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ABSTRACT

Colour removal from effluents remains one of the most challenging requirements faced by indus-
tries due to the difficulty of degrading dyes which consequently escape conventional wastewater
treatment processes and persist in the environment. This study aimed to assess and optimise the
dye adsorption performance of banana floret, a novel biosorbent. Batch experiments were con-
ducted to assess the effects of particle size, pH, agitation, temperature, initial concentration and
sorbent dose. Kinetic and equilibrium data were modelled, and mass transfer studies were con-
ducted to elucidate the mechanisms of biosorption. Equilibrium data were best simulated using
the Sips and Langmuir isotherm models. At an optimum pH of 6.0, biosorbent dose of 1.0 mg-L™
and temperature of 300 K, a maximum sorption capacity of 219 mg-g was observed. The kinetic
data were best represented by the pseudo-second-order model. The dominant transport mechanism
was attributed to intraparticle diffusion, while the dominant attachment mechanism was phys-
ical sorption. The Taguchi method, in combination with analysis of variance, was used to deter-
mine the optimum levels of operational parameters for maximising the biosorption of methylene
blue by banana floret. The parameter group which produced the highest biosorption capacity and
percent removal was determined to be A3-B1-C3 (initial concentration = 200 mg-L~, biosorbent
dose = 500 mg-L7, contact time = 60 min) and A1-B3-C3 (initial concentration = 50 mg-L, biosor-
bent dose = 2000 mg-L", contact time = 20 min), respectively. Among these parameters, the initial
concentration had the most significant effect on the biosorption capacity, while sorbent dose was
most significant on percent removal. A predictive model based on a quadratic equation which
incorporates the factor interactions was successfully developed and validated.
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1. Introduction

Water pollution by dyeing industries continues to be
a subject of environmental concern due to the large vol-
ume of effluent disposed of in watercourses [1]. There are
over 100,000 different dyes and pigments available com-
mercially, and it is estimated that the worldwide produc-
tion of dye is over 700,000 metric tonnes annually [2]. Up
to 200,000 tonnes of this total world production is released
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into the environment in wastewater due to improper dye
uptake during dyeing processes, as well as the degree of
fixation on the substrate and other process inefficiencies [3].
According to Mittal [4], apart from industrial applications,
the use of synthetic dye in the food industry has increased
five-fold in the past 60 y. The author went on to explain
that the increased use of artificial dyes stems from their
lower manufacturing cost and their ability to make food
look more appealing. The presence of these dyes in water-
courses is of significant concern due to their toxicity to
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aquatic life, mutagenic and carcinogenic nature to humans
and their potential to cause skin allergies, nausea, skin
irritation, and breathing difficulties [5]. Additionally, the
presence of dyes in watercourses decreases light penetra-
tion and photosynthetic activities, consequently resulting
in oxygen deficiency, disruption of the aquatic environ-
ment and reduced downstream beneficial uses such as
recreation, consumption and irrigation [3]. Environmental
regulations oblige industries to eliminate colour from their
dye-containing effluents before disposal into water bodies
[6,7]. However, colour removal from effluents is one of the
most challenging requirements faced by industries because
dyes are not easily degraded and consequently escape
conventional wastewater treatment processes and persist
in the environment. Thus, research into the removal of
dyes from water remains worthwhile.

The topic of dye removal has been extensively studied
using various physical, chemical and biological treatment
processes. Biological treatment processes are the most eco-
nomically used processes; however, due to the low biode-
gradability of dyes, conventional biological processes are
not very efficient for achieving satisfactory colour elimi-
nation from concentrated wastes [8]. Chemical treatment
processes such as coagulation, ozonation, and chlorination
are more efficient but are often expensive and result in the
generation of concentrated sludge, the disposal of which is
another topic of environmental concern [9]. Physical treat-
ment methods such as membrane-filtration processes, for
example, nanofiltration, reverse osmosis, and adsorption
have been successfully tested and reported in the literature.
However, adsorption has been found to be superior to other
techniques for water reuse due to its low initial cost, flex-
ibility, simplicity of design and ease of operation [10-13].

