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ABSTRACT

This study evaluated Methylene blue (MB) adsorption from dye effluent using a new activated carbon
derived from Gardenia carinata. The derived Gardenia carinata activated carbon (GCAC) has a large
surface area of 1,187.33 m?/g. Experiments were designed with the central composite design model of
the response surface methodology. The interaction between independent variables (adsorbent mass,
pH and initial MB concentration) was evaluated at pre-determined contact time of 30 min. Results
show that MB adsorption decreased with increasing pH from 4 to 10 but increased with increas-
ing adsorbent mass and initial concentration. MB adsorption exceeded 89% at optimum conditions.
Kinetic examination indicated no mass transfer resistance with increasing MB concentration. The
driving force (B) of MB transport increased from 3.621 to 4.906 mg/g with increasing MB concentration.
Furthermore, the adsorbate/adsorbent attraction increased from 10.570 to 17.064 g/h/mg with
increasing MB concentration. This study demonstrates that activated carbon derived from abundant
waste materials such as Gardenia carinata can be useful in many significant ways.

Keywords: Adsorption; Adsorbent; Gardenia; Methylene blue; Response surface methodology;
Central composite design; Mass transfer

1. Introduction

Dyes and pigments have wide industrial applications
in paper, leather, textile, printing and cosmetic industries.
Consumption of dyes and pigments in these indus-
tries is estimated at about 0.7-0.9 million ton/year [1,2].
A significant portion (about 10%) of these dyes are lost
during coloration in the textile industries while 2% are
directly discharged in aqueous effluent [3]. Some of these
dyes are harmful, hazardous, recalcitrant and unsafe [4].
Particularly, azo dyes possess genotoxic and carcinogenic
properties and their effluent degradation products are gen-
erated in excess of 4,500,000 ton annually. Most disperse azo
dyes in discharged effluents are found chemically stable or
unchanged due to their hydrophobic nature [5]. For instance,
Carneiro et al. [5] found that a river in Brazil contains
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different levels of disperse dyes due to effluent discharge.
Such dye-contaminated water can cause severe lesions
of the colon in rats at exposure of 1%-10% [6]. Therefore,
indiscriminate discharge of disperse dye polluted effluent
into water bodies can be deleterious to both terrestrial and
aquatic ecosystem [7]. It is, therefore, urgent to reduce the
presence of dye in effluent.

Adsorption process using activated carbon is a technique
known and used for the isolation of various wastewater
pollutants. Activated carbons (ACs) are characterized with
high surface area and large porosity. These characteristics
have increased its application in adsorption processes [8].
Primary ACs were mainly of commercial types. Due to the
cost of industrial ACs, attention was directed to obtaining
AC from solid and lignocellulosic waste from agriculture.
Agricultural waste such as sugar cane bagasse [9,10], peanut
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husk [11], peanut hull [12], bamboo [13], coconut shell [14],
empty fruit bunch [15] and rice husk [16-18] are suitable
AC resources. The capacity of several un-modified adsor-
bents such as gulmohar plant leaf powder [19], ageratum
conyzoide leaf powder [20,21] and neem leaf powder [22] has
also been investigated.

In conventional adsorption technique, one parameter
is varied while other parameters are set constant. This
technique is costly, non-optimizable and takes a longer
time [23]. In contrast, response surface methodology (RSM)
lowers the cost of experiments by reducing experimental
runs. RSM uses experimental data to explain the interactive
effect of process variables. It can build, analyze and define
the behavior of a model from results calculated within
different regions in the design space [24]. It optimizes
the experimental conditions by identifying the optimum
region from the design space [25-27]. RSM has emerged
as a reliable tool for mathematical modeling and has been
applied in a wide range of studies.

The basic adsorption mechanisms involve the transport
of solutes over a liquid film covering a solid porous material,
transfer of solutes from the pores of the internal structure
of the solid materials into the active sites or intraparticle
diffusion and transfer of solutes onto the internal surface
pores of the solid material [28,29]. These mass transfer
mechanisms can be influenced by various experimental
factors including stirring speed, adsorbent size [29], adsor-
bent porosity, adsorbate solubility [30] and initial solute
concentration. Therefore, it is important to examine the mass
transfer resistance during adsorption process.

