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ABSTRACT

Activated carbons prepared from the pericarp of rubber fruit (PrAC) or from bagasse (BAC) were
compared with a commercial activated carbon (CAC) in an adsorption and desorption study of
crystal violet in aqueous solution. The adsorbents were characterized by scanning electron micros-
copy, as well as for specific surface and pore size distribution from Brunauer-Emmett-Teller,
Fourier-transform infrared spectroscopy, and the point of zero charge (pH ). The effects of adsor-
bent dosage, contact time, initial concentration of crystal violet, pH, and temperature were studied.
The Langmuir adsorption isotherm fit well, and the calculated maximum adsorption capacities (g, )
were 896.7, 432.66, and 351.12 mg g at 60°C and pH 5.0 for CAC, PrAC, and BAGC, respectively.
The desorption study confirmed that PrAC, BAC, and CAC can be regenerated. The adsorption
of crystal violet by PrAC, BAC, or CAC was endothermic and spontaneous. The heats of adsorp-
tion (AH®°/k] mol™ = 18.43 for PrAC, 16.49 for BAC, and 30.82 for CAC) confirmed physisorption
as adsorption mechanism. The maximum desorption percentages of crystal violet solution were
67.08, 46.32, and 40.64 for CAC, PrAC, and BAC at pH 2.03, indicating that PrAC and BAC can be

reused in an economic treatment process.
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1. Introduction

Dyes cause a lot of pollution in the environment. The
water used to clean equipment and plant areas becomes
wastewater and can carry foul-smelling or toxic substances
into rivers. It is estimated that textile industries release
weekly approximately 100 tons of dyes and pigments
into the rivers [1,2]. Degradable organic dyes reduce
the amount of dissolved oxygen in water, which affects
living organisms and obstructs the light necessary for
photosynthesis.

* Corresponding author.

Crystal violet, or gentian violet, is a basic dye that is
used in many applications as a pH indicator (yellow to vio-
let transition at pH 1.6). In the medical community, it is the
active ingredient in gram stain used to classify bacteria, a
dermatological agent, a veterinary medicine; and it is used
in industries such as textile dyeing and paper printing.
The triphenylmethane groups in its structure are potentially
carcinogenic, and crystal violet will destroy cells. Therefore
it can be used as a disinfectant. The ability of crystal violet
to bind to DNA is useful in cell viability assays, but also
causes replication errors in living tissue, possibly leading to
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mutations and cancer [3]. So, to protect the ecosystem and
human health, wastewater containing crystal violet must be
purified by an effective method before release to the natural
environment.

The removal of color from dye-bearing effluents is a
major problem because of the difficulty in treating such
wastewater by conventional treatment methods. There are
various methods of treatment: ultrafiltration [4], coagula-
tion [5], ion exchange [6], photocatalysis [7], and adsorption
[8-10], the last of which is a particularly interesting method.
Adsorption is cost-effective in the removal of dyes from
wastewater, and the adsorbents used include chitosan [11],
zeolite [12], and activated carbon [13-16]. Adsorption to acti-
vated carbon utilizes its large specific surface, microporous
structure, high adsorption capacity, and high surface reac-
tivity [17], but commercial activated carbon (CAC) is expen-
sive. Many agricultural wastes have been converted into
effective low-cost adsorbents. The total cost for the prepara-
tion of 1 kg of adsorbent was reported as 15.71, 39.45, 2.21,
and 15.13 THB (Thai Baht) for activated tamarind seeds,
activated leaves, sawdust, and activated fly ash, respectively
[18]. Agricultural wastes have been tested for the removal of
crystal violet, namely rice husk [19], potato peels [20], male
flowers of the coconut tree [21], and bamboo leaves [22], but
the adsorption capacities were low. There are several studies
on adsorption by activated carbon, not on using pericarp of
rubber fruit or bagasse converted to active carbon. Thus, this
study prepared activated carbon from the pericarp of rub-
ber fruit (PrAC) and bagasse (BAC), utilizing agricultural
wastes easily accessible in Thailand, and compared these
with CAC for their potential to remove crystal violet from
aqueous solution, in order to replace expensive CAC in the
treatment of wastewater.

2. Materials and methods
2.1. Materials

The CAC was obtained from Sigma-Aldrich, UK. The
pericarp of rubber fruit and bagasse agricultural wastes
were collected from Hat Yai, Thailand. Zinc chloride, ZnCl,
AR., 98%, was purchased from Sigma-Aldrich. Crystal
violet came from BDH Chemicals Ltd., Poole, UK. Sodium
hydroxide, NaOH A.R., 99%, and hydrochloric acid, HCI
AR, 37%, used for pH adjustment, were purchased from
Labscan Ireland and Merck, Germany, respectively.