According to Mariyam et al. [14] adsorption has estab-
lished itself as one of the most reliable technologies for the
treatment of water. Further, without creating any inter-
mediate products or fragmenting target molecules, the
technique is capable of removing and recovering organic
and inorganic compounds from their solutions. To date,
adsorption researchers have identified and elucidated the
notable operational parameters for various adsorbent/
adsorbate interactions, viz. the removal of polycyclic aro-
matic hydrocarbons using biochar [15], rice husk activated
carbon [16] and organo-zeolite [17]; the removal of heavy
metals using chitosan grafted polyaniline-OMMT nano-
composite [18], peat moss [19], Bacillus polymyxa [20]; the
removal of dyes using silver doped manganese oxide-car-
bon nanotube nanocomposite [21], ZnO-nanorods-acti-
vated carbon [22], and fly ash [23].

Dye adsorption using activated carbon has been success-
fully tested and reported as an advantageous technique due
to its high efficiency, high capacity owing to its large sur-
face area, and the ability for large-scale dye removal appli-
cation and its potential for regeneration [24,25]. However,
commercial activated carbon is expensive; therefore, several
researchers have explored alternative adsorbents, includ-
ing natural materials such as Pistacia khinjuk [24], Elaeagnus
stone [26], oil palm wood [27], Paulownia flower [28], fun-
gus [29] and Holm oak [30]. The use of agricultural waste
such as wheat shells [31], rice husk [32], cotton fibre [33],
guava seeds [34], wheat bran [35], banana stalk waste [36],

banana peel [37], periwinkle shells [38], bagasse [39] and
yellow passion fruit waste [40] has attracted much attention
recently due to their low cost, nontoxicity, availability and
abundance. Additionally, due to their low cost, after these
materials have been expended, they can be discarded with-
out expensive regeneration [24].

The development of predictive models can save time
and improve efficiency in experimentation and enable
the effectual upgrade to full-scale systems [41]. However,
due to the non-linearity and diversity of biosorption sys-
tems, it is often difficult to develop predictive models
based on traditional one-parameter at a time optimization
[42]. According to Azizi et al. [43], statistical experimen-
tal design provides maximum, actual and more reliable
information with experimental runs as fewer as possible.
Genichi Taguchi, between the years 1950 to 1957, success-
fully implemented his industrial design-of-experiment.
Early international adaptation of his technique began in
1981 by companies such as Bell, Ford and Xerox [44]. Today,
the Taguchi experimental design method is one of the well-
known, unique and powerful techniques for product or
process quality improvement. It is widely used for analy-
sis of experiments and in optimization problems [45]. The
Taguchi method differs in several aspects from other exper-
imental design techniques. The method strongly relies on
the researcher’s experience in choosing the right parameters
and their levels; it uses orthogonal arrays to investigate the
main and interaction effects of parameters. The researcher
has to determine a target for their response variables, and
the methods suggest the use of a loss function to under-
stand the variation from the desired values [43].

In this study, methylene blue is used as a model cat-
ion dye to assess the performance of banana floret for dye
removal. The diverse application of methylene blue extends
beyond 130 y. Notable, its applications extend to the med-
ical, textile and paper industries. It has been reported to
cause eye burns and possibly permanent injury in humans
and animals, breathing difficulties, nausea, mental confu-
sion and methemoglobinemia [46]. Banana plant is known
as the largest herbaceous flowering plant in the world [47].
The banana blossom is an agricultural by-product and is
abundantly available in the Caribbean, India, Sri Lanka
and South East Asian countries [47]. The use of banana flo-
ret for the biosorption of dyes has not been reported in the
literature.

In this research, the authors aim to determine the effi-
ciency of banana floret for the biosorption of methylene
blue dye from solution. The transport and attachment mech-
anisms of biosorption are to be elucidated through batch
kinetic, equilibrium, thermodynamic, and mass transfer
studies. The Taguchi method, in combination with analysis
of variance (ANOVA) is used to determine the optimised
conditions for dye removal, which would enable process
design and the eventual up-scaling of the process.

2. Materials and methods
2.1. Preparation of the biosorbent

Batch biosorption experiments were conducted using
banana floret. The floret was first separated from hand-picked
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banana flowers, washed in distilled water and dried at
378 K for 24 h. It was subsequently crushed and sieved
into different particle sizes. The average particle size on a
sieve was determined as the geometric mean of the diam-
eter openings in two adjacent sieves in the stack. The geo-
metric mean size (GMS) is expressed as (diameter of upper
sieve x diameter of lower sieve)® [48].

