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a b s t r a c t

Biosorption is a cheaper process to remove heavy metal ions and dyes from waste water. In this study 
untreated and alkali treated fruit-fibers of Luffa cylindrica sponge have been used to remove Direct 
Blue 15 dye from water. This dye is carcinogenic in nature. Alkali treatment was given in view of 
the mercerization process to increase the dye-removal efficiency of the fibers. Different optimization 
parameters were studied such as pH 2, rotational speed 125 rpm, initial dye concentration 20 ppm, 
biosorbent dosage 0.3 g and temperature 60 °C. Isothermal studies showed that the Langmuir model 
was the best fit isotherm. The maximum adsorption capacity was 9.75 mg/g with alkali treated fibers 
as compared to 8.05 mg/g with the untreated fibers. Kinetic studies showed that Ho’s model was 
more applicable. The mechanism was mainly the film diffusion along with the intraparticle dif-
fusion. Thermal studies signified that the adsorption of the dye was a spontaneous and exother-
mic process but also suggested it as physisorption as compared to chemisorption deduced form the 
kinetic studies. FTIR studies identified hydroxyl and carboxyl functional groups responsible for the 
adsorption of the dye.

Keywords: Mercerization; Langmuir isotherm; Ho’s model; Film diffusion; Physisorption

1. Introduction

The dyes are those pollutants which come into visual 
water pollution. There are about 10,000 different dyes which 
are being synthesized and used in textile, paper, leather, 
pharmaceutical, food and other industries. The annual pro-
duction of these dyes is about 7 × 105 metric tons. The tex-
tile industry is the main source of water pollution as about 
200,000 tons of these dyes go unused in the environment 
due to flaws in the dyeing procedures [1,2]. These dyes are 
responsible for the aesthetic value of water. These mole-
cules cause an increase in COD (Chemical oxygen demand) 
and BOD (Biological oxygen demand) values of water due 

to increase in consumption of dissolved oxygen in water 
for the oxidation of such types of molecules. This in turn 
threatens the aquatic life by reducing the available oxy-
gen in water [3,4]. The process of photosynthesis is more 
affected by these dyes as compared to the invisible pollu-
tion because the sun light cannot easily transmit through 
the water. Some types of the dyes such as azo dyes are also 
carcinogenic in nature.

Dyes have been classified according to their applica-
tions, structures etc. The Direct dyes are soluble in aqueous 
media due to sulfonic, amino or any other ionic interaction. 
These dyes are benzidine based which make them poten-
tially carcinogenic in nature, so these dyes or their metabo-
lites cause serious threat to the living organisms [5,6]. The 
spent dye solutions are discharged into the environment 
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without processing in most of the countries. These dyes are 
also resistant to natural degradation as these dyes are syn-
thesized with an aim to make them resistant to degradation, 
higher fastness and brilliance [7]. 

There are many processes which are being used to 
treat the polluted waters before they are discharged to 
the natural waters. These include filtration, precipitation, 
oxidation reduction, membrane technologies, ozonation, 
color irradiation etc. But these processes are costly and 
not so efficient in removal of the pollutants [8]. These 
processes may also be not eco-friendly due to forma-
tion of sludge and other waste material. Although char-
coal has also been used for absorbing the dyestuff, but 
due to higher cost, its use is limiting [9]. In the recent 
years much research work has been done on the biosor-
piton process to discover new more efficient biosorbent 
materials to tackle the problem of water pollution. The 
process is cheaper and eco-friendly. In this process live 
or dead plant or any other species’ material is used for 
the sorption of contaminants from water [10,11]. Dead 
plant material is easily available in the form of agricul-
tural waste material and is not affected by the hazardous 
chemicals, so it has major significance in removal of dyes 
and heavy metal ions. The main mechanisms involved 
in biosorption are: particle diffusion, ion exchange and 
physical forces [12]. The plant based dead biomass such 
as saw dust[13], wheat bran [14], rice husk [15], cotton 
stalk [16], spent tea leaves [17], orange peels [18], pine 
needles [19], sugarcane bagasse [20], peanut hull [21], 
coconut husk [22], other lignocellulosic materials etc. 
have been used in recent years to study the biosorpion of 
dyes and heavy metal ions.