2.2. Preparation of PrAC and BAC adsorbents

The activated carbons from the pericarp of rubber fruit
(PrAC) and bagasse (BAC) were produced by carbonization
and chemical activation with ZnCl,. The activated carbon
produced by ZnCl, activation is dominantly micropo-
rous, but with a significant component of mesopores that
increases with the impregnation ratio (ZnCl,/precursor)
[23,24]. For carbonization, the pericarp of rubber fruit and
bagasse were dried and cut to small approximately 1-inch
square pieces, which were carbonized in a muffle furnace
at 400°C for 1 h under atmospheric conditions. This caused
thermal decomposition, phase transitions, and removal of
volatile components. After carbonization, the residual char

was ground and graded by sieve sizing to 140-170 mesh
fraction. The ground char was chemically activated by mix-
ing with a concentrated solution of ZnCl, at a ratio of 1:2.
The mixture was heated at 600°C for 3 h in the muffle fur-
nace and, when removed from the furnace, the activated
carbon was washed with a 1% HCI solution. It was then
soaked in hot water for 5 min and the water was drained
through a Buchner funnel. This washing step was repeated
two more times to obtain a neutral pH. Finally, the acti-
vated carbon (AC) was dried in an oven at 110°C for 24 h.
The PrAC and BAC were kept in desiccators [25]. The oven-
dried PrAC and BAC were powdered and sieved to 140-
170 mesh fractions [26] and stored in desiccators until use
in crystal violet sorption experiments.

2.3. PrAC, BAC and CAC adsorbent characterizations

A scanning electron microscopy (SEM) (JSM-5800 LV at
Scientific Equipment Center of PSU, Thailand) was used to
analyze the morphology and porosity of the PrAC, BAC, and
CAC adsorbents.

Brunauer-Emmett-Teller (BET) specific surface areas
of PrAC, BAC, and CAC were determined from nitrogen
adsorption isotherms at 77 K produced with a Coulter SA
3100 analyzer (Thailand). The pore size distribution was
calculated from the Barrett-Joyner—-Halenda (BJH) model.
(The measurements were conducted at the Department of
Chemical Engineering, PSU, Thailand).

The Fourier-transform infrared spectroscopy (FT-IR)
spectra of PrAC and BAC were recorded with an FT-IR
spectrophotometer (Spectrum GX, Perkin Elmer, U.S.) over
the wavelength range from 4,000 to 400 cm™. The transmis-
sion infrared spectra of the carbon samples were obtained
using the KBr technique. The KBr pellets were prepared
from activated carbon-KBr mixtures at a ratio of approxi-
mately 1:300. Before the spectrum of a sample was recorded,
a background line was obtained arbitrarily and subtracted.
The spectra were recorded at a scan rate of 0.2 cm s, and for
better resolution, the data of the interferogram at a resolu-
tion of 4 cm™ were scanned more than 10 times.

The point of zero charge (pH ), at which the surface
of an adsorbent is neutral, was determined for PrAC, BAC,
and CAC by the pH drift method [27]. The pH of 0.1 M NaCl
solution was adjusted to a value from 2 to 12, and the adsor-
bent was added into 100 mL of the pH-adjusted NaCl. The
flasks were sealed to eliminate any contact with air and left
at ambient temperature. The final pH was recorded after it
had stabilized (typically after 24 h). The pH  value of acti-
vated carbon was the point at which the initial pH and the
final pH, were equal, obtained from the graph of final pH,
vS. initial pH,.

2.4. Adsorbate (crystal violet) solution

Crystal violet (C,,H, N,Cl, MW 407.98 g mol™, solubil-
ity in water 16 g L7at 25°C) is the adsorbate in this study.
A stock solution was prepared by dissolving an accurately
weighed quantity of crystal violet to have 1,000 mg L™ dis-
tilled water concentration. The experimental solutions at
the desired concentrations were prepared by diluting the
stock solution with distilled water, to obtain a series of
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standard solutions with concentrations ranging from 250 to
500 mg L. The concentration of the crystal violet solution
was measured by UV-Visible spectrophotometry at 591 nm.

2.5. Adsorption experiments

In the adsorption tests, 0.03 g of PrAC, 0.05 g of BAC or
0.02 g of CAC was added into 50 mL of crystal violet solu-
tion Adsorption equilibrium studies of crystal violet on
PrAC, BAC and CAC were carried out by a batch equilibra-
tion method at 30°C, 40°C, 50°C, and 60°C. The concentra-
tions of crystal violet in solutions at pH 5.0 (natural pH of
solution) varied in the range from 250 to 500 mg L. After
gentle shaking to reach equilibrium, the contents were cen-
trifuged. UV-Vis spectrophotometry at 591 nm determined
concentrations of crystal violet before and after adsorption.
The adsorption capacity, g, (mmol g™), and the percentages of
crystal violet adsorbed were calculated from Egs. (1) and (2),
respectively [28]:

v(c,-C,)
_\o T e 1
q. W @
%adsorbed = CUC_ €. 100 )

e

where ¢, is the adsorption capacity (mmol g™), V is the vol-
ume of the solution (L), C is the initial concentration of crys-
tal violet (mmol L™), C, is the equilibrium concentration of
crystal violet (mmol L) and W is the mass of the adsorbent
(8)-

The effects of adsorbent dosage, contact time, pH and
temperature were also studied. All of the adsorption exper-
iments used 50 mL of 300 mg L crystal violet solution at
pH 5, which is the natural pH of crystal violet aqueous solu-
tion. All experiments were conducted in triplicates. To deter-
mine the effects of pH, the initial pH of the dye solution was
adjusted to between 2 and 10 using HCI or NaOH solutions.
The equilibrium data were used in studies of kinetic adsorp-
tion, adsorption isotherms, and thermodynamics.