2.2. Analytical methods

Methylene blue (C,;H,,CIN,S), a cationic dye of molec-
ular weight of 319.852 + 0.022 g:mol™ and purity of 98%,
which corresponds to methylene blue hydrochloride with
three groups of water, was used in this study (Fig. 1). Stock
solutions of 1,000 mg-L™" were prepared by dissolving 1 g
in 1,000 mL of distilled water (prepared using a Thermo
Scientific , Waltham, Massachusetts, United States still of pH
approximately 7 and conductivity < 5 uS-cm™). The concen-
tration of methylene blue was determined at a wavelength
of 665 nm using an ultraviolet spectrophotometer (Shimadzu
Recording Spectrophotometer UV-1800, Kyoto, Kyoto, Japan).

2.3. Biosorption studies
2.3.1. Kinetic studies

Laboratory-scale batch biosorption studies were car-
ried out using the parallel method according to EPA OPPTS
method 835.1230 [50]. Experiments were carried out in dupli-
cate at room temperature (300 + 20 K) in a batch reactor
with a biosorbent mass of 1.0 g-L™" and spiked with 50 mL
of 100 mg L™ synthetic solution. Sorbent masses were accu-
rate to +0.001 g, and solution volumes were accurate to
+0.5 mL. For each time interval, identical reaction mixtures
were prepared, agitated to maintain complete mixed condi-
tions on a mechanical shaker and removed at predetermined
intervals of time [51]. The biosorbent was then separated by
mechanical straining, and the filtrate/supernatant was sub-
sequently tested for residual methylene blue ions. In order
to monitor and control any interference due to leaching
during the test period, a blank was prepared, which com-
prised distilled water and banana floret. Solution pH was
adjusted using appropriate solutions of HCl and NaOH
and measured with a pH meter (Accumet Research ARI10,
Fisher Scientific, Hampton, New Hampshire, United States).

2.3.2. Equilibrium studies

The effect of initial methylene blue concentration was
studied in duplicate by equilibrating 1.0 g-L of biosorbent
in synthetic methylene blue solution of varying concentra-
tions (within the range of 50-400 mg-L™ to ensure maximum
sorption capacity was attained). The effect of sorbent dose
was studied by using varying sorbent doses (0.5-3 g-L7)

HiC. +* CH
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Fig. 1. Structure of methylene blue [49].

with methylene blue solution (100 mg-L™) at 298 + 2 K. The
effect of temperature on biosorption was examined by agi-
tating reaction mixtures in a shaking water bath (Julabo
SW23, Julabo GmbH, Seelbach, Germany) at temperatures
varying from 298 + 2 K to 328 + 2 K.

2.4. Kinetic models

Simulation of kinetic data was carried out using four
models: Weber and Morris intraparticle diffusion model,
Lagergren pseudo-first-order model, pseudo-second-order
model, and the diffusion-chemisorption model.

2.4.1. Lagergren model

In 1898 Lagergren developed a first-order rate equa-
tion to describe the liquid-solid phase adsorption of oxalic
acid and malonic acid onto charcoal. The model assumes a
first-order rate based on surface reactions. To distinguish
kinetic equations based on adsorption capacity from solu-
tion concentration, Lagergren’s first-order rate equation
has been called pseudo-first-order [52]. The non-linear
and linear forms are:

9,9, (1-exp ") M
and

log(q —a.)=logq — o 4 2

og(q,—4q,)=1ogg, 5308 @

2.4.2. Pseudo-second-order model

The pseudo-second-order equation was developed
for the adsorption of divalent metal ions onto peat moss
[53]. The model is based on pseudo-second-order chemi-
cal reaction kinetics [54] and is expressed in non-linear and
linear forms as:

K. gt
qt — PSOqE (3)
1 + KPSOqet

and
t 1 t
—=—t— 4)
7 Ko, 4.

