration in aqueous solution at time t

(mg/dm3)
D adsorbent dosage (g/dm3)
�G◦ free energy of adsorption (J mol−1)
�H◦ change in enthalpy (J mol−1)
I integral constant
K1 pseudo-first-order rate constant (min−1)
K2 pseudo-second order rate constant

(g mg−1 min−1)
Ka BDST model constant (l/mg h)
KF Freundlich constant (mg g−1) (dm3/mg)1/n

Ki intraparticle diffusion rate constant
(mg g−1 min0.5)

KL Langmuir adsorption constant (dm3 mg−1)
KTh Thomas model constant (l/mg h)
LD50oral lethal dosage 50 (oral)
mtotal total amount of dye sent to the column (mg)
MPSD Marquardt’s percent standard deviation
1/n Freundlich parameter
N0 The sorption capacity of the bed per unit volume

of the bed (mg/l)
P smallest level of significance leading to rejection

of the null hypothesis
qe equilibrium dye concentration in solid phase

(mg g−1)
qeq, ex equilibrium dye concentration in solid phase

obtained from experiments (mg g−1)
qeq, th equilibrium dye concentration in solid phase pre-

dicted from models (mg g−1)
qm Langmuir isotherm parameter, maximum dye

adsorbed/unit mass of adsorbent (mg g−1)
qo maximum dye solid phase concentration of dye

in the column (mg g−1)
qt amount of dye adsorbed per unit mass of adsor-

bent at time t (mg g−1)
qtotal total amount of dye adsorbed in the column (mg)
Q Column feed flow rate (ml/min)
%Rt percentage dye removed at time t (min)
R the gas universal constant (8.314 J/mol K)
RL Langmuir separation or equilibrium parameter
�S◦ change in entropy (J mol−1 K−1)
SSE sum of the squares of error
SAE sum of absolute errors
t time (min)
tb column break through time (min)
T absolute temperature (K)

U0 superficial velocity of the solution (cm/h)
Veff effluent volume (ml)
xi process parameters (coded)
x1 initial concentration of the dye (mg dm−3)
x2 time (min)
x3 temperature (K)
Xi process parameters (uncoded)
Z bed height (cm)

Greek letters
β0 constant coefficients
βi, βii, βij coefficients for linear, quadratic and interaction

effect
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χ2 Chi-square

ion capacity for methylene blue. The objectives of the present
tudy were, to examine the adsorption characteristics of guava
eave powder, to study the feasibility of its use as low-cost adsor-
ent, to determine the batch kinetic parameters, to predict the
aximum possible adsorption capacity and to study the perfor-
ance of packed bed adsorption. Due to its abundant availability

nd low-cost it can be disposed off after use without need for
xpensive regeneration.

Color in waterbody is aesthetically unpleasant, and interferes
ight penetration and reduces photosynthetic activities. Many
yes or their metabolites have toxic effects as carcinogenic,
utagenic and teratogenic effects on aquatic life and humans

2]. The methylene blue (MB, Chemical formula: C16H18N3SCl;
W: 319.86 g/mol, λmax = 662 nm, class: thiazine, C.I. Classifi-
ation Number: 52015.) was chosen as a model dye because of its
ell known adsorption characteristics. The dye is not regarded

s acutely toxic, but it can have various harmful effects. Workers
andling methylene blue are at risk for photoirritant contact der-
atitis (PICD) [14]. High concentration of solid dye in contact
ith eye has been known to have caused corneal and conjunctival

njury in human beings. Hemolytic anemia has occurred in man a
eek after excessive doses of methylene blue. In adults IV doses

n range of 500 mg have produced nausea, abdominal and pre-
ordial pain, dizziness, headache, profuse sweating and mental
onfusion [15]. MB is a known teratogen that results in intestinal
tresia when injected intra-amniotically [16]. Methylene blue
ay also result in hemolytic anemia, hyperbilirubinemia, and

cute renal failure [17]. LD50oral values for rats and mouse have
een reported to be 1180 and 3500 mg/kg−1 [18].

. Materials and methods

Mature guava leaves were washed thoroughly with distilled
ater to remove dust and other impurities and dried at 343 K in
ot air oven overnight. Dried leaves were then ground, screened,

ashed and dried again. Dried GLP was stored in plastic contain-

rs for further use. Characteristics of the GLP were determined,
nd results are summarized in Table 1. The MB dye (82%
ye content) was obtained from Ranbaxy Laboratories Limited
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Table 1
Physical and chemical properties of GLP used in the experiments

Moisture content (%) 4.77
Volatile matter (%) 69.91
Ash (%) 19.56
Fixed carbon (%) 5.76
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ulk density (g/dm3) 262
verage particle size, BSS #−100 + 150 (�m) 125

India), and used without further purification. A stock solution
as prepared by dissolving required amount of dye in double
istilled water which was later diluted to required concentra-
ions. All the solutions were prepared in double distilled water.
olution pH was adjusted by adding either HCl or Na2CO3 as
equired. Concentrations of the dye solutions were determined
rom the absorbance of the solution at the characteristic wave-
ength (λmax = 662 nm) of MB using a double beam UV–vis
pectrophotometer (Systronics 2201). Samples were diluted if
he absorbance exceeds 0.8. Final concentration was then deter-

ined from the calibration curve.
Percentage dye removal was calculated using the following

ormula.

