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Abstract

In this study, the activated carbon was prepared from sugarcane leaves under the
chemical activation with NaCl for the adsorption of crystal violet dye in an aqueous solution.
The effect of various experimental parameters, such as pH (2-10), contact time (10-420 min),
initial dye concentration (25-300 mg/L), and temperature (20, 30, and 40°C) was investigated.
The adsorbent was characterized by Fourier transform infrared spectroscopy (FTIR). The
results showed that the equilibrium adsorption data were better described by the Langmuir than
the Freundlich and Dubinin—Radushkevich isotherm models, and the maximum adsorption
capacity was found to be 9.47 mg/g at 30°C. The adsorption kinetics agreed well with the
pseudo-second-order model. Thermodynamically, the process was spontaneous and
endothermic. The mechanisms of crystal violet adsorption onto activated carbon were an
electrostatic attraction, hydrogen bonding, Yoshida hydrogen bonding, and n-r interaction.
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1. Introduction

Dyes are used for dying products
(textiles, paper, plastic, leather, food, and
cosmetics, etc.), and they are lost in dye
effluent during such a dying process. In
addition, the stability of most dye molecules
under the condition of light, heat, and
chemicals leads to the fact that the dying
effluents are difficult to degrade [1]. The
presence of dyes can cause damage to living
beings in the water.

Crystal violet, used as a commercial
textile dye, is a recalcitrant molecule that is
poorly metabolized by microbes and
consequently is  long-lived in the
environment [2]. It is carcinogenic and non-
biodegradable and can persist in various
environments [3]. It is harmful by inhalation,
ingestion through skin contact and has been
found to cause cancer, severe eye irritation in
human beings [4].

Several treatments have been used to
remove dyes from aqueous solutions. Among
several dye removal techniques, adsorption is
efficient in removing different kinds of dyes
from water and wastewater. Activated carbon
is the most efficient adsorbent because of its
high surface area, but it is relatively high.
Therefore, much attention is on preparing
activated carbon from agricultural waste for
ultimate use as adsorbents [5, 6].

Sugarcane bagasse offers a large amount
of sugarcane leave waste. Sugarcane leaves
left in the fields during sugarcane harvesting
are burnt, which produces fly ash, severely
damages soil microbial diversity, and raises
environmental concerns. Many studies have
been conducted to search for the sugarcane-
leaf biomass for wastewater treatment such
as Pb(Il) [7], Pb(II), Cd(II), and Cr [8], Ni(II),
Cr(IIT) and Co(II) [9], Auramine-O [10], and
methyl orange [11]. However, there have
been no research reports on removing crystal
violet dye with sugarcane-leaf-activated
carbon.

In this work, sugarcane leaves were used
to prepare activated carbon and applied for
crystal violet removal in an aqueous solution
under the batch adsorption process. The
activated carbon was characterized by

Fourier transform infrared analysis (FTIR).
The various adsorption parameters, such as
pH, contact time, initial dye concentration,
and temperature, were investigated. The
experimental data were analyzed by isotherm
and kinetic models. Also, the thermodynamic
study was evaluated. Then, the adsorption
mechanism was presented.

1.1 Preparation of adsorbent

Sugarcane leaves were obtained from
Khok Samrong District, Lopburi, Thailand.
They were washed several times with tap
water and dried in a hot air oven. Then,
sugarcane leaves were cut to about 1 inch and
soaked in 2.0 M sodium chloride with a ratio
of 1:20 (g/ml) for 24 hr. It was dried at a
temperature of 100°C for 24 hr. The char of
sugarcane leaves was heated up to activation
temperature at 400°C for 2 hr. After that, it
was rinsed with distilled water until its pH
value was 7. The activated carbon from
sugarcane leaves (ACSL) was dried at 100°C
and crushed with a blender, and sieved
particle size to 150-300 um. Then, it was
stored in a desiccator until used.

1.2 Preparation of adsorbate

APS Ajax Finechem, Australia supplied
crystal violet (C.1.42555, chemical formula,
C25H20CIN3, molecular weight = 407.99 g
mol "), and its molecular structure is shown
in Fig 1. Adsorbate was dried at 80°C for 2 h.
[12].

