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ABSTRACT

The adsorptive potential of activated carbon prepared by chemical activation from oil palm fruit fibre (OPFAC) to remove
malachite green (MG) dye from its aqueous solution was investigated in this study. The OPFAC prepared was characterized by
means of BET, TGA, FTIR, pH,,, elemental analysis and Boehm titration. Operational parameters such as pH, adsorbent dose,
contact time, initial dye concentration and temperature were studied in batch process. It was found that OPFAC has a larger sur-
face area and total pore volume than commercially activated carbon. The adsorption process attained equilibrium in 45 minutes.
Equilibrium data were tested by using two isotherm models: Langmuir and Freundlich. It was found that adsorption of MG
on OPFAC correlated well with the Langmuir isotherm model with a maximum monolayer adsorption capacity of 356.27 mg g™
The kinetics of the adsorption process was tested by means of pseudo-first-order, pseudo-second-order and intraparticle diffu-
sion models. The pseudo-second-order kinetic model provided the best correlation for the experimental data studied. The ad-
sorption process is controlled by both the boundary layer and intraparticle diffusion mechanisms. The thermodynamic study
showed that the process is endothermic, spontaneous and feasible. Cost analysis revealed that OPFAC is 20 times cheaper than

commercially available activated carbon.
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1. Introduction

Colour is a visible pollutant and one of the most important
hazardous species found in industrial effluents. The presence of
dyes and pigments in water, even at very low concentrations, is
highly undesirable.' More than 10 000 dyes are extensively used
in industrial processes producing items such as textiles, paper,
plastics, leather, pharmaceuticals, food, cosmetics, solvents,
etc.”. Asaresult, a considerable amount of coloured wastewater
is generated. The discharge of dye-coloured wastewaters into
the aquatic ecosystem causes both environmental and public
health risks because of the negative eco-toxicological effects and
bioaccumulation in wildlife. Most importantly, dyes in waste-
waters decompose into carcinogenic compounds under aerobic
conditions thereby causing serious health problems to humans
and animals.>® Also, dyes can cause allergy, dermatitis, skin
irritation and cancer in humans.” Additionally, colour in surface
water may affect photosynthesis by preventing light penetra-
tion, thereby destroying aquatic life.®

Malachite green (MG), an N-methylated diaminotriphenyl-
methane dye, which is also referred to as Basic Green 4, is the
most widely used dye for colouring purposes among all other
dyes of its category.’ It is extensively used as a biocide in the
aquaculture industry worldwide due to its effectiveness against
parasitic treatment, fungal and bacterial infections in fish and
fish eggs.”. It is also used as a food colouring agent, food addi-
tive, a medical disinfectant and anthelminthic as well as a dye in
the silk, wool, jute, leather, cotton, paper and acrylic industries."""
However, there are several reports describing its hazardous

and carcinogenic effects.” It is highly cytotoxic and carcinogenic
to mammalian cells and acts as a liver tumor promoter. It
decreases food intake capacity, growth and fertility rates; causes
damage to the liver, spleen, kidney and heart; and inflicts lesions
on the skin, eyes, lungs and bones.". MG is also environmentally
persistent and acutely toxic to a wide range of aquatic and terres-
trial animals. Therefore, the treatment of effluents containing
this dye is of prime importance due to its harmful impacts on
receiving waters. The disposal of dye wastewater without
proper treatment is a big challenge to both man and aquatic
organisms.

