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ABSTRACT

This study centers on crystal violet removal from raw water on surface of Cedrus deodara sawdust.
Main objectives of this study are to investigate the potential of Cedrus deodara sawdust for removal
of toxic crystal violet dye and to stimulate the best experimental conditions. Adsorption param-
eters, isotherms, kinetic equations, and thermodynamics have been studied and discussed.
Experiments were performed to investigate the effects of various parameters, that is, size of adsor-
bent, pH, adsorbent dose, contact time, dye concentration and temperature on dye exclusion.
Isotherms, that is, Langmuir, Freundlich and Dubinin—-Radushkevich isotherms and kinetic mod-
els, that is, pseudo-first-order, pseudo-second-order and intraparticle diffusion models have been
applied and discussed. Thermodynamic parameters, that is, change in Gibbs free energy, enthalpy
and entropy have also been determined. Maximum amount of dye (99.21%) has been removed at
optimized conditions, that is, 210 mesh size, 50°C temperature, pH 12, 0.4 g adsorbent, 20 ppm
adsorbate concentration with contact time of 30 min. Data fits best to Langmuir isotherm and pro-
cess obeys pseudo-second-order kinetics. Calculated free energy and enthalpy indicates sponta-
neity and endothermicity of the process. Applicability of developed procedure with tap water is
92% indicating that Cedrus deodara is an auspicious adsorbent for crystal violet removal from water.
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1. Introduction liberated into water-bodies leading to water pollution
[2,9]. Toxicity of cationic dyes is more than anionic ones.
This is due to the fact that cationic dyes interact more rap-
idly with negatively charged surface of cell membrane than
anionic ones leading to suffocation and skin allergies [10,11].

Crystal violet dye also known as basic violet 3 (for
structural formula of crystal violet dye see Fig. 1) is one
of the most widely used cationic dye [12]. In water, it
appears violet blue and it is A___was found to be 590 nm

Dyes are organic compounds, may be natural or arti-
ficial, that become attached to the surface of fabric giv-
ing it bright color and are used in many industries [1]
but they have toxic and carcinogenic nature [2-4]. There
are more than 10,000 commercially available dyes and
approximately 7 x 10° tonnes of colorants are produced
yearly all over the world [2,5-8]. Almost 2% of dyes are
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Fig. 1. The structural formula of crystal violet dye.

with extinction coefficient of 87,000 M cm™. Hue of
dye depends on pH of solution. It appears green at pH 1,
having A =20 and 620 nm. In highly acidic solutions,
itis yellow with A__ =420 nm [9].

It is widely used in paint, printing ink and veterinary
medicines etc. It also manifests antibacterial and antifungal
characteristics [13]. It is useful for the treatment of burns,
boils, carbuncles, mycotic skin infections [14] and in many
industrial processes such as dyeing various textiles (e.g.,
cotton, silk, nylon and wool), oils and waxes, paper and
plastics etc. [15,16]. However, when these dyes are ejected
into water stream directly (devoid of any proper han-
dling), they result in deterioration of water quality as they
remained in environment for a long time [17]. Crystal vio-
let causes breathing difficulties, eye burns, nausea, oral
ulceration [18,19] cancer [17], jaundice, tissue necrosis,
shock, kidney failure [20], permanent injury to cornea and
conjunctiva [15] and digestive tract irritation [13,17,21].

For preserving water resources [22-26] and protecting
human health, various methods such as ozonation, elec-
tro-coagulation, membrane process, biological, and solvent
extraction methods are used for water treatment. However,
adsorption method is widely used and the most effec-
tive process for dyes removal because of its simple design,
effectiveness, easy operation, economic feasibility, insen-
sitivity towards toxic substances and easy availability of
adsorbents used for adsorption at low cost [9].

How do we meet the needs to current and future gen-
erations? Such as healthcare problems, preservation,
and protection of natural resources (such as water, air,
and soil), for environment protection and sustainability.
This article focuses on the purpose to investigate the role
of Cedrus deodara sawdust for degradation, decoloriza-
tion and removal of toxic crystal violet dye from textile
effluents. Research objectives include, investigating the
use of Cedrus deodara sawdust for decolorization of crys-
tal violet dye from wastewater, to optimize adsorption
parameters for efficient dye removal and to determine dye
decolorization kinetics, isotherm models and thermody-
namic parameters. Novelty of this article is that till yet no
work has been reported on crystal violet dye removal using
Cedrus deodara sawdust (specifically) as an adsorbent.

2. Methods and experimentation
2.1. Apparatus and chemicals

Chemicals used throughout the experiment are of sys-
tematic value. Distilled water was used throughout the
research work. Apparatus/instruments required during
whole process include UV-Vis spectrophotometer, scanning

electron microscope (SEM), Fourier-transform infrared
(FTIR) spectrophotometer, centrifugation machine, micro-
wave oven, pH meter, weighing balance and hot plate.

2.2. Preparation of adsorbate solution

Analytical grade crystal violet dye with molecular for-
mula C,H, CIN, and molecular mass 407.979 g mol™ was
obtained from laboratory and 1,000 ppm dye stock solu-
tion was prepared by dissolving 1 g of it in 1 L of purified
water (Fig. 2) which was then further diluted according to
requirement.

2.3. Collection of adsorbents

Cedrus deodara sawdust (CDS) was collected from a fur-
niture shop which was then dried and ground into small
fine pieces (Fig. 3) to increase its surface area. Sieving was
done to obtain particles of various mesh sizes, that is, 105,
210 and 500 mesh sizes which were then finally stockpiled
in airtight plastic boxes to use in further experiments.

2.4. Batch adsorption studies

For optimization of various adsorption parameters,
such as pH (1,2, 3,4,5,6,7,8,9, 10, 11 and 12), adsorbent
dose (0.1, 0.2, 0.4, 0.5, 0.6, 0.8 and 1.00 g), adsorbate con-
centration (5, 10, 20, 30, 40, 50, 60, 80 and 100 ppm), expo-
sure time (5, 10, 20, 30, 40, 50, 60, 80, 100 and 120 min) and
temperature (0°C, 10°C, 20°C, 30°C, 40°C and 50°C), batch
adsorption experiment was carried out.