Rt = C0 − Ct

C0
× 100 (1)

pecific uptake was calculated by:

t = C0 − Ct

D
(2)

.1. Adsorption experiments

The batch adsorption experiments were carried out by vary-
ng initial dye concentrations, initial pH, temperature, adsorbent
osage, and particle size. In each experiment accurately weighed
LP was added to 100 cm3 of aqueous dye solution taken in a
50 cm3 conical flask and the mixture was agitated at 200 rpm
n an incubated shaker at a constant temperature. Samples
ere withdrawn at regular time intervals and centrifuged (Remi
esearch centrifuge). The dye concentration in supernatant solu-

ion was determined using UV–vis Spectrophotometer. All the
xperiments were conducted in duplicates and average values
ere taken.

.2. Adsorption isotherms

Equilibrium data commonly known as adsorption isotherms
re basic requirements for the design of adsorption systems.
hese data provide information on the capacity of the adsorbent
r the amount required to remove a unit mass of pollutant under
he system conditions. Langmuir and Freundlich isotherms were
sed to describe the equilibrium characteristics of adsorption.
n accurate isotherm is important for design purposes. Linear

egression is commonly used to determine the best fit model, and

he method of least squares has been widely used for obtaining
he isotherm constants. It is however, well known that obtaining
he parameters of a non-linear equation using its linear form

ay introduce large errors [1]. The non-linear regression of

2

t

us Materials 152 (2008) 276–286

ntransformed data is therefore preferred. Non-linear regression
s performed using CurveExpert 1.34 (Microsoft). Five differ-
nt error functions, sum of the squares of error (SSE), sum
f absolute errors (SAE), average relative error (ARE), Mar-
uardt’s percent standard deviation (MPSD), and Chi-square
χ2) of nonlinear regressions were employed to find out the most
uitable isotherm model. Definitions of these error functions are
escribed elsewhere [1,3,19].

One of the most popular adsorption isotherms used for liquids
o describe adsorption on a surface having heterogeneous energy
istribution is Freundlich isotherm. It is given as:

e = KFC1/n
e (3)

reundlich isotherm is derived assuming heterogeneity surface.
F and n are indicators of adsorption capacity and adsorption

ntensity, respectively [11]. Rearranging Eq. (3) we get,

nqe = lnKF + 1

n
lnCe (4)

plot of log qe versus log Ce yields a straight line, with a slope
f 1/n and intercept of ln KF. The value of Freundlich constant
n) should lie in the range of 1–10 for favorable adsorption [11].

Langmuir isotherm, applicable for homogenous surface
dsorption, is given as:

e = qm
KLCe

1 + KLCe
(5)

q. (5) can be rearranged into linear form:

1

qe
= 1

qmKLCe
+ 1

qm
(6)

y plotting 1/qe versus 1/Ce, the Langmuir constants can be
btained. The essential characteristics of Langmuir isotherm can
e expressed by a separation or equilibrium parameter, which is
dimensionless constant defined as:

L = 1

1 + KLC0
(7)

L indicates the nature of adsorption [11] as indicated below:

unfavorable RL > 1;
linear RL = 1;
favorable 0 < RL < 1;
irreversible RL = 0.

.3. Adsorption kinetic studies

The transient behavior of the dye sorption process was ana-
yzed by using the pseudo-first-order, pseudo-second-order, and
ntraparticle diffusion models. Application of a single kinetic

odel to sorption on solid adsorbents may be questionable
ecause of the heterogeneity of adsorbent surfaces and diversity
f adsorption phenomena [20].
.3.1. Pseudo-first-order model
The pseudo-first-order kinetic model has been widely used

o predict dye adsorption kinetics. The pseudo-first-order rate
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xpression suggested originally by Lagergren based on solid
apacity [8] is expressed as follows.

dqt

dt
= K1(qe − qt) (8)

ntegrating and applying boundary conditions qt|t = 0 = 0 and
t|t = t = qt we get,

og(qe − qt) = logqe − K1

2.303
t (9)

alues of qe and K1 can be obtained from the slope and intercept
f the plot log (qe − qt) versus t/2.303.

.3.2. Pseudo-second order model
Pseudo-second order model is expressed by the equation [21].

dqt

dt
= K2(qe − qt)

2 (10)

ntegrating and applying boundary conditions qt|t = 0 = 0 and
t|t = t = qt we get,

1

qe − qt

= 1

qe
+ K2t (11)

e can rearrange Eq. (11) as:

t

qt

= 1

K2q2
e

+ t

qe
(12)

alues of qe and K2 can be obtained from the slope and intercept
f the plot t/qt versus t.

