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ABSTRACT

Adsorption of Direct Red 81 (DR81) dye was investigated using Bamboo Sawdust (BSD) and Treated Bamboo
Sawdust (TBSD) in a batch system with respect to initial dye concentration, adsorbent dose, pH, temperature
and contact time. Maximum adsorption capacity (g,) obtained from the Langmuir isotherm plots were 6.43
mg/g (89%) (DR81-BSD) and 13.83 mg/g (92%) (DR81-TBSD) at 303 K. Freundlich and Halsey models
described the data more appropriately as compared to Langmuir, Dubinin-Kaganer-Radushkevich (DKR),
Harkin-Jura and Temkin models. The adsorption dynamics conformed well to pseudo-second order kinetic
equation. The adsorption process was controlled by both liquid-film and intra-particle diffusions.
Thermodynamic parameters (4G°, AH° and AS°) suggested the adsorption process to be spontaneous,

endothermic with increase in randomness at solid-solution interface.
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1. INTRODUCTION

The color contamination of the aqueous environment is
not desirable from environmental, aesthetical and
economical point of view. Dyes are generally synthetic
organic aromatic compounds, which is embodied with
various functional groups and heavy metals. Most of the
industries like textile, leather, plastics, paper, food,
cosmetics, etc., use dyes and pigments to color their
products. The colour dye effluents are considered to be
highly toxic to the aquatic biota and affect the symbiotic
process by disturbing the natural equilibrium through
reducing photosynthetic activity and primary production
due to the coloration of the water in streams. Also, the
persisting nature of color, non-biodegradable, toxic and
inhibitory nature of the spent dye bath has considerable
deleterious effect on the total environmental matrix [1,
2]. The complex framework of dye with the presence of
heavy metals induces chronic toxicity particularly; they
are mutagenic, teratogenic and carcinogenic [3]. And
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causes many water born diseases, such as nausea,
haemorrhage, ulceration of skin and mucous membrane,
dermatitis, perforation of nasal septum and severe
irritation of respiratory tract [3]. For this reason, the
removal of contaminants from the colored effluents is
requiring prior to discharge into receiving waters.

Various techniques like precipitation, ion exchange,
chemical oxidation and adsorption have been used for
the removal of toxic pollutant from wastewater [4-6].
Of these methods, adsorption has been found to be an
efficient and economically cheap process for removing
dyes using various adsorbents. Different types of
adsorbents have been employed till date, in adsorption
processes used for removal of dyes from wastewater.
Granulated activated carbon is one of the favorite
adsorbents used. However, activated carbon is difficult
to regenerate and disposal is also difficult. Now days
many research are done for developing several
adsorbents, which are of low cost, easy to regenerate



60 GU J Sci, 25(1):59-87(2012)/ Tabrez A. KHAN, Sarita DAHIYA, Imran ALI

and dispose for the removal of dyes from wastewater.
These include, bottom ash and de-oiled soya [7-11], fly
ash [12], akash kinari coal [13], bagasse fly ash [14],
carbon slurry [15], wheat husk [16], non-living algal
biomass Oedogonium sp. [17], charfines [18], banana
pith [19], activated rice husk [20], coir pith [21] and
activated carbon and activated rice husks [22]. Such
adsorbents have given satisfactory performance in
laboratory scale for treatment of colored effluents.

Plant biomass is a natural renewable resource that can
be converted into useful materials and energy. Solid
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Figure 1. Chemical structure of Direct Red 81 dye.

2. MATERIALS AND METHODS
2.1. Chemicals and equipments

DR81 was obtained from (Aldrich, USA), NaOH and
HCI from (Merck, Mumbai). UV-Visible spectrometer
(Perkin-Elmer LamBSDa EZ-201) was used to
determine the concentration of DR81 dye at 508 nm
Amax- The stock solution of Direct Red 81 (1000 mg/L)
was prepared in double distilled water and further
diluted to various low concentration solutions. pH was
recorded with the pH meter (model 611, Orion Research
Inc., USA). The XRD analysis was carried out using
PW 1830 apparatus (PANalytical) with monochromated
CuK,, radiation. IR spectra were recorded with FTIR
spectrophotometer (Perkin Elmer 34). Scanning electron
micrograph (SEM) of the adsorbents was recorded with
JEOL model 3300 microscope.

2.2 Preparation of adsorbent

Raw material (bamboo) was procured locally and
washed repeatedly with water to remove dust and
soluble impurities and were allowed to dry first at room
temperature in shade and then in an air oven at 80-90
°C, so long as it become crispy. Then it was crushed
into fine powder in a mechanical grinder and was sieved
in to fractions of 75-150 um. Then washed further with
double distilled water till the washings were free of
color and turbidity. After sun drying for several hours
these fractions were preserved in glass bottles for use as
BSD adsorbent. Then take 100 g of bamboo sawdust
and soaked in 0.6M citric acid for 2 hours at 20 °C. The
acid-dust slurry was dried overnight at 50 °C and then
the dried husk was heated to 120 °C. The reacted
product was washed repeatedly with distilled water (200
mL per g of sawdust) to remove any excess of citric
acid followed by oven drying overnight at 100 °C.

waste from bamboo is highly abundant in north-east
region of India. It is an enduring, versatile and highly
renewable material, one that people and communities
have known and utilized from thousands of years. Use
of bamboo to a value-added product will help to solve
part of the problem of wastewater treatment. The
present paper evaluates the adsorption potential of BSD
and TBSD for Direct Red 81 (Figure.l) dye by
optimizing all adsorption parameters that effect
adsorption, such as initial dye concentration, pH,
contact time, adsorbent dose and temperature.