Experiments were performed by manipulating only
one adsorption parameter at a time while keeping oth-
ers constant. Initial concentration of dye was deter-
mined before adsorption by UV-Vis spectrophotometer
at a wavelength of 574 nm. Centrifugation after manual
shaking was completed and amount of dye present in
supernatant was determined by absorbance measure-
ment again at 574 nm using UV-Vis spectrophotometer.
Formula used for dye uptake is given in Eq. (1):

A-A,
Y%age removal = " x100 (1)

i

where A, = initial absorbance before dye adsorption and
A, = final absorbance after dye adsorption. Adsorption
capacity q, (mg g”') was determined by formula given
in Eq. (2):

@)

where C, (mg L), C, (mg L) are initial and equilibrium
concentrations of dye respectively, V is volume of dye
solution taken and M is the molar mass of adsorbent.

3. Adsorbent characterization

FTIR and SEM techniques were used for adsorbent
characterization on the way to determine functional groups
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Fig. 2. Crystal violet dye in solution form.

Fig. 3. The powder form of Cedrus deodara sawdust.

(present at the surface of adsorbent) and to study texture
and morphology of adsorbent, respectively. FTIR study of
adsorbent was made by making 1% pallet of potassium bro-
mide (KBr). Scale for this study was in the spectral range
of 4,000-400 cm™ [27]. For SEM analysis, sample was pre-
pared by grinding adsorbent in pestle and mortar followed
by sieving. Sample was then affixed on double sided carbon
tape present on taster holders [28]. Scanning electron micro-
scope analysis of adsorbent before and after adsorption
was carried out by using (JEOL, JSM-6510LV, Japan) [27].
Complete research methodology involves following
steps: Firstly, preparation, that is, collection, grinding, siev-
ing, storage of adsorbent and preparation of crystal vio-
let dye stock solution. Secondly, adsorption step in which
adsorption of crystal violet dye onto the surface of Cedrus
deodara sawdust under different conditions of solution pH,
adsorbent dosage, contact time, adsorbate concentration and
temperature were studied. Lastly, analysis step involved

the determination of removal efficiency of Cedrus deodara
sawdust towards crystal violet dye and measurement of
initial and final absorbance by UV-Vis Spectrophotometer.

4. Results and discussion
4.1. Description of adsorbent

Results of FTIR analysis of dye unloaded and dye
loaded adsorbents are given in Fig. 4:

FTIR analysis confirmed that the functional groups such
as carboxyl, hydroxyl and carbonyl etc. contribute mainly
to crystal violet dye adsorption onto the surface of Cedrus
deodara sawdust. Strong bands ranges from 3,600-3,200 cm™,
3,000-2,850 cm™, broadband peak at 3,396 cm™ and peak at
2,912 cm™ correspond to stretching vibrations of hydroxyl
group and adsorbed water, C-H stretching vibrations
of alkane group, O-H stretching of alcoholic group, C-H
stretching of an alkane correspondingly. Band in 1,730 and
1,635 cm™ agree to C=O non-ionic and ionic stretching of
carboxyl groups, respectively. Peak at 1,037 cm™ corre-
spond to C-N stretching of amine group and OH stretch-
ing of carbohydrate. After dye uptake, there was a shift
in peaks from 3,396-3,421 cm™, 2,912-2,920 ecm™, 1,635-
1,614 cm™, 1,037-1,023 cm™. All peaks of the functional
groups involved in dye uptake became diminished after dye
uptake. This confirmed the active participation of alcoholic
and carboxylic groups in crystal violet dye adsorption [27].

SEM photographs of dye unloaded, and dye loaded
adsorbent are given in Figs. 5 and 6 respectively:

SEM analysis showed that the surface of adsorbent is
highly rough, diverse, and porous indicating increased
superficial zone of adsorbent accessible for adsorption
of crystal violet dye. After adsorption, these pores were
occupied by dye molecules resulting in dye exclusion [27].

4.2. Effects of pH

Adsorption behavior of crystal violet dye on surface of
Cedrus deodara sawdust was investigated at different pH’s
of solution. From experimental work (Table S1), it became
clear that dye adsorption is directly related with solution pH,
that is, at solution pH of 12; percentage removal of dye was
88.88%. There as on behind this is that at high pH, exterior
of adsorbent material was negative (due to deprotonation
of functional groups present on the surface of adsorbent)
on which positive ions of dye molecules adsorb hastily due
to electrostatic interactions between oppositely charged
ions. While a low pH leads to desorption of dye molecules
due to repulsions between positively charged ions of dye
molecules and the surface of adsorbent. Graph to study
the effect of solution pH on adsorption is shown in (Fig. 7).

An adsorbent characteristic known as point of zero
charge (pH,, ) better explain the effects of pH on adsorption
phenomenon. pH__ of adsorbent was found to be 8 which
showed that the surface of adsorbent was positive when
pH < 8 (due to protonation of functional groups) and when
pH = 8, the surface of adsorbent becomes negatively charged
due to deprotonation of functional groups on the surface
of adsorbent due to the presence of excess of hydroxyl
ions at high pH. Thus pH_ _of 8 showed that Cedrus deodara

pzc
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Fig. 4. FTIR spectra of dye unloaded (i) and loaded (ii) Ced-
rus deodara sawdust. It confirms the involvement of OH™ and
COQ™ groups of adsorbents in dye adsorption.
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Fig. 5. SEM micrograph (with a magnification of 2,000 times)
of dye unloaded Cedrus deodara sawdust showing the porous
surface of the adsorbent.

sawdust could adsorb any cationic dye efficiently at pH
equal to or above 8 [27].

4.3. Effects of adsorbent dose

To investigate the consequences of adsorbent dose in
exclusion efficacy of crystal violet dye, adsorbent dose
varied from 0.1 to 1.00 g. With rise in adsorbent amount,
percentage removal of crystal violet dye increases con-
stantly up to 0.4 g (with 98.03% dye removal) after which
it became constant (graph is shown in Fig. 8). The upswing
in removal percentage with increase in adsorbent dose
owned to increase in number of available adsorption spots
at exterior of adsorbent. Results of experiment to study
the effects of adsorbent dosage are given (Table S2).

4.4. Effects of contact time

Contact time is the time taken by an adsorbate for
complete adsorption of dye onto the surface of adsorbent.

SEI' \ 10kV  WD15mm 8540}
IF, AMU.ALIGARH )

Fig. 6. SEM micrograph (with a magnification of 2,000 times
of dye loaded Cedrus deodara sawdust in which all pores of
surface are occupied by dye molecules.
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Fig. 7. Plot of pH against % age removal (experimental
conditions: pH = variable (1-12); C, = 10 ppm; adsorbent
dose = 0.25 g; contact time = 20 min; temperature = 25°C). Inner

small graph shows the determination of point of zero charge.