Gardenia is a flowering plant belonging to the Rubiaceae
family. The plant is abundantly native to tropical and sub-
tropical regions. Gardenia has important medicinal appli-
cation in the treatment of various diseases [31]. Gardenia
carinata is an abundant specie of the Gardenia genus
that produces small to medium size seeds. Its seeds are
shelly, medium (1-5 cm length and width) and highly
carbonaceous. The seeds frequently fall off the trees and
loiter the environment. This scenario raises legitimate envi-
ronmental concerns over solid waste management in light
of aging landfills [32]. Therefore, the conversion of Gardenia
carinata shell into a biosorbent has two unique benefits.
First, the production of a low cost value added product
useful for wastewater treatment and second, reduction
of the environmental pollution caused by the decaying
Gardenia carinata shell.

The objective of this study is to examine the dye
removal efficiency of AC derived from Gardenia carinata, to
examine the interactive influence of process variables and
to investigate the mass transfer resistance of methylene
blue (MB) on Gardenia carinata activated carbon (GCAC).

2. Experimental
2.1. Adsorbate preparation

A 1,000 ppm stock solution of methylene blue (MB)
was prepared using C:I:52015 dye and various working
concentrations (20, 40, 60 mg/L) were prepared through
dilution. The maximum wavelength of MB adsorbance was
obtained at 662 nm using a spectrophotometer (DR 2000).

2.2. Adsorbent preparation

Gardenia carinata seeds were collected from Tronoh,
Perak, Malaysia. The seeds were broken and the shells were
cleaned using 2% HNO,. The shells were washed severally
to eliminate impurities and dried at 120°C for 24 h to elim-
inate moisture. Pyrolysis of dried Gardenia carinata shell
was conducted at 400°C using a muffle furnace for 2 h. The
char was washed several times with distilled water and
impregnated with H,PO, in the ratio of 1:2 (char: H,PO,).
The mixture was thoroughly mixed for 5 h and re-dried at
120°C for 24 h. The H PO, treated char was placed in a boat-
shaped cylindrical ceramic dish and fitted in a tube furnace
operated with a 99.9% high purity nitrogen at a flow rate
of 100 cm/min until final temperature of 800°C. The heating
was conducted at 20°C/min and the char was activated for
2 h. Nitrogen gas was intermittently used during heating
and cooling process but was replaced with CO, during the
activation process (2 h). After activation and cooling, the
products were washed several times using deionized water
to achieve a final pH of 6-7. The products were dried at
120°C for 24 h and finally sieved to obtain an adsorbent with
particle size of about 30-125 pm. The adsorbent was termed
Gardenia carinata activated carbon (GCAC).

2.3. Adsorbent characterization

GCAC micrograph was obtained using Zeiss supra
scanning electron microscope (Germany). The functional
groups on GCAC were examined using a Fourier trans-
form infrared spectroscopy. The surface area of GCAC was
characterized using BET method.

2.4. Mass transfer kinetics

The batch experiments were conducted by placing
different concentrations (20, 40 and 60 mg/L) of 100 mL MB
solution in a 150 mL conical flask. Various mass of GCAC
was added into the flask. The flask was agitated in a water
bath operated at 298 K for 300 min until equilibrium was
attained. Treated MB solutions were collected and analyzed
at various intervals. The percentage of MB removal was
calculated using the expression:

— CO_Cs
C

E

)

0

where E, C and C_are MB removal (%), initial concentration
and concentration at any time (mg/L), respectively.

The total amount of MB adsorbed on GCAC at a given
MB concentration can be calculated using the expression [33]
as follows:

v(c,-C
q:ijdv )
0 m

q represents the cumulative amount of adsorbate sorbed onto
the adsorbent material (mg/g), V represents the quantity of
treated sample (L) and m represents the adsorbent mass (g).
Application of the linearized modified mass transfer fac-
tor (MMTF) model can give an understanding of the mass
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transfer of MB onto GCAC. The linearized expression of
MMTF is [33,34] as follows:

1n@):%xh¢Q+B ®)
Blnqkﬂ]J;n%n(gfj} N

B represents the mass transfer index related to driving
force (mg/g), P represents attraction of the adsorbent and
the adsorbate (g/h/mg), t represents reaction time.