N SO;

2.3 Adsorption experiments

The stock solution of DR81 (1000 mg/L) was prepared
in double distilled water and further diluted to various
low concentration solutions ranging from 5 to 60 mg/L.
Adsorption experiments were carried out at fixed
agitation speed at room temperature (303 K) under
batch mode as per the experimental conditions detailed
in Table 2. By varying the following experimental
parameters keeping the other parameters constant, five
different sets of adsorption experiments were carried
out (Table 2).

1. initial concentration of dye
2. contact time
3. dose of adsorbent
4. initial pH of the dye solution
5. temperature

In a batch method a fixed amount of the adsorbent dose
was added to 50 mL DRS8ldye solution of varying
concentrations, in 250 mL conical flasks. The solution
was stirred in thermostatic water bath shaker at a
constant speed at a given temperature. After equilibrium
was attained, the adsorbate was separated from the
adsorbent by centrifugation. The centrifugate was then
analyzed for remaining initial adsorbate concentration
at predetermined 4, spectropmetrically. For kinetic
measurements, the experiments were performed using a
fixed adsorbent dose with varying contact times at
different dye concentrations. The effect of varying
solution pH (2 to 10) was also studied by adjusting pH
of dye solutions with dil. HC1 or NaOH solutions (both
0.01M). The experiments were repeated five time and
average values were taken. Standard deviations were
found to be within + 2.2%. The amount of dye adsorbed
per unit mass of the BSD/TBSD (g, mg/g) was
calculated using the following equation:
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(D

where C, is initial dye concentration in mg/L before
adsorption and m is the amount of the adsorbent (g/L of
dye solution). The percentage adsorption was calculated
from the relationship

% adsorption = 100 (C,-C,) / C,

qe= (Co'ce) /m

@
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3. RESULTS AND DISCUSSION
3.1 .Characterization of adsorbent

The elemental composition of BSD and TBSD, as
determined by Energy Dispersive X-Ray (EDX)
analysis is summarized in Table 1.

Table 1.Elemental composition of bamboo sawdust and treated bamboo sawdust

BSD TBSD
Element Weight % Atomic % Weight % Atomic %
C 51.20 58.78 51.23 58.80
(0] 46.93 40.45 46.95 40.48
Al 0.21 0.11 0.18 0.14
Si 0.94 0.46 0.91 0.42
Ca 0.36 0.12 0.35 0.10
Cu 0.37 0.08 0.38 0.06

FT-IR spectrum of the BSD (Figure. 2a) showed the
most prominent peaks in the spectrum originate from
hydroxyl group, which was probably attributed to
adsorbed water (3854.4lcm™) and CH, and CH;
asymmetric and symmetric stretching vibrations
(2871.80 cm™). The spectrum of the BSD also
displayed number of peaks corresponding to the
presence of many functional groups: NH stretch
(2322.69 cm™), C=0O stretching (1733.43 cm™), CO
chelate stretching (1653.67 cm™), secondary amine
(1507.27 cm™), symmetric bending of CH; (1457.25
cm’™'), CH, bending (1428.45 cm™), C-N vibration in
primary amide (1368.59 cm™), C-O stretching (1272.55
cm’™), O-H bending (1245.29 cm™), C-O antisymmetric
stretching (1162.76 cm™), stretching of the many C-OH
and C-O-C bonds (1054.53 cm‘l) [23], C-H (835.67 and

897.87 em™), AI-OH deformation (787.92 cm™), Al-O
deformation (671.48 cm’™") and SiO (541.18 cm™). On
comparing spectrum of TBSD with BSD, it could be
seen that there were strong characteristic stretching
vibration absorption band of carboxyl group (1732.20
em™) and C-N vibration of primary amide (1384.3 cm’
. Tt reflected the result of citric acid esterification
(Figure. 2b). The spectrum of DRS81 loaded BSD and
TBSD also exhibited small shift in some bands and
some bands were disappeared. The intensity of the
peaks were either minimized or shifted slightly as
shown in Figure. 2(a and b). These changes observed in
the spectrum indicated the possible involvement of
these functional groups on the surface of the BSD and
TBSD in adsorption process.
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Figure 2. FTIR spectra of (a): bamboo sawdust and (b): treated bamboo sawdust before and after adsorption.

The X-ray diffraction (XRD) pattern of the BSD and and TBSD. The basal spacing of the BSD was observed
TBSD, before and after adsorption, is shown in Figure. at 2.3428, 2.0276, 1.4332 and 1.3882 A°’. The basal
3(a and b). The presence of intense main peak indicated spacing observed at 2.3428 A°, can be matched with

the presence of some crystalline structures of the BSD those of Al,O;, whereas those found at 1.4332 and
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1.3848 A° corresponds to SiO, (Figure. 3a). The basal
spacing of the TBSD was observed at 4.2001, 3.0806,
2.9224, 2.5140, 2.3059, 1.9290, 1.8855, 1.8138 and
1.5270 (Figure. 3b). After adsorption, the change in
diffraction pattern was clearly noticeable and new

diffraction pattern was observed as shown in Figure. 3(a
and b), with change in the intensity of the peaks, which
might be attributed to the adsorption of dyes onto the
surface of the BSD and TBSD by physiosorption.

