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Abstract

Kinetics adsorption experiments were conducted to evaluate the adsorption characteristics of a cationic dye (methylene blue, MB) onto nitric-acid
treated water-hyacinth (N-WH). Results showed that N-WH can remove MB effectively from aqueous solution. The loading of MB onto N-WH
was found to increase significantly with increasing the initial MB concentration, but the residual concentration of MB in solution also increased.
A complete removal of MB from solution was only achieved at the lower range of initial MB concentration (less than 286 mg/L). Temperature had
a slight effect on the amount adsorbed at equilibrium. The adsorption rate was fast and more than half of the adsorbed-MB was removed in the
first 15 min at room temperature, which makes the process practical for industrial application. The adsorption kinetics at room temperature could
be expressed by the pseudo second order model, while at higher temperatures (45-80 °C) and low MB concentration (97 mg/L) both Lagergren’s
model and the pseudo second order model can be used to predict the kinetics of adsorption. The overall rate of dye uptake was found to be
controlled by external mass transfer at the beginning of adsorption, then gradually changed to intraparticle diffusion control at a later stage. The
initial period where external mass transfer is the rate controlling step was found to increase with increasing initial MB concentration and decrease
with increasing temperature. The increase in temperature was also found to increase the rate of adsorption and reduce the time required to reach
equilibrium. The initial rate of adsorption, A,, was calculated, it was found to increase with increasing temperature, while the increase in MB
concentration decreased /4, at the lower concentration range then increased £, again at high concentration. The value of the activation coefficient,
E, was found to be 8.207 kJ/mol, which indicates a diffusion controlled process.
© 2007 Published by Elsevier B.V.
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1. Introduction

In industrial water pollution, the color produced by small
concentrations of synthetic dyes in water is important, because
besides having possible toxic effects, the color in water is vis-
ibly unpleasant. The effluents from textile dyeing and similar
industries are generally highly colored, with large amounts
of suspended organic solids. Synthetic dyes are designed to
be stable to biodegradation and therefore biological treatment
processes are ineffective in removing color from wastewater,
moreover, degradation products of some dyes are toxic. Adsorp-
tion is widely used to remove pollutants from waste water.
Activated carbon has been used widely as an adsorbent for the
removal of many pollutants, but activated carbon is expensive
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and not easily regenerated [1]. Therefore, low-cost adsorbents
that are able to adsorb pollutants have been extensively tested
[2—4]. The use of agricultural solid wastes not only transforms
the waste into useful material, but also mitigates the problem
of disposal of these wastes. Many plant biosorbents were tested
for their ability to adsorb MB from aqueous solutions [5—-11], a
comparison of their MB adsorption capacities is given in Table 1.

Water-hyacinth (WH) (Eichornia Crassipes) is a wild fern
belonging to the Family Pontederiaceae. A native to South
America, ithas been naturalized in many tropical and subtropical
regions of the world. It first appeared in Egypt in the 1890s [12],
then it has invaded many water ways including African rivers
and Lake Victoria [13]. WH grows and reproduces in a very high
rate and is considered the worst aquatic plant [14]. The dense
mats of WH float on the water surface, blocking navigation and
interfere with irrigation, fishing, recreation, and power genera-
tion. These mats also prevent sunlight penetration and reduce the
aeration of water, leading to oxygen deficiency, competitively
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Table 1
Comparison of methylene blue adsorption capacity by different plant biosor-
bents, gm values determined from the Langmuir isotherm

gm (mg/g) Adsorbent References
915 Bark [4]
312 Rice husk [4]
278 Cotton waste [4]
153 Mango sees kernel [5]
128.9 Water-hyacinth root [6]
119 Giant duckweed [7]
99 Coconut husk [8]
80.3 Date pits [9]
32.3 Modified sawdust [10]
20.8 Banana peel [11]
18.06 Orange peel [11]

exclude submerged plants, and reduce biological diversity. A
large amount of funding (especially from the World Bank) has
so far not been able to stop the wide spread WH invasion. At the
present time, the Egyptian government is trying to control the
WH invasion, mainly by mechanical collection and dumping.
This method is expensive and presents a solid waste problem to
get rid of the WH dumps. Much research has been conducted in
efforts to create a use for dumped WH. This includes research
on biogas generation [15], fish feed [14], and animal feed [16].
These attempts have not yet been successful in utilizing WH on
an industrial scale.