Variation of the adsorbate concentration relative to time
can be expressed as [35] follows:

ic/c
kA ()

t

where C represents solute concentration at any time t,
kf represents external mass transfer constant (cm/s), A
represents adsorbent surface area per unit volume (m™)
expressed as follows:

A-_ M (6)
vd,P(1-z,)
where ¢ is bed porosity and r is bulk density (g/cm?).

The transport of MB onto GCAC and into the acceptor
sites of the adsorbent can be controlled by different trans-
port mechanisms. The intraparticle diffusion model accounts
for solute transport across a boundary layer and can be
linearly expressed as [36] follows:

q9,= kidto.s + Ci (7)

where g, represents the quantity of adsorbed adsorbate
at any time (mg/g), k, represents intraparticle diffusion
rate constant (mg min®®), C, represents the boundary layer
thickness (mg/g).

2.5. pH point of zero charge

To understand charge distribution on the adsorbent and
the point of neutrality, the pH point of zero charge (pH,,.)
of GCAC was determined by equilibrating 0.1 g of GCAC in
NaCl (0.1 M) at 25°C + 1°C for 24 h. The pH values were var-
ied from 2 to 12 and were controlled using NaOH or H,SO,
(0.1 M). After equilibration, the final pH of the settled sam-
ples was obtained using a pH meter (Sension™ pH meter).
The pH,,. was then obtained by subtracting the initial pH
from the final pH and plotting the difference vs. initial pH.

2.6. Statistical design of experiment

The experiments were designed using the central
composite design (CCD) model of RSM. The effect of three
parameters (pH, concentration and adsorbent mass) on
the response (methylene blue) was evaluated by the model.

Each parameter was varied across five levels and three dif-
ferent points (axial, factorial and center points). Numeric
variation of the parameters show the low, center and
high regions of the model design space. The independent
variables are shown in Table 1. From the combination of the
three variables across five levels, the software generated a
total of 20 experimental runs with five replicate experiments
at the center points.

The batch study was carried out according to the com-
bination of the variables in the model. A 150 mL flask
containing 100 mL MB solution was used for each experi-
mental run. The flask was placed in a water bath at 298 K
for a pre-determined reaction time of 30 min. After each
experimental run, supernatants were withdrawn from the
settled samples to measure residual MB concentration.

3. Results and discussion
3.1. GCAC surface area

Evaluation of GCAC characteristics shows that it has
a high surface area (Table 2). This indicates that Gardenia
carinata is a suitable waste material for AC production.

The BET surface area for char and GCAC differed. The
surface area of GCAC and char were 1,187.33 m?/g and
435.55 m?/g, respectively. This implies that activation and
carbonization caused enlargement of the surface area of
GCAC. Furthermore, micropore area and external surface
area for GCAC were higher than char (Table 2). Table 3
compares GCAC with other ACs derived from agricultural
waste. It was observed that Gardenia carinata is a suitable
waste material for AC production based on the surface area
of GCAC.

3.2. FTIR spectroscopy

The functional groups on GCAC and MB-loaded
GCAC were examined and presented in Table 4. The peaks
between 615 and 619/cm represent -C=C-H bend alkyne
groups. Strong C-H spectra of aromatic groups were
found between 873 and 873.09/cm. The peaks at 1,113.71
and 1,422/cm on GCAC represents carboxylic acid and
medium C-C stretch aromatic groups. These two peaks

Table 1

CCD experimental parameters
Level -1 0 +1 Code
pH 4 7 10 A
MB concentration  20mg/L  40mg/L 60mg/L B
GCAC 0.03g 0.06g 0.09g C

Table 2

GCAC BET characteristics
Parameters Char GCAC
BET surface area (m?/g) 435.55 1,187.33
Micropore area (cm®/g) 349.59 785.69
External surface area (cm?/g) 85.963 247.11
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Table 3
Comparison of surface area of various adsorbents

Precursor BET surface area (m?/g) Reference

Oil palm fiber 707.79 [8]

Empty fruit bunch ~ 749-928 [37]

Palm kernel shell 205.86 [38]

Mesocarp fiber 239.50 [38]

Oil palm wood 931.6 [39]

Palm oil fruit shell ~ 37.98 [40]

