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Abstract In the present study adsorption behavior of
methylene blue and rhodamine B from aqueous solution
using adsorbent prepared from “Hyptis suaveolens” (Vil-
ayti Tulsi) was investigated as a function of parameters
such as initial concentration, adsorbent dose, pH, contact
time and temperature. The adsorption process was pH
dependent. The thermodynamic parameters such as
AG, AH and AS were calculated to investigate the nature of
adsorption, their values indicate that the adsorption process
is favorable. The first-order, second-order and intra-particle
diffusion models were used to describe the kinetic
parameter. The Freundlich and Langmuir adsorption
models were applied to describe the adsorption equilib-
rium. Column study was conducted for both dyes.

Keywords Methylene blue - Rhodamine B -
Dye adsorption - Equilibrium isotherm

Introduction

Many countries face a common problem of disposal of
liquid effluents from various industries viz. paper, leather,
textile, etc. For industrial effluents, color is the first con-
taminant to be recognized due to its visibility. Color affects
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the nature of water and inhibits sunlight penetration into
the stream and reduces photosynthesis [1]. Most of the dyes
are resistant to biological degradation and some of dyes are
carcinogenic and mutagenic [2]; they affect the biological
oxygen demand and natural beauty of rivers [3]. Over 90 %
of some 4,000 dyes tested in an Ecological and Toxico-
logical Association of the Dyestuff survey (ETAD) had
LDs,, values greater than 200 mg kg™~ '. The highest rate of
toxicity was found amongst basic and diazo direct dyes [4].
Thus, the removal of dyes from colored effluents is one of
the major environmental concerns these days [5-7].

The available methods for removal of dye from effluents
are flocculation, electro flotation, precipitation, electroki-
netic coagulation, ion exchange, membrane filtration, irra-
diation, and adsorption. Each method has its own advantages
and disadvantages, but adsorption has been found to be
superior to other techniques in terms of simplicity of design,
ease of operation and insensitivity to toxic substances [8]. It
was observed that though activated carbon is the most
effective adsorbent for adsorption of dyes, it is quite
expensive and hence there is an increasing need for equally
effective but cheaper adsorbents [5, 7]. Literature reveals
that large number of waste by-products are used as adsor-
bents, some of them are orange pill [2], clay [1, 3], peanut
hull [9], sand [10], bio-solid [11], coir pith [12, 13], rise
husk, teak wood bark, cotton waste, hair [14], chitin [15],
chitosan [16], bagasse pith [17], red mud [18], neem leaf
powder [19], banana pith [20], etc. New economical, easily
available and highly effective adsorbents are still needed.

Hyptis suaveolens (Vilayti Tulsi), an erect, woody,
sweet-scented tropical American weed, has now widely
spread in India. It is available along the roadside, waste
lands, etc. round the year. Methylene blue (MB) is mainly
used on bast (soft vegetable fibers such as jute, flax, and
hemp) and to a lesser extent on paper, leather, and mordant
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cotton. It dyes silk and wool but it causes serious health
problems like hypertension, pericardial pain, dizziness,
mental confusion, anemia, nausea, bladder irritation and
cancer. So it acts as environment pollutant and can present
in effluent of paper and pulp industries, textile industries,
etc. Rhodamine B (RDB) is used as a fluorescent dye and it
is used in biotechnology. The adsorbent shows good result
with these dyes and it is easily available in India. So these
dyes are selected for sorption study. The adsorption of
these dyes on untreated adsorbent gives poor result. The
NaOH-treated adsorbent found to improve the adsorption.

The aim of the present work was to study the adsorption
capacity of sodium hydroxide-treated H. suaveolens (Vil-
ayti Tulsi) plant powder for removal of MB and RDB from
aqueous solutions under different experimental conditions.