To examine the effects of contact time on adsorption process
of crystal violet dye, different series of exposure time were
carefully chosen, that is, from 5 to 120 min. From experi-
ments, it became clear that equilibrium time for adsorption
of crystal violet dye on exterior of Cedrus deodara sawdust
was 120 min resulting in 96.24% of dye removal. However, at
the contact time of 30 min, % age removal was 93.65%. Since
there is not much difference in removal efficiency after 30
and 120 min so, we selected 30 min for the next experiments
to conserve both energy and time (graph of experiment is
shown in Fig. 9). Fast reaction in beginning was due to the
presence of vacant adsorption spots at exterior of adsorbent.
After some time, all vacant sites were occupied resulting
in small increase in dye removal. Results of experiment
to study the effects of contact time are given in Table S3.

4.5. Effects of adsorbate concentration

Consequences of adsorbate concentration on adsorp-
tion were studied by altering adsorbate dosage from 5 to
100 ppm. At pH 12, 0.4 g of Cedrus deodara sawdust was
taken and varied amount of adsorbate (with exposure
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Fig. 8. Plot of adsorbent dose against % age removal (experimen-

tal conditions: adsorbent dose = variable (0.1-1.0 g); pH = 12;
C, =40 ppm; contact time = 20 min; temperature = 25°C).
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Fig. 9. Plot of contact time against % age removal (experimen-
tal conditions: contact time = variable (05-120 min); pH = 12;
adsorbent dose = 0.4 g; C, = 80 ppm; temperature = 25°C).

time of 30 min) was used to study the removal efficiency
of adsorbent towards crystal violet dye. From experiments,
it became clear that % age removal remain almost con-
stant, that is, 99% from 5 to 20 ppm. From 20 to 100 ppm
removal percentage decreases constantly from 99% to 98%
(graph is shown in Fig. 10). Initial increase in removal effi-
ciency was due to the excess quantity of adsorbate which
get adsorbed onto the surface of adsorbent quickly result-
ing in maximum removal of dye. When all active spots are
fully filled by dye particles then there was no such further
increase in dye removal. Results of experiment to study
the effects of dye concentration are given in Table S4.

4.6. Effects of temperature

Temperature influence on adsorption process of crys-
tal violet at optimized conditions has also been studied.
From temperature effect thermodynamic parameters can
be determined, that is, we can determine whether the
process was spontaneous or non-spontaneous, endother-
mic, or exothermic and whether it cause rise or fall in
entropy. From experiments, it became clear that percentage
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Fig. 10. Plot of dye conc. against % age removal (experimen-
tal conditions: C, = variable (05-100 ppm); pH = 12; adsorbent
dose = 0.4 g; contact time = 30 min; temperature = 25°C).

removal increases continuously from 98% to 99% when
the temperature was expanded from 0°C to 50°C (graph
is shown in Fig. 11). At low temperature, dye molecules
preferred to remain in solution rather than onto the sur-
face of adsorbent. At high temperature, dye molecules
moved from solution to the surface of adsorbent resulting
in maximal dye removal indicating that the procedure was
endothermic, that is, dye removal is directly proportional
to temperature. Main reason behind this was that at high
temperature, kinetic energy of the molecules increases
consequently, dye particles move from solution towards
the adsorbent surface causing maximum adsorption of
dye on the surface of adsorbent. Results of experiment
to study the effects of temperature are given in Table S5.

4.7. Adsorption kinetics

Study of reaction kinetics is important for the deter-
mination of optimum exposure time for adsorption
and its mechanism. Various kinetic models have been
employed on investigational records to examine the mech-
anism of adsorption and these include, pseudo-first-order,
pseudo-second-order and intraparticle diffusion model.
Pseudo-first-order and pseudo-second-order kinetic
models are useful for rate determining steps while intra-
particle diffusion model is useful to study the kinetic
mechanism of adsorption [28].

4.7.1. Kinetic models
4.7.1.1. Pseudo-first-order kinetic model (Lagergren model)

This model states that: rate of sorption is directly
related to the number of free adsorption spots [28] and it is
expressed in Eq. (3):

4 —
— = k(1.-a) ©

where g, (mg g™') is amount of adsorbate adsorbed at time
‘t', q, (mg g') is amount of adsorbate adsorbed at equi-
poise time and k, is pseudo-first-order rate constant. Linear
form of pseudo-first-order by Lagergren is given in Eq. (4):
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ln(qf—qt):lnq(—kft 4)

A straight line graph is obtained when In(g, - g is
plotted against ¢ (min) and slope k. and intercept g, can be
determined from this graph [29]. From experiments (graph
is shown in Fig. 12) it became clear that current adsorp-
tion process does not go along with pseudo-first-order
kinetics. Since, experimentally determined value of g,
was 1.90494 mg g and calculated value was 0.025 mg g™
Furthermore, value of R? = 0.48 which is very less than unity
indicating poor rate of reaction. Investigational statistics
for pseudo-first-order kinetics is given in Table S6.

4.7.1.2. Pseudo-second-order kinetic model

According to this model, chemical sorption is a rate

controlling  step. Pseudo-second-order = mathematical
expression is given in Eq. (5):

dq 2

—t=k(q.-q) ©)

dt

where g, (mg g) is amount of adsorbate adsorbed at
time ‘t’, q, (mg g7) is amount of adsorbate adsorbed at
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Fig. 11. Plot of temperature against % age removal (experi-

mental conditions: temperature = variable (0°C-50°C); pH = 12;
adsorbent dose = 0.4 g; contact time = 30 min; C, =200 ppm).
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Fig. 12. Graph for the pseudo-first-order kinetic model.

equilibrium and k (g mg™ min™) is pseudo-second-order
rate constant. Linear form of this equation is given in Eq. (6):

t 1 t
L 6
q, ka q. ©

A plot of t/q, (min g mg™) in contrast to t (min) yield
a straight line from which slope and intercept can be cal-
culated [29]. For second-order kinetics (graph is shown
in Fig. 13), experimentally determined value of g, was
1.904 mg g and calculated g, was 1.908 mg g™ which is
very close to investigational quantity. Also, value of R?
was 0.9999 (very close to 1) which means that the process
follows pseudo-second-order kinetics. Investigational
statistics for pseudo-second-order kinetics is shown in
Table S7.