In this study the waste WH, after treatment with nitric-acid,
was used and evaluated as a possible biosorbent for the removal
of a cationic dye (methylene blue, MB) from aqueous solu-
tion. The objective of this study is to investigate the effect
of initial MB concentration, temperature, and contact time on
the adsorption process. Kinetics and mass transfer studies have
been performed and the results have been analyzed by applying
conventional theoretical methods.

2. Materials and methods
2.1. Adsorbent preparation

Live WH was collected from El-Mahmoudeya Canal,
Alexandria, Egypt. Live WH consists of 94-95% water and
barely contains 50-60 g total solid per kilogram [15]. The plants
were thoroughly washed with water, the roots were cut out
and disposed, then the leaves and stems were left to dry in the
sun for 14 days. In a recent publication, the sun-dried WH of
El-Mahmoudeya Canal near Alexandria was analyzed [14]. It
was found to contain 19% crude fiber, 18.2% ash, 21.1% crude
protein, 1.0% crude lipids, and 40.7% nitrogen-free extract. In
the present study, the sun-dried WH was subjected to wash-
ing and chemical treatment with nitric-acid to remove soluble
compounds and to alter the surface properties.

The sun-dried WH was soaked in 2M AR grade nitric-acid
for 24 h. The ratio of nitric-acid solution to WH was 10 mL/g.
It was then washed repeatedly with hot distilled water until the
filtrate was free of nitrate. It was subsequently dried at 105 °C
for 24 h, then ground and sieved to particle size 0.20-0.315 mm,
and stored in a desiccator.

2.2. Methylene blue

Methylene blue (C;6HigN3Cl-3H>O) was purchased from
Sigma—Aldrich and used without further purification. All MB
solutions used in this study were prepared by weighing and
dissolving the required amounts MB in distilled water.

2.3. Adsorption kinetic experiments

Kinetic adsorption experiments were carried out to inves-
tigate the effect of time on the adsorption process and to
identify the adsorption rate. The experimental procedure was as
follows: (1) several 1.5 L of MB solutions of various concentra-
tions (97-1187 mg/L) were prepared. (2) The MB solution was
placed into a thermostatically controlled 2 L beaker equipped
with 4 vertical baffles, each baffle 1 cm wide and going the
full length of the beaker. The temperature was controlled to
+2°C. (3) Three grams of nitric-acid treated water-hyacinth
(N-WH) were added to the solution and stirred by a rectangular
impeller (0.5cm x Scm) at 800 rpm. (4) Five milliliter sam-
ples were withdrawn at time intervals, the solid was separated
by decantation, and the residual MB concentration in solution
was measured immediately using Novaspec LKB spectropho-
tometer (Pharmacia) at wave length 655 nm. The amount of dye
adsorbed was determined from the difference in concentration
between samples withdrawn. The stirring was continued until
the concentration of MB blue was constant.

3. Results and discussion
3.1. Effect of initial methylene blue concentration

Fig. 1 shows the effect of initial MB concentration, C,, on
the kinetics of adsorption of the dye at natural pH (3.7-4.4),
N-WH dosage 2 g/L, and 27 °C. An increase in the initial MB
concentration leads to a decrease in the MB removal. As the
initial MB concentration increases from 97.2 to 1187.2 mg/L
the equilibrium removal of MB decreases from 99 to 54%. It
is also noticed in Fig. 1 that large fractions of the total amount
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Fig. 1. The adsorption kinetics of MB on N-WH for different initial concentra-
tions at 27 °C, natural pH (3.7-4.4) and N-WH dose: 2 g/L.
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adsorbed of MB were removed in the initial rapid uptake phase.
In the first 10 min, the fractions of total amounts adsorbed are
about 93, 73,47, and 36% for initial MB concentrations 97, 286,
541, and 1187, respectively. This is due to the high concentration
gradient in the beginning of adsorption which represents a high
driving force for the transfer of MB from solution to the surface
of N-WH.

