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Deoiled soya, an agricultural waste material, and bottom ash, a waste of power plants, have been
successfully used for the removal and recovery of the hazardous water-soluble dye brilliant green from
water. To remove the dye from water, batch adsorption studies have been carried out by observing the
effects of pH, concentration, amounts of adsorbents, size of adsorbent particles, etc. Attempts have also
been made to monitor the adsorption process through Langmuir, Freundlich, Tempkin, and D-R adsorption
isotherm models. Relevant thermodynamic parameters have also been calculated from these models. The
adsorption process has been found endothermic and feasible at all the temperatures. The kinetics of the
adsorption was also recorded and indicates pseudo-second-order kinetics in both cases. Kinetic operations
also reveal the involvement of a film diffusion mechanism for the deoiled soya adsorption at all the
temperatures, while bottom ash undergoes through a particle diffusion mechanism at only 30 ◦C and at
higher temperatures a film diffusion mechanism operates. Bulk removal of the dye has been carried out
through column studies for both adsorbents. Attempts have also been made to recover the dye from
exhausted columns by eluting sulfuric acid of pH 3.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

Dyes and coloring materials are being used by almost every in-
dustry producing household goods, textile, food, etc. The release
of toxic and hazardous dyes from these industries has created a
global concern due to their immense toxicity toward mankind.
Dyes impart undesirable color to water and are lethal for the
aquatic life. The toxic and hazardous intermediates/substances cre-
ated by these dyes after undergoing oxidation and reduction in
water further increase the need for their removal from wastewa-
ter.

Although many physical and chemical methods such as reverse
osmosis, precipitation, electroflotation, and flocculation [1,2] have
been used for the removal of dyes and other toxic chemicals from
the effluents, adsorption appears to offer the best prospects over
others and proved itself among one of the most effective methods
for the removal of pollutants from aqueous solutions [3]. In the
past few years, various low cost adsorbents such as silica [4], clay
materials [5], pumic stone [6], and agricultural wastes such as apri-
cot waste [7], soy meal hull [8], rice husk [9], sugar beet pulp [10],
and wheat bran [11] have been employed successfully for the re-
moval of various hazardous chemicals from water. In recent years
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a significant contribution in the field has also been made by Gupta
and co-workers [12–21]. Our laboratory has also successfully used
waste materials—bottom ash and deoiled soya—as efficient adsor-
bents [22,23] for the removal of various dyes belonging to different
classes. The present paper is yet another attempt to eradicate a
hazardous triphenyl nitrogen-containing dye, brilliant green from
the water.

Brilliant green appears as minute golden crystals and is used in
dying silk, wool, leather, jute, and cotton. It is used in the manu-
facturing of green ink, as a staining constituent of bacteriological
media and as an indicator, which changes its color from yellow
to green at pH 2.6. It is also used as a topical antiseptic and
as a selective bacteriostatic agent [24] in culture media. The dye
is considered highly toxic to humans and animals and can cause
permanent injury to the eyes of humans and animals [25]. Oral
consumption of the dye can cause irritation to the gastrointestinal
tract and symptoms like nausea, vomiting, and diarrhea and bril-
liant green may also cause irritation with redness and pain, when
it comes in contact with the skin [25,26]. The dye is also investi-
gated as a mutagen in microorganisms [26]. Thus it is considered
worthwhile to utilize the waste materials bottom ash and deoiled
soya for the removal of a hazardous dye, brilliant green, from the
water.

As far as adsorbent materials are concerned, bottom ash is a
granulated waste material obtained from thermal coal-fired power
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generation plants. It appears as dark grey black sand size gran-
ules. Disposal of the ash is always a matter of concern to the
authorities, because it makes agricultural land uncultivable and in-
fertile [27,28]. The other adsorbent, deoiled soya, is a by-product
of soyabean oil extracting mills. In our country there has been a
phenomenal increase in the production of soyabean particularly
in the last two decades and India has become one of the lead-
ing producers of the soyabean crop. Interestingly, the quality of
soil of the state Madhya Pradesh supports soyabean production
and that is why many soyabean oil extracting industries surround
our city. Deoiled soya is a dry, brownish white, porous, flaky ma-
terial, which is obtained after extracting all possible nutrients of
soyabean. At one time it was widely used as animal and fish feed
but now it is a banned edible substance due to its bitter taste and
toxicity. Though the extraction of soyabean oil is carried out under
careful processing conditions but still during the processing an-
timetabolites like lipoxygenase and trypsin inhibitors are liberated,
which make the by-product deoiled soya bitter in taste and noned-
ible for humans as well as animals. Moreover, when extracted with
more than 170 ppm of hexane solvent, deoiled soya becomes toxic
to the animals and fishes [29–33].