4.7.1.3. Intraparticle diffusion model

This model was established by Weber and Morris for
determining the diffusion mechanism and rate controlling
step and can be expressed in Eq. (7):

q, = Kigtos +1 @)
where g, (mg g™') is amount of adsorbate adsorbed at time
‘t’, I is the thickness of layer and K, (mg g™ min™?) is
intraparticle diffusion constant. A straight line is obtained
when a graph is plotted between ¢, and ¢, and slope K,
and intercept ‘I’ can be obtained from this graph [29]. In
case of intraparticle diffusion model, a linear graph shows
that only intraparticle diffusion model is involved in
adsorption procedure and zero intercept shows that this
model is rate limiting step. When the line doesn’t pass
by way of origin (graph is shown in Fig. 14), it confirms
some extent of boundary layer management and also that
intraparticle diffusion model is not only rate controlling
step but other kinetic models are also engaged in the man-
agement of adsorption level [28]. Investigational statistics
for intraparticle diffusion model is given in Table S8.
Comparison of different kinetic models is given in
Table 1. From table it is concluded that process follows

70
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tQt
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t (min)

Fig. 13. Graph for the pseudo-second-order kinetic model.
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pseudo-second-order kinetic model rather than pseu-
do-first and intraparticle diffusion model since value of
regression coefficient for pseudo-first-order is 0.48 while it
is 0.9999 for pseudo-second-order kinetic model (which is
very close to unity). Further more experimental g, (mg g™)
and calculated g, (mg g') in case of pseudo-second-or-
der model are in good agreement than pseudo-first and
intraparticle diffusion model. This comparison confirms
that process follows pseudo-second-order kinetic model.

4.8. Adsorption isotherm models

Complete quantification of adsorption process is
required during its applicability on commercial level.
These mathematical models [28] describe adsorbent—
adsorbate interactions and the adsorption capacity [30].
For this purpose, concentration data from experiments
is analyzed using various isotherm models to determine
the best suited isotherm model in the adsorption pro-
cess. Isotherm models applied here include, Langmuir,
Freundlich and Dubinin-Radushkevich isotherm.

4.8.1. Isotherm models

The results of different isotherm models are given below:

4.8.1.1. Langmuir adsorption isotherm model

Irving Langmuir received a noble prize in 1916 due to
his work on surface chemistry. Basic assumptions of this
isotherm model include [28,29].

1.91

1.9
1.89
1.88
1.87
1.86
1.85
1.84
1.83
1.82
1.81

Q

112

Fig. 14. The plot between 2 and Q, for intraparticle diffusion
kinetic model.

Table 1

® Adsorbent exterior has definite number of adsorption
sites.

¢ No interactions exist between the molecules adsorbed on
exterior of an adsorbent.

e Itinvolves the development of a monolayer of molecules
on surface of the material.

For monolayer adsorption, chemical reaction might be
written as given in Eq. (8):

A +S—AS )

(s)
where ‘A’ is gas molecule and ‘S’ is an adsorbed location on
the surface of an adsorbent. For this reaction, equilibrium
constant is given in Eq. (9):

K, =48] ©)

[A][s]

Langmuir isotherm can be completely defined in
relationships of surface coverage 0 (Egs. (10) and (11))
which is well-defined as fraction of the adsorption spots
unavailable at equipoise.

k=K __ 0 (10)
K, (1-0)P

0= Kp (11)
1+KP

where K and K, are direct and converse rate constants and
‘p’ is partial pressure of gas. Amount of gas adsorbed on
the substance is usually given in moles gram. For solution,
above equation takes the form given in Eq. (12):

K
5], — Lceqm (12)
° 1+K, +C,
Linear form of this equation is given in Eq. (13):
1:1+[ 1 jl 13)
qe qmax qmaXKL Ce

where K, is Langmuir constant (dm™ mol”) and gq__
is monolayer Langmuir adsorption capacity (mg g7).
Simplest form of above equation is given in Eq. (14):

Comparison of kinetic parameters of three models (pseudo-first-order, pseudo-second-order, and intraparticle diffusion model)

Pseudo-first-order

Pseudo-second-order

Intraparticle diffusion model

Adsorbate conc. (mg L™): 20
Experimental g, (mg g™): 1.904
Computed g, (mg g™): 0.025
R%0.48

k, (min™): 0.117

R?:0.999

Adsorbate conc. (mg L™): 20
Experimental q, (mg g™): 1.904
Computed g, (mg g™): 1.908

k, (min): 0.5911

Adsorbate conc. (mg L™): 20
Experimental q, (mg g™): 1.904
Computed g, (mg g™'): 1.785
R?:0.989

K, 0.0106
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cCC 1 C
= +

R

(14)

When a graph is plotted between C, (mg L™)/g, (mg g™)
and C, (mg L) then a straight line is obtained from
which slope and intercept can be calculated [29]. From
experiments (graph is shown in Fig. 15) it was found
that value of R? for Langmuir isotherm was 0.9994 (very
close to unity) indicating that current process of adsorp-
tion is favorable. It showed that first layer of molecules
adsorbed on the surface of adsorbent with energy almost
equal to the energy of heat of adsorption for monolayer
adsorption [17]. A dimensionless constant ‘separation
factor’ parameter, ‘R’ determines whether the adsorp-
tion process is favorable (0 < R, < 1), unfavorable (R, > 1),
linear (R, =1) or irreversible (R, = 0). It is given in Eq. (15):

R, = !
1+bC,,

(15)

where b = (L mol?) is Langmuir adsorption equilibrium
constant and C, = (mol L) is initial dye concentration.
Values of R, were calculated by Langmuir constant
‘v’ and adsorbate concentration. From values of R,
(Table S9), it became clear that the adsorption procedure
of crystal violet onto the surface of Cedrus deodara saw-
dust was linear process since all the values of R, are unity.
Experimental data for Langmuir isotherm model is given in
Table S10.

4.8.1.2. Freundlich adsorption isotherm model

An experimental calculation that represents adsorp-
tion data is called Freundlich equation [28]. According to
this model, quantity of adsorbate adsorbed on exterior of
an adsorbent is directly proportional to the pressure of
gas and is given in Eq. (16):
q,=K.P (16)

When pressure of gas changes then above equation can
be written as in Eq. (17):

9. = KP"" a7)
35
3
a 25
E)
= 2
b |
3 1.5
]
o 1
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0
0 0.000001  0.000002  0.000003  0.000004  0.000005

Ce (mol/L)

Fig. 15. Graph for Langmuir isotherm.