The use of agricultural residues presents significant advan-
tages, because they are cheap and are obtained from renewable
sources. As a result, several works have been reported involving
the production of activated carbon by using agricultural
residues, such as apricot and/or cherry pits, wheat straw, bean
and rice husks, nut husks, corn husks and many others.”*In the
south western part of Nigeria, oil palm cultivation has reached a
staggering two million hectares and produces over six million
tonnes of oil annually. The oil palm industries generate a large
volume of residual lignocellulosic material mainly in the form
of fibres that can be readily turned into useful value-added
products. Hence, in this study an attempt was made to develop
an inexpensive adsorbent for the removal of MG dye from
aqueous solutions by using activated carbon produced from oil
palm fruit fibre (OPFAC). Other factors such as the adsorbent
dose, initial MG dye concentration, temperature, pH, contact
time, and thermodynamic parameters were also investigated.
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2. Materials and Methods

2.1. Preparation of Adsorbate Solutions

The dye, malachite green oxalate, C.I. Basic Green 4, Classifica-
tion Number 42 000, with the chemical formula C,,H,,N,O,,, and
molar mass of 927.00 g mol™, 1, = 618 nm (measured value)
was supplied by Sigma-Aldrich and used as received. Stock
solutions were prepared by dissolving accurately weighed
samples of MG dye in distilled water to give a concentration of
1000 mg L. This stock solution was then diluted to the required
concentration by serial dilution.

2.2. Preparation of OPFAC

Oil palm fruit fibre (OPF) was obtained from a local oil palm
mill in Ogbomoso, Oyo State, Nigeria. The fibre collected was
de-oiled by soaking it in hot deionized water for 24 hours. It
was rinsed thoroughly in hot deionized water several times to
remove all debris and then air-dried. The air dried oil palm fruit
fibre was ground by using a medium size mortar and pestle. The
pretreated material was then carbonized at 700 °C under nitrogen
atmosphere for 1 h (first pyrolysis). A certain amount of the char
produced was then soaked with 10 % potassium hydroxide
(KOH) at an impregnation ratio of 1:1 (KOH pellets: char). The
mixture was dehydrated in an oven overnight at 105 °C; then
pyrolyzed in a stainless steel vertical tubular reactor placed in a
tube furnace under high-purity nitrogen (99.995%) flow of
150 em’ min™' (second pyrolysis) to a final temperature of 850 °C
and activated for 2 h. Once the final temperature was reached,
the gas flow was switched to CO, and activation was continued
for 2 h. The activated product referred to as OPFAC was then
cooled to room temperature under nitrogen flow and washed
with deionized water to remove any remaining chemicals.
Subsequently, the sample was transferred to a beaker containing
a 250 mL solution of 0.1 M hydrochloric acid and stirred for 1 h. It
was then washed with hot deionized water until the pH of the
washing solution reached 6.5-7.

2.3. Characterization of OPFAC

Textural characterization of the OPFAC was carried out by
N, adsorption at 77 K with an Autosorb I, supplied by
Quantachrome Corporation, USA. FTIR spectra of these samples
were obtained on a JASCO FTIR-3500 spectrometer. Proximate
analysis was carried out by using a thermo-gravimetric analyzer
(TGA) (Model Perkin Elmer TGA7, USA) and elemental analysis
was performed with an elemental analyzer (Perkin Elmer
series 112400, USA). pH, was determined by pipetting 50 mL of
0.01 M NaCl solution in a series of closed Erlenmeyer flasks.
The pH of these solutions was adjusted to a value between 2
and 12byaddingeither 0.1 M HCl or 0.1 M NaOH solution. Then
0.15 g of OPFAC sample was added to each flask and agitated at
150 rpm for 48 h under atmospheric conditions. The final pH was
measured. The results were plotted with ApH (Initial pH — Final
pH) against final pH. The pH at which the curve crosses the
PH 40 — PHy, line is taken as pH,,.* The total surface basicity
and acidity of the samples was determined by titration
with NaOH and HCl by means of the Boehm titration method.”
A mass of 0.15 g of OPFAC was mixed with 50 mL of 0.05 M
NaOH or HClI solutions for 48 h with continuous stirring. An
aliquot of 10 mL of each filtrate was then titrated against 0.05 M
HCl or NaOH, by using phenolphthalein as indicator. The capac-
ities for H" and OH- were then calculated.