(a)

BsSD

BSD-DRS1

a ' ze ’ 2\ ! a® ! S8 ! 68  L[-Ze1
TBSD
(k)
TBSD-DRE1
! 1@ T z'a ' Y am T sa ¥ P |..'on

Figure 3. XRD pattern of (a): bamboo sawdust and (b): treated bamboo sawdust before and after adsorption.

Scanning Electron Microscope was used to investigate
the surface morphology BSD and TBSD as shown in
Figure. 4a and 4b. The SEM image before dye
adsorption revealed the rough surface of BSD and
TBSD. The rough surface micrograph shows ridge like
structure within which the presence of the macro pores

were clearly noticeable. These rough surfaces and the
macro pores were responsible for the high surface area,
making BSD and TBSD a good adsorbent. The SEM
image of BSD and TBSD after adsorption showed
smooth surface because the dye molecules were trapped
and adsorbed on its surface.
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Figure 4. SEM images of (a): bamboo sawdust and (b): treated bamboo sawdust.
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Table 2.Experimental conditions for the series of adsorption experiments on adsorption of Direct Red 81 onto (a): bamboo

sawdust and (b): treated bamboo sawdust

Variation Initial Contact Dose of Initial pH Temperature (K)
Concentration Time (min) Adsorbent
(mg/L) (g/L)
1. Initial
Concentration
(2) DR81-BSD 5-35 80 6 7 303
(b) DR81-TBSD 5-50 60 3.5 7 303
2. Contact Time (min)
(a) DR81-BSD
(b) DR81-TBSD 30 10-90 6 7 303
40 10-80 3.5 7 303
3. Dose of Adsorbent
(g’L)
(a) DR81-BSD 30 80 1-8 7 303
(b) DR81-TBSD 40 60 0.5-4.5 7 303
4. Initial pH
(a) DR81-BSD 30 80 6 2-10 303
(b) DR81-TBSD 40 60 3.5 2-10 303
5. Temperature (K)
(a) DR81-BSD 5-30 80 6 7 303-323
(b) DR81-TBSD 5-40 60 3.5 7 303-323

3.2 Effect of pH

The studies on the removal of DR81 dye by BSD and
TBSD were carried out at different pH (2-10) keeping
other experimental parameters constant (Table 2). The
percentage removal of dye decreased from 92.3 to 73
(DR81-BSD) and 95.3 to 77 (DR81-TBSD) with the
increase in pH (Figure. 5). The solution pH, affected the
surface charge of the adsorbent and thus the adsorption
rate. In DR81-BSD and DR81-TBSD interaction at low
pH, the adsorbent’s surface was protonated by H;O"
ions, which provide an electrostatic attraction between
the adsorbent surface (BSD or TBSD) and the DR81

dye molecules leading to maximum adsorption [24, 25].
However, when the solution pH was increased, the
degree of protonation of the surface of adsorbent (BSD
or TBSD) will be less which results in the decrease in
diffusion and adsorption due to electrostatic repulsion
[26, 27]. Similar trend was also reported for the
adsorption of DR81 on cross-linked chitosan beads [28-
29]. Of course, the maximum adsorption for DR81 was
at low pH 2 but due to the fact that almost all water
resources have pH 6-8 and this system will be useful in
natural conditions, we selected pH 7 for further
experiments.



GU J Sci, 25(1):59-87(2012)/ Tabrez A. KHAN, Sarita DAHIYA, Imran ALI

67

100

95

90

85 1

*o Remonr al

80

75

70 1

65 1

< DRS1-BSD
& DES1-TBSD

60 T T

Figure 5. Effect of pH on adsorption of Direct Red 81 dye onto bamboo and treated bamboo sawdust

3.3 Equilibrium time (t)

The studies on the removal of DR81 dye by BSD and
TBSD were carried out at different contact time keeping
other experimental parameters constant (Table 2). The
percentage removal of dye increased from 51 to 89
(DR81-BSD) and 55 to 92 (DR81-TBSD) with increase
in contact time and then slowly reached the equilibrium

(Figure. 6). The initial rapid adsorption might be
attributed to the large number of vacant sites were
available for dye molecules, and afterwards the
remaining free surface sites were difficult to be
occupied, because of repulsive forces between the
phases. So the equilibrium time 80 min (DR81-BSD)
and 60 min (DR81-TBSD) were selected as the contact
time for further studies in both the adsorption system.

100
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£
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0 10 20 30 40 50 60 70 80 90 100
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Figure 6. Effect of contact time on adsorption of Direct Red 81 dye onto bamboo and treated bamboo sawdust.

3.4 Effect of initial dye concentration

The studies on the removal of dye by BSD and TBSD
were carried out at different initial concentration from 5
to 35 mg/L (DR81-BSD) and 5 to 50 mg/L (DRS8I1-
TBSD) keeping other experimental parameters constant
(Table 2). The percentage removal of dye by adsorbent

decreased from 97 to 89 (DR81-BSD) and 98 to 92
(DR81-TBSD) with the increased initial dye
concentration (Figure. 7). This showed that the
adsorption was dependent on initial concentrations of
dye. It might be because at lower concentration, the
ratio of the initial number of dye molecules to the
available surface area was low; subsequently the
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fractional adsorption became independent of initial
concentration. However, at high concentration large
number of dye molecules came in contact with the
available adsorption sites, hence, higher number of dye
molecules gets adsorbed. Thus, g, increased while

percent adsorption decreased. Thus, the maximum
amount adsorbed was 3.79 mg/g (DR81-BSD) and
10.51 (DR81-TBSD) at 30 mg/L and 40 mg/L of dye
concentration which was chosen for further studies.