Palm oil mill sludge 87.1 [41]

Pistachio shell 635 [42]

Almond shell 1,208 [42]

Hazelnut shell 786 [42]

Walnut shell 941 [42]

Apricot shell 861 [42]

GCAC 1,187.33 Present study
Table 4

GCAC and MB-loaded GCAC FTIR characteristics

GCAC MB-loaded Functional groups

(cm™) GCAC (cm™)

615 619 -C=C-H alkyne

873 873.09 C-H aromatic

1,113.71 - Carboxylic acid

1,422 - C-C aromatic

1,618.30 1,617.47 N-H amine

1,637.06 1,637.5 N-H amine

3,413.5 3,412.82 O-H, alcohols and phenols
3,465.86 3,473.89 O-H, alcohols and phenols
3,542.6 3,546.2 O-H, alcohols and phenols

disappeared in MB-loaded GCAC due to the interaction of
the adsorbent and adsorbate. The bend between 1,618 and
1,637/cm indicates medium strength N-H amine groups.
The stretch between 3,413.5; 3,465.86 and 3,542.6/cm
represents strong and bend O-H, H-bonded alcohols and
phenols. A significant shift, disappearance and broadening
of peaks were observed on the MB-loaded GCAC due to
the coalescing of the functional groups of GCAC with the
active groups of the adsorbate.

3.3. SEM micrographs

Fig. 1 shows the SEM micrographs of char and GCAC.
The micrograph for char was cloudy with less porosity
(Fig. 1a) while GCAC showed an even distribution of pores
and active sites (Fig. 1b). GCAC is porous, indicating its
capacity to adsorb more dye molecules.

3.4. Model analysis

The data obtained from the 20 experimental runs
analyzed by the CCD model could be fitted into the second
order polynomial equation as follows:

Y:BO+;BJ,xj+;Bjjx2j+z > Byxx; te, (8)

i<j=2

where Y represents response, x,and X, represent parameters,
B, represent constant factor, ﬁj, B., Bij represent interaction
constants (linear, quadratic, seconcf order terms), k represents
number of evaluated factors, ¢, represents error.

The process parameters in their coded values can be

explained using the expression

x. = i 0 (9)

Fig. 1. SEM micrographs of (a) char and (b) GCAC.
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where x, represents uncoded value, x, represents uncoded
value at center point, Ax, represents the change value
(-1 and +1).

The interaction between the independent variables was
examined by ANOVA. The significance of the model was
determined by F-test and correlation coefficient (R?). The
model terms were verified by the P-value at 95% confidence
level. Finally, 3D plots were obtained.

3.5. ANOVA analyses

The significant model terms of the regression variables
were evaluated by ANOVA. The model was significant with
F-value of 22.58 and Prob > F < 0.0001. For any significant
model, the Prob > F value must be <0.0500. Therefore the
model obtained in this study is significant and indicates
that CCD can be used to model MB adsorption onto GCAC.

3.5.1. Signal to noise ratio

The signal to noise ratio of the CCD model was eval-
uated using the adequate precision (AD) matrix. AD
compares the estimated values to the average estimated
error. AD values higher than 4 is required for a good model.
The AD obtained in this study was 16.252, implying that
the model possesses adequate signal for optimization.

3.5.2. Correlations

The CCD model of RSM generates three different cor-
relation coefficients (R? predicted R? and adjusted R?). These
coefficients are used to examine model adequacy. Predicted
R? evaluates the suitability of the model to predict a response
value. The model is in reasonable agreement if the differ-
ence between the adjusted and predicted R? is <0.2. In this
study, the predicted R* was 0.7526 while the adjusted R* was
0.9109 (difference of 0.1583), indicating that the model fitted
well. The correlation coefficient (R?) describes the alignment
of the response to the model. For a good model, a value of
R? higher than 0.80 is ideal. The R? obtained in this study
was 0.9531. This indicates that the model has a goodness
of fit. The coefficient of variation (CV) evaluates model
reproducibility. Normal values of CV are less than 10% [43].
The CV value of 3.89 obtained in this study implies that the
model is reproducible.