CH3

Figure 1. Structure of crystal violet

1.3 Characterization of adsorbent

The adsorbent was characterized by
Fourier transform infrared analysis (FTIR,
Perkin Elmer, model two) in the range of
4000 to 400 cm™".
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2. Batch of dye adsorption

For the adsorption experiment, the effect
of parameters, such as pH (2-10), contact
time (10-420 min), and dye concentration
(25-300 mg/L), was investigated. In each
experiment, 100 ml of crystal violet solution
was added to 1.0 g of activated carbon in a
250-ml Erlenmeyer flask. The flasks of the
mixture were stirred at 200 rpm in an
isothermal shaker. At the end of adsorption at
any time, the sample was filtered, and the dye
concentration remaining in the solution was
measured by a double beam UV-Visible
spectrophotometer at 585 nm.

The percentage (%) and the amount of

adsorption, q; (mg/g) were calculated by
equations (1) and (2):

(CO-Ce)XIOO (1)

% adsorption = c

(0]

(Co-COV )
W

where C, (mg/L) is initial dye concentration,
C; (mg/L) is the concentration at any time,

g¢ (mg/g) is the amount adsorbed at any

time, V(L) is the volume of the solution and
W(g) is the mass of adsorbent. Each
experimental treatment was run in triplicate.

2.1 Adsorption Isotherm
The Langmuir isotherm in a linear form
is represented as follows [3]:

C._ 1 .+ 1 3)
Jde Y9max KLqm
where C, (mg/L) is the equilibrium

concentration, (., (mg/g) is the amount
adsorbed at equilibrium, K| isthe Langmuir

constant, and (,,x (mg/g) is the maximum

adsorption capacity. The essential characteristics
of a Langmuir isotherm can be expressed in

terms of a dimensionless separation factor

(Ry ) which is defined by:
R - ! ©
(I+K C,)

The Freundlich isotherm in a linear form
is represented as follows [3]:

log q. = log Kg + ﬁ log C, )

where Ky (L/g) is the adsorption capacity

and 1 is the adsorption intensity [3].
n

The Dubinin—Radushkevich isotherm in
a linear form is represented as follows [3]:

In ge=In qq — Kpr.&? (0)
where € can be correlated in Equation (7):
&2 =[RT In (1+1/Ce)]? (7

The constant Kpr gives an idea about the
mean adsorption energy (E, kJ/mol), which
explain the adsorption mechanism, and the
equation is shown as follows:

g oo | (®)

2K
DR

2.2 Adsorption Kinetics
The pseudo-first-order kinetic in a linear
form is written as follows [4]:

K, O
2.303

log (q.—q¢) =log g —

where k; (min~') is the rate constant of

pseudo-first-order, and ¢; (mg/g) is the

amount adsorbed at any time (min).
The pseudo-second-order kinetic in a
linear form is written as follows [4]:
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(10)

where k, (g.mg~'.min") is the rate constant

of pseudo-second-order kinetic adsorption.
The intraparticle diffusion model is
written as follows:

a4 = Kig®'"?+C (i

where K4 is the intraparticle diffusion rate

constant (mg/(g.min'?), and C gives the idea
of the thickness of the boundary layer.

3. Results and discussion

3.1 FTIR study

FTIR spectra of ACSL before and after
dye adsorption are shown in Fig 1. Prior to
the adsorption, the broad band observed in
the range of 3,200-3,500 cm™! belongs to the
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hydroxyl O-H group [13]. The peaks in the
region of 2,850-3,000 cm! indicate the
presence of C-H stretching vibration [14].
The peaks observed in the range of 1,600-
1,820 cm™! indicate the presence of C=0
groups [13], The adsorption peaks of C=0 in
the carboxylic acid and ketone appear at
1714.28cm'and 1676.94 cm™1, respectively.
The peak at 1579.13 cm™! indicates probable
C=C stretching in aromatic rings [15, 16].
The peaks observed in the range of 1,300-
1,420 cm™! referred to C = C-H in-plane
bending suggesting several bands in cellulose
and xylose [17]. In addition, the peak at
1259.79 cm™! results from C-O stretching
vibration in lignin and xylan [18].
Meanwhile, the FTIR peak at 1101.02 cm™!
is related to the stretching C-O group [19]

After adsorption, the FTIR bands are
shifted because of the interaction of CV
molecules at the functional groups of the
activated carbon.

X {
¥ .IJ ‘
L
# :l |
I
; a
; 776.14 ‘
7 /
1516.98 1259.79 /
/
1101.02 :
1579.13 55542
503,92
2000 1500 1000 500

Wavenumber (em™)

(a) ACSL before adsorption
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Figure 1. FTIR of adsorbent (a) before adsorption and (b) after adsorption

3.2 Effect of pH

The effect of pH is an essential factor for
the adsorption process. It was found that the
removal of CV increased with increasing pH,
as shown in Fig. 2. The maximum dye
removal was observed at pH 8 (90.67%).