100
98 < DR81-BSD
96 - 4DES1-TBSD

04 -

“*o Remoral
b
1

o0 4
88
56
34 T T T T
0 10 20 30 40 50 60
Cone. (mg/L)

Figure. 7. Effect of initial concentration on adsorption of Direct Red 81 dye onto bamboo and treated bamboo sawdust.

3.5 Effect of dose

The studies on the removal of DR81 dye were carried
out at different BSD and TBSD doses keeping other
experimental parameters constant (Table 2). The
percentage removal of dye increased from 70 to 89
(DR81-BSD) and 74 to 92 (DR81-TBSD) with the

increase in adsorbent dose (Figure. 8). This might be
attributed to the greater availability of the exchangeable
sites or surface area at higher concentration of the
adsorbent. So dose 6 g/L (DR81-BSD) and 3.5 g/L
(DR81-TBSD) have been selected as optimized dose for
further studies in both the adsorption system.
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Figure. 8. Effect of adsorbent dose on adsorption Direct Red 81 dye onto bamboo and treated bamboo sawdust.
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3.7. Effect of temperature

The studies on the removal of DR81 dye by BSD and
TBSD were carried out at three different temperatures
i.e. 303 K, 313 K and 323 K keeping other experimental
parameters constant (Table 2). The percentage removal
of dye increased with the increase in temperature
(Figure. 9). The adsorption varies in the order: 303 K <
313 K < 323 K indicating endothermic nature of

adsorption system [30]. This might be ascribed to (a)
increase in the rate of diffusion of adsorbate molecules
across the external boundary layer and internal pores of
the adsorbent, (b) an increase in the porosity and in the
total pore volume of the adsorbent with temperature,

and (c) increase in the available active sites for
adsorption [31]. Of course, adsorption was high at 323
K but all experiments were carried out at 303 K as most
of water resources have this temperature.

100
(a)

b=l b=
(=] oo
1 1

%o Remor al
L' =]
4

20 -

SS T T T T T T T
0 5 10 15 20 25 30 a5 40

Cone. (mg/L)

%o Remov al

gl T T T T T
30 40 50 60

Conc. (mg/L)

Figure 9. Effect of temperature on adsorption of Direct Red 81 onto (a): bamboo sawdust and (b): treated bamboo

sawdust.

3.8 Adsorption isotherm 3.8.1 Langmuir isotherm

The results obtained from the adsorption of dye onto
BSD and TBSD were analyzed by well known models
of Langmuir, Freundlich, Dubinin-Kaganer-
Radushkevich, Temkin, Harkin-Jura and Halsey
isotherm.

Langmuir isotherm is valid for monolayer adsorption
and the equation used is given below [32]:

Ce/ge =1/ (bgn) + (1/qw C. 3)

where C, is equilibrium concentration of dye in
solution, ¢, is the amount of dye adsorbed at
equilibrium, g¢,, is Langmuir monolayer adsorption
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capacity (mg/g), and b is Langmuir constant related to
equilibrium constant of the adsorption (dye +
BSD/TBSD = dye--- BSD/TBSD) (L/mg). A straight
line plot of C/g, vs. C, (Figure. 10) indicated that
uptake of DRS81 dye occurred on adsorbent
(BSD/TBSD) homogeneous surface by monolayer
adsorption without any interaction between adsorbate
molecules. The slope and the intercept of the plot gave
the values of ¢,, and b, respectively, which have been
given in Table 3. The values of the dimensionless
separation factor (R;) [33], were calculated from
Langmuir isotherm constants using the expression,

R,=1/(1+bCy 4

where C, is initial DR81 dye concentration in mg/L
before adsorption. It is suggested that for favorable
adsorption, 0 < R; < 1. The values of the dimensionless
separation factor, (R;) [33] varied from 5.28 to 6.43
(DR81-BSD) and 035 to 0.47 (DR81-TBSD)
supporting favorable adsorption (Table 3). The
adsorption capacity (g,,) 6.43 mg/g (89%) (DR81-BSD)
and 13.83 mg/g (92%) (DR81-TBSD) were found to be
higher than other adsorbents reported earlier (Table 4).
So the prepared adsorbent in the present study showed
efficient adsorption capacity for the removal of dyes
from aqueous solution.

Table 3.Adsorption isotherm parameters for adsorption of Direct Red 81 onto (a): bamboo sawdust and (b): treated

bamboo sawdust.