Experimental
Preparation of sorbent

The stem and branches (without leaves) of fully grown
plants of H. suaveolens (Vilayti Tulsi) were collected in
and around Aurangabad city (India), they were cut into
small pieces of 2-3 cm and dried in sunlight, washed with
distilled water 3—4 times and then with 0.01 M NaOH
solution followed by distilled water to remove excess of
alkali, dried at 353 K in hot air oven, and ground and
sieved. The particle size was in the range of 20-53 pm.
The material was placed in an airtight container for further
use.

Preparation of sorbet

The basic dyes rhodamine B (CI-45170) (RDB) and MB
(CI-52015) (MB) of Loba chem. have been used in the
present study. An accurately weighed quantity of the dye
was dissolved in double distilled water to prepare the stock
solution (1,000 mg L™"). Experimental solutions of desired
concentrations were prepared by successive dilutions.

Sorbet quantification

For the adsorption studies, 50 mL dye solution of known
concentration and pH was added to 0.1 g of adsorbent in
250 mL glass stopper flask at room temperature and the
contents were shaken thoroughly using a mechanical sha-
ker rotating with a speed of 1,200 rpm for 5 min, the
absorbance of supernatant solution was estimated to
determine the concentration. For preparation of standard
curve, Amax for RDB is 555 nm and MB is 665 nm. The
concentration range is 1-9 ppm for both dyes. Initial pH
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was controlled by the addition of 0.5 M HCI and 0.5 M
NaOH. Effect of adsorbent dosage was studied with dif-
ferent adsorbent dosages (0.05-0.5 g) and 50 mL of
20 mg L™" of RDB and 50 mg L™" of MB dye solutions
agitated for 30 min.

Langmuir and Freundlich equations were employed to
study the equilibrium. For temperature effect studies,
50 mL dye solution of 50 mg L™' was shaken with 0.1 g
adsorbent in thermo-stated rotary shaker at 313, 323 and
333 K. The column study was performed using down flow
technique. Adsorbent (2 g) was packed in column of length
0.32 m (internal diameter 0.01 m), dye solution of opti-
mum pH and concentration (50 mg L™' for RDB and
150 mg L™ for MB) was fed into the column at the flow
rate of 3 mL min~'. The process was continued until
effluent concentration reaches the influent concentration.

Results and discussion

Neither changes were observed in adsorption spectrum nor
additional peak formed for dye solution after shaking it
with the adsorbent. This indicates that there were no
breakdown product(s) of the dye and also supported the
fact that the dye removal from the solution in this study
was through the mechanism of adsorption.

SEM

SEM is widely used to study the morphological features
and surface characteristics of the adsorbent material [21].
In the present study, scanning electron microscopic pho-
tograph (Fig. 1) of adsorbent reveals its texture and
porosity.

FTIR analysis

The FTIR analysis is carried out to find probable functional
groups. FTIR analysis of the saturated adsorbent with dyes
is not carried out. The FTIR spectrum (Fig. 2) shows the
typical pattern for cellulose-containing materials. The band
at 3,344-3,404 cm~! shows —OH stretching frequency,
1,606, 1,633, 1,722 cm™! shows the presence of carbonyl
and C=C and 1,055 cm~! shows C-O-C linkage in the
compound.

Effect of pH

The hydrogen ion concentration is an important factor in
controlling the adsorption. pH affects the degree of ioni-
zation of dyes and the surface properties of the adsorbent.
The initial pH value of the solution has more influence on
the process of adsorption than the final pH [22]. To study
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Fig. 1 a SEM image of adsorbent before adsorption of dye, b SEM
image of absorbent after absorbent of rhodamine B, ¢ SEM image of
adsorbent after adsorption of methylene blue

the effect of pH on adsorbents of RDB and MB; the
experiments were carried out at 50 mg L™' initial dye
concentration with 0.1 g adsorbent dosage for 30 min.
The variation in adsorption of dyes on adsorbents as a
function of pH is shown in Fig. 3. The dye adsorption was

found to be dependent on the pH. It is evident from the IR
spectrum that the adsorbent has functional groups such as
—OH. At acidic pH these groups are protonated, an increase
in pH from 4.0 to 9.0 increases adsorption of MB blue
(20.5-22 mg g~"). The optimum pH value for the
adsorption of RDB is 8.0 and for MB it is 9.0.