Kinetic experiments were conducted on crystal violet
solutions at initial concentrations of 300, 400, and 500 mg L
and at a constant initial pH of 5.0. PrAC (0.03 g), BAC (0.05 g)
or CAC (0.02 g) was added into 50 mL of crystal violet solu-
tion, which was then continuously shaken. Solution samples
of 1 ml were withdrawn with a syringe at pre-determined
sampling times and analyzed for residual crystal violet by
UV-Vis spectrophotometry at 591 nm.

2.6. Equation models for adsorption kinetics, isotherms and
thermodynamic studies

2.6.1. Kinetic adsorption models

The pseudo-first-order model can be expressed by the
Lagergren equation [29] and the pseudo-second-order model
by the expression reported by Ho and McKay [30]. They are
shown in Egs. (3) and (5), respectively, and integrating these
into linear form gives Eqs. (4) and (6):

%:kl(q:%) ©)
In(q, —q,)=Ing, -kt )
%:kz(m—%)z ®)
L 12+lt (6)
9 kd. 4.

where g, and g, are the amounts of dye adsorbed (mmol g') at
equilibrium and at any time ¢, k, is the rate constant (min™),
and k, is the second-order rate constant (g mmol™ min™).
The adsorption process can be separated into three
stages: external surface adsorption, gradual adsorption when
intraparticle diffusion is rate-controlling, and interior surface
adsorption that is the final equilibration stage [31].
The intraparticle diffusion model proposed by Weber and
Morris [32] is shown in Eq. (7):

q, =kt +C ()

where k is the intraparticle diffusion rate constant
(mg g min™?).

The nature of initial adsorption behavior can be explained
by the initial factor based on the intraparticle diffusion
model. In the first instance, Eq. (7) can be written as:

Qe =k 12 +C 8)

pref

where t _, is the longest time of adsorption and g, is the
amount adsorbed at t_. The difference of Egs. (8) and (7)
gives:

Gus =, =k, (17 — 1) ©)

Rearrangement of Eq. (9) yields:

¢ 1/2
(%J:1_Ri 1_{]
qref tref
where R, is defined as the initial factor based on the intra-
particle diffusion model and is expressed in Eq. (11):

(10)

R = 9 —C (11)
Tret

Values of R, are categorized into four zones: 0.9 < R, < 1.0

indicates weak initial adsorption (zone 1); 0.5 < R, < 0.9 for

intermediate initial adsorption (zone 2); 0.1 < R, < 0.5, for

strong initial adsorption (zone 3); and R, < 0.1 for approach-

ing complete initial adsorption (zone 4) [33].

2.6.2. Adsorption isotherm models

The Langmuir isotherm [34] is still the most common
model of adsorption. The non-linear form of Langmuir
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isotherm is shown in Egs. (12) and (13). The Freundlich iso-
therm [35] is an empirical equation employed to describe het-
erogeneous systems, expressed by Egs. (14) and (15).

_ 4.bC, 19
1= 1+bC, (12)
g = 1 + & (13)
q. b 4,
q,=K.C" (14)

1
Ing, =InK, +;lnCt, (15)

where C, is the equilibrium concentration of crystal vio-
let (mmol L), g, is the amount adsorbed at equilibrium
(mmol g') and q, and b are Langmuir constants. In fact, g,
is related to the maximum adsorption capacity (mmol g)
and b is the adsorption equilibrium constant (L mmol™).
K, (L g") is the so-called unit capacity factor that shows
adsorption capacity, and n is an empirical parameter rep-
resenting the heterogeneity of the site energies and also is
indicative of the intensity of adsorption. Cases with n > 1 are
favorable to adsorption [36].

2.6.3. Thermodynamic studies

The temperature dependence of crystal violet adsorp-
tion on PrAC, BAC or CAC was assessed from assays at the
four temperatures 30°C, 40°C, 50°C and 60°C. The thermo-
dynamic parameters were calculated from the van’t Hoff
Eq. (16) [37]:

AS® AHP
R RT

InK = (16)

Enthalpy (AH®) and entropy (AS°) were estimated from
the slope and intercept and the Gibbs free energy (AG°) was
determined from Eq. (17):
AG®°=AH°-TAS° (17)
where K_is the ratio of C, (the solid-phase concentration of
crystal violet at equilibrium in mmol L) to C, (the equilib-
rium concentration of crystal violet in solution in mmol L),

R is the universal gas constant (8.314 ] K mol™), and T is the
absolute temperature (K).