2. Materials and methods

Brilliant green [sulfate of di-(p-diethylamino)triphenyl carbonyl
anhydride; C27H34N2O4S] (I) was obtained from M/s Merck and its
stock solution was prepared in double-distilled water. The adsor-
bent bottom ash was obtained from the thermal power station
(TPS) of M/s Bharat Heavy Electrical Limited (BHEL), Bhopal (In-
dia), and deoiled soya was a free gift from M/s Sanwaria Agro Oils
Ltd. Bhopal.

A microprocessor-based pH meter, Model HI 8424 (M/s Henna
Instruments, Italy), was employed for pH measurements. The UV–
vis spectrophotometer Model Number 117 (Systronics, Ahmedabad,
India) was used for absorption studies. Surface analysis of the
adsorbent particles was carried out by Quantasorb Model QS-7
surface analyzer. Mercury porosimeter and specific gravity bottles
determined the porosity and density of the material, respectively.
X-ray measurements were carried out using a Philips X-ray diffrac-
tophotometer employing Ni-filtered CuKα radiations. A Philips
SEM 501 electron microscope was used for the scanning electron
microscopic analysis and IR spectra were recorded over a HP FTIR
spectrophotometer.

2.1. Material development

Both adsorbents, bottom ash and deoiled soya, were first
washed with distilled water and dried. Oxidation of the organic
impurities was carried out after dipping these waste materials in
H2O2 solution for 24 h. The moisture contents were then removed
by keeping the materials in an oven at 100 ◦C. Bottom ash was
further activated at 500 ◦C for 15 min. Activated bottom ash and
deoiled soya thus obtained were then sieved to mesh sizes, viz. 36,
100, and 170 BSS mesh, and stored in a desiccator.

2.2. Adsorption studies

For the batch adsorption studies, 25 ml adsorbate solutions
of varying concentrations and suitable pH were taken in 100-ml
flasks at 30, 40, and 50 ◦C temperatures. The concentration and
pH were ascertained by carrying out a series of preliminary analy-
sis experiments. For experimentation, particle sizes 100 BSS mesh
for bottom ash and 36 BSS mesh for deoiled soya were chosen
and suitable amounts of each adsorbent were added in a series of
100-ml volumetric flask at the desired temperature. Each solution
was then filtered after 24 h with Whatman filter paper (No. 41)
and the filtrate was analyzed for uptake of dye at λmax 626 nm.

2.3. Kinetic studies

Kinetic studies of the adsorption process of brilliant green over
bottom ash and deoiled soya were carried out by taking dye solu-
tions (25 ml each), with specific amounts of adsorbents in 100-ml
volumetric flasks. Flasks were kept in a water bath at temperatures
30, 40, and 50 ◦C, and intermittently shaken. After a particular time
interval the solutions were filtered and analyzed spectrophotomet-
rically for the dye uptake.

2.4. Column adsorption

For the bulk removal of the dye, fixed bed adsorber columns
of bottom ash and deoiled soya were prepared. Two glass columns
each of 30 cm length and 1 cm internal diameter were first packed
with glass wool. To prepare the bed of adsorbent in the column
the slurry of adsorbent was poured into the column. In order to
avoid air entrapment in the column, the slurry was fed into the
column over the heal of water. After packing the column, the dye
solution of known concentration of brilliant green was carefully
flown into the column by maintaining a flow rate of 0.5 ml/min.
The concentration of eluted dye was continuously monitored spec-
trophotometrically at λmax 626 nm and column operations were
stopped when eluted dye concentration became equal to the fed
dye solution. At this stage the column was considered completely
exhausted.

2.5. Column regeneration

In order to recover the adsorbed dye and regenerate the
columns, a sulfuric acid solution of pH 3 was passed through both
exhausted columns at a flow rate of 0.5 ml/min. The concentra-
tions of aliquots of collected dye solutions were monitored in a
similar manner till absorbance of the solution was nullified. After
complete recovery of the dye, columns were thoroughly washed
with hot distilled water.

3. Results and discussion

3.1. Characterization of adsorbent material

Chemical analysis of adsorbent materials was carried out by
using conventional chemical methods [34]. Their major chemi-
cal constituents are presented in Table 1. Some of the physi-
cal properties of the adsorbents like surface area, porosity, and
density are presented in Table 2. The DTA curves plotted for



10 A. Mittal et al. / Journal of Colloid and Interface Science 326 (2008) 8–17
Table 1
Chemical constituents of the adsorbents

Bottom ash Deoiled soya

Constituents Wt% Constituents Wt%

Moisture 15 Moisture 11
SiO2 45.4 SiO2 6
Al2O3 10.3 Fiber 2
Fe2O3 9.7 Ca 0.2
CaO 15.3 P 0.7
MgO 3.1 Profat 48