Taking antilog of above equation, we get linear formula
of Freundlich isotherm given in Eq. (18):

Ing, =1nKF+llnP (18)
n

In case of solutions, above equation can be written
in Eq. (19):

Ing, =InK, +llnCL, (19)
n

where K, is Freundlich constant, n is the slope and
q, (mg g™) is quantity of adsorbate adsorbed on each gram
of an adsorbent. A plot of Ing, in contrast to InC, results
in a straight line graph and value of slope 1/n gives us
the value of ‘n’ and intercept InK, gives the value of K..
When value of ‘n” is more than unity, it means adsorption
proceeds to a greater amount. Value of ‘n’ varies from 1
to 10" [29]. This adsorption isotherm has the advantage
that it involves multilayer adsorption and there is no
limitation in the amount of a substance adsorbed [28].
Value of K, in case of Freundlich isotherm (from experi-
mental graph shown in Fig. 16) was 5.288 x 10° and that
of R* was 0.9694. Experimental data for Freundlich
isotherm model is given in Table S11.

4.8.1.3. Dubinin—Radushkevich isotherm model

This isotherm model was developed by Dubinin-
Radushkevich which is applied to calculate apparent
energy of adsorption. Basic equation of this model is given
in Eq. (20):

Ing, =Ing,, — B¢’ (20)
where {3 is an activity coefficient, g, is the imaginary inun-

dation capacity and ¢ is the Polanyi potential and is given in
Eq. (21):

£= RTln[l-s-lj
CE

where T is the temperature and R is general gas constant
[29]. From value of B, mean sorption energy is well-defined

21

IOgCads

logC,

Fig. 16. Graph for Freundlich isotherm.
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as energy of transfer of one mole of solute from infinity
to the exterior of an adsorbent [28] and can be calculated
by equation given in Eq. (22):

E - (22)

T

From Dubinin—-Radushkevich isotherm (as shown in
Fig. 17), calculated value of B is 0.393 KJ* mol? and R? is
0.9634 which showed that the chemisorption phenome-
non is also involved in adsorption of crystal violet dye.
Experimental data for Dubinin—-Radushkevich model is

change (AG), enthalpy change (AH) and entropy change (AS)
of a system. From distribution coefficient, thermodynamic
parameters can be calculated as given in Eq. (23):

C
K =

ad,s 23
= (23)

Eq,L

where C , is quantity of adsorbate adsorbed on solid at
equipoise (mg L) and C, , is quantity of adsorbate left
over in the solution at equipoise (mg L™). In Van't Hoff
equation, K_is related with AH and AS as given in Eq. (24):

shown in Table 512. 1 __AH AS
On basis of R? values of different isotherm models K= RT * R (24)
(given in Table 2), it can be concluded that Langmuir iso-
therm is more appropriate than Freundlich and fits best
to experimental data for crystal violet dye adsorption on 5.6
Cedrus deodara sawdust. Value of R? for Langmuir iso-
therm is 0.9994 (very close to unity) and for Freundlich
value of regression coefficient is 0.9694 which is small as 52
compared to Langmuir isotherm model.
Comparison of adsorption capacities of different adsor-
bents for crystal violet dye removal is given in Table 3. 438
Table clearly shows the variations in g, (mg g) by dif- 3
ferent adsorbents at different experimental conditions 2
like pH and it became clear that Cedrus deodara sawdust is 44
one of the most effective adsorbents for crystal violet dye
removal since its g, is 0.673 mg g higher than many of
adsorbents mentioned in table. 4
-15.2 -142 -13.2 -12.2
4.9. Thermodynamic parameters -
Feasibility and type of adsorption could be determined
from thermodynamic parameters such as Gibbs free energy  Fig 17. Graph for Dubinin-Radushkevich isotherm.
Table 2
Parameters of isotherm models (Langmuir, Freundlich and Dubinin-Radushkevich model)
Langmuir isotherm model Temp. (°C): 25 Q, (mg g™1):0.673 b (dm® mol™): 1.66 x 10° R? 0.9994
Freundlich isotherm model Temp. (°C): 25 kf (mg g™): 5.288 x 10° n (L g™"):0.563 R%0.9694
Dubinin-Radushkevich isotherm model Temp. (°C): 25 B (KJ? mol2): 0.393 &2 (KJ mol™): -1.12 R%0.9634
Table 3
Comparison of adsorption capacities of different adsorbents for crystal violet dye removal
Adsorbent q,.. (mggm pH Reference
Cedrus deodara sawdust 0.673 12 Present study
Groundnut shell 0.524 6 [14]
Artocarpus odoratissimus (tarap) core 217 94 [31]
Diplazium esculentum 351 8 [32]
MWCNTs/Mn, Zn ,Fe,O, nanoparticles 5.00 11 [33]
Artocarpus camansi peel through sodium hydroxide treatment 479 [34]
Momordica charantia (bitter gourd) waste (BGW) 261.8 [35]
Raw cassava peels powder -5.15 10 [9]
Date palm fibers 0.66 2 [36]
Bean pod 0.380 5 [14]
Mesocellular foam (MCF) 6.6 9 [37]
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A straight-line graph is attained when we plot InK,
in contradiction of 1/T. Slope of graph is AH and inter-
cept is AS. Where, R is universal gas constant and is =
8.31 ] mol™ K and T is temperature in Kelvin. Relation for
AG is given in Eq. (25):

AG = AH —TAS® [28] (25)

From experimental results (graph is shown in Fig. 18)
it became clear that the process is of endothermic nature
as indicated by the positive value of AH. Negative values
of Gibb’s Free energy prove that current phenomenon is
spontaneous in nature. Positive value of AS is an indication
of increase in randomness with increase in temperature
(as confirmed by calculated thermodynamic parame-
ters given below in Table 4). Investigational statistics
for thermodynamic parameters are shown in Table 513.

4.10. Applicability of developed practice with tap water

Applicability of this established practice with tap water
containing various anions and cations like CI, PO?, COZ,
Na* and K* ions etc. using optimized conditions, that is, pH
12, 0.4 g of adsorbent dosage, providing adsorption time of
30 min with 20 ppm of initial dye concentration comes out to
be 92.324%. The results of tap water treatment validate the
applicability of developed procedure towards real samples.

5. Mechanism of adsorption

FTIR study explores the presence of polar functional
groups such as hydroxyl, carbonyl, carboxyl etc. in Cedrus
deodara sawdust (CDS). It also reveals that adsorption
of crystal violet dye was mainly due to the presence of
hydroxyl and carboxyl groups on the surface of adsorbent.
Strong electrostatic forces of attraction develop between
these functional groups and positively charged crystal vio-
let dye molecules (CV*Cl") resulting in its adsorption on
the surface of adsorbent.