The initial sorption rate, i, as t — 0 is expressed as:
h= (KPSO )qez ©)

2.4.3. Intraparticle diffusion model

Weber and Morris [55] proposed that the rate of intra-
particle diffusion varies proportionally with the half
power of time and is expressed as Eq. (6). If the rate-limit-
ing step is intraparticle diffusion, a plot of solute adsorbed
against the square root of time should yield a straight line
passing through the origin [55].
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g, =Ky (t)+c (©6)

2.4.4. Diffusion—chemisorption model

The diffusion—chemisorption kinetic model was devel-
oped to simulate the sorption of heavy metals onto het-
erogeneous media [56]. The model assumes that both
diffusion and chemisorption are controlling mechanisms
in the biosorption process. Non-linear and linear forms
are as follows:

1
q! = 1 1 (7)
2. £05
qe KDC
and
05 05
L — L + i (8)
9, 4. Ky

Assuming a linear region as t — 0, the initial rate is
given as:
KZ
k =—b< )
qt’

2.5. Mass transfer models

Mass transfer studies were conducted using the parti-
cle diffusion model, the intraparticle diffusion model, and
the external film diffusion model.

2.5.1. External diffusion model

The external diffusion model assumes that during the
initial stages of adsorption, intraparticle resistance is neg-
ligible, and transport is mainly due to film diffusion [57].
It was derived from an application of Fickian’s law and
expressed the concentration of solute in the solution as a
function of the difference in concentration of the solute in
the solution, C, and at the particle surface, C, in accordance
with the following equation [58]:

d
d—Z:—kaU(C—Ci) (10)

Since C, approaches zero and C approaches C, as
t — 0, Eq. (10) could be simplified [Eq. (11)] and kf can be
determined from the slope of the curve In(C/C)) vs. t:

{‘i(c“)} e

. 5, (11)

Assuming spherical particles, the surface area for mass
transfer, S, can be obtained by the following equation [59]:

6m, (12)

g —_ O
dpp(l—sp)

0

2.5.2. Particle diffusion model

The model assumes that particle diffusion is rate-con-
trolling and that Vermeulen’s [60] approximation for par-
ticle diffusion [Eq. (13)] could be simplified to cover most
of the data points for calculating effective particle diffu-
sivity as follows:

(13)

Z=1

61 ~Z*n*Dt
X(t)zlnzzzzexpl:rz :I
where X(t) is the fractional attainment at time £, given by:
(14)

Vermeulen’s [60] approximation of Eq. (13) is given as:

]l 2]

A linear plot of In[1/1 — X?(t)] vs. t enables D, to be calcu-
lated [61]:

1 s
lnlil)(z(t):| = ,7 DLf

2.5.3. Biot number

(15)

(16)

The Biot number is a representation of the ratio of the
rate of diffusion across the liquid film to the rate of diffu-
sion within the particle and is determined using the fol-
lowing expression [62]:

B k7 17)

i De (
where k, is the film diffusion coefficient, r is the particle
radius, and D, is the particle diffusion coefficient.

2.6. Isotherm models

The equilibrium capacity of banana floret for methy-
lene blue was assessed by non-linear regression using two
and three-parameter equilibrium models viz. the Langmuir
isotherm, the Freundlich isotherm, the Redlich—Peterson
isotherm, and the Sips isotherm.

2.6.1. Langmuir isotherm

The Langmuir model [Eq. (18)] is a theoretical equilib-
rium isotherm originally developed to relate the amount of
gas adsorbed on a surface to the pressure of the gas [63]. The
model assumes that sorption sites on the sorbent possess
an equal affinity for molecules and that each site is capa-
ble of adsorbing one molecule, thus forming a monolayer.
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K.C
qe — qL L e (18)
1+K,C,
The characteristic features of the Langmuir isotherm
may be described in terms of the separation factor, R, a
dimensionless constant given by Eq. (19) [64].

1
R = (1+K,C,) (19)

This separation factor can be used to describe further
the nature of the adsorption process. The isotherm is unfa-
vourable if R, > 1; linear if R, = 1; favourable if 0 <R, <1
and irreversible if R, = 0.