The transient behavior of the system at different initial MB
concentrations was analyzed using the Lagergren’s pseudo first
order [17] and Ho’s pseudo second order models [18]. The
Lagergren equation, a pseudo-first-order equation, describes the
kinetics of adsorption process as follows:

d
d—‘t] = k1(ge — q) (1)

where ¢g. is the amount of adsorbate adsorbed at equilibrium
(mg/g), g the amount of adsorbate adsorbed at time ¢ (mg/g) and
ky is the rate constant of pseudo-first order adsorption (min~!).
Since g =0 at#=0, the initial rate of adsorption can be calculated
from Eq. (1) as follows:

ho1 = kige )

By integrating Eq. (1) for the boundary conditions =0 to
t=tand g=0to g=gq, gives:

g = qe(1 —e k10 )

On the other hand, the pseudo second order kinetic equation
of Ho based on adsorption capacity may be expressed in the
form:
dg

5 =kl - 9 4

where kj is the rate constant of pseudo second order adsorption
(g/mgmin) and ¢, is the amount of solute adsorbed at equilib-
rium (mg/g). Integrating Eq. (3) for boundary conditions =0 to
t=tand ¢g=0 to g =gq gives:

2
qskot
g=—= 5)
1 + gekot
and the initial rate of adsorption A, is:
ho2 = kagg ©)

The experimental results of the dye uptake, g, versus time
were fitted to both models by the method of nonlinear regression.
The regression results are shown in Table 2 and Figs. 2 and 3.
It can be seen from the plots of ¢ versus ¢ that an increase in
initial MB concentration leads to an increase in the adsorption

Table 2
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Fig.2. The fitting of Lagergren’s model for MB adsorption on N-WH at different
initial concentrations at 27 °C, natural pH (3.7—4.4) and N-WH dose: 2 g/L.
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Fig. 3. The fitting of pseudo second order model for MB adsorption on N-WH
at different initial concentrations at 27 °C, natural pH (3.7—4.4) and N-WH dose:
2¢/L.

capacity, ¢ge. As the initial MB concentration increases from 97
to 1187 mg/L, the experimentally observed adsorption capacity,
exp» increases from 48.2 to 333 mg/g. This indicates that the
initial dye concentration plays an important role in determining
the adsorption capacity of MB on N-WH. This may be related
to the solution state of MB at different concentrations. In the
beginning of the adsorption process, the MB is adsorbed on the
external surface of N-WH particle, which increases the local
concentration of MB on the surface and leads to the formation
of MB aggregates. MB molecules are known to form dimmers
and aggregates, depending on the conditions of solution such

Pseudo first order and pseudo second order rate constants at 27 °C and different initial MB concentrations (Co: mg/L; ge: mg/g; ho: mg/g min; k;: min~!; ky: g/mg min)

C, Gexp Lagergren’s pseudo first order model Pseudo second order model
qe ki ho,l R? e ko ho,2 R?

97 48.27 47.110 0.5859 27.65 0.9827 49.159 0.02072 50.06 0.9922
286 138.6 133.00 0.1868 24.84 0.9647 140.54 0.002151 42.47 0.9990
541 231.8 213.72 0.08402 17.96 0.9626 240.05 0.0004653 26.51 0.9934

1187 333.2 309.18 0.1245 38.49 0.9287 336.50 0.0005698 64.52 0.9835
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as pH, concentration, temperature, and presence of other ions
[19,20]. MB aggregates can migrate from the external surface
of N-WH to the internal pores, resulting in deaggregation of
the MB aggregates and restoring monomers. At high loading
rates of MB, it is expected that agglomerates are predominant
in solution, while monomers and dimers are virtually absent in
the MB-adsorbent complexes on the solid surface.