final

2.4. Batch Equilibrium Studies
Batch equilibrium tests were carried out for the adsorption

of MG dye on OPFAC. The effects of adsorbent dose, initial dye
concentration, contact time, temperature and solution pH on the
adsorption uptake were investigated. Sample solutions were
withdrawn at equilibrium to determine the residual dye concen-
trations. The solutions were filtered prior to analysis in order to
minimize interference of the carbon fine with the analysis. For
equilibrium studies, the experiment was carried out for 120 min
to ensure that equilibrium was reached. The concentration
of MG dye solution before and after adsorption was determined
by using a double UV-vis spectrophotometer (UV-1800
Shimadzu, Japan) at a maximum wavelength of 618 nm. The dye
concentrations were determined from a linear calibration line of
absorbance against concentration of dye solution. The amount
of MG dye adsorbed at equilibrium, g, (mg g™') was calculated
according to Eq. (1):
_(G-CV
‘ W

where C, and C. (mg L™) are the initial and equilibrium liquid-
phase concentrations of MG dye, respectively, V (1) is the volume
of the solution and W (g) is the mass of dry OPFAC used.

Experiments were replicated three times and the blanks
were run in parallel to establish accuracy, reliability and
reproducibility.

1)

2.4.1. Effect of Initial MG Dye Concentration

In order to study the effect of initial concentration on
the MG dye uptake, 100 mL of MG dye solution with initial con-
centrations of 50-150 mg L™ were prepared in a series of 250 mL
Erlenmeyer flasks. An equal mass of 0.10 g of the OPFAC was
added into each flask covered with a glass stopper and the flasks
were then placed in an isothermal water bath shaker at a temper-
ature of 30 °C with rotation speed of 120 rpm, until equilibrium
point was reached.

2.4.2. Effect of Solution Temperature and pH

The effect of solution temperature on the MG dye adsorption
process was examined by varying the adsorption temperature at
30, 45 and 60 °C by adjusting the temperature controller of the
water bath shaker, while other operating parameters such as
volume of MG dye and rotation speed were kept constant. The
initial MG concentration was varied ranging from 50-150 mg L™
of MG dye initial concentration. The effect of solution pH on
the MG dye adsorption process was studied by varying the ini-
tial pH of the solution from 3 to 10. The pH was adjusted by add-
ing 0.1 M hydrochloric acid and/or 0.1 M sodium hydroxide, and
was measured by using a pH meter (Model Delta 320, Mettler
Toledo, China). The MG dye initial concentration was fixed at
100 mg L™ with adsorbent dosage of 0.1 g ata volume of 100 mL.
The solution temperature was maintained at 30 °C. The percent-
age of MG dye removed was calculated by using Eq. (2).

Removal (%) = (Coci %100 )

0

3. Results and Discussion

3.1. Characterization of Adsorbent

It was found that the BET surface area, total pore volume
and average pore diameter of the OPFAC were 1254 m* g7,
1.115 cm® g'and 2.54 nm, respectively. The porosity of OPFAC
is well developed with higher surface area, total pore volume
and larger average pore diameter, thereby favouring MG dye
adsorption. This indicated that OPFAC was mesoporous, with
a relatively large surface area and total pore volume when
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Figure 1 FTIR spectrum of OPFAC before and after MG dye adsorption.

compared to commercially available activated carbons such as
BDH, F100 and BPL from Calgon Corporation with BET surface
area of 1118, 957 and 972 m* g™' as well as total pore volume of
0.618, 0.526 and 0.525 cm® g, respectively.” Stavropoulos and
Zabaniotou® stated that KOH is dehydrated to K,O, which
reacts with the CO, produced by the water-shift reaction, to give
K,CO,. Intercalation of metallic potassium appeared to be
responsible for the drastic expansion of the carbon material and
hence the creation of a large specific surface area and high pore
volume. A similar observation was reported by Tseng et al.*
where CO, gasification was found to promote the formation of
mesopores and enhance the surface area of the activated carbon.
This shows that KOH and CO, are effective in creating
well-developed pores on the surface of the precursor, leading
to OPFAC with a large surface area and porous structure.”*
These pores allowed a good surface for MG dye to be trapped and
adsorbed into.”"