In present work we have used untreated (UnT) and 
alkali treated (AT) fruit-fibers of Luffa cylindrica (FFLC) for 
the sorptive removal of Direct Blue 15 (DB 15) dye from 
the aqueous media. Previously we used spent tea leaves 
and papaya leaves for the removal of Direct Blue 15 dye 
[17]. But Luffa cylindrica showed much more efficiency in 
removal of DB 15 dye as compared to the spent tea leaves 
and papaya leaves. The aim of this work was to give alkali 
treatment similar to mercerization process for increasing 
the dye-removal efficiency of the FFLC. Alakali treatment 
makes the cellulosic fibers more adhesive to the dyes by 
changing their morphology.

Luffa cylindrica is a subtropical plant which belongs to 
Cucurbitaceous family. It is cultivated in warm regions of 
Asia such as Pakistan, India, Vietnam, Korea, Central Amer-
ica and in some regions of Africa. Its common names are 
bath sponge, dish-cloth gourd, sponge gourd etc. Its fruit 
has oblong cylindrical shape, having extended fibrous net-
work core with a spongymat like structure (Fig. 1). This is in 
fact xylem which contains the seeds of the fruit in a specific 
arrangement. The fibers are made up of 60% cellulose, 30% 
hemicelluloses and 10% lignin [23].

Luffa cylindrica has been used in various research fields 
such as in composite materials due to its morphological and 
mechanical properties, medicine and in biosorption of dyes 
and heavy metal ions. It has been used for the biosorptive 
removal of Methylene blue [9,24], Malachite green [25], 
Brilliant green [26] and Alizarin Yellow-R [27] dyes. It has 
also been used as an immobilized surface for Phanerochaete 
chrysosporium, Funalia torgii, Proteus vulgaris NCIM-2027for 

decolourization of Remazol Brilliant Blue R [28], Reactive 
Black 5 [29] and Reactive blue 172 [30] respectively. It has 
also been used to remove nickel, copper, zinc, lead and cad-
mium ions from the aqueous media [31–33].

Direct Blue 15 is an azo class dye with CI No. 24400 
(Fig. 2). Its molecular formula is C34H24N6Na4O16S4 and 
molar mass is 992.80 g/mol. Its other names are: Direct 
Sky Blue, Sky Blue 5B, Direct Torquiose Blue, Sky Blue 
FB, Nippon Sky Blue, Niagara Sky Blue etc. It was firstly 
produced in 1890 [34,35]. It is employed for dyeing cel-
lulose, leather, cotton, paper, wool, silk and in staining 
biological matter. It is soluble in water making dark blue 
color solution but insoluble in organic solvents. It can be 
anaerobically biodegraded to 3,3’-dimethoxybenzidine in 
polluted waters which is classified as group 2A carcino-
genic compound [36]. The starting material of the dye at 
the manufacturing site is lethal to the living organisms 
due to its air borne nature. So, the dye should be handled 
with care and its entrance to the environment should be 
checked seriously.

2. Materials and methods

2.1. Preparation of the biosorbent

The dried sponges of Luffa cylindrica were purchased 
from the local market of Lahore and home grown sponges 
were also used. The sponges were peeled off and internal 
fibrous body was cut into pieces. These pieces were washed, 
dried and cut into smaller pieces. They were pulverized in 
the grinder and separated into 20, 40, 60 and 80 mesh sizes. 
The fibers were then immersed in 0.1 M NaOH solution and 
stirred for an hour at 100 rpm speed. The caustic soda solu-
tion caused the removal of lignin from the xylem body and 
changed the surface morphology of the fibers. The alkali 
treated fibers were rinsed with distilled water and dried 
in oven at 80 °C. They were stored in air tight bottles and 
labeled as FFLC. 40 mesh size fibers were used in the bio-
sorption experiments.