It is observed from Fig. 2 that for all initial MB concentra-
tions, the adsorption data were well represented by Lagergren’s
model of Eq. (3) only for the initial period of adsorption
(5-15min), and thereafter it deviates from theory. The values
of adsorption capacity, ge, calculated from Lagergren’s model
are lower than the values observed experimentally, gexp, with the
difference increasing with the increase of initial MB concentra-
tion. By examining the values of the coefficient of determination,
R?, it is noticed that the fitting at 97 mg/L has the highest R
value of 0.9827, with values of R*> decreasing at higher ini-
tial MB concentration to reach a value of 0.9287 when C, is
1187 mg/L. This means that it is not appropriate to use Lager-
gren’s model for the prediction of the kinetics of MB adsorption
on N-WH for the entire time period of adsorption and all initial
MB concentrations.

The kinetic data were further analyzed using the pseudo sec-
ond order model of Eq. (5). By comparing Figs. 2 and 3, it is
obvious that the pseudo second order model fits the experimen-
tal data better than Lagergren’s model for the entire adsorption
period. Also, from the regression results in Table 2, the values
of g. obtained from the pseudo second order model are closer
to the experimental results than g, obtained from Lagergren’s
model. By comparing the coefficient of determination, R?, in
Table 2, it is observed that the pseudo second order model fits
the experimental results with higher R? values (0.9835-0.9990)
than Lagergren’s model (R? from 0.9287-0.9827). The higher
R? values confirm that the adsorption kinetics data are well rep-
resented by the pseudo second order model, thus supporting the
basic assumption in the model that chemisorption plays a major
role in this adsorption system.

It is also observed in Table 2 that when the MB initial con-
centration increases from 97 to 541 mg/L, the rate constant, k>,
decreases from 0.0207 to 0.00046 mg/g min, but further increase
in initial concentration to 1187 mg/L causes ky to reverse the
trend and increase to 0.00056. This may be related to the aggre-
gation state of MB as discussed above. The values of the initial
sorption rate, K2, are also shown in Table 2. When the ini-
tial MB concentration increases from 97 to 541 mg/L, values of
ho 2 decrease from 50.0 to 26.5 mg/g min, but a further increase
of initial concentration to 1187 mg/L causes /2 to reverse the
trend and increase to 64.5 mg/g min.

Further, in order to differentiate the kinetic rate constants
obtained from the Lagergren pseudo first order and from the
pseudo second order kinetic models, the values of k1 and k>
are plotted against the initial MB concentration in Fig. 4. It
is observed from the figure that there is no linear relationship
between the rate constants and the initial MB concentration,
but the trend patterns are exactly the same for ki and kj. The
nonlinear relationships between initial MB concentration and
the rate constants suggest that several mechanisms play roles
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Fig. 4. Plot between the kinetic constants of Lagergren’s and pseudo second
order models against C,,.

in the adsorption process, such as ion exchange, chelation, and
physical adsorption. As it was determined that the pseudo second
order model is better in predicting the adsorption kinetics at
27°C and different values of C,, the values of ge2, k2, and
ho 2 were correlated with the initial MB concentration to obtain
expressions for these values in terms of C, as follows:

ge = 0.6130 4+ 0.5927C, — 0.00256C2,  R>=0.9999 (7)

1

= R2=0.9990 8
1 4+ 0.07092C2 ®)

ky

R? = 0.9542
9)

Substituting the above equations into Eq. (5), the relationship
of g, Co, and 7 can be expressed as follows:

1 I
g (6239—0.1137C, +9.7 x 1073C2)¢
1

0.613 + 0.5927C, — 0.00256C2

oo = 62.39 — 0.1137C, 4 9.7 x 107°C2,

+

(10)

Eq. (10) can be used to predict the amount of MB adsorbed on
N-WH for any given C, and contact time, at natural pH (3.7-4.4),
and N-WH dose 2 g/L.