This adsorption phenomenon was highly pH dependent
and high pH resulted in greater amount of dye removal.
Percentage age removal of dye increased constantly with
increase in solution pH due to development of strong

52

4.9

InKc¢

4.8
4.7

4.6

0.003 0.0032 0.0034 0.0036 0.0038

171

Fig. 18. Van't Hoff plot (for thermodynamic parameter cal-
culations) indicating the process to be endothermic and
non-spontaneous in nature.

interactions between positively charged dye molecules and
negatively charged surface of adsorbent (due to presence of
OH- and COO- OH- and COO" groups).

For mechanism of adsorption by hydroxyl groups
Egs. (26) and (27):

CDS—-OH+OH - CDS—-0O +H,0 (26)

CDS-O +CV'Cl" > CDS-0-CV+CI” (27)
Carboxyl group contribution towards adsorption is rep-
resented given in Eq. (28):

CDS-COO™ +CV'Cl" - CDS-COO-CV +CI” (28)

In above mechanism, CDS represents Cedrus deodara
sawdust and CV* CI- represents cationic crystal violet dye
with molecular formulae = C,,H, CIN,. This mechanism is
further confirmed by decrease in removal percentage at
low solution pH where release of Cl" is suppressed result-
ing in decrease in removal percentage of dye. Besides elec-
trostatic forces of attraction, formation of hydrogen bonds
between OH- groups of Cedrus deodara sawdust (CDS) and
amine group of crystal violet dye also aid in adsorption
of dye molecules. This mechanism has also been reported
earlier in crystal violet dye removal using Tectonagrandis
sawdust. Probability of intraparticle pore diffusion of
crystal violet dye can be determined from intraparticle
diffusion kinetic model. Since line of this plot does not
pass from origin hence it confirmed the involvement
of both film and intraparticle diffusion in dye removal.

From above discussion, it became clear that removal of
crystal violet dye involves following steps:

e Movement of crystal violet dye molecules from
solution to the surface of CDS.

¢ Diffusion of dye molecules through the boundary layer
to the surface of adsorbent.

® Adsorption of dye molecules on adsorbent surface by:

e Strong electrostatic interactions between negatively
charged adsorbent surface (OH- and COO") and
positively charged dye molecules (CV*Cl")

e H-bonding between OH- groups of adsorbent and
amine groups of dye molecules [27].

Complete mechanism of crystal violet dye (an adsor-
bate) adsorption on the surface of Cedrus deodara sawdust

Table 4
Calculated thermodynamic parameters

AG (k] mol™)

-0.7726
-0.7926
-0.8162
-0.8306
-0.8456
-0.8574

AH (k] mol) AS (J mol™ K1)

7.5708 0.06645
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(as an adsorbent) is given in Fig. 19 showing the involve-
ment of both electrostatic (due to hydroxyl and carboxyl
groups of adsorbents with chlorine ions of crystal vio-
let dye) and hydrogen bonding (between amine groups
of crystal violet dye and hydroxyl groups of Cedrus
deodara sawdust) in dye adsorption [27].

6. Regeneration study

Adsorbent (Cedrus deodara sawdust) and adsorbate
(crystal violet dye in this case) recovery are significant
characteristics of water treatment since it shows that the
process is economically feasible [28]. Desorption study of
crystal violet dye was carried out using HNO, as desorbing
agent. For recovery of adsorbent and dye, fixed amount
of dye loaded adsorbent was shaken with 1 molar nitric
acid solution with 20 min of contact time. As a result, 93%
of crystal violet dye and adsorbent were recovered and
became available for further production and treatment,
respectively (results of regeneration study are shown
in Table S14). However, removal efficacy of adsorbent
decrease after regeneration as it is obvious from experi-
ment carried out using regenerated adsorbent. The same
adsorption experiments were conducted at optimized
parameters such as solution pH of 12, 0.4 g of adsorbate
concentration with 20 ppm dye concentration for 30 min.
Results indicate 70% of crystal violet dye removal showing
that Cedrus deodara sawdust is a promising adsorbent for
crystal violet dye removal.

6.1. Mechanism of desorption

Mineral acids are highly efficient desorbing agents
especially for cationic dyes such as crystal violet dye.
When 1 M HNO, solution was added into the solution of
loaded dye, it causes decrease in solution pH. Low pH
cause surface of the adsorbent to be positively charged

Cedrus deodara sawdust (CDS)

hence bond between crystal violet dye and surface of
adsorbent break due to repulsion of like charges (i.e.,
positive charge of cationic crystal violet dye and posi-
tive charge on surface of adsorbent). Thus, both dye and
adsorbent were recovered for future use.

7. Conclusions

This analysis reflects aptitude of Cedrus deodara saw-
dust as low priced and environmentally sound adsor-
bent for exclusion of toxic crystal violet colorant from
wastewater via adsorption technique. Main objectives of
this study are to investigate the potential of Cedrus deo-
dara sawdust for removal of toxic crystal violet dye and to
stimulate the best experimental conditions. Adsorbent was
characterized by FTIR and SEM techniques.

FTIR analysis showed that the functional groups such
as carboxyl, hydroxyl and carbonyl etc. contribute mainly
to crystal violet dye adsorption onto the surface of Cedrus
deodara sawdust since peaks of these functional groups
involved in dye uptake became diminished after dye uptake.
Both electrostatic (due to hydroxyl and carboxyl groups
of adsorbents with chlorine ions of crystal violet dye) and
hydrogen bonding (between amine groups of crystal vio-
let and hydroxyl groups of Cedrus deodara sawdust) are
involved in dye adsorption. SEM analysis showed that the
surface of adsorbent is highly rough, diverse, and porous
indicating increased superficial zone of adsorbent acces-
sible for adsorption of crystal violet dye. After adsorption,
these pores were occupied by dye molecules resulting in
dye exclusion.

Adsorption parameters, isotherms, kinetic equa-
tions, and thermodynamic parameters have been studied.
Experiments were performed (in batch mode) to investigate
the effects of various parameters on dye removal. These
parameters include size of adsorbent, pH, adsorbent dose,
contact time, adsorbate dosage and temperature. Maximum
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Fig. 19. Mechanism of adsorption of crystal violet dye molecules on Cedrus deodara sawdust.
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amount of dye (i.e, 99.21%) has been removed at opti-
mized conditions, that is, 210 mesh size, 50°C temperature,
pH 12, 0.4 g adsorbent, 20 ppm adsorbate concentration
with contact time of 30 min.