Effect of initial dye concentration

The effect of initial dye concentration on the rate of
adsorption on the adsorbent was studied and the results are
shown in Fig. 4. The experiments were carried out at fixed
adsorbent dose (0.1 g), pH (8.0 for RDB and 9.0 for MB)
and at different initial concentrations ranging from 20 to
50 mg L™'. The adsorption efficiency of adsorbent
decreases with increase in initial dye concentration.

Though the percentage adsorption decreases with
increase in initial dye concentration, the actual amount of
dye adsorbed per unit mass of adsorbent increases with
increase in dye concentration in solution. The unit
adsorption increased from 6.55 to 13 mg g~ as the con-
centration of RDB increased from 20 to 50 mg L'
(Fig. 4a). Similarly unit adsorption increased from 9.5 to
23.05mg g~' as the MB concentration in solution is
increased from 20 to 50 mg L™" (Fig. 4b).

Effect of adsorbent dosage

The adsorption of RDB and MB on adsorbent was studied
by varying the adsorbent quantity (0.05-0.5 g) in test
solution keeping the initial dye concentration (20 mg L™"
for RDB and 50 mg L' for MB), temperature and at
optimum pH constant for 30 min time intervals and results
are shown in Fig. 5. For RBD the amount of adsorption
increased from 13 to 1.43 mg g~ and for MB the increase
is from 41 to 47 mgg ', as the adsorbent dosage
increased from 0.05 to 0.5 g. Increase in adsorption with
adsorbent dose can be attributed to increased adsorption
surface area and availability of more adsorption sites
resulting from increased dose and conglomeration of
adsorbent. But unit adsorption decreased with increase in
adsorbent dose. For RDB the unit adsorption decreased
from 13.0 to 1.43 mg g~ ' while for MB it decreased from
41.0 to 4.7 mg g ', as the adsorbent dose increased from
0.05t0 0.5 g.

Sorption dynamics
The first-order kinetic model

The rate constant of adsorption is determined from the first-
order rate expression given by Lagergren [23]
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Table 1 Rate constants for first-order and second-order adsorption
Dye Conc. First order Second order
ComgL™)  ge(mggh)  Ki(mn) R ge(mgg™)  Kx(min™)  h(mgg 'min) R
MB 20 0.10 0.0490 0.4235 9.615 0.14 18.34 0.99
30 0.292 0.0426 0.8606 14.085 0.12 23.25 0.99
40 0.606 0.0794 0.8402 18.519 0.13 43.47 1.00
50 2.705 0.1315 0.9771 22.22 0.14 66.66 1.00
RBD 20 0.536 0.1437 0.991 6.55 2.28 17.55 1.00
30 0.489 0.0889 0.971 8.23 0.96 53.19 1.00
40 0.479 0.0536 0.98 10.13 0.52 64.93 0.99
50 0.432 0.1314 0.977 12.04 0.12 98.03 0.99
log(ge — qu) = logge — 212—102 1 A
. + 20 mg/L
where g. and g, are the amount of dye adsorbed (mg gfl) at = 30 mg/L
equilibrium and at time ¢ (min), respectively, and K is the . A 40 mg/L
rate constant of adsorption (L min~"). The Lagergren first- = ® 50mg/L
order plots for the adsorption of MB and RBD at various
initial concentrations are given in Fig. 6a, b. Values of K,
were calculated from the plot of log (¢g. _ gq,) versus t. The
study of influence of initial MB and RBD on Lagergren 10 20 30 40 50 60
rate constant from Table 1 shows a decrease in rate con- Time (min.)
stant with increase in initial dye concentration. The appli- B
cability of Lagergren model suggests the formation of
monomolecular layer of dye species on the surface of
adsorbent. The values of K; and ¢, at different concentra- o 20mglL
tions calculated from slopes and intercepts of this curve are g m 30 mglL
represented in Table 1. That the correlation coefficient s 40mglL
values are not high for all concentrations showed that the o 50mglL
pseudo-first-order equation for Lagergren does not fit well
with the whole range of contact time and is generally 0 10 20 30 40 50 60
applicable to initial stage adsorption. Time (min.)