Table 2
Physical parameters of bottom ash and deoiled soya

Parameter Value

Bottom ash Deoiled soya

Surface area 870.5 cm2/g 728.6 cm2/g
Porosity 46% 67%
Density 0.6301 g/ml 0.5614 g/ml
Loss on ignition 1.14% 4.27%

the activated bottom ash exhibit its thermal stability and neg-
ligible weight loss was accounted for, even at high tempera-
tures. The d-spacing values provided by X-ray spectrum of the
adsorbent reflect the presence of mainly alumina (Al2O3), gyp-
sum (CaSO4·2H2O), beaverite [Pb(Cu,Fe,Al)3(SO4)2(OH)6], borax
(Na2B4O7·10H2O), and kaolinite [2{Al2Si2O5(OH)4}]. Scanning elec-
tron microscopic photographs of adsorbent materials reveal their
surface texture and porosity. Based on these photomicrographs,
particles of the bottom ash and deoiled soya can be approxi-
mated as spheres. IR spectrum of deoiled soya exhibited bands
at 479.6, 779.1, 1113.5, and 3459.4 cm−1, which indicate the
presence of gorthite (4[FeO·OH]), corundum (2[α-Al2O3]), coesite
(SiO2), and laumonite (4[CaAl2Si4O12·4H2O]), respectively. For bot-
tom ash, the IR spectrum gave peaks in the 3685 and 790 cm−1

region, corresponding to kaolinite [2{Al2Si2O5(OH)4}]. The bands
at 1097.5, 470.2, and 790.5 cm−1 confirm the presence of baven-
ite [4Ca4(BeAl)4Si9(O·OH)29(OH)2], gypsum [3(CaSO4·2H2O)] and
corundum [2(α-Al2O3)], respectively.

3.2. Batch adsorption studies

3.2.1. Effect of pH
In order to optimize the pH, adsorption of the dye over bottom

ash and deoiled soya was carried out in the pH range of 3 to 9. In-
terestingly, during the study of pH effect both adsorbents exhibit
almost similar behavior (Fig. 1). In both cases by increasing the pH
from 3 to 4, the adsorption of the dye decreases marginally; how-
ever, a steep increase in adsorption occurs with an increase in pH
up to pH 7. No significant change in the amount adsorbed is ob-
served by further increasing the pH till pH 9. For both adsorbents,
maximum uptake of the dye occurs at pH 7; hence for all further
studies pH 7 was selected.

The pH trends observed clearly indicate that in both cases
the protonation of brilliant green takes place in a highly acidic
medium, while on the other hand with decrease in acidity of the
solution the dye becomes deprotonated. Another possibility that
can be taken into account is that development of positive charge
on the adsorbent takes place in highly acidic solution, which in-
hibits the adsorption of dye over it, resulting in low adsorption.
However, on increasing the basicity, the uptake of dye increases
leading to the formation of an electrical double layer around the
adsorbent due to change in its polarity.

3.2.2. Effect of amount of adsorbents
To determine the adsorption capacities at 30, 40, and 50 ◦C,

studies were carried out by taking various amounts of bottom
Fig. 1. Effect of pH on uptake of brilliant green by bottom ash and deoiled soya
at 30 ◦C (bottom ash: dye concentration = 4 × 10−5 M, adsorbent dose = 0.01 g,
particle size = 100 mesh) (deoiled soya: dye concentration = 4 × 10−5 M, adsor-
bent dose = 0.01 g, particle size = 36 mesh).

ash and deoiled soya (both ranging from 0.01 to 0.05 g) at a
particular concentration of the adsorbate and pH of the solution.
In both cases, it was observed that adsorption of dye increases
with increasing amount of adsorbents (Table 3). Table 3 also in-
dicates that the increase in amount of adsorption is not very sub-
stantial. Hence, to keep the addition of adsorbent as nominal, it
was desired to use only 10 mg each of bottom ash and deoiled
soya.

3.2.3. Effect of particle size
To observe effect of particle size of adsorbents, three different

sizes, viz. 36, 100, and 170 BSS mesh, of bottom ash and deoiled
soya were selected. It was found that adsorption increases with
increase in mesh size for both adsorbents (Table 4). This may be
due to increase in the accessibility of the adsorbate to the pores
of the adsorbents with the decrease in particle size. Again it is
observed that the increase in adsorption with increase in mesh size
of both adsorbents is marginal; hence, 100 mesh size for bottom
ash and 36 mesh sizes for deoiled soya were chosen for further
studies as per their availability.

3.2.4. Effect of concentration
Concentrations ranging from 4 × 10−6 to 4 × 10−5 M of bril-

liant green were investigated with fixed amounts of bottom ash
and deoiled soya at temperatures 30, 40, and 50 ◦C. Figs. 2 and 3
indicate that in both cases the extent of adsorption of the dye in-
creases with increase in concentration of brilliant green as well
as temperature. It is important to note that in both cases though
the increase in concentration of the adsorbate exhibits a promi-
nent increase in its uptake, the increase in temperature gives only
a marginal increase. Increase in uptake of the dye with increase in
temperature indicates the endothermic nature of the ongoing ad-
sorption of the dye over both adsorbents.