2.7. Desorption studies

Crystal violet in aqueous solution (300 mg L) was
adsorbed on PrAC, BAC, or CAC adsorbent until equilib-
rium was achieved. The PrAC, BAC, or CAC was centrifuged
out of the suspension and dried at 110°C. Aqueous solutions
were prepared for desorption studies by adjusting distilled
water to various pH 2-9 with either 0.1 M NaOH or HCL
PrAC, BAC, or CAC was added into 50 mL of each of these
solutions and agitated at 30°C for 24 h. To determine the

concentration of crystal violet in solution after desorption,
absorbance at 591 nm was determined by UV-Vis spectro-
photometry (UV 2600, Shimadzu, Thailand) and the per-
centage desorption of crystal violet to the solution was then
calculated from Eq. (18) [38]:

M
%desorption = M—de x100 (18)

ad

where M, and M, are the mass of crystal violet desorbed
and adsorbed, respectively.

3. Results and discussion
3.1. Characterization of PrAC and BAC
3.1.1. Scanning electron microscopy

The SEM micrographs of the morphology of the adsor-
bents PrAC and BAC in powder form (140-170 mesh) (Fig. 1)
shows the porosity of PrAC and BAC caused by ZnCl, acti-
vation. The PrAC and BAC contain numerous pores with
diameters ranging from around 9.5 to 19.5 um and from 5
to 10 um, respectively. The pores in PrAC, BAC, and CAC
were classified as macropores (>50 nm). Micropores and
mesopores could not be resolved by SEM even at a higher
magnification, possibly because of the limit of detection
of the instrument.

3.1.2. Specific surface area

The specific surface and pore size distribution of PrAC,
BAC, and CAC were estimated from the BET [39] and the
BJH models [40], respectively. The N, adsorption isotherms
(Fig. 2) can be classified into two types. According to the
International Union of Pure and Applied Chemistry classifi-
cation, the isotherm of the BAC sample approximately types
I, but the isotherm for PrAC is of mixed type. Unlike other
activated carbons, the present samples did not reach a clear
plateau. This indicates that PrAC and BAC are mainly micro-
and mesoporous in character, with a minor presence of larger
pores, where capillary condensation occurred [41]. The cal-
culated BET surface areas of PrAC and BAC (Table 1) differ.
The BET surface area of CAC is the highest. The adsorption
efficiency may be affected by the BET specific surface area.
Micropores are widely evaluated by using the potential the-
ory of Dubin, and t-plot, a-plot, or MP methods [42]. This
study used the f-plot method to determine the micropore
surface area, micropore fraction, and micropore volume, but
this method cannot be used to determine the size distribution
of micropores. Pore size distribution above 2 nm, however,
can be assessed accurately from the BJH model (Fig. 3) [43].

CAC possessed the largest micropore surface area and
micropore volume, and the micropore areal fraction ((micro-
pore surface area/BET surface area) x 100) was around 76%,
larger than those for PrAC and BAC (Table 1). Notably, CAC
had the greatest BET specific surface and greater incremental
volume of mesopores than PrAC or BAC (Fig. 3). The phys-
ical characteristics of the raw materials may have already
determined the nature of porosity in the respective activated
carbon products.
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Fig. 1. SEM micrographs of (a) PrAC, (b) BAC, and (c) CAC
(5,000).

BAC did not have significant volumes of mesopores
or macropores (>2 nm) whereas PrAC possessed a signifi-
cant volume of mesopores with the majority between 6 and
16 nm in diameter.

3.1.3. Fourier-transform infrared spectroscopy

FT-IR analysis identified the surface functional groups
of PrAC and BAC. The functional groups on the surfaces of
PrAC and BAC are indicated in the FT-IR spectra and the
results are summarized in Table 2. The strong band at about
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Fig. 2. N, adsorption isotherms for PrAC, BAC, and CAC.

3,400 cm™ is mainly assigned to O-H stretching vibrations.
The band observed at about 2,900 cm™ is ascribed to sym-
metric and asymmetric C-H stretching vibrations in aliphatic
CH, CH,, and CH, groups. The band at about 1,600 cm™ is
for C=C stretching vibrations in aromatic rings. The bands
observed in the range from 1,400 to 400 cm™ are due to
hydrogen, oxygen, and nitrogen functional groups, but it is
difficult to assign each band to a specific functional group
except for the strong band at about 1,020 cm™, which can be
attributed to C-O stretching vibrations. The FT-IR spectra of
PrAC and BAC are very similar [44].

3.1.4. Point of zero charge

The graphs of the final pH against the initial pH for the
activated carbon samples were obtained by using the pH
drift method. The results (Fig. 4) show that pH_ of PrAC,
BAC, and CAC were 6.5, 4.5, and 3.5, respectively, so that
these adsorbents were acidic in nature with negative charges.
Crystal violet has a positive charge and is electrostatically
attracted to these activated carbons.

3.2. Adsorption studies
3.2.1. Effects of various parameters
3.2.1.1. Weight of activated carbon

Fig. 5 shows that the percentage crystal violet adsorbed
at equilibrium increased with the amount of PrAC, BAC,
or CAC (0.02-0.07 g). A larger dose of PrAC, BAC, or CAC
increased the availability of adsorption sites [45]. The high-
est adsorption capacities at equilibrium were 0.75, 0.61,
and 1.52 mmol g™ for PrAC, BAC, and CAC, respectively.
These capacities were obtained with 0.03 g PrAC, 0.05 g
BAC, and 0.02 g CAC. These doses were considered to
near-optimal since the time to reach equilibrium was short,
which is desirable in industrial applications [46].