3.5.3. Lack of fit

The lack of fit is related to the residual and pure error.
Unaccounted variations within the model can influence both
residual and pure error and produce a significant lack of
fit. For any good RSM model, a non-significant lack of fit is
desirable. The lack of fit in this study is non-significant with
F-value of 1.02, indicating that the model was suitable for
MB adsorption.

3.5.4. Standard deviation

The standard deviation is related to the experimental
error within the design space. A low standard deviation is
desirable and related to the square root of the residual mean

square. A standard deviation of 2.94 obtained in this study
is in agreement with the model.

3.5.5. Predicted model

The significant terms obtained from the model is
summarized in Table 5. The degree of freedom (DF) of these
significant model terms is 1. This indicates that the model
used for MB adsorption onto GCAC was significant. The
regression model representing the coded factors can be
described by the second order polynomial:

MB = +80.3+2.7A -2.5B+7.5C +3.05A% — 6.5B

-5.6C*-23AB+0.7AC +8.7BC (10)

The second order polynomial in Eq. (10) shows the
interaction of the variables and their order of significance
within the design space. The order of the significance of
the variables is pH > adsorbent mass > MB concentration.

Diagnostic plots were used to examine the adequacy of
the model to navigate the design space. The normal prob-
ability plot in Fig. 2a shows evenly distributed parallel
residuals along a straight line. This indicates that the model
satisfactorily fitted with the experimental data. The plot
in Fig. 2b shows that the residual points of both estimated
and actual data were closely aligned on opposite trajectory
on the straight line, indicating that the model prediction
of MB adsorption on GCAC was satisfactory.

3.6. M B removal

The influence of pH could be related to the pH point of
zero charge (pH,,.). GCAC has a pH,,, of 8.1. This indicates
that GCAC surface has positive and negative charges
below and above 8.1, respectively. GCAC has functional
groups such as OH, CO and CH which can dissociate into
separate smaller ions and protonate with the adsorbate
molecules, eliminating more adsorbate molecules from the
aqueous solution. The higher MB removal at pH 4 (Fig. 3a)
could be related to GCAC functional group dissociation
and protonation with MB molecules. Table 3 shows that the
functional groups on GCAC interacted with MB molecules.
The O-H group on GCAC significantly interacted with the
MB molecules in such a way that altered its band width. The
O-H groups at 3,413.5; 3,465.86 and 3,542.6/cm on GCAC
shifted to 3,412.82; 3,473.89 and 3,546.2/cm, respectively,
in the MB-loaded GCAC due to their interaction with MB

Table 5
ANOVA significant model terms

Model F-value Prob >F
A 8.6 0.015

B 7.2 0.023

C 64.5 0.0001
B? 13.5 0.004

C? 10 0.01

BC 70 0.001
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Fig. 2. Diagnostic plots (a) normal probability plot and (b) predicted vs. actual plot.

molecules. The carboxylic acid and C-C aromatic groups on
GCAC were found at band width of 1,113.71 and 1,422/cm,
respectively, but completely disappeared on the MB-loaded
GCAC. Therefore, lower pH enhanced the protonation of
GCAC functional groups, attracting more MB molecules.
This observation is in line with other reports [10,44].

The influence of initial concentrations (20, 40 and 60 mg/L)
on MB adsorption was examined at various adsorbent mass.
The results show that MB removal percentage was higher
at lower concentration. MB removal percentage at 20 mg/L
was 89% but decreased to 79% when initial concentration
was elevated to 60 mg/L (Fig. 3a). This phenomenon could
be due to higher active sites on GCAC at low initial MB
concentration. The active sites on GCAC were sufficient for
the adsorbate at low concentration. At higher concentration
and at the same adsorbent mass, the active sites could be
insufficient to adsorb more MB molecules. However, MB
uptake was higher with increasing MB concentration. An
uptake of 25.3, 55.4 and 70.3 mg/g was noted with elevating
MB concentrations from 20, 40 and 60 mg/L, respectively.
The results show that the driving force of MB transport onto
GCAC was higher at elevated MB concentration. At higher
MB concentration, higher mass transfer from GCAC sur-
face into the micropore occurs due to higher driving force
of the adsorbate [45]. This observation is in line with other
reports [45].