.3.3. Intraparticle diffusion studies
It is necessary to identify the steps involved during adsorption

n order to interpret the mechanism of adsorption. It is assumed
hat the adsorption process consists of several steps. Migration
f the dye from the bulk of the solution to the sorbent surface,
iffusion of the dye through the boundary layer, intraparticle
iffusion, and adsorption of the dye on the internal sorbent sur-
ace. The intraparticle diffusion rate can be expressed in terms
f the square root time. The mathematical dependence of qt ver-
us t0.5 is obtained if the sorption process is considered to be
nfluenced by diffusion in the spherical particles and convec-
ive diffusion in the solution. The root time dependence, the
ntraparticle diffusion model [11] is defined as follows:

t = Kit
0.5 + I (13)

he plot q versus t0.5 is given by multiple linear regions repre-
enting the external mass transfer followed by intraparticle or
ore diffusion [7].

.3.4. Thermodynamic studies
Thermodynamic parameters Gibbs free energy (�G◦),

hange in enthalpy and (�H◦) change in entropy (�S◦) were
btained from the experiments carried out at different tempera-

ures. The free energy of adsorption (�G◦) can be related with
angmuir adsorption constant [3] by the following equation:

G◦ = −RT lnKL (14)

o
i
m
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herefore, enthalpy and entropy changes can be estimated from
he following equation

nKL = −�G◦

RT
= �S◦

R
− �H◦

RT
(15)

hus, a plot of ln KL versus 1/T should be a straight line. �H◦
nd �S◦ values were obtained from the slope and intercept of
his plot, respectively.

.4. Column experiments

Bulk removal of MB onto GLP was investigated using packed
ed of BSS #−30 + 36 size GLP particles. Larger size particles
ere chosen to reduce excessive pressure drop and to ensure
lug flow. Glass column with internal diameter 2 cm, fitted with
ve sampling points at 5 cm intervals, was used for the study. At

he bottom of the packing 2 cm high layer of glass beads (3 mm
ia.) was used to provide uniform inlet flow to the column. Dye
olution was introduced into the column at desired flow rate
sing a peristaltic pump. Samples were collected at regular time
ntervals from all the sampling points.

Performance of the column operation is described by break
hrough curves. Break through time and shape of break through
urve are very important characteristics of the column for deter-
ining the operation and dynamic response of the bed. Volume

f effluent processed is calculated as:

eff = Qttotal (16)

otal amount dye adsorbed in the column for a given feed con-
entration and flow rate is calculated using the formula:

total = Q

1000

∫ ttotal

t=0

(
1 − Ct

C0

)
dt (17)

f the total amount of dye passed through the column is mtotal
=QC0ttotal/1000), then percentage dye removed is calculated as:

otal removal % =
(

qtotal

mtotal

)
× 100. (18)

.4.1. Bed depth service time (BDST)
Bed service depth model is a simple model that assumes a

inear relationship between bed height and service time of a
olumn. The equation can be expressed as [22]:

b = N0Z

C0U0
− 1

KaC0
ln

(
Co

Cb
− 1

)
(19)

he model ignores the intraparticle mass transfer resistance
nd external film resistance. With these assumptions the model
easonably fits many packed bed adsorption systems well and
rovides information (N0 and Ka) useful for scale up of given
dsorption system.

.4.2. Thomas models

Successful design of a column adsorption requires prediction

f concentration–time profile and maximum adsorption capac-
ty. Thomas model is one of the most general and widely used

odels among various models available to describe packed bed
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Table 3
Comparison of adsorption capacities of various adsorbents for MB

Adsorbent qmax (mg/g)

Teak wood bark 915 [27]
Activated carbon 435 [24]
Rice husk 312.26 [27]
Untreated guava leaves 295, this work
Rattan sawdust–activated carbon 294.12 [25]
Cotton waste 278 [27]
Modified rice straw 208.33 [2]
Chemically treated guava leaves 133.33 [9]
Neem leaf powder 8.76–19.61 [8]
Rice husk 40.59 [7]
Paspalum notatum 30.4–31.4 [26]
Banana peel 20.8 [12]
Orange peel 18.6 [12]
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dsorption. Thomas model assumes the following: (i) Langmuir
sotherm, (ii) no axial dispersion and (iii) second order adsorp-
ion kinetics. Linear form of the model is given by the equation
22,23]:

n

(
Co

C
− 1

)
= KThq0X

Q
− KThC0

Q
Veff (20)

Th and q0 determined from the slope and intercept of the plot
f ln(C0/C − 1) versus t at a given flow rate.