3.2.5. Effect of contact time
Under the contact time studies uptake capacities of the dye

were determined at different temperatures for a fixed amount
(10 mg) of each adsorbent. For both adsorbents, adsorption in-
creases with increase in time and temperature and within the first
hour of contact almost 63.75 and 65.25% of adsorption occurred
for bottom ash and deoiled soya, respectively, while almost 100%
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Table 3
Effect of amount of adsorbents on the adsorption of brilliant green (dye concentration = 4 × 10−5 M and pH 7.0)

Amount of
bottom ash (g)

Amount adsorbed × 10−5 (g) Amount of
deoiled soya (g)

Amount adsorbed × 10−5 (g)

30 ◦C 40 ◦C 50 ◦C 30 ◦C 40 ◦C 50 ◦C

0.01 32.20 41.12 44.38 0.01 39.07 41.93 44.24
0.02 33.04 41.96 45.46 0.02 39.55 43.04 45.32
0.03 33.76 43.17 47.15 0.03 42.45 44.64 46.70
0.04 35.09 45.82 47.51 0.04 43.29 45.21 47.03
0.05 44.26 45.82 47.15 0.05 43.65 45.17 47.03
Table 4
Effect of sieve size of adsorbents on the rate of adsorption of brilliant green over
bottom ash and deoiled soya (concentration = 4 × 10−5 M, pH 7.0, temperature =
30 ◦C, adsorbent dose = 0.01 g (each))

Mesh
size

Bottom ash Deoiled soya

Amount
adsorbed
× 10−5 (g)

k
(h−1)

t1/2

(h)
Amount
adsorbed
× 10−5 (g)

k
(h−1)

t1/2

(h)

36 45.82 0.0021 324.19 46.06 0.0019 361.15
100 46.79 0.0012 545.94 47.03 0.0010 656.81
170 47.39 0.0007 941.88 48.11 0.0001 6643.28

Fig. 2. Effect of concentration for the removal of brilliant green by bottom ash at
different temperatures (adsorbent dose = 0.01 g, particle size = 100 mesh, pH 7.0).

adsorption was achieved after 6 h of adsorption in both cases.
Moreover, in both cases increase in time and temperature also
increases the adsorption rate. The half-life of the processes was
found as 0.025 and 0.027 h, respectively. An increase in adsorp-
tion with increasing temperature further verifies the endothermic
nature of the adsorption for both adsorbents.

3.3. Adsorption isotherms

3.3.1. Langmuir and Freundlich adsorption isotherms
Though there are several types of isothermal adsorption rela-

tions, which occur in physical chemistry, two of them being the
Langmuir [35,36] (Eq. (1)) and Freundlich [35–37] (Eq. (2)) models
in which adsorption from the solution leads to the deposition of
an apparent single layer of solute molecules on the surface of the
solid.

1

qe
= 1

Q 0
+ 1

bQ 0

1

C
, (1)

log qe = log Kf + 1
log C, (2)
n

Fig. 3. Effect of concentration for the removal of brilliant green by deoiled soya at
different temperatures (adsorbent dose = 0.01 g, particle size = 36 mesh, pH 7.0).

Fig. 4. Langmuir adsorption isotherms for the adsorption of brilliant green over bot-
tom ash (adsorbent dose = 0.01 g, particle size = 100 mesh, pH 7.0).

where C is the molar concentration in bulk-fluid phase, Q 0 is the
number of moles of solute adsorbed per unit weight of adsorbent,
qe is the number of moles of solute adsorbed per unit weight at
concentration C , b is a constant related to the energy, and K f and
n are also constants.

The plots of Langmuir (Figs. 4 and 5) and Freundlich (Figs. 6
and 7) adsorption isotherms at 30, 40, and 50 ◦C for brilliant green
over bottom ash and deoiled soya gave straight lines. On the ba-
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Fig. 5. Langmuir adsorption isotherm for the adsorption of brilliant green over
deoiled soya (adsorbent dose = 0.01 g, particle size = 36 mesh, pH 7.0).

Fig. 6. Freundlich adsorption isotherm for the adsorption of brilliant green over bot-
tom ash (adsorbent dose = 0.01 g, particle size = 100 mesh, pH 7.0).

sis of these straight lines Langmuir and Freundlich constants were
calculated (Table 5). By using the data obtained from adsorption
isotherms, thermodynamic parameters such as Gibb’s free energy
(�G0), change in entropy (�S0), and change in enthalpy (�H0)
at different temperatures [38] were evaluated using the following
equations,

�G0 = −RT ln b, (3)

�H0 = −R
T2T1

(T2 − T1)
ln

b2

b1
, (4)

�S0 = �H0 − �G0

T
, (5)

where b, b1, and b2 are the equilibrium constants at tempera-
tures of 30, 40, and 50 ◦C, respectively, and obtained from the
slopes of adsorption isotherms at different concentrations. The val-
ues obtained from these calculations are presented in Table 6. The
negative values of free energy in both cases suggest the feasibility
of the processes, while positive values of entropy change and en-
thalpy show increased randomness and the endothermic nature of
the ongoing adsorption processes, respectively.
Fig. 7. Freundlich adsorption isotherm for the adsorption of brilliant green over
deoiled soya (adsorbent dose = 0.01 g, particle size = 36 mesh, pH 7.0).