The second-order kinetic model

The Lagergren pseudo-second-order kinetic model [24] is
expressed as

t 1 t

= + —
a0 K2 g

(2)

The initial adsorption rate, # (mg g~ ' min) as r — 0 can
be defined as

h = K»q; (3)

The initial adsorption rate (h), the equilibrium
adsorption capacity (g.) and second-order constant K,
(g mg~' min) can be determined experimentally from
slope and intercept of plot t/g, versus ¢. The plot for MB
is given in Fig. 7a and for RDB is shown in Fig. 7b, these
plots show good correlation coefficient when pseudo-
second-order equation was employed. The K, and 4 values

Fig. 7 a Second-order kinetics for MB. b Second-order kinetics for
RBD

as calculated from Fig. 7a and b are listed in Table 1.
Similar phenomena have been observed in the adsorption
of congo red and 2-chlorophenol [25, 26]. Thus, by
increasing initial dye concentration the equilibrium
adsorption capacity g. increases.

Adsorption equilibrium study

Various isotherm equations have been used to describe the
equilibrium nature of adsorption. Two of them are used for
the present study.

Langmuir isotherm

It is represented by the following equation [27]
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where C. is the concentration of dye solution at equilibrium
(mg LY, ge is amount of dye absorbed at equilibrium
(mg g "), ¢gm is Langmuir constant related to adsorption
capacity (mg g~ "), b is the Langmuir constant related to
energy of adsorption (L mg™").

The plots of C./g. versus C, for MB is given in Fig. 8a
and for RBD is shown in Fig. 8b. The correlation coeffi-
cient (i.e. R?) values are close to unity suggesting the
applicability of the above model to the present system,
showing the monolayer formation of dyes at the outer
surface of adsorbent. The values of ¢, and b were obtained
from slope and intercept of plot of C./q. versus C. and are
shown in Table 2. The correlation coefficient which
approaches unity suggests that the Langmuir isotherm fits
well for both MB and RBD dyes. It is clear from Table 2
that the adsorption efficiency ¢, increases from 0.776 to

0.1539 mg g_1 for RBD, while for MB it increases from
0.9089 to 1.609 mg g~'. For RBD the absorption energy
b increases from 5.927 to 10.20 L mg~' and from MB it
increases from 17.88 to 19.56 L mg ™.

In order to find out the feasibility of isotherm, R; a
dimensionless constant separation factor was determined
by the equation [28, 29] as follows

1

— _ 5
1 +bCy ®)

Ry
where Cy is the initial concentration of dye solution and ‘b’
is Langmuir isotherm constant. The parameter R indicates
the nature of the adsorption isotherm. Ry > 1 is the unfa-
vorable adsorption, 0 < R < 1 is favorable adsorption,
Ry = 0 is irreversible adsorption, Ry = 1 is the linear
adsorptionThe values of Ry lie between 0 and 1 which
indicates that the process is favorable adsorption.

Freundlich isotherm

Freundlich [30] isotherm was also applied to plot the
equilibrium data of the adsorption.

log ge = (1/n)log C. + log Ky (6)

where ¢, is the dye concentration in solid at equilibrium
(mg g~ "), C. the dye concentration in solution at equilib-
rium (mg LY, K, the measure of the adsorption capacity
and n is the adsorption intensity

The intensity of adsorption is indicative of the bond
energies between dye ion and adsorbent. The plot of log ¢,
versus log C. for MB is given in Fig. 9a and for RBD is
shown in Fig. 9b. The values of ‘n” and Ky were calculated
from slope and intercept of these plots. The values of K; and
‘n’ obtained are represented in Table 2. It shows that the
values of adsorption intensity 1/n < 1 reveal that applica-
bility of Freundlich adsorption is good for RBD. The cor-
relation coefficient from Table 2 for RBD shows that
Freundlich isotherm fits better than Langmuir isotherm.