. Results and discussion

.1. Isotherms

Batch experiments were carried out at different dye con-
entrations varying from 100 to 800 mg/dm3. Other process
arameters were kept constant (temperature = 303 K, adsorbent
ose = 2 g/dm3, shaker speed = 200 rpm, and particle size = BSS
−100 + 150). Samples were taken and analyzed at regular
ime intervals till equilibrium was attained. Isotherm parameters
nd error function values determined by non-linear regression
re presented in Table 2. The data fits well with both Fre-
ndlich & Langmuir isotherms yielding high R2 values, close
o 1.0. However, the values of other error functions indicate
hat the non-linear regression of Langmuir model provides the
est fit for the experimental data. Values of error functions
RE, SAE, SSE, MPSD and χ2 obtained by non-linear regres-

ion of Langmuir model were 10.40, 80.68, 1501.63, 14.45
nd 8.42, respectively. These values are lower than the corre-
ponding values of Freundlich isotherm model. This confirms
hat non-linear regression of Langmuir model fits best with
he experimental data. This observation is in agreement with
esults reported by Ho et al. [20], who had suggested Chi-
quare analysis for choosing the best fitting isotherm model,

2
ather than the use of coefficient of determination R . Confor-
ation of the experimental data into Langmuir isotherm model

ndicates the homogeneous nature of adsorbent surface. The
alue of dimensionless separation parameter, RL, was found to

able 2
sotherm parameters for the removal of methylene blue by GLP (T = 303 K,

0 = 100–800 mg/dm3, dosage = 2 g/dm3, rpm = 200, particle size = BSS
−100 + 150)

angmuir isotherm Freundlich isotherm

arameters Values Parameters Values

L (dm3/mg) 0.112 KF (mg/g) (dm3/mg)1/n 62.56

m (mg/g) 295.04 1/n 0.31
eparation parameter, RL 0.01–0.08 n 3.23

rror functions Values Error functions Values

RE 10.40 ARE 17.26
AE 80.68 SAE 82.66
SE 1501.63 SSE 2016.61
PSD 14.45 MPSD 36.16

2 8.42 χ2 16.99
2 0.99 R2 0.999

s
l
r

3

d
o
o
c

P
0
e
t
o
a
M
m
t
fi

heat shells 16.56–21.50 [11]
ly ash 13.42 [5]

e in the range of 0–1, suggesting favorable adsorption pro-
ess. The value of Freundlich constant, n (3.23), also suggests
eneficial adsorption in the system. Langmuir constant qm, the
aximum specific uptake, was 295.04 mg/g (dosage = 2 g/dm3,

H 7.5, size = BSS #−100 + 150, temperature = 303 K, shaker
peed = 200 rpm). Previously a number of researchers have
nvestigated several adsorbents such as modified rice straw [2],
y ash [3,5], rice husk [6,7], neem leaf [8], chemically treated
uava leaves [9], wheat shells [11], banana and orange peel [12],
ctivated carbon [24], rattan sawdust-activated carbon [25], pas-
alum notatum [26], cotton waste [27] for the removal of MB
rom aqueous solutions. Table 3 presents the comparison of
dsorption capacity of GLP for MB with that of several other
ow-cost adsorbents and activated carbon previously reported.
he comparison clearly indicates that the capacity of GLP for
dsorption MB is quite high. It can be expected that GLP would
ave similar capacities for dyes with similar molecular weight,
tructure and/or ionic load. Thus, the naturally defoliated guava
eaves, a low-cost natural resource, can be effectively used to
emove pollutants from effluents.

.2. Kinetics

Pseudo-first-order model did not fit with the experimental
ata well. The values of R2 were between 0.70 and 0.85. Second
rder model was found to fit with the data very well. The values
f qexp, qpre, K1, K2 and the corresponding linear regression
oefficient R2 values are summarized in Table 4.

Fig. 1 shows the linearized plot of second order kinetics.
lots of t/qt versus t were perfectly linear; R2 values were above
.999, indicating the conformity of second order model with
xperimental data and the second-order nature of the adsorp-
ion process of MB onto GLP. Similar phenomena have been
bserved in sorption of methylene blue onto rice husk [7], and
dsorption of methylene blue onto wheat shell [11]. Ho and

cKay [28] revised critically the published kinetic data for
any sorbent–sorbate systems and showed that, in most cases,

he pseudo-second-order model is more suitable than pseudo-
rst-order model.
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Table 4
Adsorption kinetic parameters of MB onto GLP (T = 303 K, particle size = −100 + 150 mesh, rpm = 200, dosage = 2 g/dm3, pH 7.5)

C0 (mg/dm3) qeq, ex First order model Second order model Intra particulate diffusion

qeq, th R2 K1 qeq, th R2 K2 I Ki R2

100 48.95 3.96 0.7012 0.0206 49.13 1.0000 0.0202 21.208 5.799 1
200 98.27 17.59 0.7154 0.0185 99.38 0.9998 0.0032 52.886 5.861 0.961
5 234.63 0.9996 0.0006 104.002 13.606 0.976
6 262.40 0.9994 0.0003 78.343 16.771 0.977
8 318.64 0.9994 0.0002 49.938 29.146 0.972