3.2.1.2. Contact time and initial dye concentration

In adsorption studies, the required contact time is one
aspect affecting the efficiency of an adsorbent. The rate of
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BET and micropore surface areas, with micropore fraction and volume for PrAC, BAC, and CAC
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Sample Total BET surface area Micropore surface Micropore fraction (%) Micropore volume
(m*g™) area (m” g™') (mL g™
PrAC 920.69 698.26 75.84 0.32
BAC 786.24 573.86 72.99 0.24
CAC 1,312.34 491.65 36.48 0.18
0.030 7 14
.1‘/“\ .
00251 &
00201 # AN @ PrAC 107
2 N —m—BAC 8
4k Ry
0.015 1 ¥ N --k-- CAC =
L} ‘\ &
¥ 5 61
0.010 1 * |
4
£ 0.005 T
5
0.000
0 . . . .
Average diameter (nm) 0 2 4 6 8 10 12
pHo

0,004
E --@- PrAC
L —m— BAC
0.003 T
0.002 T
0.001 1
2
0.000 T T T T T T
0 20 40 60 80 100 120 140

Fig. 3. BJH pore size distributions for PrAC, BAC, and CAC.

pzc

Fig. 4. The point of zero charge (pH__ ) for PrAC, BAC, and CAC.

Average diameter (nm)

% Crystal Violet adsorbed at equlibrium

40 L

--A-- CAC

30
0.02

0.03 0.04

0.05

0.06 0.07

uptake of crystal violet was measured every 2 h on PrAC
and BAC and every hour on CAC, until the equilibrium was
achieved around 8, 12, and 6 h for PrAC, BAC, and CAC
(Fig. 6). In the adsorption isotherm experiments, the reac-
tion time was long enough to ensure complete equilibration.

Weight of activated carbon (g)

Fig. 5. Effects of dose of PrAC, BAC, and CAC (0.02-0.07 g) on
adsorption of crystal violet (initially 300 mg L) at 30°C and
pH5.0.

Table 2

Surface functional groups of PrAC and BAC
Wave number Vibrational mode Functional group AC type Intensity
(cm™) PrAC BAC
3,400 O-H stretching H,O, phenol, alcohol / / Strong
2,900 C-H stretching CH,, CH, / / Weak
1600 C=0 stretching Carbonyl in ketone / / Medium

! C=C stretching Aromatic compound / / Medium

1,400 O-H bending Alcohol, carboxylic acid / / Medium
1,050 C-O stretching Alcohol / / Strong

/ indicates that peak is detected.
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Fig. 6. Effects of contact time and initial crystal violet concentra-
tion (300, 400, or 500 mg L) on adsorption by PrAC, BAC, and
CAC, at 30°C and pH 5.0.

The results show that the amount adsorbed at equilibrium
increased with the initial concentration of crystal violet
(Fig. 6). It was found that the adsorption capacity, q, also
increased with the initial concentration of crystal violet. The
higher g, was a result of the law of mass action, for a greater
dye concentration [47].

3.2.1.3.pH

The general trend was a slightly increased crystal vio-
let adsorption on activated carbon with pH (Fig. 7), above
pH 2. Due to protonation at low pH, H* adsorption on the
activated carbon surfaces competes for surface sites with the
crystal violet. The surface of PrAC is positively charged at
pH <pH_, (6.5) and BAC is negative for pH > pH_ _ (4.5).
As an increasing amount of crystal violet is acfsorbed,
this increases the pH, so the electrical repulsion force
becomes weaker and crystal violet may transfer to the sur-
face of the activated carbon due to the action of factors
such as reduced competition from protonation [48].

1.8
_______ L S
————- L

w51 1 e
_ aT % ----- @ PrAC
N e
g - CAC
£
& 09 1

0.3

Fig. 7. Effects of pH on adsorption of crystal violet (initially
300 mg L) by PrAC, BAC, and CAC in the pH range 2-9 at 30°C.

3.2.1.4. Temperature

The adsorption capacities of PrAC, BAC, and CAC adsor-
bents increased with temperatures from 30°C to 60°C
(Fig. 8). This indicates that the adsorption process was
endothermic [49].

3.2.2. Equilibrium models for the adsorption of crystal violet
3.2.2.1. Kinetic adsorption studies

A kinetic model predicts the effects of equilibration time
on adsorption. The kinetic models (pseudo-first-order and
pseudo-second-order types) and the kinetic parameters
along with coefficients of determination, R? for the adsorp-
tion of crystal violet by PrAC, BAC, and CAC, are presented
in Fig. 9 and Table 3. The values of k, in the pseudo-first-or-
der model were obtained from the slopes of linear fitted
lines in plots of In(g, — q,) vs. t (Fig. 9a—c). The values of k, for
the pseudo-second-order model were calculated from the
slopes of the linear plots of t/g, vs. t (Figs. 9d-f). The results
show that adsorption of crystal violet on PrAC, BAC, and
CAC was the best fit by the pseudo-second-order model,
giving larger values of R? than the alternative model type
tested here.