2.6.2. Freundlich isotherm

Swan and Urquhart [65] explained that the equation of
the form x = kc' was first applied to adsorption of gases
by De Saussure in 1814. The application of this equation
was further extended to solutions by Boedecker in 1859
[65]. In 1906, Freundlich described the adsorption iso-
therm mathematically as a special case for non-ideal and
reversible adsorption [66]. This equation is presented in
non-linear and linear forms as:

q.=K.(C)" (20)

log(qc):log(KF)-knllog(Cg) (21)

F

2.6.3. Redlich—Peterson isotherm

The Redlich-Peterson isotherm [Eq. (22)] is a hybrid iso-
therm that incorporates the features of the Langmuir and
Freundlich isotherms [67]:

qe _ KRPCE

N g
1+ o, Co

(22)

2.6.4. Sips isotherm

The Sips isotherm [Eq. (23)] is also a combined form of
the Langmuir and Freundlich isotherms [68]. The model
was developed for predicting heterogeneous adsorp-
tion systems and bypassing the limitation of the rising
adsorbate concentration associated with the Freundlich
isotherm model [69].

q. = (23)

1+(aC, )HS
2.7. Thermodynamic studies

Thermodynamic studies were conducted under batch
equilibrium conditions at four different temperatures (300,

308, 318 and 328 K) and assessed using parameters such
as standard Gibb’s free energy change (AG®), enthalpy
change (AH®) and entropy change (AS°). AG® was calculated
using the following equation [70]:
AG’ =-RTInK, (24)
where K, is the distribution coefficient under equilibrium
conditions calculated from the relationship (g,/C).
According to Eq. (25), AS® and AH® were determined
from the slope and intercept of linear plots of AG® vs.
temperature, T, respectively.
AG’ =AH’ -TAS’ (25)
Activation energy E, and sticking probability S* were

estimated using the linear form of a modified Arrhenius-
type equation related to surface coverage given as:

E
In(1-0)=InS"+—= 26
n(1-8)=In§"+ 27 (26)
where 0 is the surface coverage expressed as:
1-
0= [ C. ] 27)
CO

where §* and E, were determined from plots of In(1 - 0) vs.
1/T [70].

2.8. Error analysis

The goodness of fit by the various models to the exper-
imental data was evaluated using the coefficient of deter-
mination, R? the hybrid error function (HYBRID), the
Marquardt’s percent standard deviation (MPSD), and the
relative percent error (RPE) presented in Table 1.

2.9. Experimental design and procedure

The Taguchi method was applied to optimise and deter-
mine the level of significance of various operational param-
eters involved in the biosorption of methylene blue by
banana floret. Minitab® statistical software was used for
the range analysis and the analysis of variance (ANOVA)
of the data and then to determine the most important oper-
ational factors, which can maximize the percent removal
and biosorption capacity. In this study, the optimum val-
ues of particle size, pH and agitation speed we first eluci-
dated as GMS 0.15 mm, 7.5, and 350 rpm, respectively. These
parameters were kept constant at their optimum values.
At the same time, three levels of varying amounts of bio-
sorbent dose (500; 1,000 and 2,000 mg-L), initial dye con-
centration (50, 100 and 200 mg-L"), and time (20, 40 and
60 min) were established. Consequently, a standardized
L, (3°) orthogonal array was selected based on the Taguchi
design methodology, which involved nine experiments in
order to cover the influences of the three parameters in three
levels.
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Azizi et al. [43] explained that in the Taguchi method,
the term ‘signal” represents the desirable value (mean) for
the output characteristic, and the term ‘noise’ represents
the undesirable value (standard deviation, SD) for the out-
put characteristic. Therefore, the S/N ratio is the ratio of
the mean to the SD. Taguchi uses the S/N ratio to measure
the quality characteristic deviating from the desired value.
Typically, there are three options for S/N ratios. These are
the larger-the-better, the smaller-the-better, and the nomi-
nal-the-better. Because this study sought to maximize the
biosorptive ability of the banana floret, the larger-the-better
option was selected. In this case, the value of the S/N ratio
can be calculated as follows [44,71]:

(32)

S 1 1
2~ 10log| -3 —
N Og{nz 2}

The following equation was applied to calculate the
theoretically optimal S/N ratio [56]:

q

T‘lopt =-m, + z(nl _m“)

i=1

(33)

The confidence interval (CI) for the predicted S/N
ratio was determined as follows [71,72]:

- 00T

neff

(34)

where Fa(l, f)) is the variance ratio at a confidence level of
(1-a)) against degree of freedom (DOF) 1 and f, is the DOF of
error term, V. is the error variance and n_ is calculated by:

Table 1
Error functions

Expression Equation
number

RPE% = 1imwx 100 (28)

N = (qff )cxp

(1), ), |
1 q., o q., "
MPSD =100 N_P; (;) pred (29)
i Jexp
(1.).,,-),..)