3
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#

c
M
b
i
g

00 229.37 70.80 0.7037 0.0119
00 251.36 121.89 0.8484 0.0096
00 307.27 140.16 0.8476 0.0090

.3. Intraparticle diffusion

Rather than applying first and second order adsorption mech-
nism for the adsorption of dye molecules it is more appropriate
o use intraparticle diffusion mechanism. To investigate the

echanism of adsorption process intraparticle diffusion mech-
nism was studied. Weber and Moris plot [3] (q versus t0.5) was
sed to investigate intraparticle diffusion mechanism. Weber
nd Moris plot is shown in Fig. 2. In this plot, initial linear
ortion seen is attributed to bulk diffusion, and the second to
ntraparticle/pore diffusion [3]. Plateau in the plot indicates equi-
ibrium [29]. The slope of the linear portion of the plot has
een defined as a rate parameter which characterizes the rate
f adsorption in the region where pore diffusion is rate limit-
ng. The intercept of the plot signifies the extent of boundary
ayer effect. The larger the intercept, the greater is the boundary
ayer effect [11]. Deviation from the origin may be attributed to
he differences between initial and final stage rates of adsorp-
ion. The values of Ki and I are given in Table 4. The value
f Ki was found to increase with increasing initial concentra-
ion of the dye solution. Similar observation was reported by

ane et al. [3] for the adsorption of brilliant green onto bagasse
y ash. The value of intercept, which is a measure of bulk

lm thickness increases (21.2–104) with initial concentration
100–500 mg/dm3) first, then decreases (104–49.9) at higher
oncentrations (500–800 mg/dm3). Increasing trend of the inter-

ig. 1. Ho’s second order kinetics for MB adsorption onto GLP. T = 303 K,
pm = 200, pH 7.5, particle size = BSS #−100 + 150, dosage = 2 g/dm3.
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ig. 2. Weber and Moris intraparticle diffusion plot for the removal of MB
rom aqueous solution. T = 303 K, rpm = 200, pH 7.5, particle size = BSS
−100 + 150, dosage = 2 g/dm3.

ept value with increasing concentration was earlier reported by
ane et al. [3] for the adsorption of brilliant green dye onto

agasse flyash. Mane et al. [3] reported that the value of intercept
ncreased from 15.5 to 55.9 when the concentration of brilliant
reen was increased from 50 to 200 mg/dm3. This agrees well
ith the present data in the same concentration range. However,
eyond 500 mg/dm3, value of intercept decreased suggesting
hat at higher concentrations, sorption process is controlled by
ntraparticle diffusion with a minor effect of the external film.

.4. Thermodynamic studies

�G◦, �H◦ and �S◦ obtained from Eqs. (14) and (15) are
iven in Table 5. The estimated values of �G◦ for adsorption
B onto GLP were (−23.547, −24.936, 29.254 kJ/mol, respec-

ively, at 293, 303, and 323 K which were rather low, indicating

hat spontaneous adsorption had occurred. Negative values of

G◦ show the feasibility and spontaneity of the adsorption
rocess. These findings indicate a spontaneous physisorption
rocess [11]. The enthalpy changes (�H◦) and entropy (�S◦)

able 5
alues of thermodynamic parameters for the adsorption of MB onto GLP

(K) �G (J/mol) �H (J/mol) �S (J/mol K) R2

93 −23547
03 −24936 33.200 192.966 0.9683
23 −29254
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1.5 g/dm adsorbent dosage was sufficient to achieve 95.81%
removal of dye from a solution of 100 mg/dm3 further increase
in dosage was not required. This can be seen from a nearly
constant percentage removal obtained for higher dosages. But
ig. 3. Effect of pH on the removal of MB. T = 303 K, rpm = 200,
osage = 1 g/dm3, particle size = BSS #−100 + 150, C0 = 100 mg/dm3.

f adsorption were 33.20 kJ/mol and �S◦ = 192.966 J/mol K,
espectively. The positive value for �H◦ confirms that the over-
ll adsorption of MB onto GLP is an endothermic process. The
ositive value of entropy change reflects the affinity of the GLP
or MB and increased randomness at the solid/solution interface
ith some structural changes in the adsorbate and adsorbent.
lso, positive �S◦ value corresponds to an increase in the degree
f freedom of the adsorbed species [30].