The FTIR spectra of OPFAC before and after adsorption are
shown in Fig. 1. The wide band at 3413 cm™ shown in the spec-
trum of OPFAC (Fig. 1(a)) is attributed to the stretching vibration
of the hydroxyl group of OPFAC. This band was shifted to
3391 cm™ when MG dye was adsorbed (Fig. 1(b)). It may indicate
a hydrogen bond between the MG dye and OH groups of
OPFAC. The band at 2919 cm™ shown in Fig. 1(a) is assigned to
the C—H stretching vibration of OPFAC. There was no significant
decrease for this band in the spectrum of OPFAC-MG (Fig. 1(b))
as it was shifted from 2919 to 2920 cm™. The bands at 1451 cm™
and 1369 cm™ in the spectrum of OPFAC-MG are due to aliphatic
and aromatic C-H bending in the spectrum of OPFAC before
adsorption. The band observed at 1631 cm™ in the OPFAC spec-
trum corresponds to N-H bending vibrations. This band shifted

Table 1 Proximate and elemental analyses of OPFAC.

cm

from 1631 cm™ to 1635 cm™ when the adsorption of the MG dye
occured. In the spectrum of OPFAC there are two bands, one at
1161 cm™ and another at 1067 cm™, these bands indicate stretch-
ing vibrations of C-O groups. The first band did not demon-
strate any change upon adsorption of MG. On the other hand, a
remarkable shift was observed for the other band which shifted
to 1033 cm™. This can be considered as further evidence for the
interaction between OPFAC and the MG dye cation.

The proximate and elemental analyses of OPFAC are presented
in Table 1. The volatile matter and ash contents in the OPFAC
were 13.81 % and 3.76 %, respectively. The fixed carbon content
was satisfactory enough in OPFAC, having a value of 71.49 %
indicating that the precursor was suitable for activated carbon
preparation. Moisture content was 10.94 %. Elemental analyses
of the raw OPF and OPFAC gave the percentage of C, H, N and
otherstobe 42.64%,3.63%,1.17% and 52.56% and 73.42%,1.98 %,
0.89% and 23.71%, respectively. The fixed carbon improved after
activation, this is also noted in the elemental analysis. Both
samples have low nitrogen content, less than 2 %.

3.2. Effect of Contact Time and Adsorbent Dosage

It is essential to evaluate the effect of contact time required to
reach equilibrium for designing batch adsorption experiments.
Therefore the effect of contact time on adsorption of MG dye was
investigated. The uptake of MG dye as a function of contact time
is shown in Fig. 2. As illustrated in Fig. 2, adsorption of MG dye
increased with increase in contact time up to 30 min. Further
increase in contact time did not enhance the MG dye adsorption
process. The adsorption process attained equilibrium at 45 min.
The fast adsorption rate at the initial stage may be explained by
the availability in the number of active binding sites on the OPFAC

Sample Elemental analysis/% Proximate analysis/%

C H N (O+S5)° Moisture Volatile Fixed carbon Ash
Raw 42.64 3.63 1.17 52.56 16.75 36.65 41.32 5.28
OPFAC 73.42 1.98 0.89 23.71 10.94 13.81 71.49 3.76

? Estimated by difference.
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Figure 2 Effect of adsorbent dosage on the adsorption of MG dye by OPFAC (Conditions: 100 mg L™, pH 6, 120 rpm, 120 min agitation time tempera-

ture 30 °C).

surface. Similar findings for MG dye adsorption onto other natu-
ral adsorbents have been reported by other investigators.”
The effect of contact time on the amount of MG dye adsorbed
at different adsorbent dosage is also shown in Fig. 2. It is obvious
that there was a rapid uptake of MG dye within the first 30 min.
Thereafter, the adsorption rate slows down gradually and no
further adsorption was observed beyond 45 minutes. The initial
rate of sorption } is reduced from 111.68 to 36.42 mg g min™
when adsorbent dosage is increased from 0.1 to 0.5 g (Table 2).