92
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80
78
76

% removal

01 234567891011

pH

Figure 2 Effect of pH (initial CV
concentration 50 mg/L, dose 1.0 g,
temperature 30°C)
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At low pH, low adsorption was observed
due to the repulsion between CV' and
positive charge on the adsorbent’s surface.

The adsorbent's surface becomes
negatively charged at higher pH, increasing

adsorption.  The  adsorption  reaction
(electrostatic interaction) 1is shown as
follows:
R-OH+ OH™ »>R-O0"+H,0  (12)
R-O"+CV' - R-O"CV" (13)

3.3 Effect of contact time

For the effect of contact time, the
adsorption experiments were carried out at
varying contact times between 10-480 min,
and the adsorption data were shown in Fig 3.
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Figure 3 Effect of contact time (pH 8, initial
CV concentration 50 mg/L, dose 1.0 g,
temperature 30°C)

During the first rapid adsorption stage,
dye molecules adsorbed on the external
surface of activated carbon via boundary
layer adsorption due to the availability of
high surface area [20]. As seen in Fig. 3, the
R*=0.992 adsorption occurred very rapidly
in the initial stage of the contact time at 10

min (qt = 3.81mg/ g) and gradually
increased with time until it reached the
equilibrium at 360 min (¢, = 4.78mg/g) In
the second stage, crystal violet passed deeper
into the micropores of activated carbon. This
diffusion step faced higher resistance as the
micropores got filled up, and it caused the
process to R> =0.999 be slower [21].

3.4 Adsorption Kinetics

The adsorption data, obtained from the
effect of contact time, were analyzed by three
kinetic models. The linear plots of pseudo-
first-order, pseudo-second-order, and
intraparticle diffusion are shown in Figure 4
(a, b, and c). The result showed that the

correlation coefficient (Rz) of the pseudo-
second kinetic model (R2 =0.999) was

more than that of the pseudo-first-order
(R2 =0.992) Moreover, the g, (4.85mg/g)

value calculated by the pseudo-second-order
model was closer to the experimental

q.(4.78mg/g)
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Figure 4 Kinetics of dye adsorption

The data were fitted better to the pseudo-
second-order, indicating that the dye
adsorption process was an external surface
reaction. The kinetic parameters were
calculated as shown in Table 1.

For the intraparticle diffusion model
(Fig. 4c), it was observed that the plot
presented three linear portions, and the
straight lines did not pass through the origin,
indicating that the intraparticle diffusion was
not the only rate-controlling step [22, 23].
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Table 1. Kinetics of dye adsorption

Kinetic models parameters
9e( (exp) (mg/g) 4.78
Pseudo—first order
Jc(cal) (mg/g) 1.58
k; (min~") 2x1073
R? 0.992
Pseudo—second order
qe(cal) (mg/g) 4.85
k,(gmg!.min~") 2.6x1072
R? 0.999
Intraparticle diffusion
Kid 0.041
C (mg/g) 3.992
R? 0.955

3.5 Effect of initial concentration of dye
The equilibrium adsorption experiments

were investigated at varying initial

concentrations (25, 50, 100, 200, and 300

mg/L). In Figure 5, the plot of .qe against

initial concentrations (Co) is shown.

10

-

-’

qe (mg/g)
'

0 50 100 150 200 250 300 350

initial dye concentration (mg/L)

Figure S. Effect of initial dye concentration
(pH 8, dose 1.0 g, time 360 min,
temperature 30°C)

The results showed that the equilibrium
adsorption capacity ( (. ) increased as the

initial dye concentration increased and
gradually increased after that. This may be
due to the increase in the driving force of the
concentration gradient for mass transfer with
the rise of the initial dye concentration.
However, the dye uptake capacity would

occur until sorbent saturation was achieved.
This was due to a limited number of active
sites and pores on the adsorbent [24], and the
available surface areca of the adsorbent
became smaller as CV molecules got
adsorbed on the adsorbent surface, resulting
in the removing rate gradually slowing
downed wuntil reaching saturation at
equilibrium.

3.6 Adsorption isotherm

The equilibrium adsorption data of CV
on ACSL were tested by the Langmuir,
Freundlich, and Dubinin—Radushkevich
isotherms. The linear plots of isotherm are
shown in Fig 6 (a, b, c), and the
corresponding adsorption parameters and the
relative coefficients (R?) are presented in
Table 2. According to R?, the experimental
data fit the Langmuir better than the
Freundlich and Dubinin—Radushkevich
isotherm models.
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Figure 6. Isotherm models on adsorption

The Langmuir isotherm confirmed the
monolayer coverage of dye on ACSL and the
maximum adsorption capacity

(9max ) Was found to be 9.47 mg/g at 30°C.
Furthermore, the parameters (Rr) were found

in the range of 0-1, confirming the favorable
adsorption for CV on ACSL.