.5. Effect of pH

One of the important factors that affect adsorption is pH. The
ffect of pH on adsorption of MB onto GLP is shown in Fig. 3. It
as found that the percentage color removal was less at low pH

nd maximum at the natural pH (7.5). At low pH (2) the maxi-
um dye removal was 39%. Dye removal was 62, 83, 87.9, and

8.7% at pH 3, 6, 7.5 and 8 respectively. The influence of the
olution pH on the dye uptake can be explained on the basis of
he pH zero point charge or isoelectric point of the asorbent. The
alue of the pH necessary to affect a net zero charge on a solid
urface in the absence of specific sorption is called the point
f zero charge, pHpzc. This is a convenient index of a surface
hen the latter becomes either positively or negatively charged

s a function of pH. The pH point of zero charge (pHzpc) of
he adsorbent is determined by powder addition method. 0.5 g
f GLP was added to 100 ml conical flask containing 50 ml of
.1 M NaCl solution. Several batches were carried out for vari-
us initial solution pH, called pHi. The pH was adjusted using
.1 M HCl and 0.1 M NaOH solution. The electrolyte solution
ith the GLP was equilibrated for 24 h. After equilibration, the
nal pH, pHf was recorded. Both positive and negative �pH
pHi − pHf) values recorded for the GLP are plotted against the
nitial pH values. The pH at which �pH becomes 0 is called
Hpzc. The zero point charge of Guava Leaf Powder (Fig. 4)
as found to be 6.25. Cation adsorption on any adsorbent will

e favorable at pH > pHzpc. The surface of the adsorbent gets
egatively charged and favors uptake of cationic dyes due to
ncreased electrostatic force of attraction. Thus, MB adsorption
nto GLP is favored at higher pH (value higher than 6.3). At

F
r
C

ig. 4. Point of zero charge of GLP and effect of pH on percentage color removal.

ower pH (pH < pHzpc), adsorbent surface is positively charged,
oncentrations of H+ were high and they compete with posi-
ively charged MB cations for vacant adsorption sites causing a
ecrease in dye uptake. Similar trend was observed for adsorp-
ion of MB onto rice husk [7], palm kernel shell activated carbon
1] and wheat shells [11]. Present results are in good agreement
ith the above findings. Therefore, the rest of the experiments
ere carried out at the natural pH of the aqueous solution.

.6. Effect of dosage

The effect of dosage of GLP on the removal of MB was
tudied by varying dosage from 0.5 to 2.5 g/dm3, keeping all
ther parameters constant (C0 = 100 mg/dm3, T = 303 K, particle
ize = BSS #−100 + 150, shaker speed = 200 rpm, pH 7.5). The
esults are shown in Fig. 5. The amount of dye removed from
he aqueous solutions was 62.1, 87.9, 95.81, 97.89, and 96.19%
or dosages 0.5, 1.0, 1.5, 2.0 and 2.5 g/dm3, respectively. Since

3

ig. 5. Effect of adsorbent dosage for the removal of MB. T = 303 K,
pm = 200, pH 7.5, dosage = 0.5–2.5 g/dm3, particle size = BSS −100 + 150,

0 = 100 mg/dm3.
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t higher dosages (1.5, 2, 2.5 g/dm3), equilibrium was attained
ithin a short time interval (plateau is obtained in 20 min). It is
bvious that an increase in adsorbent dosage increases available
urface area and active sites. At a dosage of 2 g/dm3 maximum
ercentage removal was obtained, under these conditions. At
he same time amount of dye adsorbed per unit mass of adsor-
ent decreases with increase in adsorbent dosage. Uptakes were
24.2, 87.9, 63.8, 48.9, and 38.5 mg/g for dosages 0.5, 1.0, 1.5,
.0 and 2.5 g/dm3 respectively. This is basically due to adsorbent
ites remaining unsaturated during the adsorption process.

.7. Effect of particle size

Effect of particle size on adsorption of MB onto GLP is shown
n Fig. 6. Percentage removal of dye depends much on surface
rea available for adsorption. Since specific surface area is more
or smaller particles, it is expected that percentage removal will
e more when smaller size particles are used. Dye removal was
5, 88, 95 and 94 for particle size BSS #−72 + 100, −100 + 150,
150 + 200, −200 + 250, respectively. Several investigations

ave shown similar observation for activated carbon and other
dsorbents [6,31,32]. This relationship indicates that powdered
dsorbent would be advantageous over granular particles.

.8. Effect of temperature

Temperature is one of the most important factors that affect
he adsorption rate and dye uptake. The effect of temperature
n the adsorption of MB onto GLP was studied at different
nitial concentrations of MB. Other parameters were main-
ained constant (pH 7.5, dosage 1 mg/g, and particle size BSS

100 + 150). Results are presented in Fig. 7. The effect of
emperature on uptake was negligible at lower concentrations
100, 200 mg/dm3). However, at higher concentrations 400 and

3
00 mg/dm , it was observed that uptake increased first with
he increasing temperature, and then decreased with further
ncrease in temperature. Many researchers [3,6,33] have shown
hat adsorption increases with increase in temperature. Adsorp-

ig. 6. Effect of particle size on the removal of MB. T = 303 K, rpm = 200, pH
.5, dosage = 1 g/dm3, C0 = 100 mg/dm3.
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ig. 7. Effect of temperature on the removal of MB. T = 293, 303, 323 K, pH 7.5,
pm = 200, particle size = BSS #−100 + 150, C0 = 100, 200, 400, 600 mg/dm3,
osage = 1 g/dm3.