100 & ( 9o )y ~\ e redj

HYBRID = 7 ZE (1:7 cl )pred P (30)

S (0), 0 ) (0, (0]
= ((0.),,-(0.),..)

R* =

3D

N
n,=———— 35
“ 1+DOF,, (35)
where N is the total number of results, DOF_ is the total
degrees of freedom that are associated with the items used
to estimate the value of Nope

3. Results and discussion
3.1. Kinetic modelling
3.1.1. Modelling the effects of agitation

Non-linear regression was performed using the
Levenberg-Marquardt algorithm (Curve Expert Software©)
to simulate primary biosorption data. The goodness of fit
of each model to the experimental data was assessed using
error functions presented in Table 1, which revealed that the
pseudo-second-order model and diffusion chemisorption
model produced the best simulations. Close examination
of these results presented in Table 2 reveals the pseudo-
second-order model produced the highest R* and the low-
est MPSD, RPE, and HYBRID values in most instances.
Consequently, the pseudo-second-order model was used
to assess the kinetic manner of variations in mixing speed,
pH and particle size on the biosorption process.

3.1.2. Effect of reaction time and mixing speed on biosorption

Fig. 2 shows the effect of agitation on the removal of
methylene blue by banana floret. The figure reveals as agi-
tation increased, the time to reach equilibrium decreased.
At an agitation of 350 rpm, a high initial rate of removal is
observed within the first 20 min (73% removal). Thereafter,
the removal efficiency gradually climbed to 80% after
40 min. Finally, there was a marginal increase between 40
to 60 min of 3% as the reaction approached equilibrium. On
the basis of these results, 60 min was selected as the time of
equilibrium for further studies. Table 3 presents the pseu-
do-second-order model parameters obtained as a function

Table 2

Analysis of kinetic models using non-linear regression

rpm Model Linear regression
R? RPE MPSD HYBRID
Pseudo-first-order 0.951 13.09 23.98 88.6309
150 Pseudo-second-order 0986 878 17.59 41.1044
Diffusion—-chemisorption 0.985 9.29 21.19 51.4021
Intraparticle diffusion ~ 0.939 9.64 13.08 62.8876
Pseudo-first-order 0.951 12.67 26.72 121.71
250 Pseudo-second-order 0981 8.26 20.60 66.2364
Diffusion—-chemisorption 0.980 6.45 11.22 28.96
Intraparticle diffusion 0.852 12.23 16.36 133.144
Pseudo-first-order 0.948 10.85 23.84 127.273
350 Pseudo-second-order 0983 6.59 14.48 45.7701
Diffusion-chemisorption 0.963 8.54 14.48 58.8
Intraparticle diffusion 0.677 17.38 23.46 331.129
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of changing agitation speed. An increase in agitation speed
resulted in increases in the biosorption capacity, initial, and
overall reaction rate. This was expected as agitation pro-
motes contact between media and liquid and maintains a
high ion concentration gradient between the inner and outer
regions of the particle [73]. Ku$mierek & Swiatkowski [74]
and Geethakarthi & Phanikumar [75], that an increase in
agitation results in a reduction of the solvent film thickness,
which surrounds the particle, and by extension, the resis-
tance to film diffusion.

3.1.3. Effect of particle size on biosorption

The effect of particle size was studied with particle GMS
varying from 0.15 to 0.65, at a constant pH, biosorbent dose
and initial concentration of 6.0, 1.0 g-L' and 100 mg-L7,
respectively. The results of pseudo-second-order model-
ling of the experimental data are presented in Table 3. It is
observed that as particle size decreased, both the overall rate
and the initial rate increased. According to Sutherland and
Venkobachar [56], the reduction in particle size is accom-
panied by an increase in surface area, which can account

120
100
80
g
on
g 60
=
40 —0—350 RPM
—&— 250 RPM
20
—@— 150 RPM
0
0 20 40 60 80
Time /mins

Fig. 2. Effect of mixing speed on methylene blue uptake.