Effect of temperature

Increase of temperature increases the percentage removal
of dye. Changes in standard free energy, enthalpy and

Table 2 Langmuir and

Freundlich isotherm parameter Dye Temp. (K) Langmuir parameter Freundlich parameter
for adsorbent of RDB and MB gm(mgg™) b@LmgH R n ke(mg g™ R?
Rhodamine B 313 0.078 5.927 0.9996  0.9664 346.0 0.9999
323 0.107 8.00 0.9998 1.4945 120.6 0.9986
333 0.154 10.20 0.9980 1.7771 81.30 0.9900
Methylene blue 313 0.909 17.88 0.9989  6.027 29.47 0.9993
323 1.081 18.31 0.9993  6.497 28.74 0.9986
333 1.609 19.56 0.9998 7.451 27.88 0.9932
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Dye Temp. AG AH AS
& m323K o ) O .
= 10F (K) (kJ mole™") (kJmole™") (JK  mole ")
A333K
0.5+ Rhodamine 313 —0.627 18.17 59.69
oo , , , , , , B 323 —0.866
'0.00 0.05 0.10 0.15 0.20 0.25 0.30 333 —1.836
log Ce Methylene 313 —6.020 6.812 41.13
o o blue 323 —6.558
Fig. 9 a Freundlich isotherm for MB. b Freundlich isotherm for 113 6.837

rhodamine

entropy of adsorption were calculated using following
equations

Csolid
Ky = 7
Cliquid ( )
where K is the equilibrium constant, C,oj;4 the solid phase
concentration at equilibrium (mg L_l) and Cjiquiq is the
liquid phase concentration at equilibrium (mg L™")

AG = —RTInK, (8)

where R is the gas constant, K, is the equilibrium constant

and T is the temperature in Kelvin
According to Van’t Hoff equation
AS AH

2.303R  2.303RT

©)

Plot of log K, versus 1/T is linear (Fig. 10), values of
AH and AS were calculated from the slope and intercept of
Van’t Hoff plot, respectively (Table 3). The value of AH
for MB is 6.812 kI mole”' and for RDB is 18.17
kJ mole™'. The entropy change for RBD and MB is
found to 59.69 and 41.13 J K~' mole™ ", respectively. The
positive values of AH show endothermic nature of
adsorption and it govern the possibility of physical
adsorption. The free energy for RBD changes from
—0.627 to —1.836 kJ mole™' and for MB the energy
change is from —6.020 to —6.837 kJ mole ™", respectively.
The negative values of AG indicate the spontaneous and
highly favorable nature of adsorption. Entropy of activation

log Ky =

can be regarded as a measure of the “siddle point energy”
over which reactant molecule must pass as activated
complex. Thus, AS conveys whether a particular reaction
proceeds faster or slower than another individual reaction.
The positive values of AS suggest the increased
randomness at the solid/solution interface during the
adsorption of dye. The orientation or restructuring of
water around the non-polar solute or surface is very
unfavorable in terms of entropy, since it disturbs the
existing water structure and imposes a new and more
ordered structure on the surrounding water molecules. As a
result of adsorption of MB on the adsorbate, the number of
water molecules surrounding MB decreases and the degree
of freedom of the water molecules increases.

Conclusion

The adsorption of RDB and MB from aqueous solutions
was investigated under different experimental conditions.
The conditions of maximum adsorption of dyes were
optimized. It was observed that under optimum conditions
upto 13 mg g~ of RDB and 23.05 mg g~ ' of MB dye can
be removed from aqueous solutions. The adsorption data fit
the Langmuir and Freundlich isotherms, showing that
adsorption was monolayer in nature. The thermodynamic
parameters were found to be thermodynamically favorable
physical adsorption process. The kinetic parameter with
high correlation coefficient shows the second-order nature
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of adsorption process. Since the adsorbent material is freely
available in large quantities, the treatment method seems to
be economical.
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