Isotherms Isotherm DR&81-BSD DR&1-TBSD
constants
303K 313K 323K 303K 313K 323K
Langmuir G 6.43 5.49 5.28 13.83 13.38 12.53
b 0.69 1.34 2.21 0.84 1.41 2.66
R, 0.30 0.21 0.17 0.47 0.43 0.35
R’ 0.98 0.97 0.96 0.96 0.97 0.97
Freundlich ny 0.54 0.50 0.50 0.58 0.56 0.55
K 2.47 2.80 6.79 5.49 6.71 7.20
R’ 0.98 0.99 1 0.99 0.99 0.99
DKR 4o 3.61 3.65 3.74 7.83 8.49 8.59
E 2.85 3.37 4.13 3.11 3.58 4.52
R’ 0.92 0.92 0.92 0.89 0.93 0.93
Temkin K; 10.95 17.02 32.00 12.53 20.26 44.70
p 1.17 1.09 1.00 2.58 2.54 2.24
R’ 0.98 0.96 0.95 0.94 0.96 0.95
Harkin-Jura A 0.99 1.09 1.23 3.45 3.71 4.14
B 0.33 0.24 0.12 0.28 0.14 0.01
R’ 0.76 0.77 0.78 0.85 0.82 0.80
Halsey ny 1.82 1.98 2.18 1.71 1.78 1.85
K, 8.92 7.74 7.23 18.43 31.80 2.93
R’ 0.98 0.99 0.99 0.99 0.99 0.98
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Table 4.Comparison of monolayer capacities (q,,) of different adsorbents

Adsorbents ¢m (Mg/g) References Dye

Activated hazelnut shell carbon 11 [34] Direct yellow 50
Activated carbon 7.69 [35] Direct brown 1
Coir pith 6.72 [21] Direct red 28
Chemviron GW activated carbon 8.40 [36] Direct red 89
Treated bamboo sawdust 13.83 This work Direct Red 81
Charfines 6.4 [18] Direct brown 1
Banana pith 5.92 [19] Direct red
Activated rice Husk 4.35 [20] Direct red 23
Red mud 4.05 [37] Direct red 28
Bamboo sawdust 6.43 This work Direct Red 81

U T T T
0 1 2 3 4
Ce (mgl)
0.35
0.3 -
0.25 -

0.15 4
0.1 A
0.05 m
U T T T
0 1 2 3 4
C. (mgl)

Figure 10. Langmuir adsorption isotherm plots for adsorption of Direct Red 81 onto (a): bamboo sawdust and (b): treated
bamboo sawdust.
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3.8.2 Freundlich isotherm

The isotherm given by the Freundlich equation is often
used to describe non-specific adsorption that involves
heterogeneous surfaces. This equation has the form
[38]:

log g. = log K, +ny, log C, ®))

Where Freundlich coefficients, K, (related to adsorption
capacity) (L/g) and n,, (related to adsorption intensity)
were obtained from the slope and the intercept of the
linearlized Freundlich plots. Linear plots of log g, vs.

log C, (Figure. 11) indicated that the adsorption
followed Freundlich equation in both the adsorption
system. The Freundlich constants K, and n, along with
R’ are shown in Table 3. The values of K lie between
2.47-6.79 L/g (DR81-BSD) and 5.49-7.20 L/g (DR81-
TBSD) in the two adsorption system. And the values of
n;, < 1 lying between 0.50-0.54 (DR81-BSD) and 0.55-
0.58 (DR81-TBSD) indicated more favorable physical
adsorption.

M

(a)
0.8 4
+ 303
Bl I3 K
o
E 4323
=
-11]
=
-1 025 0.5 0F5
log Ce (mg/L)
(b)
B
B0
g
=
=11}
=
-p 1
log Ce (mg/L}

Figure. 11. Freundlich adsorption isotherm plots for adsorption of Direct Red 81 onto (a): bamboo sawdust and (b):
treated bamboo sawdust.



GU J Sci, 25(1):59-87(2012)/ Tabrez A. KHAN, Sarita DAHIYA, Imran ALI 73

3.83 Dubinin-Kaganer-Radushkevich (DKR)
isotherm

The DKR model is used to estimate the characteristic
porosity of the adsorbent and the apparent energy of
adsorption. The model is represented by the equation
[39]:

In g, = In qp-p’ (6)

where g, = amount of DR81 adsorbed per gram of
BSD/TBSD, ¢gp = DKR isotherm constant related to
degree of DRS81 adsorption (mg/g), S = activity
coefficient, C, = equilibrium concentration of DR81 in
mg/L and € = RT In(l+1/ C,) which is called as
Polanyi Potential. A plot of In g, vs. & yielding straight
line confirms the model (Figure. 12). The DKR constant
can be determined from the intercept of the straight line
graph. The apparent energy of adsorption is related to
the activity coefficient S as follows

-

E=1/02p8" 7

Where 24 is equal to the slope of the straight line
graph. The values of ¢, and E, along with R are given
in Table 3. The mean value of adsorption capacity ¢p
were found to be 3.67 mg/g (DR81-BSD) and 8.30
mg/g (DR81-TBSD) which was less than the mean
Langmuir adsorption capacity 5.74 mg/g (DR81-BSD)

and 13.24 mg/g (DR81-TBSD) in both the adsorption
system This might be attributed to different assumptions
taken into consideration while formulating the
isotherms. The mean value of adsorption energy, E is
useful in estimating the type of adsorption i.e. an energy
range from 1.00 to 8.00 and 8.00 to 16.00 kJ/mol
indicated  physical and chemical adsorption,
respectively. The E values lies in between 2.85-4.13
kJ/mol (DR81-BSD) and 3.11-4.52 kJ/mol (DR81-
TBSD) indicated physical adsorption in both the
adsorption system.