2.2. Preparation of standard solutions of the dye

Direct Blue 15 dye was purchased from Shanghai Chem-
icals, China. It was used as such. The standard solutions of 
5 ppm to 25 ppm were made for instrument calibration. For 
this purpose absorbance values were determined by using 

Fig. 1. Dried fruit of Luffa cylindrica.
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China Visible Spectrophotometer 720 at λmax 603 nm. The pH 
meter (Hanna), orbital shaker (Sky Line Analog) and FTIR 
spectrometer (Agilent Cary 630) were used in this work.

2.3. Batch wise experiments

Batchwise experiments were conducted by varying the 
experimental conditions such as initial dye concentration, 
biosorbent dosage, rotational speed, pH and temperature. 
In this study both the alkali treated and untreated FFLC 
were used to evaluate the effect of chemical treatment on 
the biosorption efficiency. Isothermal, kinetic and ther-
mal studies were also conducted. The experiments were 
repeated and error bars were shown in the graphs.

The formulae which were used to determine the per-
centage removal and study isothermal, kinetic and thermo-
dynamic factors are given below in Eqs.(1) and (2).

Removal of the dye
C C

C
i e

i

%( ) =
−

× 100  (1)

Q
C C V

me
i e=
−( )  (2)

Here Ci is initial concentration of DB15 dye in ppm, 
Ce is the remaining concentration in the solution, Qe is the 
amount of the dye adsorbed in mg/g on the biosorbent, 
‘m’ is FFLC amount in grams and V is the volume of the 
solution in litre.

3. Results and discussion

FTIR analysis showed the presence of functional groups 
such as carboxyl, hydroxyl etc. The peak at 3333 cm–1 corre-
sponded to OH stretching vibration which slightly decreased 
to 3332 cm–1 after the dye adsorption. The peak at 2895 cm–1 
corresponded to CH2 and CH3 stretching vibrations which 
changed to 2880 cm–1 after adsorption. The peak at 1655 cm–1 

signified the bending vibration of the adsorbed water which 
slightly decreased to 1653 cm–1 after the biosorption. The aro-
matic ring related to lignin at 1508 cm–1 disappeared in DB 
15 dye-adsorbed fibers of Luffa cylindrica, CH2 and CH3 bend-
ing vibrations were located at 1421 cm–1, while CH bending 
vibration appeared at 1320 cm–1, C-O-C bending vibration 
in cellulose and hemicellulose at 1195 cm–1 decreased to 
1159 cm–1 after the dye adsorption, C-OR (Cellulose) stretch-
ing vibration at 1026 cm–1 was increased to 1029 cm–1. The 

peak corresponding to β-glucosidic linkage at 898 cm–1 was 
decreased to 896 cm–1 after adsorption [25,37].