Fig. 10 and Table 4 present the intraparticle diffusion
model and the rate constant kﬂ evaluated from the slope
in the plot of g, against #'2. The values of R? indicate that
the intraparticle diffusion model gave the best fit to crys-
tal violet sorption by PrAC, BAC, and CAC. In addition,
the R, values from the intraparticle diffusion model (which
were calculated from Eq. (11)) for adsorption of crystal
violet by PrAC at 50, 100, and 200 mg L' were 0.70, 0.86,
and 0.91; for BAC these were 0.35, 0.57, and 0.63; and for
CAC they were 0.72, 0.77, and 0.76. For crystal violet at
200 mg L on PrAC, 0.9 < R, < 1.0 indicating weak initial
adsorption with low external mass transfer and low ini-
tial uptake rates, known as zone 1. For crystal violet at 100
and 200 mg L™ on BAC and on CAC, 0.5 < R, < 0.9 indi-
cates intermediate initial adsorption or zone 2. For crystal
violet at 50 mg L™ on BAC, 0.1 < R, < 0.5 indicates strong
initial adsorption, which means high initial result with
high external mass transfer and high initial uptake rates,
or zone 3 [33].
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Fig. 8. Effects of temperature on adsorption of crystal violet (ini-
tially 300 mg L) by PrAC, BAC, and CAC at 30°C, 40°C, 50°C,
and 60°C, and pH 5.0.

427

3.2.2.2. Adsorption isotherm studies

The adsorption isotherms of crystal violet by PrAC,
BAC, and CAC at various temperatures are shown in Fig.
11. The Langmuir isotherm in linear form Fig. 12a of crys-
tal violet sorption onto PrAC, BAC and CAC were plotted:
equilibrium concentrations in proportion to the adsorbed
amounts of crystal violet (C/g,) vs. the equilibrium con-
centration of crystal violet (C), at 30°C, 40°C, 50°C, and
60°C. The data were least-squares fit with a straight line,
and R? for the Langmuir adsorption isotherm approached
1 at every temperature tested. The maximum adsorption
capacities g, (mmol g7) were calculated from the slope
(=1/g,) and the equilibrium constant related to the heat of
adsorption, b (L mmol™), was calculated from the intercept
(=1/(bg,))- The values of g, b, and R? are shown in Table 5.
The favorability of the adsorption was confirmed from the
dimensionless separation factor (R)). The R, values for the
adsorption of crystal violet on PrAC, BAC, and CAC were

(a) 00 T (b) 1
a PrAC 0 BAC
- L -1
s S § ]
s 20 A & o]
= 300 mg/L i e : igg Eéft -t
: ‘S‘gg mg/| t 6 7 AS500mg/L
mg/| 7 A
40 + T T T -8 T T T
50 150 4 (mind%0 350 450 100 300/ (min) 500 700
0.0
(©
051 T
2 .
e -l01 Ty Tz
= ® 300 mg/L
15 M 400 mg/L S
20 A 500 mg/L _ . . . .
100 130 160 190 220 250 280 310
t (min)
1,000 ) 2,800
’ §
@ 300 mg/L ( 2400 | & 300
800 | M 400 mg/L , : 400 mg/L
A 500 mg/L | 500 mg/L
600 ;2 < 2,000
- ¥ N
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PrAC
0 . . . 800 T T T
0 200 400 600 200 500 ¢ (min)800 1100
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Fig. 9. Kinetic adsorption models: (a—c) pseudo-first-order and (d-f) pseudo-second-order models, for crystal violet (300, 400, and

500 mg L) adsorption by PrAC, BAC, and CAC at 30°C and pH

5.0.
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Fig. 10. Intraparticle diffusion model for the adsorption of crystal
violet (300, 400, and 500 mg L) by PrAC, BAC, and CAC at 30°C
and pH 5.0.

between 0 and 1, which indicates favorable adsorption [50].
To determine the parameters in the Freundlich equation (n
and K,), linear least-squares fits were applied to Ing, against
InC, (Fig. 12b). The K,, 1, and R* values are shown in Table
6. For adsorption data of crystal violet on PrAC, BAC, and
CAC the coefficient of determination R? was better for the
Langmuir than the Freundlich equation. Thus, the Langmuir
equation was chosen as the best match with the adsorption
isotherms.

The maximum adsorption capacities (q,) of PrAC,
BAC, and CAC for crystal violet at 60°C, estimated based
on the Langmuir isotherm fits, were 896.70, 432.66, and
351.12 mg g, respectively (Table 5). The results show
that CAC and PrAC had higher maximum adsorption
capacities than BAC, matching the least specific sur-
face area of BAC. The CAC was purchased for 5,000
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Fig. 11. Adsorption isotherms for crystal violet (250-500 mg L)
on PrAC, BAC, and CAC at 30°C, 40°C, 50°C, and 60°C and
pH 5.0.