(@)

[P FER e}
Moo

[P VR )

[ =

In g (mg/g)

Figure 12. DKR adsorption isotherm plots for adsorption of Direct Red 81 onto (a): bamboo sawdust and (b): treated

bamboo sawdust.
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3.8.4 Temkin isotherm

Temkin isotherm (Eq. 8) assumes that the heat of
adsorption of all the molecules in the layer decreases
linearly with coverage due to adsorbate species—
adsorbent interactions, and adsorption is characterized
by a uniform distribution of binding energies, up to
some maximum binding energy [40].

ge=pInK,+pnC, ®)

where f is a constant representing the heat of adsorption
(= RT/b) and K, is the equilibrium binding constant

(L/g) corresponding to maximum binding energy. The
linear plot of g, versus In C, at three different
temperatures (303, 313 and 323 K) for both the
adsorption system gave good fit for the Temkin
isotherm (Figure. 13). The values of K; lie between
10.95-32.00 L/g (DR81-BSD) and 12.53-44.70 L/g
(DR81-TBSD). The actual values of Temkin constants
and R’ are given in Table 3.

n

(a)

ge (mg/g)

-4

ge (mg/g)

In Ce (mg/L)

Figure 13. Temkin adsorption isotherm plots for adsorption of Direct Red 81 onto (a): bamboo sawdust and (b): treated

bamboo sawdust.

3.8.5 Harkin-Jura isotherm

Harkin-Jura adsorption isotherm accounts for multilayer
adsorption and can be explained by the existence of a
heterogeneous pore distribution [41].

1/q.° = (B/A)-(1/4) log C, )

Where B and A4 are the isotherm constants. The Harkins-
Jura isotherm parameters are obtained from the plots of
1/4.7 vs. log C, (Figure. 14). The values of Harkin-Jura
constants and R’ for both the adsorption system are
given in Table 3.
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Figure 14. Harkin-Jura isotherm plots for adsorption of Direct Red 81 onto (a): bamboo sawdust and (b): treated bamboo
sawdust.

3.8.6 Halsey isotherm

The Halsey adsorption isotherm can be given by Eq. Where K, and n, are the isotherm constants, and were
(10) is suitable for multilayer adsorption [42, 43]. And obtained from the plot of /n ¢, vs. In C, (Figure.15). The
the fitting of the experimental data to this equation value of Halsey constants Kj, and n, along with R’ of
show the hetero porous nature of the adsorbent. both the adsorption system are given in Table 3.

Ing,=(1/m,InK,)—1/n,In C, (10)
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Figure 15. Halsey adsorption isotherm plots for adsorption of Direct Red 81 onto (a): bamboo sawdust and (b): treated

bamboo sawdust.

The correlation factors and other parameters for
Langmuir, Freundlich, Dubinin-Kaganer-Radushkevich,
Temkin, Harkin-Jura and Halsey isotherm of both the
adsorption system are presented in Table 3. The
correlation factors confirm good agreement between
theoretical models and our experimental results. The
obtained data from both the adsorption system followed
the six investigated isotherm models in the following
order: Freundlich > Halsey > Langmuir > Temkin >
Dubinin-Kaganer-Radushkevich > Harkin-Jura. The
correlation coefficients for Freundlich and Halsey
isotherms were highest in comparison to the values
obtained from other isotherms and were a pointer to the

heterogeneity of the surface of BSD and TBSD and the
multilayer adsorption nature of the DR81 dye onto the
adsorbents. Therefore, Freundlich and Halsey isotherm
were found to best fit the equilibrium data for
adsorption of dye on BSD and TBSD in both adsorption
systems.

3.9 Thermodynamic Parameters

The energy and entropy considerations are very
important in order to understand the kinetics of
adsorption. The amount of dye adsorbed at equilibrium
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and at different temperatures has been examined to
obtain thermodynamic parameters for the adsorption
system. The change in enthalpy (4H°) and entropy (45°)
are determined from the slope and intercept,
respectively of the vant Hoff’s plot log (4./C,.) vs I/T
(Figure. 16), as given below:

log (q./C,) = -AH’/2.303 RT + AS°/2.303 R (11)

The free energy change (4G°) was calculated from the
following equation:

AG® = AH° — TAS (12)

Adsorption of dyes onto BSD and TBSD increases
when temperature was increased from 303-323 K. 4H°,
AS8° and AG° for the adsorption process were computed
from the plot between log (ge/Ce) vs. 1/T. Positive
values of AH’ indicated endothermic nature of
adsorption (Table 5). The positive mean values of 4H’
for both the adsorption system 22.97 kJ/mol (DR&1-

BSD) and 35.02 kJ/mol (DR81-TBSD) at different dye
concentrations indicated the endothermic nature of the
interactions. And it was further suggested physisorption
because the mean AH° value obtained in this study was
lower than 40 kJ/mol [44, 45]. The positive 4S° mean
values of both the adsorption system 0.08 kJ/molK
(DR81-BSD) and 0.13 kJ/molK (DR81-TBSD)
favoured increased disorder and randomness at the
solid-solution interface. The randomness might be
attributed to the displaced water molecules gaining
more translational entropy as compared to that lost by
the dye molecules during the adsorption [46]. The
Gibbs free energy was negative and increases towards
negative side with rise in temperature, indicating the
adsorption process to be spontaneous in nature and
more favourable at higher temperature. Thus, the
reaction was endothermic and spontaneous at all
temperature.

Table 5.Thermodynamic parameters for adsorption of Direct Red 81 onto (a): bamboo sawdust and (b): treated bamboo

sawdust.