Table 5
Freundlich and Langmuir constants for the removal of brilliant green (bottom ash:
adsorbent dose = 0.01 g, particle size = 100 mesh, pH 7.0; deoiled soya: adsorbent
dose = 0.01 g, particle size = 36 mesh, pH 7.0)

Adsorbent Freundlich constants

n KF

30 ◦C 40 ◦C 50 ◦C 30 ◦C 40 ◦C 50 ◦C

Bottom ash 0.395 0.499 0.794 3 × 109 2 × 107 2 × 103

Deoiled soya 0.901 1.152 1.058 256.27 18.45 60.63

Adsorbent Langmuir constants

Q 0 b

30 ◦C 40 ◦C 50 ◦C 30 ◦C 40 ◦C 50 ◦C

Bottom ash 0.00006 0.00018 0.00034 130360.7 140262.2 220769.2
Deoiled soya 0.00032 0.00074 0.00071 137422.2 145423.9 140262.2

Table 6
Thermodynamic parameters for the uptake of brilliant green (bottom ash: adsorbent
dose = 0.01 g, particle size = 100 mesh, pH 7.0; deoiled soya: adsorbent dose =
0.01 g, particle size = 36 mesh, pH 7.0)

Adsorbent −�G0 (kJ/mol) �H0

(J/mol)
�S0

(J/(K mol))30 ◦C 40 ◦C 50 ◦C

Bottom ash 29.67 30.84 33.04 385.26 100.80
Deoiled soya 29.80 30.93 32.38 161.88 99.66

To monitor the favorability of the adsorption process the
method suggested by [39] was employed. The Langmuir adsorp-
tion isotherm (Eq. (1)) can be calcified in terms of ‘r,’ a dimen-
sionless separation factor [40] and values of ‘r’ can be calculated
by

r = 1

1 + bC0
, (6)

where the value of b is obtained from above-noted Langmuir
isotherm expression and C0 is initial concentration of adsor-
bate. The parameters indicate the shape of isotherm accord-
ingly [41].

The r values for bottom ash were found to be 0.16, 0.15 and
0.10, while for deoiled soya these values are 0.15, 0.14 and 0.12,
at 30, 40, and 50 ◦C, respectively. Values less than unity indicate a
favorable process for both adsorbents at all the temperatures.
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Fig. 8. Tempkin isotherm for the adsorption of brilliant green over bottom ash (ad-
sorbent dose = 0.01 g, particle size = 100 mesh, pH 7.0).

Fig. 9. Tempkin isotherm for the adsorption of brilliant green over deoiled soya (ad-
sorbent dose = 0.01 g, particle size = 36 mesh, pH 7.0).

3.3.2. Tempkin and Dubinin–Radushkevich adsorption isotherms
In order to derive the possibility of interactions among adsor-

bate particles and also to estimate the type of adsorption reaction
and energy taking place in the present cases, thermodynamic data
were also verified through Tempkin (Eq. (7)) [42] and Dubinin–
Radushkevich (D-R) isotherm models [43] (Eq. (8)), respectively,

qe = k1 ln k2 + k1 ln Ce, (7)

ln Cads = ln Xm − βε2. (8)

Here, k1 is the Tempkin isotherm energy constant in L/mmol, k2 is
the Tempkin isotherm constant, and Ce and qe have usual mean-
ings, whereas Cads is the amount of the dye adsorbed per unit
weight of the adsorbent in mg/g, Xm denotes the maximum sorp-
tion capacity, while ε is the Polanyi potential given by

ε = RT ln(1 + 1/Ce), (9)

where R is the universal gas constant in kJ/(mol K) and T is the
temperature in Kelvin. The term β is obtained from the slope of
the straight-line plot of ln Cads versus ε2 in mol2/J2 and the sorp-
tion capacity Xm is obtained from the intercept in μmol/g. With
Table 7
Tempkin and D-R constants for fast green FCF bottom ash system

Temperature Tempkin constants D-R constants

Slope k2 β (mol2/J2) Xm (mol/g) E (kJ/mol)

30 ◦C 6.00 × 10−5 1.00 × 105 −2.00 × 10−8 17.88 5.00
40 ◦C 6.00 × 10−5 6.00 × 105 −1.00 × 10−8 15.38 7.07
50 ◦C 4.00 × 10−5 3.00 × 106 −7.00 × 10−9 10.83 8.45