Thai Baht per kg, while preparing 1 kg of PrAC or BAC
cost in total about 20 to 40 Baht. The maximum adsorp-
tion capacities (g,) of PrAC and BAC were higher than
the capacities reported in prior literature for simi-
lar types of adsorbents for crystal violet removal (Table 7).

3.3. Thermodynamic study

The equilibrium data showing the effects of tempera-
ture on crystal violet sorption by PrAC, BAC, and CAC
were used in a thermodynamic assessment. The van't Hoff
equation suggests plotting InK_vs. 1/T (Fig. 13). The graph
should give a straight line segment, determined by the
thermodynamic parameters enthalpy (AH°) and entropy
AS°) that influence the slope (-(AH°/R)) and the inter-
cept (AS°/R). Eq. (17) was used to calculate the Gibbs free
energy (AG®). The thermodynamic parameter estimates in
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Fig. 12. (a) Langmuir and (b) Freundlich isotherms for crystal
violet adsorption by PrAC, BAC, and CAC at 30°C, 40°C, 50°C,
and 60°C and pH 5.0.

Table 5

Table 8 indicate endothermic adsorption with positive val-
ues of AH® (18.432 k] mol™? for PrAC and 16.490 k] mol™!
for BAC). The positive values of AS® (0.063 kJ molK™ for
PrAC and 0.067 k] mol™K™ for BAC) suggest that the degree
of randomness at the solid-liquid interface increases with
adsorption of crystal violet on both PrAC and BAC [51,52].
The negative values of AG® at all temperatures confirm the
thermodynamic feasibility and spontaneity of crystal violet
sorption onto PrAC and BAC.

3.4. Desorption study

The percentage of desorbed crystal violet decreased
from 67.08 to 49.05 for CAC, from 46.32 to 32.86 for PrAC,
and from 40.64 to 24.48 for BAC, as pH increased from
2.03 to 8.98 (Fig. 14). The trend in desorption against pH
was opposite to that for adsorption (Fig. 10). This indicates
that adsorption of the dye was mainly of physical type, and
PrAC and BAC can be reused, which may contribute posi-
tively to the economy of the treatment process [59].

3.5. Application to treatment of textile wastewater

PrAC and BAC were tested on textile wastewater collected
from a local factory in Hat Yai, Songkhla, Thailand. Crystal
violet adsorption on PrAC and BAC was found to be 59.75%
and 45.45%, respectively, in the textile wastewater. The initial
concentration of crystal violet was 300 mg L™, at pH 5.

3.6. Cost estimates of PrAC and BAC preparation

The cost of preparing PrAC and BAC from the pericarp
of rubber fruit and from bagasse strongly affects whether

Parameters of Langmuir isotherm from least-squares fits experimental data on crystal violet adsorption by PrAC, BAC, and CAC at

various temperatures

Temp. PrAC BAC CAC
(°O)
D R T R I R
mmol g? mgg”' b (L mmol™) mmol g? mgg”' b (Lmmol?) mmol g' mgg' b (Lmmol”)
30 0.89 362.21 15.18 0.99 0.81 33090 2637 0.99 1.68 687.79  57.04 0.99
40 0.95 386.69 24.77 099 0.83 336.50 31.82 1.00 1.90 776.11 4455 0.99
50 1.05 429.88 2293 099 0.85 348.33 37.54 0.99 2.06 838.99 51.19 0.99
60 1.06 432.66 43.87 0.99 0.86 351.12 52.58 099 220 896.70 89.22 0.99
Table 6

Parameters in Freundlich isotherm fits by least squares to experimental data on crystal violet adsorption by PrAC, BAC, and CAC at

various temperatures

Temp PrAC BAC CAC

O K. (Lg" n R? K. (Lg" n R? K. (Lg") n R?
30 1.01 4.02 0.86 1.03 5.44 0.82 111 2.71 0.61
40 1.03 5.90 0.87 1.05 5.57 0.80 2.08 7.12 0.78
50 1.06 7.65 0.84 1.07 6.47 0.81 2.31 7.52 0.79
60 1.20 7.78 0.80 1.14 7.89 0.70 2.55 7.80 0.86
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Table 7

Observed maximum adsorption capacities of crystal violet compared with prior literature data

S. No. Adsorbent q, (mgg™) Ref.
1 Jute fiber carbon 27.99 [48]
2 Coniferous Pinus bark powder AC 32.78 [49]
3 Date palm leaves AC 37.58 [50]
4 NaOH-modified rice husk AC 44.87 [18]
5 Punica granatum shell AC 50.21 [51]
6 Male flowers of coconut tree AC 60.42 [20]
7 Rice husk AC 61.58 [26]
8 Tomato paste waste AC 68.97 [53]
9 Palm kernel fiber AC 78.90 [54]
10 Skin almond waste AC 85.47 [55]
11 Korean cabbage waste AC 195.6 [56]
12 Peanut shells AC 220.7 [57]
13 Water hyacinth plants AC 322.58 [58]
Pericarp of rubber fruit AC (PrAC) 432.66 Thi i
14 Bagasse AC (BAC) 351.12 1s study
3
®PiAC
2.5 1 WBAC E
ACAC fﬁ
2 g
4 ;.
£ 151 5
=
z
0.5 %
<
30 .
0 ' 2 3 4 5 6 7 8 9
29 3 3.1 3.2 3.3 34
pH