3.1. Optimization parameters

The effects of different parameters were studied to get 
their optimum values for the biosorptive removal of DB 
15 dye. The optimum pH value was 2.0 where 96.19% of 
DB 15 dye was removed but with increase in pH the bio-
sorption efficiency was decreased (Fig. 3). It revealed that 
at lower pH the surface of the biosorbent was protonated 
which helped in binding the DB15 dye molecules to the 
surface of the biosorbent through ionic interactions and 
hydrogen bonding. At higher pH due to repulsive negative 
forces, the dye molecules could not attach to the surface of 
the fibers and hence no efficient biosorption happened. At 
the agitation speed of 125 rpm the maximum uptake was 
94.96% (Fig. 4). This showed that with increase in the speed 
of agitation, the number of collisions among the biosorbent 
and the dye molecules increased and resulted in greater 
removal of the dye. At lower speeds, there were no suffi-
cient contacts among the biosorbent and the dye molecules 
which could result in greater removal. Biosorbent dosage 
of 0.3 g showed maximum removal of 96.07% with 50 ppm 
dye solution (Fig. 5). It was noticed that with increase in 
amount of the biosorbent, the surface area increased and 
hence more the active sites were available for binding to 
the dye molecules. The study of temperature effect revealed 
that percentage removal increased with increase in tempera-
ture. Higher temperatures provided more kinetic energy to 
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Fig. 2. Direct Blue 15 molecular structure.
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Fig. 3. Effect of pH on removal (%) of DB 15 dye by alkali treated 
FFLC.
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the molecules for interaction with the active sites and over-
come the activation energy barriers. Maximum removal 
was 76.09% at 60 °C with gentle shaking for 5 min with 0.05 
g of the biosorbentin 10 ppm solution (Fig. 6).  It took about 
2 h of contact time with 94.93% removal with alkali treated 
fibers and 63.09% with the untreated fibers to establish the 
equilibrium at the optimum conditions (Fig. 7). At 20 ppm 
initial dye concentration, percentage removal was 95.63% 
and 71.22% with the alkali treated and the untreated fibers 
respectively (Fig. 8). With increase in the concentration of 
the dye, percentage removal decreased due to decrease in 
the active sites available for the adsorption.

3.2. Isothermal studies

When the dye solution and the biosorbent are kept for 
a longer time at a constant temperature then equilibrium 
is established between sorption and desorption and the 
studies done are called the isothermal studies. A graph 
was plotted between Qe and Ce using different initial con-
centrations of the dye, showing achievement of the equi-
librium (Fig. 9). Different isothermal models such as linear 
forms of Langmuir [38], Freundlich [39], Temkin [40] and 
Dubinin-Radushkevich [41,42] were applied to the equi-
librium data.

The Langmuir model has theoretical bases. This model 
considers the monolayer coverage on a homogeneous sur-
face with no association among the absorbed species. Math-
ematically Langmuir isotherm can be written in linear form 
as shown in Eq. (3):

1 1 1
Q K Q C Qe L m e m

= +  (3)

Here Qe represents the quantity of DB 15 dye adsorbed 
at equilibrium in mg/g, Qm is the maximum amount of DB 
15 dye adsorbed on FFLC surface and KL represents the 
Langmuir constant which is used to determine the value 
of separation factor RL as shown in Eq. (4). The separation 
factor RL is important in isothermal studies, as knowing the 
value of RL, we can predict the favorability of the adsorption 
process. If RL = 0 then the biosorption process is  irreversible, 
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Fig. 4. Effect of rotational speed on removal (%) of DB 15 dye by 
alkali treated FFLC.

Fig. 5. Effect of biosorbent dosage on removal (%) of DB 15 dye 
by alkali treated FFLC.

Fig. 7. Effect of contact time on removal (%) of DB 15 dye by AT 
and UnT FFLC.

Fig. 8. Effect of initial conc. of the dye on removal (%) of DB 15 
dye by AT and UnT FFLC.

Fig. 6. Effect of temperature on removal (%) of DB 15 dye by 
alkali treated FFLC.
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if 0 < RL < 1 then the process is favorable, if RL > 1 then it is 
unfavourale and if RL = 1 then it is linear [43].

R
K CL

L i

=
+

1
1

 (4)

Here Ci is the initial concentration of the dye. Fig. 10 
shows the Langmuir isotherms for the alkali treated and the 
untreated FFLC for the removal of DB 15 dye.