Table 8
Tempkin and D-R constants for fast green FCF deoiled soya system

Temperature Tempkin constants D-R constants

Slope k2 β (mol2/J2) Xm (mol/g) E (kJ/mol)

30 ◦C 4.00 × 10−5 3.00 × 105 −7.00 × 10−9 9.96 8.45
40 ◦C 3.00 × 10−5 2.00 × 107 −5.00 × 10−9 8.65 10.0
50 ◦C 3.00 × 10−5 2.00 × 107 −5.00 × 10−9 9.27 10.0

Fig. 10. D-R isotherm for the adsorption of brilliant green over bottom ash (adsor-
bent dose = 0.01 g, particle size = 100 mesh, pH 7.0).

the help of this isotherm the mean sorption energy E is calculated
using the following relation:

E = (−2K )−1/2. (10)

The ln Ce versus qe graphs (Figs. 8 and 9) at 30, 40 and 50 ◦C
give straight lines, indicating thereby verification of the Tempkin
model for both adsorbents. The values for the Tempkin constants,
obtained from these straight lines are presented in Tables 7 and 8,
respectively, for bottom ash and deoiled soya.

The Tempkin isotherm model assumes a linear decrease in heat
of adsorption with surface coverage, while the D-R isotherm as-
sumes that adsorption is limited to a monolayer. In the present
case verification of the Tempkin isotherm model clearly indicates
a linear decrease in the heat of adsorption of all the molecules in
the layer, due to some indirect interactions among adsorbate par-
ticles. However, the values of E , calculated by D-R isotherm mod-
els (Figs. 10 and 11), have been found between 8 and 16 kJ/mol
(Table 8) for adsorption of the dye over deoiled soya, indicating
thereby involvement of chemisorption at all the temperatures [44,
45]. For dye adsorption over bottom ash, the values are less than
8 for 30 and 40 ◦C and 8.45 for 50 ◦C (Table 7), which verify the
cases as physisorption and chemisorption, respectively.
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Fig. 11. D-R isotherm for the adsorption of brilliant green over deoiled soya (adsor-
bent dose = 0.01 g, particle size = 36 mesh, pH 7.0).

Fig. 12. Plot of time versus t/qt versus time for brilliant green–bottom ash system
at different temperatures.

3.4. Rate constant study

For the determination of specific rate constants of adsorption of
dyes on each adsorbent a pseudo-second-order equation [46] has
been applied,

t/qt = 1/k2q2
e + 1/qet, (11)

where qe and qt are the amounts (mg/g) adsorbed at equilibrium
and at time t and k2 is equilibrium rate constants of pseudo-
second order (g/(mg min)). Thus in order to obtain the nature
of the process involved, the plots between t/qt versus time were
studied for both systems. Straight lines (Figs. 12 and 13) obtained
revealed that the ongoing adsorption process occurs via pseudo-
second-order kinetics for both adsorbents at different tempera-
tures. The values of the rate constant (k2) for each system were
calculated from the slopes of the straight line obtained at differ-
ent temperatures. At 30, 40, and 50 ◦C, for bottom ash adsorption
the rate constants are found as 0.64 × 10−2, 0.76 × 10−2 and
1.05 × 10−2, while for deoiled soya adsorption these values are
0.80 × 10−2, 1.52 × 10−2 and 2.18 × 10−2, respectively.
Fig. 13. Plot of t/qt versus time for brilliant green–deoiled soya system at different
temperatures.

Fig. 14. Plot of time versus Bt for brilliant green–bottom ash system at different
concentrations.

To identify, whether the ongoing process is particle diffusion
(in which transport of adsorbate within the pores of the adsorbent
takes place) or film diffusion (in which transport of the ingoing
ions (adsorbate) to the external surface of the adsorbent takes
place), the kinetic data obtained by the finite batch method, in
each case, have been treated by ingenious mathematical treatment
suggested by Boyd et al. [47] and Reichenberg [48]. For every ob-
served value of F , corresponding values of Bt were derived from
Reichenberg’s table [48]. The plot of Bt versus time distinguishes
between film diffusion and particle diffusion-controlled rates of
adsorption. When the plot of ‘Bt ’ versus ‘t ’ is a straight line pass-
ing through the origin, it shows a particle diffusion mechanism
otherwise it is a case of film diffusion [47,49].

In case of adsorption of the dye over bottom ash the Bt ver-
sus time graph (Fig. 14) shows a straight line passing through
the origin at 30 ◦C, suggesting thereby particle diffusion as a rate-
determining process at this temperature. However, at 40 and 50 ◦C,
straight lines obtained did not pass through the origin and suggest
involvement of a film diffusion mechanism as the rate-determining
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Fig. 15. Plot of time versus Bt for brilliant green–deoiled soya system at different
concentrations.