1T (K1)

Fig. 13. Van’t Hoff plots for adsorption of crystal violet
(300 mg L) by PrAC, BAC, and CAC at 30°C, 40°C, 50°C, and
60°C, and pH 5.0.

either can be used in the removal of crystal violet from aque-
ous solutions in the industrial scale. Therefore, the cost of
adsorbent preparation is of great importance. No cost is
placed on the precursor materials here, as pericarp of rubber

Table 8

Fig. 14. Desorption of crystal violet on PrAC, BAC, and CAC in
pH range 2-9 at 30°C, with 300 mg L dye concentration.

fruit and bagasse are agricultural wastes. The cost estimates
of preparing 1 kg PrAC or BAC are in THB in Table 9.

The net cost equals CRM + CSR + CCD + CCS + CAS =7
4.59 Baht/adsorbent. Cost estimates of PrAC and BAC pro-
duction suggest that adsorbent preparation from agricul-
tural wastes is cost-effective, compared to other activated

Thermodynamic parameters estimated from van't Hoff equation for crystal violet sorption by PrAC, BAC, and CAC at 30°C, 40°C,

50°C, and 60°C, from initial 300 mg L™ and pH 5.0

Temp. PrAC BAC CAC

(O Ame AS° —AG® AH® AS° —AG® AH® AS° —AG®
(kJmol™)  (kjmol"K?)  (kJmol?') (kJmol?) (kJmol?’K?) (kJmol') (kfJmol") (kJmol?'K") (kJmol™)

30 0.79 3.77 3.71

40 22.23 0.0 143 16.49 0.06 44 30.82 0.11 485

50 : 077 2.06 ’ 067 5.11 : 114 5.99

60 2.69 5.77 7.13
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Table 9
Cost estimates of adsorbent preparation
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Cost THB Annotation

Cost of raw material 0.0 Pericarp of rubber fruit and bagasse are local agricultural
(CRM) ' wastes

Cost of size reduction . . .

(CSR) 0.0 Size reduction was manual with mortar and pestle

Cost of cleaning and
drying raw material CW+CD=3+0=3

(CCD)

Cost of carbonization

CH=12.06
step (CCS)

A
g’:tsc)’ activation step -\ | CH 4+ CC =23 +36.18 + 0.35 = 59.53

CW = cost of distilled water =0.015 THB/mL x 200 mL =3 THB
CD = cost of drying = 0.0 Baht, the drying was in sunlight

CH = cost of heating (electricity consumption for 1 kg of char
electricity power + 1,000 x hour x times x cost of 1 unit) = 1,200
Watt , 1,000 x 1 x 5 x 2.01 = 12.06 THB

CA = cost of ZnCl, usage = units x unit per cost x times =2 x 2.
3 x5=23 THB

CH = cost of heating (electricity consumption for 1 kg of
adsorbent electricity power , 1,000 x hour x times x cost of 1 u
nit) = 1,200 Watt , 1,000 x 3 x 5 x 2.01 = 36.18 THB

CC = cost of HCl usage = units x unit per cost x times = 0.2 x 0.
35x5=0.35 THB

Total 74.59

carbon products derived from plant biomass [60]. Thus,
activated carbon developed from the pericarp of rubber
fruit or bagasse can be used as cost-effective adsorbents for
dye removal from aqueous solution [61].

4. Conclusion

Crystal violet was adsorbed from aqueous solutions using
two candidate adsorbents; activated carbon prepared from
the pericarp of rubber fruit powder (PrAC) and activated car-
bon prepared from carbonized bagasse (BAC); both activated
with ZnCl,. The experimental data were reasonably well fit
with the Langmuir adsorption isotherm. From these isotherm
fits the maximum adsorption capacities (q,) at 30°C, 40°C,
50°C, and 60°C, were 362.21, 386.69, 429.88, and 432.66 mg g
for PrAC, 330.90, 336.50, 348.33, and 351.12 mg g™ for BAC
and 687.79, 776.11, 838.99, and 898.70 mg g for CAC, respec-
tively. The points of zero charge of PrAC, BAC, and CAC
were at pH 6.5, 4.5, and 3.5, respectively, which indicates
the acidic nature of these activated carbons. The fraction
adsorbed decreased with initial crystal violet concentration,
and values of AH_, between 0 and 40 k] mol™ confirmed the
adsorption as endothermic and dominantly of physical type.
The efficiency of the adsorption of crystal violet on PrAC
and BAC was about 80% to 90%. Therefore, activated carbon
developed from the pericarp of rubber fruit or bagasse can
be used as a cost-effective adsorbent for dye removal from
aqueous solutions.
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