Table 3
Pseudo-second-order model parameters for different opera-
tional parameters

Operational Values K, , Initial rate q,
parameter (gmg'minT) (mgglmin') (mgg’)
3 0.0014 4.1841 55.5556
5 0.0012 15.0150 112.3596
pH 6 0.0013 17.7620 116.2791
7.5 0.0015 18.3486 111.1111
10 0.0014 16.9205 111.1111
Acitati 150 0.0007 7.5451 103.8206
(rgina) O 950 0.0009 9.8282 104.5000
P 350 0.0012 16.5315 117.3723
. 0.17 0.0011 15.1539 104.4004
Particle
0.35 0.0011 13.1812 96.1571
GMS (mm)
0.6 0.0007 8.0992 80.7547
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for this increase in rate. Further, if the characteristics of
the active sites on the surface of the banana floret are the
same as those within the pores, then this increase in overall
rate with decreased particle size is expected.

3.1.4. Effect of pH on biosorption

According to Elwakeel et al. [76], the pH of the dye solu-
tion is one of the most important parameters in controlling
the sorption of the sorbate onto the sorbent. The effect of
pH was studied using particle GMS of 0.35 mm, initial con-
centration of 100 mg-L™ and agitation of 350 rpm and is
presented in Fig. 3. Removal efficiency increased rapidly
with an increase in pH, and reached a maximum of 90% at
a value of pH 6. An increase in pH beyond 6 resulted in a
marginal change in removal. According to Basker et al. [49],
lower adsorption of methylene blue at acidic pH might be
due to the presence of excess H* ions competing with dye cat-
ions for the available adsorption sites. However, in the basic
medium, the formation of an electric double layer changes
its polarity and consequently increases the methylene blue
uptake [77]. Similar explanations were put forward by
Guo et al. [78] and Hameed and El-Khaiary [79].

3.2. Equilibrium modelling
3.2.1. Modelling the effects of temperature

Further to presenting an overview of the path taken
by the sorption system, adsorption isotherms reveal valu-
able insight into the efficiency of the sorbent in terms of its
maximum sorption capacity and thus allow an estimate of
the economic feasibility of the sorbent’s commercial appli-
cation for the specified solute [80]. Specifically, they aid in
the development of predictive models enabling process
design; determine whether a biosorbent can attain a partic-
ular treatment limit; provide a basis for comparison among
various biosorbents; and aid in estimating the performance
of full-scale batch and column systems [81]. Therefore, it
cannot be overemphasized the importance of challenging
the experimental data against various models to obtain an
accurate simulation [73].

Simulation of the experimental data using two and
three-parameter isotherm models was performed using
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Fig. 3. Effect of pH on methylene blue uptake.
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non-linear regression. The goodness of fit by each model was
assessed using error functions presented in Table 1. Table 4
presents the results of analysis for the isotherm at particle
GMS of 0.15 mm, pH at 6, agitation at 350 rpm, reaction
time of 60 min and temperature ranging from 300 to 328 K.
The Langmuir and Sips models produced the best simula-
tion of the experimental data with a very marginal differ-
ence in precision in favour of the Sips model. Thus, in this
study, the Sips equation is more appropriate for the devel-
opment of predictive models. The significant correlation of
the Langmuir model to the experimental data is sufficient
to permit mechanistic inferences. The Langmuir isotherm is
based on the assumption that points of valency exist on the
surface of the sorbent and that each of these sites is capable
of adsorbing one molecule [82]. Consequently, the adsorbed
layer will be one molecule thick [82]. In accordance with
Langmuir’s assumption, it is therefore suggested that all
the sorption sites on the banana floret have equal affinities
for methylene blue ions and that the presence of adsorbed
methylene blue ions at one site will not affect the sorption
of ions at an adjacent site.

The Langmuir constant K, is related to the binding
energy or sorption energy coefficient, where a high value of
K, indicates a high affinity [83]. From Table 4, it is observed
that both monolayer saturation capacity (g,) and the affin-
ity of methylene blue ions for the banana floret generally
increase with increasing temperature, implying that the pro-
cess is endothermic and favourable at higher temperatures.
At higher temperatures, the increased kinetic energy of the
sorbate ions increases its collision onto sorption sites and
thus, the probability of attachment of sorbate ions to sorp-
tion sites increases. Using the Langmuir’s constant K, and
Eq. (19), the shape of the isotherm was further evaluated
by the dimensionless constant separation factor (R)). Fig. 4
presents a plot of R, vs. C_for varying reaction temperatures.