The Freundlich isotherm which is a case of Langmuir 
isotherm is related to adsorption on heterogenous surfaces. 
It has empirical bases instead of theoretical as in case of 
Langmuir isotherm. This model can be shown mathemat-
ically as in Eq. (5).

log log logQ K
n

Ce F e= +
1

 (5)

In this equation Qe represents the quantity of DB 15 dye 
adsorbed on FFLC surface in mg/g at equilibrium. KF and 
n are Freundlich constants. The value of n is important as it 
tells the adsorption efficiency and heterogeneity of the sur-
face. The value of 1/n ranges from 0 to 1, an n value greater 
than 1 but less than 10 is considered good for the adsorption 
process [44]. KF is the relative adsorptivity which is linked 
to the amount of the dye adsorbed on the surface of the 
biosorbent at the equilibrium. This isotherm is applicable 
at moderate concentrations of the dye but at higher concen-
trations it is not pertinent.  Fig. 11 shows the Freundlich iso-
therms for the alkali treated and the untreated FFLC.

Temkin isotherm is related to the heat of adsorption. 
This model assumes that the heat of adsorption decreases 
linearly with increase in adsorption coverage. It also says 
that the binding energies are uniformly distributed on the 
surface reaching upto a maximum value [45]. The linear-
ized form of the Temkin isotherm can be shown as in Eq. (6). 

Q BlnA BlnCe e= +  (6)

where B
RT
b

=  (7)

Here Qe is the amount of the dye adsorbed at the equi-
librium, B and b are the Temkin constants linked to the heat 
of adsorption, A is the equilibrium binding constant related 
to the maximum binding energy, R is the general gas con-

stant and T is the room temperature. Fig. 12 shows the Tem-
kin isotherms for the adsorption of DB 15 dye on the alkali 
treated and the untreated FFLC.

Dubinin-Radushkevich (DR) isotherm is related to the 
particular porosity of the biosorbent and the adsorption 
energy as shown in Eqs. (8), (9) and (10) [46,47].

ln lnQ Q Be m D= − 2 2ε  (8)

where ε = +






RT ln
Ce

 1
1

 (9)

Fig. 9. Graph between Ce and Qe values of DB 15 dye removed by 
AT and UnT FFLC.

Fig. 10. Langmuir isotherms for the adsorption of DB 15 dye by 
AT and UnT FFLC.

Fig. 11. Freundlich isotherms for the adsorption of DB 15 dye on 
AT and UnT FFLC.

Fig. 12. Temkin isotherms for the adsorption of DB 15 dye by AT 
and UnT FFLC.
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Here Qe is the quantity of DB 15 dye adsorbed on the 
surface of the biosorbent, Ce is the equilibrium concentra-
tion of the dye in solution, Qm is the Dubinin-Radushkev-
ich constant linked to the degree of adsorption. BD is the 
free energy of the dye molecules per mole which migrate 
from an infinite distance to the surface of the fiber and ε is 
Polanyi potential. The apparent energy of adsorption ED can 
be calculated by using the value of BD as shown in Eq. (10). 
Fig. 13 shows the DR isotherms for the adsorption of DB 15 
dye on the alkali treated and the untreated FFLC.

E BD D= ( / )1 2  (10)

Value of E can give valuable information about the 
adsorption mechanism, if E < 8 KJ/mol then the mechanism 
may be physical adsorption, if it is 8 < E < 16 KJ/mol, then 
ion exchange and if E > 16 KJ/mol, then it can be chemical 
adsorption. In this work, value of E in both the cases was 
less than 8 KJ/mol which indicated physical adsorption of 
the dye [48].

Table 1 shows the values of different isothermal param-
eters applied in these studies. It has been found that the 
Langmuir isotherm is more applicable as compared to any 
other isotherm evident from its R2 value.

3.3. Kinetic studies

Various kinetic models have been used to study the 
mechanism of biosorption process and the steps involved 
in controlling the rate of sorption because it is important in 
designing and selecting the optimum conditions for pilot 
scale system. Some of these models include the pseudo first 
order or Lagergren model [49], the pseudo second order 
or Ho’s model [50] and Elovich model [51]. 0.1 g each of 
alkali treated and untreated FFLC was used with 10 ppm 
dye solution at optimum values of pH and agitation speed 
at room temperature. A graph was plotted between time t in 
minutes and Qt, the quantity of the dye adsorbed in mg/g 
at any time t, till the equilibrium was established as shown 
in Fig. 14. Initially the rate of adsorption increases rapidly 
then it becomes constant.