3.2. Sorption mechanism

Although the kinetic studies help in identifying the adsorp-
tion process, the determination of the sorption mechanism
is important for design purposes. Considering a solid—liquid
adsorption process, the adsorbate transfer is characterized by
either boundary layer diffusion (external mass transfer) or intra-
particle diffusion (mass transfer through the pores), or by both.
It is generally accepted that the adsorption dynamics consists of
three consecutive steps:

e Transport of adsorbate molecules from the bulk solution to
the adsorbent external surface through the boundary layer
diffusion.
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o Diffusion of the adsorbate from the external surface into the
pores of the adsorbent.

e Adsorption of the adsorbate on the active sites on the internal
surface of the pores.

The last step, adsorption, is usually very rapid in comparison
to the first two steps. Therefore, the overall rate of adsorption
is controlled by the first or second step, whichever is slower,
or a combination of both. Many studies have shown that the
boundary layer diffusion is the rate controlling step in sys-
tems characterized by dilute concentrations of adsorbate, poor
mixing, and small particle size of adsorbent. Whereas the intra-
particle diffusion controls the rate of adsorption in systems
characterized by high concentrations of adsorbate, vigorous
mixing, and large particle size of adsorbent [21]. Also, ithas been
noticed in many systems that boundary layer diffusion (exter-
nal mass transfer) is dominant at the beginning of adsorption
during the initial adsorbate uptake, then gradually the adsorp-
tion rate becomes controlled by intraparticle diffusion as the
adsorbent’s external surface becomes loaded with the adsor-
bate.

The intraparticle diffusion parameter, k; (mg/g mino's) is
defined by the following equation [22]:

g =kt +c (11)

where ¢ is the amount of MB adsorbed (mg/g) at time ¢, k;
the intraparticle diffusion constant (mg/g min®), and ¢ is the
intercept.

Theoretically, the plot of k; versus should show at least
four linear regions that represent boundary layer diffusion, fol-
lowed by intraparticle diffusion in macro, meso, and micro pores
[23]. These four regions are followed by a horizontal line rep-
resenting the system at equilibrium. The intraparticle diffusion
plots of the experimental results, ¢ versus 1*- for different ini-
tial MB concentrations at 27 °C and N-WH dose of 2 g/L. are
shown in Fig. 5. From the figure it is observed that there are
three linear regions and one curved region. At the beginning of
adsorption there is a linear region representing the rapid sur-
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Fig. 5. Intraparticle diffusion plot for the adsorption at 27 °C and different initial
MB concentrations (pH 3.7-4.4; N-WH dose: 2 g/L).

Table 3
Diffusion coefficients for adsorption of MB on N-WH at 27 °C, natural pH
(3.3-3.5) and different initial concentrations (C,: mg/L; c: mg/g; k;: mg/g min®-;

ks: min~!; Di: m?%/s)

C, c ki ks D;

97 46.83 0.1488 0.4734 3.014 x 1078
286 122.8 1.206 0.2188 1.420 x 1078
541 165.7 5.657 0.1439 8.731 x 10~°

1187 261.6 6.280 0.1106 8.389 x 107°

face loading, followed by a curved portion where the overall
rate is controlled by both film-diffusion and pore diffusion, then
a linear region representing pore diffusion, and finally a hori-
zontal linear region representing equilibrium. It is observed that
the time elapsed until pore diffusion starts controlling the rate of
adsorption increases from 26 to 58 min when the initial MB con-
centration increases from 97 to 541 mg/L, on further increase of
initial MB concentration to 1187 mg/L the elapsed time to the
start of diffusion control drops to 37 min. This is similar to the
trend of the initial adsorptionrate, i, 1 and, i, » shown in Table 2.
The intraparticle diffusion parameter, k;, is determined from the
slope of the second linear region while the intercept is propor-
tional to the boundary layer thickness. The calculated values of
ki and the intercept are shown in Table 3. It is obvious that values
of k; increase from 0.1488 to 6.280 when the initial MB con-
centration is increased from 97 to 1187 mg/L. It is also observed
that the value of the intercept increases from 46.83 to 261.6
when C, is increased from 97 to 1187 mg/L, which indicates
that the thickness of the boundary layer increases significantly
with increase of C,.