ion of p-nitro phenol on charred saw dust [34], biosorption of
hromium onto Sargassum sp. [35] followed a decreasing trend
f uptake with increasing temperature. In the present study it is
bserved that when the temperature is raised from 293 to 323 K,
ptake increases initially and then decreases. A similar trend was
eported for the adsorption of acid blue 29 onto a mixture of fly
sh and carbon [33]. The overall adsorption process consists of
everal steps, bulk film diffusion, intraparticle/pore diffusion,
dsorption and desorption. Adsorption capacity increases with
ncrease in temperature if the adsorption process is endothermic
nd/or diffusion rate controlled. On the other hand, adsorption
apacity decreases with increase in temperature if the adsorp-
ion is exothermic. Desorption in general increases with increase
n temperature. Because of these varied effects of temperature
n overall adsorption there should exist an optimum condition.
herefore, a search for an optimum condition was performed
sing statistical methods. A custom defined response surface
esign was used for this purpose. Initial concentration, time and
emperature were the process parameters varied. Experimental
ange and levels of concentration, time and temperature chosen
re presented in Table 6. For statistical calculations, the variables
i were coded as xi according to the following relationship:

i =
(

Xi − Xo

δX

)
(21)

quadratic equation of the following form was used to describe
he behavior of the system.

∑ ∑ ∑

t = β0 + βixi + βiix

2 + βijxixj (22)

he proposed model was solved using Minitab 14 (PA, USA).
odel terms are statistically significant when P < 0.05. Esti-

able 6
xperimental range and levels of concentration, temperature and time

ariable Range and levels

oncentration (X1, mg/g) 100, 200, 400, 600
ime (X2, min) 20, 40, 60, 80, 100, 120
emperature (X3, K) 293, 303, 323
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Table 7
Estimated regression parameters for MB uptake by GLP (in coded units)

Term Coef S.E. coef T P

Constant 202.200 5.177 39.056 0.000
C0 46.260 2.482 18.637 0.000
Time (t) 33.665 2.789 12.071 0.000
Temp (T) −3.335 2.333 −1.430 0.158
C0 × C0 −49.671 4.546 −10.926 0.000
Time × time −11.263 4.734 −2.379 0.020
Temp × temp −27.508 4.591 −5.991 0.000
C0 × time 17.286 3.600 4.801 0.000
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unit volume of the bed (N0) and rate constant (Ka) were cal-
0 × temp −13.022 2.958 −4.402 0.000

= 16.03, R-Sq = 91.8%, R-Sq(adj) = 90.8%.

ated regression coefficients and statistical parameters are listed
n Table 7. The regressive model (in coded units) was obtained
y substituting calculated coefficients in Eq. (22):

t = 202.2 + 46.260x1 + 33.665x2 − 3.335x3 − 49.671x2
1

−11.263x2
2 − 27.508x2

3 + 17.286x1x2 − 13.022x1x3

(23)

he data fit well with the model with reasonably high R2 value
R2 = 91.8% and R2

adj. = 90.8%). In the proposed model the term
2x3 was not included as the coefficient for the term x2x3 was
ot statistically significant (P = 0.309). Fig. 8 shows the over-
ll trend (main effects plot) of uptake with a change in initial
ye concentration and temperature. Contour plot of dye uptake
y guava leaf powder is shown in Fig. 9 (corresponding to
ime = 120 min), indicates that the optimum temperature and
oncentration combination is around 500 mg/dm3 and 303 K.
he optimal values of the variables were determined by solving
q. (23) by inverse matrix, first in coded units and then con-
erted to uncoded units. Optimal temperature and concentration
hat give maximum uptake after 120 min of contact time were
hus calculated to be 303 K and 517 mg/dm3. This is in close

greement with value shown in the contour plot (Fig. 9) drawn
t constant time (120 min).

ig. 8. Main effects plot of temperature and concentration on the removal
f MB. T = 293–323 K, pH 7.5, rpm = 200, particle size = BSS #−100 + 150,

0 = 100–600 mg/dm3, dosage = 1 g/dm3.

c
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ig. 9. Contour plot: MB uptake onto GLP vs. temperature and con-
entration. rpm = 200, dosage = 1 g/dm3, particle size = BSS #−100 + 150,

0 = 100 mg/dm3, pH 7.5, temperature = 293–323 K.