The influence of adsorbent mass on MB adsorption
is presented in Fig. 3b. Higher adsorbent mass of 0.09 g
adsorbed more dye molecules than lower adsorbent mass
of 0.03 g. At lower adsorbent mass, the active sites could
be rapidly filled by adsorbate while high amount of sol-
ute remains in the aqueous solution. At lower adsorbent
mass, MB removal percentage on GCAC decreased but
increased when adsorbent mass was increased due to the

(@
892718
836444
78.0169
z 723608
é, 66.762
1
5
=
60.00
10.00
B: Concentration
20.00  4.00
(b)
84.5403
76619
Z
socors L2
% 607761
g 528546
H
6000
C: Adsorbent dose
B: Concentration
0.03  20.00
Fig. 3. (a) Effect of pH and concentration and (b) effect of adsorbent

mass.
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availability of adequate active sites. In contrast, MB uptake
on GCAC reduced at higher adsorbent mass. The MB uptake
at adsorbent mass of 0.03 and 0.09 g was 53 and 18 mg/g,
respectively. Thus, more MB uptake was observed at lower
adsorbent mass per unit volume. This observation is in line
with previous reports [46].

3.7. Optimization

Optimization of MB adsorption onto GCAC was con-
ducted using RSM software. A goal for each of the three
variables and the response was set, respectively. The goal
for the variables was set to maximum in order to capture the
optimum region while the response was set “within range”.
RSM combines individual desirabilities into one number
and identifies the optimum regions, conditions and removal
efficiency.

Table 6 shows the optimization of MB removal in this
study. RSM predicted MB removal of 89.2% at pH of 4.3,
concentration of 51 mg/L and adsorbent mass of 0.08 g.
The corresponding experimental investigation yielded a
removal efficiency of 92.3%, confirming that the model
prediction was reasonably optimized.

4. Mass transfer kinetics

To understand an adsorption mechanism, investigation
into the liquid—solid interaction is necessary. The transport

porosity. Several mechanisms including chemical bonding,
covalent bonding and interactions of the functional groups
with the solute can influence the adsorbate—adsorbent
affinity [30]. Therefore the transfer of solute onto a porous
solid could primarily involve external mass transport,
intraparticle diffusion and active site adsorption [47].

4.1. Adsorbate-adsorbent affinity

Several reaction mechanisms control the mass transfer
of solutes onto the active sites of a porous solid. The net
transfer of mass and the resistance to solute transport can
be examined using various established and modified mass
transfer kinetic models. The linear form of the MMTF model
developed by Fulazzaky [30] (Egs. (3) and (4)) can be used to
understand the attraction of the adsorbate toward the adsor-
bent and the driving force of adsorbate mass transfer. The
plot of In g vs. In t provides a slope representing 1/B and
intercept of B. Fig. 4 shows that the mass transfer of MB onto
GCAC was greater at higher MB concentration (Table 7).
This indicates that there was no mass transfer resistance with
increasing solute concentration.

The driving force of MB mass transfer onto GCAC
increased in the range of 3.621, 4.387 and 4.906 mg/g with
increasing concentration in the range of 20, 40 and 60 mg/L,
respectively. Similarly, the attraction of the adsorbate toward

of adsorbate in aqueous solution can be influenced by var- 557
ious factors including adsorbate concentration, adsorbate 531 ‘_/r—ﬂ’_"_‘—“_hr‘
solubility, adsorbent functional groups, surface area and 5.1 4
4.9 -
® 47 ‘/./—r—'_"_.—.".
®
Table 6 E 45
MB numerical optimization T 43
4.1 -
pH 43 39 |
Concentration (mg/L) 51 37
Adsorbent mass (g) 0.08 3 35 4 45 5 5.5 6
Predicted MB (%) 89.2 In (t) (hr)
Experimental MB (%) 92.3 #20mg/L W40 mg/L A 60 mg/L
Desirability 1.000 Fig. 4. Mass transfer plot of In g vs In ¢.
Table 7
Mass transfer coefficients of different models
mg/L
Models Constants 20 40 60
Mass transfer coefficients: B (g/h/mg) 10.570 13.123 17.064
Ingvs.Int B (mg/g) 3.621 4.387 4.906
R? 0.9785 0.9747 0.9913
External mass transfer coefficients: k; (cm/s) 1.04 x 107 1.34 x 107 1.57 x 107
C/C,vs. t R? 0.9236 0.9797 0.9754
Intraparticle diffusion model: K, (mg min)°® 0.992 2.6602 1.9513
g, vs. 13 C, (mg/g) 47.41 96.62 156.44
R? 0.9236 0.9797 0.9754
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the adsorbent (B) increased in the range of 10.57, 13.123
and 17.064 g/h/mg with increasing MB concentration. The
higher driving force of MB at higher concentration caused
the mass transfer of large amount of solute onto the adsor-
bent. The correlation coefficient at all examined initial MB
concentrations was high and exceeded 0.96, indicating the
applicability of this model. These findings are in line with
the study of Fulazzaky et al. [48] on the biosorption of oil
and grease by Serratia marcescens SA30. The authors found
that B and B increased with increasing initial oil and grease
concentration.