Dye-Adsorbent Conc. AH° AS° -AG’ (kJ/mol)
(mg/L) (kJ/mol)  (kJ/molK) 303K 313K 323K

DR81-BSD 5 31.42 0.12 4.24 541 6.59
10 30.64 0.11 3.45 4.58 5.71
15 24.85 0.09 2.53 3.43 4.34
20 14.13 0.05 1.98 2.51 3.04
25 17.21 0.06 1.23 1.84 2.45
30 19.59 0.06 0.72 1.39 2.06

DR81-TBSD 5 47.98 0.17 6.48 8.28 10.07
10 44.23 0.16 5.54 7.18 8.83
20 33.89 0.12 4.39 5.66 6.92
30 27.40 0.10 3.66 4.69 5.71
40 21.61 0.08 3.01 3.82 4.63
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Figure 16. Plots of log (q./C,) against 1/T for adsorption of Direct Red 81 onto (a): bamboo sawdust and (b): treated
bamboo sawdust.

3.10 Kinetic Studies pseudo-first order [47] (Eq. 13) and pseudo-second

. . . . d ti 48] (Eq. 14).
Five kinetics models have been used to investigate the order equations [48] (Eq. 14)

mechanism of adsorption and potential rate controlling log (q.—q,) = log q.— k;.t /(2.303) (13)
steps, which are helpful for selecting optimum _ P
operating conditions for the full-scale batch process. g, = 1/(kq’) + (1/g0)-t (14)

where ¢, and g, are the amount of dye adsorbed per unit
mass at equilibrium and at any time ¢, k; is the first-
order adsorption rate constant (1/min), &, is the pseudo-
The dynamics of the adsorption of DR81 dye onto BSD second order rate constant (g/mg min) and 4 (= kgqez) is
and TBSD were investigated using the Lagergren’s

3.10.1 Lagergren’s pseudo-first order and pseudo-
second order
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the initial adsorption rate at time approaching 0 (mg/g for the pseudo-second order rate equation were higher
min). than the pseudo-first order rate equation and also the

. theoretical g values were closer to the experimental
The k; and &, have been calculated from the intercept of 9, P q,

the corresponding plots of log (q.— q,) vs. t plot (Figure. values. In the view of these results, it was confirmed
17), and t/g vs. t (Figure. 18), and are tabulated in Table that both the adsorption system followed pseudo-second

6 along with correlation coefficients and the g (calc.) order rate equation.
e

and g (exp.) values. The correlation coefficient values

1
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1
-
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Figure 17. Pseudo-first order plots for adsorption of Direct Red 81 onto (a): bamboo sawdust and (b): treated bamboo
sawdust.
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Figure 18. Pseudo-second order plots for adsorption of Direct Red 81 onto (a): bamboo sawdust and (b): treated bamboo
sawdust
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Table 6. Pseudo-first order and pseudo-second order rate constants values for the adsorption of Direct Red 81 onto (a):

bamboo sawdust and (b): treated bamboo sawdust.

Dye- Conc.  Pseudo-first order Pseudo-second order
Adsorbent (mg/L)
ky % 107 de R g.(exp) ko x 102 (g/mg g, R
(1/min) (calc)(mg/g) (mg/g) min) (calc)(mg/g)
DR81-BSD 5 5.41 0.60 0.93 0.80 13.91 0.88 0.99
10 4.26 1.05 091 1.60 5.65 1.76 0.99
15 4.05 1.64 091 236 3.19 2.65 0.99
20 3.73 2.15 0.90 3.10 2.17 3.51 0.99
25 3.82 3.03 0.90 3.79 1.55 4.36 0.98
30 4.23 4.01 0.83 445 1.18 5.20 0.98
DR81- 5 3.01 0.51 094 1.25 8.96 1.52 0.99
TBSD 10 2.76 1.35 091 237 2.65 3.17 0.98
20 2.92 3.09 0.89 4.56 1.09 6.40 0.97
30 2.67 4.48 0.92 6.69 0.68 9.54 0.97
40 2.48 5.75 0.94 8.70 0.50 12.53 0.97
3.10.2 Elovich plot was useful in describing adsorption on highly
heterogeneous adsorbents [49, 50]. The Elovich

The adsorption data may also be analyzed by using
Elovich equation, which has the following form [49]:

g = BIn(.p) + 1/BIn(t) (15)

where o (mg/g min ) and £ (g/mg) are the initial
adsorption rate constant and desorption rate constant,
respectively. Kinetics of adsorption of DR81 dye onto
BSD and TBSD were also followed Elovich equation
with the plots of ¢, vs. Int giving straight lines with high
correlation coefficient (Figure. 19). The Elovich
equation did not predict any definite mechanism, but it

constants computed from the plots are given in Table 7.
On comparing the correlation coefficients, it was found
that the pseudo-second order kinetic model (R = 0.97-
0.99) describe the adsorption data better than Elovich
model for both the adsorption system.

(a)
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Figure 19. Elovich plots for adsorption of Direct Red 81 onto (a): bamboo sawdust and (b): treated bamboo sawdust.
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Table 7. Elovich, liquid-film diffusion and intra-particle diffusion rate constants values for the adsorption of Direct Red 81

onto (a): bamboo sawdust and (b): treated bamboo sawdust.