Concentration data from experiment has been ana-
lyzed using various isotherm models to determine the best
suited isotherm model in the adsorption process. Isotherm
models applied here include, Langmuir, Freundlich and
Dubinin-Radushkevich isotherm. Data fits best to Langmuir
isotherm and value of R? for Langmuir model was 0.9994
which is very close to unity demonstrating that current
process of adsorption is promising. Various kinetic models,
that is, pseudo-first-order, pseudo-second-order and intra-
particle diffusion models have been applied and discussed.
Process obeys pseudo-second-order kinetics. The value of
regression coefficient (R?) for pseudo-second-order was

ol : ,Problem statementr\
‘ ‘ ' ’ Cedrus deodara ‘
sawdust (CDS) to; \ /

Dyes Crystal Wastewater p de. decol

violet(CV) egrade, decolorize Need
&remove CV 1
3 Py
| M nitric acid +20 X ° oo 0
min time i S B e o LG —

=93 % desorption = ® ° .
Regeneration  Clean water Adsorption Cedrus
process deodara

Fig. 20. Graphical abstract of the adsorption process, that is,
adsorption of crystal violet dye onto the surface of Cedrus deodara
sawdust (easily available and low-cost adsorbent). Removal of
such kind of pollutants is crucial for the availability of safe and
clean drinking water. Desorption study resulted in regeneration
of both adsorbent and adsorbate for future use.
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Fig. 21. Complete steps for crystal violet dye removal from
wastewater onto the surface of Cedrus deodara sawdust by
adsorption method.

0.9999 which shows very good rate of adsorption. This con-
firms that adsorption procedure of crystal violet on surface
of Cedrus deodara is chemical adsorption. Thermodynamic
factors show that the current process was of endother-
mic type associated with increase in entropy. Positive AS
and negative AG confirm strong solute-solvent interactions.
Applicability of developed procedure with tap water
containing various anions and cations like CI, POZ, COZ,
Na* and K* ions etc. was carried out using optimized con-
ditions, that is, pH value of 12, 0.4 g of adsorbent dose, pro-
viding adsorption time of 30 min with 20 ppm of adsorbate
concentration. About 92.32% of crystal violet dye has been
removed onto the surface of Cedrus deodara sawdust using
tap water indicating that Cedrus deodara sawdust is an aus-
picious adsorbent for crystal violet dye removal from water.
On the basis of above discussion, it became clear that low
cost and easily available Cedrus deodara sawdust has great
potential for degradation, decolorization and removal of haz-
ardous crystal violet dye from raw water thus leading to water
purification and protecting natural sources such as water, air
and land. Graphical abstract of the adsorption process, that is,
adsorption of crystal violet dye onto the surface of Cedrus deo-
dara sawdust is shown in Fig. 20 and complete steps for crystal
violet dye removal from wastewater onto the surface of Cedrus
deodara sawdust by adsorption method is given in Fig. 21.

8. Recommendation

To test the proficiency of Cedrus deodara sawdust
towards exclusion of crystal violet dye from wastewater,
the model dye could be replaced by actual industrial waste.
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Symbols

q, — Adsorption capacity at time ‘', mg g’

q, — Adsorption capacity at equilibrium, mg g~
G, — Initial concentration of dye, mg L™

C, — Equilibrium concentration of dye, mg L~
1% — Volume of dye solution taken, ml

M — Mass of adsorbent, g

Point of zero charge
Pseudo-first-order rate constant, min™!
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|



AH
AS

M. Batool et al. / Desalination and Water Treatment 224 (2021) 433448

— Pseudo-second-order rate constant, g mg™ min™*

— Langmuir constant, dm2mol™*

— Langmuir adsorption equilibrium
L mol™

— Dimensionless constant separation factor parameter

— Freundlich rate constant/adsorption capacity,
mg g

— Intensity of adsorption, L g™

— Constant related to adsorption energy or activity
coefficient, KJ? mol

— Imaginary inundation capacity

— DPolyanyi potential, K] mol™

— Intra-particle rate constant, mg g~ min™'"

— Quantity of adsorbate adsorbed on solid at
equipoise, mg L™

— Quantity of adsorbate left over in solution at
equipoise, mg L™

— Temperature, K

— Universal gas constant = 8.31 ] mol* K™

— Change in Gibbs free energy, K] mol™

— Change in enthalpy, K] mol™

— Change in entropy, ] mol™ K~

constant,
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Supporting information

Table S1

Results of experiment to study the effects of solu-
tion pH (experimental conditions: pH = variable (1-12);
C, = 10 ppm; adsorbent dose = 0.25 g; contact time = 20 min;
temperature = 25°C)

pH A, Af C, % age removal
1 0.36 0.31 0.034 11.94
2 0.57 0.18 0.020 67.41
3 0.65 0.15 0.017 75.98
4 0.89 0.19 0.020 78.37
5 0.91 0.19 0.020 79.23
6 0.82 0.15 0.016 81.18
7 0.81 0.15 0.016 81.25
8 1.02 0.18 0.020 81.76
9 0.72 0.11 0.011 84.58
10 0.79 0.12 0.013 84.67
11 047 0.06 0.006 87.23
12 0.36 0.04 0.004 88.88
Table S2

Results of experiment to study the effects of adsorbent dosage
(experimental conditions: adsorbent dose = variable (0.1-1.0 g);
pH=12; C,=40 ppm; contact time = 20 min; temperature = 25°C)

Adsorbent dose (g) A, Af C, % age exclusion
0.1 1.88 021 527 88.38
0.2 1.88 0.06 156 96.55
04 1.88 0.03 0.89 98.03
0.5 1.88 0.03 0.81 98.19
0.6 1.88 0.03 0.81 98.19
0.8 1.88 0.04 1.08 97.61
1 1.88 0.04 1.08 97.61
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Table S3

Results of experiment to study the effects of contact time
(experimental conditions: contact time = variable (05-120 min);
pH =12; adsorbent dose = 0.4 g; C, =80 ppm; temperature = 25°C)

Contact time (min) A, A y C, % age exclusion
5 1.845 0.134 7.401 92.699
10 1.845 0.131 7.203 92.894
20 1.845 0.124 6.818 93.273
30 1.845 0.117 6.428 93.658
40 1.845 0.11 6.043 94.037
50 1.845 0.101 5.602 94.473
60 1.845 0.096 5.302 94.769
80 1.845 0.087 4.802 95.262
100 1.845 0.078 4.302 95.756
120 1.845 0.069 3.802 96.249
Table S4

Results of experiment to study the effects of dye concentration
(experimental conditions: C, = variable (05-100 ppm); pH = 12;
adsorbent dose = 0.4 g; contact time = 30 min; temperature =25°C)