3.3. Effect of Initial MG Dye Concentration and Solution
Temperature on Adsorption

The rate of adsorption is a function of the initial concentration
of the adsorbate, which makes it an important factor to be
considered for effective adsorption. The effect of adsorption at
different initial concentrations of MG dye onto OPFAC is pre-
sented in Fig. 3. The result indicates that the actual amount
of MG dye adsorbed per unit mass of OPFAC increased with
increase in the initial MG dye concentration. Thisis due to the in-
creased driving force of the concentration gradient as the initial
dye concentration increases. The unit adsorption for MG dye in-
creased from 267.31 to 302.56 mg g™ as the MG concentration in-
creased from 50-150 mg 1"

The effect of temperature on MG dye adsorption uptake, g,
(mg g™") by OPFAC was investigated at various initial concentra-

400

tions (50-150 mg L") and the results obtained are shown in Fig. 4.
The MG dye adsorption uptake was found to increase with in-
creasing solution temperature from 30 to 60 °C at all initial con-
centrations, indicating the endothermic nature of the adsorption
reaction (Table 2). Likewise, the initial rate of sorption, £, is in-
creased from 27.82 to 74.51 mg g™ min™ when the temperature is
increased from 30 to 60 °C (Table 2). This may be as a result of
increase in the mobility of the MG dye with increasing tempera-
ture whereby a larger number of MG dye molecules acquire suf-
ficient energy to undergo interaction with active sites at the sur-
face. Besides, it might also be due to the increase in chemical in-
teractions between the adsorbate and surface functional groups
of OPFAC.* A similar trend was reported for the adsorption
of MG dye on treated ginger waste and Tuncbilek lignite-based
activated carbon.”*

3.4. Effect of pH on MG Dye Adsorption

The pH of an aqueous solution is an important monitoring pa-
rameter in dye adsorption, as it affects the surface charge of the
adsorbent material and the degree of ionization of the dye mole-
cule.*” The effect of pH on the adsorption of MG dye onto
OPFAC was studied in the pH range of 3.0-10.0. The percentage
removal of the MG dye molecule as a function of pH is shown in
Fig. 5. The removal of MG dye by OPFAC was noted to increase
with an increase in pH of the dye solution, appreciably up to

—Q0— 50mgL-1

o>
o>

100 —0— 100 mglL-1
—&— 150 mglL-1
O T 1 1 1 1
0 20 40 60 80 100 120
t /mins

Figure 3 Effect of initial dye concentration on the adsorption of MG dye by OPFAC (Conditions: pH 6, 0.1 g adsorbent dosage, 120 rpm, 120 min

agitation time, temperature 30 °C).
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Figure 4 Effect of solution temperature on the adsorption of MG dye by OPFAC (Conditions: pH 6, 0.1 g adsorbent dosage, 120 rpm, 120 min agitation
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Figure 5 Effect of pH on the adsorption of MG dye by OPFAC (Conditions: 0.1 g adsorbent dosage, 120 rpm, 120 min agitation time, temperature 30 °C).
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Rearranging this equation, we have a linear form:

LIS SR ©)
a kg, 4.

If the initial adsorption rate, i (mg g™ min™) is

h =k %

Plots of t/g, vs. t gave linear graphs from which g, and k, were
estimated from the slopes and intercepts of the plot (figure not
shown) for temperatures 30-60 °C. The R* values were as high as
0.99 and there was good agreement betweeng, ., and g, ,, data
obtained (Table 2). The good agreement shows that the pseudo-
second-order kinetic equation fits the adsorption data well.