The multilinear nature of the intraparticle diffusion plots sug-
gests the predominance of external mass transfer of MB at the
beginning of adsorption [24]. The rate constants of external mass
transfer were calculated using the plot of C/C, against time
at different initial MB concentrations (figure not shown). The
experimental results were fitted to a second order polynomial,
then the slopes were calculated from the first derivative of the
polynomial functions. The values of initial adsorption rates, kg
(min—!) are shown in Table 3. It is observed that the rate in
the initial period of adsorption, where external mass transfer is
assumed to predominate, decreases with increase of C,, which
can be expected due to the increase in boundary-layer thickness
exhibited in the values of the intercept in intraparticle diffusion
plots. The decrease of kg with increasing C, is not in agree-
ment with the trends of &, for Lagergren’s and pseudo second
order models. The reason for this discrepancy may be because
the fitting of the pseudo kinetics models was performed on the
experimental results of the entire time period of adsorption, thus
the estimates for the initial stage was affected by the experimen-
tal results of later stages occurring after a relatively long time.
The relationship between ks and C, fits the equation:

1

= . R>=0.9794 12
140.0121¢0-9928 (12

ks

In order to determine the actual rate controlling steps in
MB adsorption on N-WH, the experimental data was further
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Fig. 6. Boyd plots for MB adsorption at 27 °C and different initial MB concen-
trations (pH 3.7-4.4; N-WH dose: 2 g/L).

analyzed by the expression of Boyd et al. [25]:
6
F=1- 2 exp(—Br) (13)

where F is the fractional attainment of equilibrium, at different
times, ¢, and Bt is a function of F.
1

qe

F (14)

where ¢; and g, are the dye uptake (mg/g) at time ¢ and at
equilibrium, respectively.
Eq. (13) can be rearranged to

Bt = —0.4977 —In(1 — F) (15)

The values of Bt were calculated from Eq. (15) and plotted
against time as shown in Fig. 6. The plots are linear only in the
initial period of adsorption and does not pass through the origin,
indicating that external mass transfer is the rate limiting process
in the beginning of adsorption. The calculated values of B were
used to determine the effective diffusion coefficient, D;, (cmz/ s)

Table 4
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Fig. 7. Effect of temperature on the adsorption of MB on N-WH for different
initial concentrations (pH 3.7—4.4; N-WH dose: 2 g/L; Cy: 97 mg/L).

from the equation:

B_ 7T2Di
=

(16)

where r is the radius of the N-WH particle assuming spheri-
cal shape. The values of Dj in Table 3 show that the effective
diffusion coefficient decreases with increasing initial MB con-
centration. Also, by examining Fig. 6, it is obvious that the
initial period where external mass transfer is the rate control-
ling step increases from 13 to 23 min when C, increases from
97 to 1187 mg/L.

3.3. Effect of temperature

Fig. 7 shows the effect of temperature on the adsorption of
MB on N-WH at natural pH (3.7-4.4), N-WH dosage 2 g/L,
initial MB concentration 97 mg/L, and different temperatures.
It can be seen from the figure that the time needed to reach
equilibrium decreases at higher temperatures, so that at 27, 45,
60, and 80 °C the times needed to reach equilibrium are about
100, 25, 20, and 15 min, respectively. It can also be seen in
Fig. 7 that the increase in temperature leads to slight changes
in MB removal, so at temperatures 27, 45, 60, and 80 °C the
percent removal of MB values are 99, 98.6, 98.1, and 98.2,
respectively.

Table 4 and Figs. 8 and 9 show the nonlinear regression results
of fitting the observed values of g against ¢ according to Lager-
gren’s model and the pseudo second order model. By examining

Pseudo first order and pseudo second order rate constants, initial MB concentration: 97 mg/L, and different temperatures (Co: mg/L; ge: mg/g; hy: mg/g min; kq:

min~!; ky: g/mg min)