Table 9
Values of effective diffusion coefficient (Di ), preexponential constant (D0), activa-
tion energy (Ea), and entropy of activation (�S#) for the diffusion of brilliant green
adsorbing over bottom ash and deoiled soya

Adsorbent Di × 10−5 D0 Ea

(J/mol)
−�S#

(J/(K mol))30 ◦C 40 ◦C 50 ◦C

Bottom ash 0.32 0.40 0.43 3.53 ×10−3 11764.48 1073.94
Deoiled soya 3.29 6.18 8.89 3273.4 40320.13 959.71

step. On the other hand for deoiled soya, the process was inter-
preted as film diffusion, as straight lines did not pass through the
origin at all the temperatures (Fig. 15).

Slopes of Bt versus time graph were used for calculating effec-
tive diffusion coefficients (Di ) for both adsorbents at 30, 40 and
50 ◦C and are presented in Table 9. It is clear from the presented
data that the value of Di increases with increasing temperature.
This may be due to the increase in mobility of ingoing ions through
the pores of different widths and different electronic fields along
the diffusion path. Moreover, as the temperature increases a grad-
ual decline in the retarding forces acting on the diffusing ions takes
place which in turn increases the value of Di .

The plot of log Di versus 1/T is linear for each system (Fig. 16)
and permits the use of the Arrhenius equation [50–52]

Di = D0 exp

[
Ea

RT

]
. (12)

Activation energy Ea and D0 values for the process are calculated
(Table 9) from the slope and intercept of this plot. The entropy of
activation (�S#) is calculated by using the following equation,

D0 = (
2.72d2kT /h

)
exp

(
�S#

R

)
, (13)

where k is Boltzmann constant, h is Planck’s constant, R is gas
constant, T is temperature in Kelvin, and d is distance between
two active sites of the adsorbent, which is conventionally taken as
5 × 10−8 cm [53].

3.5. Mass transfer study

The validity of the diffusion model and efficacy of the adsor-
bents for the treatment of the dye were assessed by calculating
Fig. 16. Plot of 1/temperature versus log Di for brilliant green–bottom ash system
and brilliant green–deoiled soya system.

the values of the surface mass transfer coefficient (βL) for the ad-
sorption of dye over both adsorbents by applying the following
mathematical mass transfer model [54],

ln

(
Ct

C0
− 1

1 + mk

)
=

(
1 + mk

mk
βL SS

)
t +

(
mk

1 + mk

)
, (14)

where Ct is concentration of adsorbate (mg/L) after time t , C0 is
initial concentration of adsorbate (mg/L), m is mass of adsorbent
per unit volume of particle free adsorbate solution (g/L), k is Lang-
muir constant (L/g) obtained by multiplying adsorption capacity,
Q 0, and adsorption energy, b. βL is the mass transfer coefficient
(cm/s) and SS the outer surface of the adsorbent per unit volume
of particle-free slurry (cm−1). The values of m and SS are calcu-
lated using the following equations,

m = W

V
, (15)

SS = 6m

(1 − εP)dpρP
, (16)

where W is weight of adsorbent (g), V is volume of particle free
adsorbate solution (L), dp is particle diameter (cm), ρP is density of
adsorbent (g/cm3), and εP is the porosity of the adsorbent particle.

The (ln Ct
C0

− 1
1+mk ) versus time graphs for bottom ash and

deoiled soya were plotted, which gave straight lines at all the tem-
peratures. The βL values were determined from the slopes and
intercepts of these straight lines for both adsorbents. The values
of βL (cm/s) at 30, 40, and 50 ◦C have been found as 0.94 × 10−6,
1.16 × 10−6, and 2.87 × 10−6 for bottom ash and 0.347 × 10−6,
1.53 × 10−6, and 3.52 × 10−6 for deoiled soya, respectively, and re-
flect good affinity of both adsorbent materials toward dye at all
the temperatures.

3.6. Column studies

To assess the practical utility of the adsorbents, bulk removal of
the dye was carried out by employing column operations. Differ-
ent workers [55,56] have suggested various types of columns, but
if the rate to establish equilibrium of adsorbate concentration be-
tween aqueous and adsorbed phase is known, then it is always
advisable to use a fixed bed adsorber [57], which allows more
efficient utilization of the adsorptive capacity than the batch pro-
cess [58]. Moreover, by fixed bed column studies both adsorption
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Fig. 17. Breakthrough curves for brilliant green–bottom ash and brilliant green–de-
oiled soya column operations.

and desorption studies can be made easily. Thus fixed bed column
studies were carried out for removal as well as recovery of the
brilliant green.