3.6. Adsorption Isotherms

3.6.1. Langmuir Isotherm Model

The linearized form of the Langmuir adsorption model is
expressed as*:

c_C + 1 ®8)
9. 9 9b
where C. is the dye concentration in the solution at equilibrium
(mgL™), g.is the dye concentration on the adsorbent at equilib-

rium (mg g™), 9. is the monolayer adsorption capacity of adsor-
bent (mg g™') and bis the Langmuir adsorption constant (L mg™).
A plot of C/q. against C, gave a straight line with slope 1/4, and
an intercept of 1/q.b (figure not shown). The R* values of
Langmuir isotherm when compared with Freundlich isotherm
indicate that the adsorption of the MG dye onto OPFAC fits the
Langmuir isotherm well. Values of g, and b are calculated and
reported in Table 4. The value of g, obtained was compared with
those from other adsorbents (Table 5).

To confirm the favourableness of the process, the dimensionless

PH finai -PH initial
o

-3

Figure 6 Determination of pH_,. of OPFAC.

pzc
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Table 3 Surface chemistry of OPFAC.

OPFAC Surface chemistry
Carboxylic/meq g™ 0.2163
Lactonic/meq g™ 0.3641
Phenolic/meq g™ 0.5426
Acidic/meq g™ 1.1230
Basic/meq g™ 0.2463
pH,,. 2.4

equilibrium parameter (R,) defined by equation (9) was used

R=—
(1+0C,)

where C, is the highest initial dye concentration in solution, is
used to confirm the favourableness of the adsorption process,
thatis, (0 < R.< 1) favourable, R, = 1linear, R, = Oirreversible or
R, > 1 unfavourable.”” The values of R; reported in Table 4
obtained at various temperatures were less than one, indicating
that the adsorption of MG dye onto OPFAC is favourable.

©)

3.6.2. Freundlich Isotherm Model

This assumes heterogeneous surface energies, in which the
energy termin the Langmuir isotherm varies as a function of the
surface coverage. The linearized form of the Freundlich model
is represented by:*

logg, = llogCE +logk, (10)
n

where g. is the amount of MG dye adsorbed at equilibrium
(mg g™), C. is the equilibrium concentration of the adsorbate
(mg L™); ky and n are constants incorporating the factors affect-
ing the adsorption capacity and the degree of non-linearity
between the solute concentration in the solution and the amount
adsorbed at equilibrium, respectively. Plots of log 4. vs. log C.
gave linear graphs (figure not shown) with high R*>. Comparing
the R? values with the ones obtained from Langmuir Isotherms,
the adsorption data does not fits the Freundlich isotherm well
(Table 4). Values of k;and n obtained from the slopes and inter-
cepts of the graph are reported in Table 4, it shows the heteroge-
neity of the material as well the possibility of multilayer
adsorption of MG dye through the percolation process, the
values of n greater than one indicates that the adsorption is
favourable.

3.7. Intra-particle Diffusion Model

Adsorption is a multi-step process involving transport of
solute molecules from the aqueous phase to the surface of the
solid particles. This is followed by the diffusion of the solute
molecules into the interior part of the pores, which is likely to be
a slow process; therefore, it is called the rate determining step.*
The possibility of intraparticle diffusion of MG dye onto the
OPFAC was investigated by using the intraparticle diffusion

Table 5 Comparison of the maximum monolayer adsorption capacities
of MG dye onto various adsorbents.