Adsorbate conc. (ppm) A, A C % age removal

f e

5 1.80 0.0047 0.360 99.737
10 1.82 0.008 0.634 99.543
20 1.86 0.013 1.007 99.290
30 1.88 0.016 1.250 99.128
40 1.90 0.018 1.430 99.014
50 1.90 0.020 1.570 98.920
60 1.90 0.022 1.679 98.847
80 191 0.023 1.820 98.753
100 191 0.025 1.930 98.678
Table S5

Results of experiment to study the effects of temperature (ex-
perimental conditions: temperature = variable (0°C-50°C);
pH = 12; adsorbent dose = 0.4 g; contact time = 30 min;
C, =200 ppm)

Temperature °C A, A, C, % age removal
0 1915  0.024 1.900 98.699
10 1915  0.022 1.687 98.845
20 1915  0.019 1.465 98.997
30 1915  0.017 1343  99.080
40 1915 0016 1.229  99.159
50 1915  0.015 1.145 99.216
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Table S6 Table S8
Investigational statistics for pseudo-first-order kinetics Investigational statistics for intraparticle diffusion model

Time (#) min C,(mgL™) q,(mg g™) log(q,-4q,) Time () min 12 C, (mgL™) q,(mg g™
5 7.401 1.814 -1.045 5 2.23 7.401 1.814

10 7.203 1.819 -1.070 10 3.16 7.203 1.819

20 6.818 1.829 -1.122 20 447 6.818 1.829

30 6.428 1.839 -1.182 30 5.47 6.428 1.839

40 6.043 1.848 -1.251 40 6.32 6.043 1.848

50 5.602 1.859 -1.346 50 7.07 5.602 1.859

60 5.302 1.867 -1.425 60 7.74 5.302 1.867

80 4.802 1.879 -1.602 80 8.94 4.802 1.879

100 4.302 1.892 -1.903 100 10.0 4.302 1.892

120 3.802 q,=1.904 -10.26 120 10.9 3.802 1.904
Table S7
Investigational statistics for pseudo-second-order kinetics Table S9

Calculation of R, values

Time (f) min C,(mgL™) q,(mgg™) t/q,

5 7 401 Lsla 754 b Initial dye conc. R,

10 7.203 1.819 5.494 1.66 x 10°° 1.22555E-05 1

20 6.818 1.829 10.93 1.66 x 107 2.45111E-05 1

30 6.428 1.839 16.31 1.66 x 10°° 4.90221E-05 1.000000001
40 6.043 1.848 21.63 1.66 x 107° 7.35332E-05 1.000000001
50 5.602 1.859 26.88 1.66 x 107° 9.80443E-05 1.000000002
60 5302 1.867 3212 1.66 x 107 0.000122555 1.000000002
30 4.802 1.879 42,55 1.66 x 10 0.000147066 1.000000002
100 4.302 1.892 52.84 1.66 x 10 0.000196089 1.000000003
120 3.802 1.904 62.99 1.66 x 10 0.000245111 1.000000004
Table 510
Experimental data for Langmuir isotherm model

Initial conc. (ppm) or mg L™ Initial conc. (mol L) C, (ppm) C, (mol L) C.=(C-C)V/m(@molg") CJC, (gL
5 1.22 x 107 0.360 8.83 x 107 2.84 x 107 3.106

10 245 x107° 0.634 1.55 x 10° 5.73 x 107 2.709

20 490 % 10°° 1.007 246 x 10°° 1.16 x 10-° 2.122

30 7.35x 107 1.250 3.06 x 10°° 1.76 x 10 1.739

40 9.80 x 10°° 1.430 3.50 x 10° 2.36 x 10 1.483

50 0.00012 1.570 3.84 x10° 2.96 x 10 1.296

60 0.00014 1.679 411 x10° 3.57 x10°° 1.151

80 0.00019 1.820 4.46 x 10°° 4.79 x 10 0.931

100 0.00024 1.930 4.73 x10° 6.00 x 10°° 0.787
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Table S11

Experimental data for Freundlich isotherm model
Initial conc. (ppm) Initial conc. (mol L) C, (mol L) C,..=(C,-C,)V/m (mol g™) logC, logC._,.
5 1.22 x 107 8.83 x 1077 2.84 x 107 -6.05 -6.54
10 2.45 x 107 1.55x10° 5.73 x 107 -5.80 -6.24
20 490 x 10° 2.46 x 10°° 1.16 x 10° -5.60 -5.93
30 7.35 x 107 3.06 x 10°° 1.76 x 10-° -5.51 -5.75
40 9.80 x 10~ 3.50 x 10°° 2.36 x 10°° -5.45 -5.62
50 0.00012 3.84 x10°° 2.96 x 10°° -5.41 -5.52
60 0.00014 411 x10° 3.57 x 10°° -5.38 -5.44
80 0.00019 4.46 x10° 4.79 x 10°° -5.35 -5.31
100 0.00024 4.73 x 10 6.00947E-06 -5.324 -5.221

Table S12

Experimental data for Dubinin-Radushkevich model
Initial conc. (ppm) C, (mol L) C..=(C,—C)V/m (mol g™ InC_,_ & =RTIn{1+(1/C)} &2
5 8.83 x 107 2.84 x 107 -15.07 2.31 5.37
10 1.55 x 10 5.73 x 1077 -14.37 2.22 494
20 2.46 x 10 1.16 x 10°° -13.66 2.14 4.60
30 3.06 x 10 1.76 x 10°° -13.24 2.11 4.45
40 3.50 x 10°° 2.36 x 10°° -12.95 2.08 4.36
50 3.84 x 10 2.96 x 10 -12.72 2.07 4.29
60 4.11x10° 3.57 x 10° -12.54 2.06 4.25
80 4.46 x10°° 4.79 x 10° -12.24 2.04 4.19
100 4.73 x10°° 6.00 x 10°° -12.02 2.03 4.15

Table S13

Investigational statistics for thermodynamic parameters
C, (mol L) C,=(C,-C) (mol L) T (°C) T (K) 1/T K =CJC, InK_
4.65 x 10° 0.0004855 0 273 0.0036 104.22 4.64
413 x10° 0.0004860 10 283 0.0035 117.55 4.76
3.59 x 10° 0.0004866 20 293 0.0034 135.45 4.90
3.29 x10°° 0.0004869 30 303 0.0033 147.86 4.99
3.01 x10°° 0.0004872 40 313 0.0031 161.73 5.08
2.80 x 10°° 0.0004874 50 323 0.0030 173.66 5.15

Table S14

Results of regeneration study

Adsorbent Cedrus deodara sawdust
Adsorbate (dye) Crystal violet
Chemical used for desorption 1M HNO,

Contact time (min) 20 min

% age removal 93%
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