Lagergren was the first to present a model for describ-
ing the adsorption rate of oxalic acid and malonic acid on 
charcoal on the bases of adsorption capacity [50]. The linear 
form of pseudo first order or Lagergren’s equation is shown 
in Eq. (11). 

ln ln lnQ Q Q Q Q k te t e t e−( ) −( ) = − 1  (11)

Here Qe is the quantity of DB 15 dye adsorbed at the 
equilibrium while Qt is the amount of the dye adsorbed at 
any instant. K1 is the rate constant of pseudo first order and 
t represents the time in min. Linear plots between ln (Qe – 
Qt)vs. time t were drawn for the untreated and the alkali 
treated FFLC used for the removal of DB15 dye. R2 value 
was closer to 1.00 in both the cases. Value of K1 was calcu-
lated from the linear equation of the graph. However the 
calculated value of Qe was different from the experimen-
tal value which showed non applicability of the model. It 
is also cited in the literature that it is applicable for initial 
20–30 min and not for the whole range of contact time [52]. 

Fig. 13. DR isotherms for the adsorption of DB 15 dye by AT and 
UnT FFLC.

Fig. 14. Graph between t and Qt for the removal of DB 15 dye by 
AT and UnT FFLC. 

Table 1
Different isothermal parameters for the adsorption of DB 15 dye 
on FFLC

Langmuir

Qm 

(mg/g)
KL 

(L/g)
RL R2

Alkali treated 9.75 0.4 0.04–0.08 0.9945
Untreated 8.05 0.14 0.3–0.13 0.9893

Freundlich

KF 

(mg/g)
n R2

Alkali treated 4.41 4.32 0.9562
Untreated 2.24 3.16 0.9428

Temkin

A 
(L/mg)

B 
(J/mol)

R2

Alkali treated 3.79 1.65 0.9751
Untreated 0.88 1.65 0.9655

Dubinin-Raduskevich

Qm 

(mg/g)
BD 

(mol2/KJ2)
ED  
(KJ/mol)

R2

Alkali treated 8.55 5×10–7 1.0 0.9837
Untreated 6.45 2.5×10–6 0.45 0.9906
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Fig. 15 shows the pseudo first order rates for the adsorption 
of DB 15 dye on the alkali treated and the untreated FFLC.

In 1995, Ho described the adsorption of divalent ions on 
the peat surface having various functional groups following 
pseudo second order rate of reaction. This model is applica-
ble for the whole period of contact time and chemisorption 
is considered as the rate determining step [50,53]. The linear 
form is shown in Eq. (12).

t
Q K Q

t
Qt e e

= +
1

2
2  (12)

Here Qe is the quantity of DB 15 dye adsorbed at the 
equilibrium while Qt is the amount of the dye adsorbed at 
any instant. K2 is the rate constant of pseudo second order 
and t represents the time in minutes. Linear plots between 
t/Qt vs. time t were drawn for untreated and alkali treated 
biosorbents used for the removal of DB 15 dye. Value of K2 
was calculated from the linear equation of the graph. R2 
value was closer to 1.00 than the Lagergren model in both 
the cases. The calculated value of Qe was also closer to the 
experimental value of Qe which shows the applicability 
of this model on the following process. Fig. 16 shows the 
pseudo second order rates of reactions for the adsorption 
of DB 15 dye on the alkali treated and the untreated FFLC.

The Elovich model was presented by Chien and Clay-
ton [51] describing the extent of chemisorption mechanism 
during the sorption process. This model describes second 
order kinetics with the assumption of heterogeneous sur-
face but it does not describe any explicit mechanism of 
adsorption [50]. The model is given below as in Eq. (13).