In the present studies, parameters like length of primary ad-
sorption zone (δ), time involved in establishing the primary ad-
sorption zone (tx), time required by primary adsorption zone to
move down its length (tδ), time of initial formation of primary ad-
sorption zone (tf), fractional capacity of the prepared column ( f ),
mass rate of flow to the adsorbent (Fm), and percentage saturation
of column at break point were calculated by using the following
equations [57,59]:

tx = V x

Fm
, (17)

tδ = V x − V b

Fm
, (18)

δ

D
= tδ

tx − tf
= tδ

tx + tδ( f − 1)
= (V x − V b)

V b + f (V x − V b)
, (19)

f = 1 − tf

tδ
= Ms

(V x − V b)C0
, (20)

percentage saturation = D + δ( f − 1)

D
× 100. (21)

Here, Ms is the amount of adsorbate adsorbed in the primary
adsorption zone from break point to exhaustion, C0 is initial con-
centration of adsorbate, and D is the length of column.

3.6.1. Column adsorption
During the adsorption process, 4 × 10−5 M dye solution was

passed at a rate of 0.5 ml/min through columns prepared by 0.5 g
of bottom ash and 0.25 g of deoiled soya, respectively. The break-
through curves for both adsorbents are shown in Fig. 17. Out of
1.35 mg dye in the solution, 0.48 mg was adsorbed over bottom
ash and out of 2.12 mg of the dye in solution 0.83 mg was ad-
sorbed over deoiled soya. Different column parameters were calcu-
lated in the column studies and presented in Tables 10 and 11. Ta-
ble 11 indicates the percentage saturations of the columns, which
are 99.39 and 98.43% for bottom ash and deoiled soya, respectively.

3.6.2. Column regeneration, dye recovery, and adsorption efficiency
The column was regenerated and the dye was recovered us-

ing sulfuric acid of pH 3, maintaining a flow rate of 0.5 ml/min.
Desorption curves for the adsorbents are depicted in Fig. 18. A to-
tal of 70 ml of acid was found to be sufficient for desorption of
Table 10
Fixed bed adsorber calculations

Adsorbent C0 × 10−5

(M)
Cx × 10−5

(M)
Cb × 10−5

(M)
V x

(ml)
V b
(ml)

Fm

(mg/cm2)
D
(cm)

Bottom ash 4 3.9 0.15 50 20 0.012 0.70
Deoiled soya 4 3.9 0.47 100 20 0.012 0.50

Table 11
Parameters for fixed bed adsorber

Adsorbent tx (min) tδ (min) tf (min) f δ (cm)

Bottom ash 4066.26 2439.75 40 0.990 0.422
Deoiled soya 8132.52 6506.01 40 0.994 0.402

Fig. 18. Desorption of brilliant green from exhausted bottom ash and deoiled soya
columns.

almost complete brilliant green for bottom ash, while for deoiled
soya, about 150 ml of the eluent brought almost complete desorp-
tion of the dye. Total percentage recovery of the dye for bottom
ash and deoiled soya was found to be almost 76.22 and 88.89%,
respectively.

The adsorption efficiencies of both columns were determined
by reloading each column with dye solution of known concentra-
tion. Breakthrough capacities for bottom ash column were found
to be 64, 56, 45, and 35% mg/g and 80, 71, 59, and 47% mg/g for
the deoiled soya column during the first, second, third, and fourth
cycles, respectively.

4. Conclusions

Results obtained from these studies indicate that both waste
materials, bottom ash and deoiled soya, can be very effectively
used in removing brilliant green from water. For both adsorbents,
the adsorption process was found to be dependent on pH of the
dye solution, concentration of the dye, amount and sieve sizes of
the adsorbents, temperature, etc. For both adsorbents the isother-
mal studies were carried out on Langmuir, Freundlich, Tempkin,
and D-R isotherms at all the temperatures and on these bases
respective constants and thermodynamic parameters were calcu-
lated. Negative values of Gibb’s free energy (�G0) indicated the
spontaneity of the process, whereas, the positive values of change
in enthalpy (�H0) and change in entropy (�S0) indicated the en-
dothermic nature of the ongoing process and increased in random-
ness, respectively. Kinetics of the adsorption over both adsorbents
was also monitored and it was ascertained that each process un-
dergoes via pseudo-second-order kinetics. With the help of the
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contact time experimentation it was interpreted that for deoiled
soya a film diffusion mechanism operates at all the temperatures,
while for bottom ash adsorption follows a particle diffusion mech-
anism at 30 ◦C and a film diffusion mechanism at higher tem-
peratures. The column studies indicated that for both adsorbents
adsorption is found to be dependent on inlet flow rates, concen-
tration, and other factors such as bed height and column diameter.
The percentage saturation of each column was found to be 99.39%
for bottom ash and 99.43% for deoiled soya. The dye recovery was
made by eluting sulfuric acid of pH 3 through each exhausted col-
umn and percentage recovery was found to be 76.22 and 88.89%,
respectively. Thus on the basis of the gathered results this can be
safely interpreted that the developed process is highly efficient,
economic, fast, and versatile.
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