Adsorbents Adsorption capacity/  Reference
mg g

Lemon peel 51.73 47
Zeolite 46.35 49
Bentonite 7.72 49
Cyclodextrin-based adsorbent 91.90 50
Jute fibre carbon 136.95 51
Arundo Donax root carbon 8.49 52
Activated slag 74.2 53
Hen feather 26.1 54
Bagasse fly ash 170.3 55
OPFAC 356.27 This work
model, which is commonly expressed as Eq. (11):

g =k 11 +C (11)

where g, is the amount of dye adsorbed (mg g™') at time ¢, and k;,
(mg g') mg g min'? is the rate constant for intraparticle diffu-
sion. The values of g; correlated linearly with values of +* (Fig. 7)
and the rate constant k;, was evaluated from the slope of regres-
sion line. The value of C gives an idea of the thickness of bound-
ary layer, the larger the intercept the greater the boundary layer
effect. From the plots of g: against ' at various initial MG dye
concentrations, multi-linear profiles were observed (Fig. 7)
indicating thatintra-particle diffusion plays a significant role but
is not the only rate-controlling step. The first and sharper
portion is attributed to the boundary layer diffusion of MG dye
molecules while the second portion corresponds to the gradual
adsorption stage, where intra-particle diffusion was the
rate-limiting step. The slope of the second linear portion of the
plot was defined as the intra-particle diffusion parameter k.. The
corresponding model fitting parameters under different condi-
tions are reported in Table 2. The observed values of k;, are lower
than ki, indicating that intra-particle diffusion controls the
adsorption rate mainly. However, external mass transfer resis-
tance cannot be neglected although this resistance is only signifi-
cant at the initial period of time.

3.8. Thermodynamic Studies

Thermodynamic parameters; AG®°, AH®, and AS°, were also
determined to investigate the feasibility, spontaneity and the
nature of the reaction. This was achieved by using the following
equations.

AG® = -RT Ink, (12)
Ink, =25 _AH (13)
R RT

where k, is the standard thermodynamic equilibrium constant, T
is the temperature in Kelvin and R is the gas constant. A plot of
Ink,against 1/T gave linear plots (Fig. 8) from which AH ®and AS°

Table 4 Langmuir and Freundlich isotherm model statistical parameters for the adsorption of MG dye adsorption unto OPFAC at different

temperatures.
Temp/°C Experimental Langmuir model Freundlich model
R, /B & Q/mg g b/L mg” R Ky n R
30 246.18 242.18 245 0.99 136.4 3.36 0.93 0.063
45 282.43 281.26 3.26 0.99 141.6 3.84 0.96 0.084
60 356.27 353.43 4.82 0.99 151.7 4.17 0.97 0.096
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Figure 7 Intra-particle diffusion plots for the adsorption of MG dye on OPFAC at different initial dye concentrations. (Conditions: Temperature 30 °C;

pH 6; 0.1 g adsorbent dosage, 120 rpm).

values were obtained from the slopes and intercepts, respec-
tively. Thermodynamic parameters at various temperatures are
reported in Table 6. The negative values of AG® indicate that the
adsorption of MG dye onto OPFAC is spontaneous and thermo-
dynamically favourable. Moreover, when the temperature
increases from 30 to 60 °C, AG® changes from —36.87 to —42.39 k]
mol™, suggesting that adsorption is more spontaneous at higher
temperature. The positive value of AH® (18.47 k] mol™) indicates
that the process is endothermic in nature, which is supported by
the increase in the adsorption capacity of OPFAC for MG dye
with increasing temperature as observed from Table 4. More-
over, the positive value of AS° (182.48 ] K" mol™) suggests that
there was increased randomness at the solid-liquid interface
during the adsorption of MG dye onto OPFAC.

The pseudo-second-order kinetic model fits well to the
adsorption process of MG dye onto OPFAC. Accordingly, the
rate constants (k,) of the pseudo-second-order model are
adopted to calculate the activation energy of the adsorption pro-
cess by using the Arrhenius equation:*

Ink, =InA - E,
RT

(14)

where, ky, A, E,, R and T are the rate constant of the pseudo-
second-order model, the Arrhenius factor, activation energy, gas
constant and temperature, respectively. The activation energy
was determined from the slope of the plot of Ink, vs. 1/T (figure
not shown). The activation energy (E,) in this study is 24.83 kJ

154

mol™, further confirming that the adsorption process is mainly
physical (Table 6). Therefore, AG®°, AH® and E, suggest that the
adsorption of MG dye onto OPFAC is mainly a physisorption
process.