4.2. External mass transfer

Evaluation of the transport of MB onto the external pores
of the adsorbent can be conducted through the plot of C,/C,
vs. t [35]. Table 7 shows the external mass transfer factors at
different MB concentration. The k increased in the range of
1.04 x 10°-1.57 x 10~ with increasing concentrations from
20 to 60 mg/L. For all MB concentration, correlation coef-
ficient was high (>0.992). The result suggests that higher
initial solute concentration caused an increase of external
mass transfer onto the surface of the adsorbent. This further
indicates that there was no mass transfer resistance of MB
onto GCAC. A related study by Souza et al. [47] noted that
external mass transfer (kf) values increased with increas-
ing malachite green (MG) concentrations. The researchers
found that k, was in the range of 1.99, 2.16, 2.44, 2.65 and
2.89 cm/s wﬁen MG concentration was raised to 150, 200,
250, 300 and 500 mg/L, respectively.

4.3. Intraparticle diffusion

The transport of solute can be explained by the linearized
expression of the Weber and Morris intraparticle diffusion
model of In g, vs. t*°. Reactions controlled by intraparticle
diffusion must fulfill the following criteria [49]:

¢ The plot of In g, vs. t*>must pass through the origin
¢ The boundary layer effect (C)) must be low

The intraparticle diffusion plot in Fig. 5 deviated from
the origin. The k, was high (0.992-1.9513 mg (min)*’) as
well as the correlation coefficient (R?). However, the bound-
ary layer effect (C,) was high and increased with increasing

200

180 r’r_k_‘,_‘—k—ﬁ"fn

160

140
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Fig. 5. Intraparticle diffusion model.

initial MB concentration (Table 7). The high C, indicates the
presence of a great boundary layer effect [50]. Lower values
of C, favor intraparticle diffusion. The departure of the plot
from the origin indicates that intraparticle diffusion was not
the only transport mechanism but more than one transport
mechanism could be involved in the transfer of MB onto
GCAC [51]. A similar observation was made by Kapur and
Mondal [52] who found that the k,, value increased to 0.038,
0.119 and 0.601 mg/g min™"* with increasing Cr(VI) concen-
tration from 10 to 20 and 50 mg/L, respectively. Walker et al.
[53] also demonstrated that k , increased in the range of 0.98,
1.93, 3.77 and 5.41 mg min®® with increasing dye concentra-
tion to 400, 600, 800 and 1,000 mg/L, respectively.

5. Conclusion

AC derived from Gardenia carinata (GCAC) was examined
for MB adsorption from aqueous solution. The adsorbent
has high BET surface area. The experiments were designed
using the CCD model of RSM. The influence of three inde-
pendent variables (pH, adsorbent mass and concentration)
on MB adsorption was evaluated. It was found that the
variables influenced MB adsorption. MB adsorption of 89%
was achieved at pH 4 and adsorbent mass of 0.06/g. The
model was satisfactorily optimized. The mass transfer anal-
yses indicated that the attraction of the adsorbate toward
the adsorbent was influenced by MB concentrations. The
external mass transfer factor (k) showed that there was no
mass transfer resistance of MB onto GCAC. Furthermore,
mass transfer analyses indicated that the transport of the
solute onto GCAC could be governed by both intrapar-
ticle diffusion and film diffusion. This study, therefore,
demonstrates that waste materials such as Gardenia carinata
seeds can be effectively reused in more benefitting ways.
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