Table 2. Isotherm parameters for adsorption
of CV on ACSL

Isotherm models parameters
Langmuir isotherm

9 pax (M) 9.47

Ky (L/g) 1.40

Ry 0.028-0.002

R? 0.993
Freundlich isotherm

Kp (L/mg) 3.21

I/n 0.20

R? 0.945
Dubinin—Radushkevich

q (mg/g) 7.29

E (kJ/mol) 2.23

R? 0.831

For the Freundlich isotherm, the value
of 1/n below 1 indicated a normal Langmuir
isotherm and reflected the adsorption was
favorable [25].

For the Dubinin—Radushkevich
isotherm, the plot of In qc versus &* (Figure
6¢) enabled the constant Kpg and E was
determined (Table 2) by Eq. (8). The E value

of 2.23 kJ/mol revealed that the adsorption
was a physical process, as the magnitude of
E was below 8 kJ/mol [26].

3.7 Thermodynamic of adsorption

To evaluate the thermodynamic
parameters of adsorption, the adsorption
experiments were carried out at 20, 30, and
40°C for initial dye concentration at 50 mg/L,
and its plot of log (q¢/Ce) against 1/T is shown
in Fig 7.

The thermodynamic parameters of
adsorption are shown in Table 3. The values
of AG were estimated to be —0.296, —1.641,
and —3.603 kJ/mol at 20, 30, and 40°C,
respectively. The negative value of AG
indicated that the adsorption was
spontaneous and favorable adsorption.

0.7
0.6
0.5
0.4
0.3 b
0.2
0.1

0.0
0.0031

log (qe /Ce)

0.0032  0.0033  0.0034  0.0035

1/T
Figure 7. Thermodynamic of adsorption
(pH 8, dose 1.0 g, time 360 min. )

Table 3. Thermodynamic parameters of CV

adsorption on ACSL
Tem -AG AH AS
(K)  (kJ/mol) (kJ/mol)  (J/mol)
298 0.296 52.507 179.250
303 1.641
308 3.603

The positive value of AH was 52.507
kJ/mol, indicating that the adsorption was an
endothermic process. The positive value of
AS was 179.250 J/mol, indicating that the
adsorption increased randomness at the
solid/liquid interface during the adsorption
process.
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3.8 Mechanism of adsorption

Possible mechanisms of the adsorption
are presented in Fig. 8. In alkaline condition
at pH 8, the adsorption mechanism was an
electrostatic attraction (— - - —) as discussed
in section 3.3. By the FTIR study, the
oxygen-containing functional groups on
activated carbon can form hydrogen bonding
€ - - 9, Yoshida- hydrogen bonding (-==+-++ )
and n-m interaction (---------- ). For after
adsorption, FTIR peak at around 3350 cm’
was shifted to 3369.79. This result suggested
that hydrogen bonding and Yoshida-
hydrogen bonding might be formed. This
suggestion was similar to the adsorption of
crystal violet onto the almond shell surface
[27]. In addition, the C-O peak of the
activated carbon decreased its intensity and
shifted to a lower wavenumber from 1101.02
to 1097.54 cm™!, confirming the presence of
n-nt interactions. This finding is consistent
with the adsorption of cationic dye on
activated charcoal [28].

COO™ or O

~ i
/ -
,’l 1 i \)\ :
2 I I | = CHs
HaCo /A = ol
e - S, -

| cr
CH4

Figure 8. Mechanism of crystal violet dye
adsorption on ACSL surface

4. Conclusion

In the present study, the adsorption of
crystal violet on activated carbon prepared
from sugarcane leaves by NaCl activation
was investigated under batch conditions. The
adsorption capacity increased with the
increase of pH, contact time, initial dye
concentration, and temperature. The
maximum dye adsorption percentage was
90.67% at pH 8, and adsorption reached
equilibrium at 360 min. The experimental
data were better described by the Langmuir
isotherm. The kinetic adsorption data were
best described by the pseudo-second-order
model. The intraparticle diffusion study
showed that the adsorption was not the only
rate-limiting step. The thermodynamic
analysis confirmed that the dye adsorption
was spontaneous and favorable, and it was
endothermic. The adsorption mechanisms of
CV on activated carbon were electrostatic
attraction, hydrogen bonding, Yoshida
hydrogen bonding, and n-r interactions.
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