Q tt = ( ) + ( )1 1
β

αβ
β

ln ln  (13)

Here Qt is the amount of the dye adsorbed at any instant. 
The constant α is linked with the initial adsorption rate and 
a higher value of α depicts chemisorption. The constant β 
is linked with the number of active sites, hence the surface 
coverage [54,55]. Fig. 17 shows the Elovich model for the 
adsorption of DB 15 on the alkali treated and the untreated 
FFLC. The R2 value in both the cases was closer to 1.00. In 
all three kinetic models applied, the pseudo second order 
or Ho’s model had the closest value to 1.00. So, it is more 
dominant in this process. The values of different kinetic 
parameters are shown in Table 2.

The adsorption mechanism was studied using models 
of film diffusion [56] and intraparticle diffusion [57]. The 
process may be controlled by either one or more than one 
steps including film diffusion, pore diffusion surface diffu-
sion etc. The linear Weber-Morris plot of intraparticle diffu-
sion is shown in Eq. (14).

Q K tt ip= 1 2/  (14)

Here Qt represents the quantity of the dye adsorbed at 
any instant, Kip is the intraparticle diffusion constant and C 
represents the thickness of the boundary layer. The plot of 
Qt vs. t1/2 could be a straight line passing through the origin, 
if the adsorption process followed the intraparticle diffu-
sion. But it was seen that in both the cases of alkali treated 
and untreated fibers, the graph was multiline as shown in 
Fig. 18. This indicated that the process was influenced by 
two or more steps. The first step was designated as mes-
oporous diffusion while the second step pointed towards 
the microporous diffusion [58]. The mesoporous sorption 
looked faster while the microporous sorption was grad-
ual as shown in Fig. 18. The linear portions did not pass 
through the origin when extrapolated backwards which 
indicated that there were other factors also which control 
the rate of adsorption. The other reason was different rates 
of mesoporous and microporous diffusion [59]. The value 

Fig. 15. Pseudo 1st order model for the adsorption of DB 15 dye 
on AT and UnT FFLC.

Fig. 16. Pseudo 2nd order model for the adsorption of DB 15 dye 
on AT and UnT FFLC.

Fig. 17. Elovich model for the adsorption of DB 15 dye on AT and 
UnT FFLC.
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of boundary thickness was more significant in case of alkali 
treated as compared to untreated FFLC.

The film diffusion model, also called Boyd’s model, was 
applied according to the Eqs. (15) and (16). A linear graph 
was plotted between –ln(1–F) and t [56]. Here F is the frac-
tional attainment of equilibrium (Qt/Qe). It can be seen in 
Fig. 19 that the straight line did not pass through the origin 
which inferred that the film diffusion mechanism was not 
the sole mechanism of sorption process.  This model is sim-
ilar to pseudo first order or Lagergren model but Boyd’s 
model depends upon the agitation speed also [60]. It can 
be seen in Fig. 19 that the film diffusion held at the initial 
stages but later on it deviated from linearity in the both 
experiments.

ln 1 −( ) = −F K tfd  (15)

where K D rrKfd e= 3 / ∆  (16)

Here Kfd is the liquid film diffusion constant or external 
mass transfer constant, De is the effective liquid film diffu-
sion constant, r is the radius of the adsorbent bead, ∆r is the 
thickness of the liquid film and K is the equilibrium con-
stant [61,62]. The film diffusion mechanism was more dom-
inant over intraparticle diffusion because the values of the 
correlation factor (R2) were closer to unity as compared to 
intraparticle diffusion. The intercept values were also closer 
to zero, suggesting that the film diffusion process was more 
prominent, especially in case of untreated FFLC due to its 
surface morphology. Table 2 shows the values of parame-
ters of different kinetic models applied in this work. 