.9. Column studies

.9.1. Bed depth service time
Effect of bed height was studied at constant flow rate (1.05 l/h)

nd initial dye concentration (200 mg/dm3). Break through con-
entration was taken as 0.1C0 (20 mg/dm3) and corresponding
ime was taken as column service time (tb). Fig. 10 shows
reak through curves for MB adsorption onto GLP at differ-
nt bed heights 5, 10, 15, 20 and 25 cm. Break through and
xhaustion times increased with bed height as expected due to
ncrease in the surface area of GLP available for adsorption.
lot of service time (figure not shown here) against bed height
as linear (R2 = 99.07). The sorption capacity of the bed per
ulated from the slope and intercept of the plot, respectively.
omputed N0, and Ka were 18,290 mg/l and 0.0115 l/mg h.

ig. 10. Breakthrough curves for MB adsorption onto GLP at different bed
eights. Flow rate = 1.05 l/h, initial dye concentration = 200 mg/dm3, pH 7.5.
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Table 8
Thomas model parameters at different heights and flow rates

Flow rate
(l/h)

Bed height
(cm)

q0 (mg/g) KTh

(l/mg h)
R2

1.05 5 92.38 0.0076 95.89
1.05 10 96.63 0.0072 94.01
1.05 15 99.88 0.0059 95.10
1.05 20 102.00 0.0054 96.59
1.05 25 108.01 0.0047 93.49
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.54 5 120.71 0.0025 98.47

.54 10 133.62 0.0023 98.35

otal dye removed calculated (assuming total service time
orresponding to C/C0 = 0.98) using Eq. (18) was 50.24%,
6.88%, 64.74% and 66.09% for bed heights 5, 10, 15 and
0 cm, respectively. From the break through curve shown in
ig. 10, it is evident that the length of unused bed is nearly
onstant. So, when the bed height is increased the ratio of
ength of unused bed to total height decrease. That is per-
entage of the bed effectively utilized increased. This results
n increased percentage dye removal with increase in bed
eight.

.9.2. Thomas model
Continuous adsorption of MB onto GLP packed bed was

nvestigated. Thomas model parameters KTh and q0 determined
rom the slope and intercept of the plot of ln(C0/C − 1) ver-
us t for different flow rates and bed heights are presented
n Table 8 along with corresponding coefficient of determina-
ions (R2). High R2 values obtained indicate that Thomas model
t the experimental data well for this system. Comparison of
xperimental and predicted break through curves are shown in
igs. 10 and 11. The values of Q0 increased and KTh decreased
ith increase in bed height for a given flow rate. But, values of
0 decreased and KTh increased with increasing flow rates. This

s in good agreement with the observations made by Padmesh

t al., [22] and Aksu and Gonen [23] for biosorption of Acid
lue 15 onto Azolla filiculoides and phenol onto immobilized
ctivated sludge, respectively.

ig. 11. Breakthrough curves for MB adsorption onto GLP at different bed
eights. Flow rate = 0.54 l/h, initial dye concentration = 200 mg/dm3, pH 7.5.
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. Conclusion

Adsorption of MB on to GLP, an agro-waste, was studied.
t was shown that GLP can be used effectively for the removal
f textile dyes from aqueous solutions. Batch adsorption stud-
es were conducted to study the effects of adsorbent dosage,
nitial dye concentration, pH, and temperature on percentage
ye removal by varying these conditions one at a time. The
ercentage dye removal was found to increase with increase in
ontact time, pH, and adsorbent dosage. With increasing initial
ye concentration and temperature dye uptake increased ini-
ially and then decreased. A quadratic model was proposed to
xplain this behavior and the data fit reasonably well with the
odel proposed. Optimum temperature and concentration were

03 K and 517 mg/dm3. The rate of adsorption was found to
onform to pseudo-second-order kinetics with a good correla-
ion coefficient. The diffusion studies confirm that more than one
ate-controlling step involved in the adsorption of MB onto GLP.
quilibrium data were well explained by Langmuir isotherm.
ive error functions were calculated and values of these func-

ions were the least for non-linear regression of Langmuir model.
aximum adsorption capacity (qm) obtained from the adsorp-

ion of MB onto GLP was 295 mg/g which was relatively high in
omparison with the previous records as summarized in Table 3.
he Langmuir and Freundlich isotherm parameters showed that

he adsorption of MB on GLP was favorable. Thermodynamic
arameters were determined. Positive �H◦ value obtained con-
rms that the process is physisorption. Negative �G◦ indicates
easible and spontaneous adsorption of MB onto GLP. The study
onfirms that GLP, an inexpensive and easily available material,
an be used as an alternative for more costly adsorbents used for
ye removal in wastewater treatment processes. Comparison of
pecific uptake of GLP for adsorption of MB, with that of other
dsorbents, shown in Table 3 indicates that GLP is quite efficient
or the removal of MB from aqueous solutions. It can be expected
hat GLP would have similar capacities for dyes with similar

olecular weight, structure, and/or ionic load. Thus, the natu-
ally defoliated guava leaves, a low-cost natural resource, can be
ffectively used to remove pollutants from effluents, instead of
eing disposed arbitrarily. Continuous adsorption of methylene
lue onto GLP was investigated using a packed bed. The exper-
mental data were well explained by Thomas model and BSDT

odel.
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