3.9. Cost Analysis

Adsorbent cost is an important factor when it is to be used
for industrial applications. The overall cost of the adsorbent
material is governed by several factors which include its avail-
ability (natural, industrial/agricultural/domestic wastes or by-
products or synthesized products), the processing required and
reuse.” Oil palm fruit fibre is readily available in abundance as
waste from oil palm mills at no cost. In this work, it was chemi-
cally activated with potassium hydroxide as stated in the experi-
mental section. However, the activation process adds to the cost
of preparing the adsorbent. An estimated cost analysis of prepar-
ing 1 kg of OPFAC in Nigeria is 174 Naira (1.16 USD) (Table 7).
The most popular commercially available adsorbent nowadays
for the removal of cationic, basic and reactive dyes is activated
carbon. In Nigeria, the cheapest variety of activated carbon costs
3500 Naira per kg (23.33 USD). Comparing the cost, OPFAC is
20 times cheaper than the commercially available activated
carbon.

4. Conclusions
Optimum adsorption of MG dye on OPFAC was observed in
the pH range 6.0-9.0. The adsorption data fitted well into

15.2

15

Ink,

14.8

14.6

144 T
0.0029 0.003

0.0031

T T

0.0032 0.0033 0.0034

1/T /K

Figure 8 Van't Hoff plot of MG dye adsorption onto OPFAC (Conditions: 100 mg L™, pH 6, 120 rpm, 120 min agitation time).



ResearcH ARTICLE

O.S. Bello, 40

S. Afr. J. Chem., 2013, 66, 32-41,
<http://journals.sabinet.co.za/sajchem/>.

Table 6 Thermodynamic parameters for the adsorption of MG dye adsorption unto OPFAC at different

temperatures.

Temp/°C AG°/K] mol™ AH®/K] mol™ AS°/J K'mol™ x 10! E /K] mol™
30 -36.87 18.47 18.25 24.83
45 -39.45
60 —42.39

Table 7 Cost analysis of preparing 1 kg of OPFAC.

S/No. Materials/Process Unit cost/Naira Amount used Net price/Naira
1 Potassium hydroxide 607.99 kg™ 0.04 kg 24.32
2 Activation processes:

i. N, (flow rate: 150 cm® min™; 700 °C for 1 h) 17.25 kW h™ 1.10kW h' 18.98

ii. N, (flow rate: 150 cm® min™; 850 °C for 2 h) 17.25 kW h 2.27 kW h™ 39.16

iii.CO, (flow rate: 150 cm® min™; 850 °C for 2 h) 17.25 kW h! 2.33kW h! 40.12
3 Washing 1121 kW h' 1.71kW h! 19.17
4 Drying 8.14 kW h™ 2kWh7,105°C, 24 h 16.28
5 Net cost 158.03
6 Overhead cost (10 % of net cost) 15.8
7 Total cost 173.83

Langmuir isotherm adsorption equilibrium model with a maxi-
mum adsorption capacity of 356.27 mg g™'. The separation factor
R, lies in between 0 and 1, indicating a favourable adsorption.
Kinetic study shows that pseudo-second-order kinetic model fit-
ted the adsorption process best. Both boundary layer diffusion
and intraparticle diffusion mechanisms take place in the adsorp-
tion process with the latter controlling the process mainly. The
negative value of AG® indicated the spontaneity of the process.
The positive values of AH® and AS°indicates that the process is
endothermic showing increased randomness of the adsorbate
molecules on the adsorbent. Cost analysis of OPFAC revealed
that it is cheaper than the commercially available activated
carbon. This study has shown that OPFAC can be used as an
effective and low-cost adsorbent in the removal of MG dye from
wastewaters.
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