Dye- Conc. Elovich Liquid-film Intra-particle diffusion
Adsorbent diffusion
(mg/L)
a (mg/gmin) B (gimg) R’ Krgx 107 R? K; (mg o R’
(1/min) min*’/g)
DR&81-BSD 5 0.95 7.95 0.98 5.42 0.93 0.04 0.43 0.97
10 1.16 3.72 0.98 4.25 0.94 0.09 0.77 0.98
15 1.13 2.31 0.96 4.05 0.91 0.14 1.02 0.98
20 1.17 1.68 0.96 3.73 0.90 0.20 0.23 0.99
25 1.14 1.30 0.95 3.76 0.88 0.26 1.36 0.98
30 1.10 1.05 0.95 425 0.83 0.32 1.45 0.98
DR81- 5 3.79 5.28 0.91 3.77 0.85 0.06 0.81 0.95
TBSD 10 1.46 1.97 0.89 3.42 0.80 0.18 1.18 0.94
20 1.69 0.88 0.90 3.61 0.78 0.41 1.91 0.94
30 2.23 0.58 0.89 3.31 0.82 0.62 2.65 0.94
40 2.72 0.43 0.89 3.12 0.86 0.83 3.33 0.94
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3.10.3 Liquid-film diffusion constant for liquid-film diffusion, K, were in the range
of 3.73-5.42 x 10 1/min (DR81-BSD) and 3.12-3.77 x
10 1/min (DR81-TBSD) of both the adsorption system
(Table 7). The plots, however, did not pass through the

Liquid-film diffusion can be explained by the following
equation [51]:

-In(1-F) = Kyt (16) origin. Thus, the liquid-film diffusion was not the only
o ) ) o predominant mechanism for DR81 dye adsorption onto
where F is the fractional attainment of equilibrium (¥ BSD and TBSD.

= q/q.) at time t, and Ky, (1/min) is the adsorption rate
constant. The plots of /n(1-F) vs. t (Figure. 20) for both
the adsorption system were also linear. The rate
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Figure 20. Liquid-film diffusion plots for adsorption of Direct Red 81 onto (a): bamboo sawdust and (b): treated bamboo
sawdust.
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3.10.4 Intra-particle diffusion

The variation in the amount of adsorption with time at
different initial dyes concentrations could be further
processed for evaluating the role of diffusion in the
adsorption process. Adsorption is a multi-step process
involving transport of the solute molecules from the
aqueous phase to the surface of the solid particulates
followed by diffusion of the solute molecules into the
pore interiors. The intra-particle diffusion rate is given
by the equation [52]:

q =k +C (17

where k; (mg/g min®’) and C; are the intra-particle
diffusion rate constant and boundary layer thickness,
respectively. The effect of pore diffusion on the
adsorption process was tested by plotting g, vs.
(Figure. 21). All the plots of both the adsorption system

GU J Sci, 25(1):59-87(2012)/ Tabrez A. KHAN, Sarita DAHIYA, Imran ALI

have the same general features of an initial curved
portion followed by a linear portion and a plateau. The
initial curved portions were attributed to the bulk
diffusion, the linear portion to the intra-particle
diffusion and the plateau to the equilibrium. The
magnitudes of k;, C; and the corresponding regression
coefficients of both the adsorption system are listed in
Table 7. The pore diffusion rate constant, k; values
indicated substantial diffusion of DR81 dye onto BSD
and TBSD adsorbent. However, the plots did not pass
through the origin, so it might not be the only
controlling factor in determining the kinetics of the
process. It may be inferred that both the liquid-film and
intra-particle diffusion might be controlling the kinetics
of the DR81-BSD and DR81-TBSD interactions.
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Figure 21. Plots of ¢, vs. £ for adsorption of Direct Red 81 onto (a): bamboo sawdust and (b): treated bamboo sawdust.
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The kinetics of interactions tested with Lagergren
pseudo-first and pseudo-second order kinetics, Elovich
equation, liquid-film and intra-particle diffusion
mechanism of the both adsorption system. It was
observed that pseudo-second order kinetic model
described the adsorption process with higher
coefficients of determination better than any other
kinetic models of both the adsorption system. The
mechanism of removal of DR81 dye by BSD and TBSD
was controlled by both liquid-film and intra-particle
diffusion.

4. CONCLUSION

This study confirmed that BSD and TBSD, a low-cost
cellulose-based waste, could effectively remove Direct
Red 81 dye from aqueous solution. Maximum
adsorption capacity (g,,) obtained from the Langmuir
isotherm plots were 6.43 mg/g (89%) (DR81-BSD) and
13.83 mg/g (92%) (DR81-TBSD) at 303 K. The
monolayer adsorption capacity for the citric acid treated
bamboo sawdust was higher as compared to that
obtained without chemical treatment. The adsorbents,
before and after adsorption, were characterized by
fourier transform infrared spectrometer, X-ray
diffraction and scanning electron microscope. FTIR
investigation of BSD and TBSD before and after
adsorption showed many changes and shifts in peaks,
indicating the dye binding process taking place on the
surface of the adsorbent. The obtained data followed the
six investigated isothermal models in the following
order: Freundlich > Halsey > Langmuir > Temkin >
Dubinin-Kaganer-Radushkevich > Harkin-Jura. The
pseudo-second order kinetic model described the data
best than pseudo-first order, due to the high correlation
coefficient values and the agreement between the
experimental and calculated values of gq..
Thermodynamic parameters (AG°, AH° and AS°)
suggested the adsorption process to be spontaneous and
endothermic. It was observed that both liquid-film and
intra-particle diffusion controlled the overall kinetics of
the adsorption process in both the adsorption system.
The developed adsorption system is inexpensive, eco-
friendly and efficient for the removal of dye from any
water due to its small adsorption time, good capacity of
adsorption of adsorbent and working at 7 pH; a natural
pH of most of natural water resources.
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