Table 2
Different kinetic parameters for the adsorption of DB 15dye on FFLC

Pseudo firstorder

Qe(Calc.) (mg/g) Qe(Exp.) (mg/g) K1 (1/min) R2

Alkali treated 2.66 3.56 0.0074 0.9023
Untreated 1.88 2.42 0.057 0.9792

Pseudo second order

Qe(Calc.) (mg/g) Qe(Exp.) (mg/g) K2 (g/(mgmin)) R2

Alkali treated 3.83 3.56 0.26 0.9997
Untreated 3.00 2.42 0.51 0.9981

Elovich

α (g/(mgmin)) β (g/mg) R2

Alkali treated 2.72 1.72 0.9848
Untreated 1.52 1.47 0.9942

Intraparticle diffusion

C (mg/g) Kid (mg/(gmin1/2)) R2

Alkali treated 1.85 0.18 0.916
Untreated 0.37 0.24 0.9275

Film diffusion

Kfd  (1/min) R2

Alkali treated 0.039 0.9826
Untreated 0.041 0.9676

Fig. 18. Intraparticle diffusion model for the adsorption of DB 15 
dye on AT and UnT FFLC.

Fig. 19. Film diffusion model for the adsorption of DB 15 dye on 
AT and UnT FFLC.
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3.4. Thermodynamic studies

The sorption experiments were done at various tem-
peratures ranging from 10 °C to 70 °C. Fig. 20 shows the 
Van’t Hoff plot for the adsorption of DB 15 dye on alkali 
treated FFLC. Eqs. (17), (18) and (19) were used to calculate 
the values of ∆G, ∆H and ∆S (Table 3). These values showed 
that the sorption of DB 15 dye on FFLC was an exothermic 
and spontaneous process. It was observed that the value of 
∆G increased (become less negative) with increase in tem-
perature up to 60 °C. The value of ∆H was less than 40 KJ/
mol and ∆G was also less than 80 KJ/mol which indicated 
physiosorption nature of the adsorption process [63,64]. 
Although the pseudo second order model predicted it to be 
chemisorption, the rates are not a good criterion for differ-
entiation between chemisorption and physiosorption pro-
cess [65].

ln K
H

RT
S
Rd =

− °
+

°∆ ∆
 (17)

∆G RTlnKd° = −  (18)

where K
Q
Cd

e

e

=  (19)

4. Conclusions

In present work it has been demonstrated that fruit-fi-
bers of Luffa cylindrica become more efficient in removing 
Direct Blue 15 dye after alkali treatment. Alkali treatment 
was given in light of mercerization process. FTIR studies 
approved the presence of hydroxyl and carboxyl functional 
groups responsible for the attachment of the dye molecules. 
Isothermal studies showed that Langmuir isotherm was the 
best fit model among the Freundlich, Temkin and Dubinin 
Raduskevich isotherms due to higher value of correlation 
co-efficient. Similarly, in studying rate of reactions, Ho’s 

Table 3
Different thermal parameters for the adsorption of DB 15 dye on alkali treated FFLC

∆G (KJ/mol) ∆H
(KJ/mol)

∆S
(J/mol K)283 K 293 K 303 K 313 K 323 K 333 K

–51.3433 –52.1911 –53.0388 –53.8866 –54.7343 –55.5821 –27.352 84.775

model was more applicable as compared to Lagergren and 
Elovich models due to closer agreement in experimental 
and model-calculated Qe values. The main rate controlling 
mechanism was the film diffusion mechanism as compared 
to intraparticle diffusion. The thermal studies showed that 
the process was exothermic and spontaneous in nature as 
evident from ∆G, ∆H and ∆S values. Previously we used 
spent tea leaves (1.86 mg/g) and papaya leaves (1.28 mg/g) 
in removing DB 15 dye but FFLC proved to be more effi-
cient biosorbent (UnT: 8.05 mg/g and AT: 9.75 mg/g). The 
DR equation and thermal parameters describe the process 
as physiosorption, but applicability of pseudo second order 
makes it chemisorption. As the rates of reactions are not a 
good criterion for differentiating between chemisorption 
and physiosorption,  the biosorption of Direct Blue 15 dye 
on fruit-fibers of Luffa cylindrica can be described as a phys-
ico-chemical process.
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