T(°C) Gexp Lagergren’s pseudo first order model Pseudo second order model

e ki ho,l R? e ko ho,z R?
27 48.27 47.19 0.5859 27.65 0.9827 49.16 0.02072 50.06 0.9922
45 46.25 46.11 0.7970 36.75 0.9983 47.66 0.03371 76.57 0.9837
60 47.10 46.06 0.9571 44.60 0.9649 48.46 0.04140 97.23 0.9892
80 47.15 46.69 1.001 47.46 0.9928 49.54 0.03517 86.32 0.9910
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Fig. 8. The fitting of Lagergren’s model for MB adsorption on N-WH at different
temperatures (pH 3.7-4.4; N-WH dose: 2 g/L; C,: 97 mg/L).

the values of R? for the fitting to Lagergren’s model, it can be
seen that the R? values are high (0.9827-0.9983), unless at 60 °C
where R? is 0.9649. These values are almost like R? for the fitting
to the pseudo second order model (0.9837-0.9922). However,
by comparing the predicted values of g. with the experimental
results, it is clear that Lagergren’s model slightly underesti-
mates ¢., while the g, predictions from the pseudo second order
model are significantly higher than the experimental results. This
comparison indicates that at the higher temperature range and
low MB concentration, both models can be used to predict the
kinetics of adsorption of MB on N-WH, the Lagergren’s model
being slightly better in estimating the equilibrium MB uptake.
The small changes in gexp With change in temperature can be
observed in Table 4. The equilibrium dye uptake decreases from
48.27 to 46.25 mg/g when the temperature is raised from 27 to
45 °C, suggesting an exothermic adsorption in the temperature
range 27-45 °C. However, when the temperature is increased
from 45 to 80°C the value of gexp increases from 46.25 to
47.15 mg/g, suggesting a slightly endothermic adsorption in the
temperature range from 45 to 80 °C. This change in the heat of

g (mg/g)

adsorption may be due to several reasons, on the solution side
the aggregation state of MB is temperature dependant, and on
the N-WH side the ionization of the various surface groups are
also expected to change with the change in temperature.

The pseudo first order rate constant is expressed as a function
of temperature by an Arrhenius type relationship as follows:

—E
k1 = ko exp <RT)

where k, is a temperature independent factor (g/mg min), E the
activation energy of adsorption (J/mol), R the universal gas con-
stant (8.314 J/mol K) and T is the absolute temperature (K). The
activation energy was calculated according to Eq. (17) and was
found to be 8.446 kJ/mol. The low values of activation energy
(5—40kJ/mol) are characteristic for physisorption, while higher
values (40-800 kJ/mol) suggest chemisorption [26]. Therefore,
the value of E obtained in the present study shows that the
adsorption of MB on N-WH is mainly a physical process.

The values of the initial sorption rates calculated from the
Lagergren’s model, A, 1, and from the pseudo second order
model, /o2, are shown in Table 4. It is noticed from the table
that &, increases constantly with increasing temperature, hav-
ing values of 0.5859, 0.7970, 0.9571, and 1.001 at temperatures
27,45, 60, and 80 °C, respectively. On the other hand, 4, > shows
adifferent trend, the values initially increase with temperature so
thatat 27,45, and 60 °C, values of &, 5 are 0.02072,0.03371, and
0.04140, respectively, but with further increase of temperature
to 80°C, ho decreases to 0.03517. The discrepancy between
the trends of A, 1 and hy2 can be resolved by calculating the
initial rate of adsorption by other methods, as shown in Section
3.4.

a7

3.4. Effect of temperature on sorption mechanism

Fig. 10 shows the intraparticle diffusion plots for the adsorp-
tion of MB on N-WH at different temperatures, C, 97 mg/L,

10

Time (min)

0 10 20 30 40 50 60 70 80 90 100
Time (min)

Fig. 9. The fitting of the pseudo second order model for MB adsorption on
N-WH at different temperatures (pH 3.7-4.4; N-WH dose: 2 g/L; Cy: 97 mg/L).
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Fig. 10. Intraparticle diffusion plot for the adsorption of MB at different tem-
peratures (pH 3.7-4.4; N-WH dose: 2 g/L; Co: 97 mg/L).
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Table 5

Diffusion coefficient for adsorption of MB on N-WH at different tempera-
tures, natural pH (3.3-3.5) and initial MB concentration 97 mg/L (T: °C; k;:
mg/g min®?; ks: min~!; Dj: m2/s)

T c ki ks D;

27 46.83 0.1488 0.4734 3.014 x 1078
45 45.38 0.1827 0.4952 6.765 x 1078
60 45.99 0.2961 0.5492 7.558 x 1078
80 45.46 0.4150 0.7087 9.191 x 1078

N-WH dosage 2 g/L, and natural pH (3.7-4.4). The same mul-
tilinear plots that were observed when C, was varied at 27 °C
are also observed in Fig. 10 at different temperatures and con-
stant C,. It is observed from the figure that the start of the
second linear region, where the rate is assumed to be controlled
by intraparticle diffusion, is dependent on temperature. The
intraparticle diffusion controlled region at 27 °C started after
26 min, while the time decreased with increasing temperature
to be 11, 10, and 9 min at 45, 60, and 80 °C, respectively. This
would be expected due to the decreased viscosity of aqueous
MB solution, and also the effect of heating on increasing the
diffusion of molecules in solution. Both factors enhance the dif-
fusion of MB through the boundary layer, therefore, the initial
film-diffusion controlled time period becomes shorter at higher
temperatures. It can also be seen from Table 5 that the values
of the intraparticle diffusion constant increase with increas-
ing temperature. The values of k; are 0.1488, 0.1827, 0.2961,
and 0.4150 mg/g min®3 at temperatures 27, 45, 60, and 80 °C,
respectively. This is probably due to the swelling of fibers at
higher temperatures, which facilitates dye diffusion inside the
adsorbent particle.

The rate constants of external mass transfer were calculated
using the plots of C/C, against time at different initial MB con-
centrations (figure not shown). The experimental results were
fitted to second order polynomial, then the slopes were cal-
culated from the first derivative of the polynomial functions.
The values of initial adsorption rates, kg (min’l), are shown
in Table 5. It is observed that the adsorption rate in the initial
period, where external mass transfer is assumed to predominate,
increases with increasing temperature. The relationship between
ks and T (°C) fits the equation:

R? = 0.9987
(18)

ks = 0.5727 — 0.006335T + 1.003 x 107472,

The plots of Bt against time at different temperatures are
shown in Fig. 11 and the values of D; are presented in Table 5.
It is observed from the figure that the plots are linear in
the initial period of adsorption, with the time duration of the
linear period decreasing with increase of temperature. The ini-
tial adsorption period, assumed to be controlled by external
mass transfer lasted for 13, 6.5, 5.5, and 4.5 min at tempera-
tures 27, 45, 60, and 80 °C, respectively. It is also observed
in Table 5 that the values of D; increase at higher tem-
peratures, so that Dj values are 3.014 x 1078, 6.765 x 1078,
7.558 x 1078, and 9.191 x 1078 m%/s at 27, 45, 60, and 80 °C,
respectively.

LA
o O s8o°C

-1 L 1 " 1 . 1

0 5 10 15 20
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Fig. 11. Boyd plots for MB adsorption at different temperatures (pH 3.7-4.4;
N-WH dose: 2 g/L; Cy: 97 mg/L).

4. Conclusions

1. The present study shows that nitric-acid treated water-
hyacinth, an aquatic plant macrophyte, can be used as an
adsorbent for the removal of methylene blue dye from aque-
ous solutions.

2. The amount of dye adsorbed was found to vary with initial
methylene blue concentration, temperature, and contact time.

3. The amount of dye uptake (mg/g) was found to increase with
the increase in contact time and initial MB concentration,
but there is no linear relationship between the dye uptake
and temperature.

4. The adsorption data was found to follow the pseudo second
order kinetics at room temperature, but at higher temperatures
both Lagergren’s model and the pseudo second order model
can be used to predict the adsorption kinetics.

5. The overall rate of dye uptake was found to be controlled by
external mass transfer at the beginning of adsorption, then
gradually changes to intraparticle diffusion controlled at a
later stage.
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