Table 4
Analysis of isotherm models using non-linear regression
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In all instances, the value of R, was between 0 and 1, indi-
cating a favourable uptake of methylene blue ions by the
banana floret and, by extension, confirming the applicabil-
ity of banana floret for column application [73]. It was also
observed that an increase in reaction temperature resulted
in decreasing R, values which further confirms that bio-
sorption was more favourable at higher temperatures.

According to the Langmuir isotherm, banana floret
exhibited a monolayer saturation capacity of 219 mg-g™.
This was compared to that of other biosorbents reported
in the literature and presented in Table 5. The table reveals
that the banana floret used in this study compares well to
sorbents previously reported, which further suggests its
effectiveness as a biosorbent.
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Fig. 4. Curves showing variation in separation factor for meth-
ylene blue biosorption using banana floret at different tem-
peratures.

Temperature Model Constants R? Error functions

(K) RPE MPSD  HYBRID
Langmuir q,=219 K, =0.0545 0.9801 49113 7.5011 64.0294

300 Freundlich K,=56.9 n,=4.07 0.9452 7.9100 14.3820 208.1030
Sips a,, =0.0576 g,=211 ng=1.16 0.9801 4.3101 6.5635 52.5236
Redlich-Peterson o, =0.0602 Kpp=12.4 Srp = 0.988 0.9801 4.8924 7.7058 70.3141
Langmuir q, =239 K, =0.0552 0.9880 3.8547 5.5084 36.8907

308 Freundlich K. =58.8 n,=3.84 0.9299 9.3588 15.6903 263.3338
Sips a,, = 0.0606 qs=224 ng=128 0.9920 2.2695 2.9294 14.6156
Redlich-Peterson oL, = 0.0324 Kp=112 Sep=1.07 0.9920 16.8427 22.1972 919.8981
Langmuir q, =266 K, =0.049 0.9920 2.3964 3.6835 18.5438

318 Freundlich K. =539 n,=3.33 0.9567 8.2615 13.8554 208.4577
Sips a,, = 0.0504 qs=262 ny=1.04 0.9920 2.1807 3.2422 15.4666
Redlich-Peterson o, = 0.052 K =132 8rp = 0.992 0.9920 2.8629 3.8299 20.1833
Langmuir q,=293 K, =0.0404 0.9920 2.2036 3.3678 22.8922

38 Freundlich K,=49 n,=297 0.9567 6.4779 12.0596 163.9632
Sips a,, = 0.0394 q,=297 ny=0.977 0.9920 2.1394 3.2988 22.0015
Redlich-Peterson 0, = 0.0413 Ky =119 8gp = 0.997 0.9920 2.3464 3.5320 25.6943
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Comparison of methylene blue dye biosorption capacity of various biosorbents reported in the literature

Biosorbent Sorbent dose (g'L") pH  Temperature (K)  Adsorption capacity, g, (mg-g”)  References
Rice husk 0.12 8 305 40.58 [32]
Pineapple stem waste 0.3 9 303 119.05 [84]
Bamboo 0.1 3.7 298 286.1 [85]
Dehydrated peanut hull 1.0 35 323 161.30 [86]
Wheat shells 1.0 6.5 323 21.50 [87]
Treated sawdust 0.2 7 298 263.16 [88]
Banana peel 0.2 - - 120.0 [89]
Terminalia catappa shells 4.0 5 - 88.62 [90]
Penicillium glabrum (PG) fungi ~ 0.33 82 303 16.67 [91]
Banana floret 0.5 6 300 219 This study
3.2.2. Effect of initial concentration 100 250
The effect of initial methylene blue concentration was R %0 T
studied at natural pH at room temperature using a con- i 80 - 200 g"
stant biosorbent dose of 0.5 g-L-. Reaction mixtures were £ 70 =
agitated at 350 rpm for 60 min. Fig. 5 shows the results as gz 60 - 150 2
a function of both the percentage sorbed at equilibrium ‘% 50 ]
and the equilibrium sorption capacity. The figure reveals & 40 - 100 §
a gradual decrease in removal from 92% to 54% as initial § 30 g
sorbate concentration was increased from 50 to 400 mg-L". g 20 50 &
At lower initial sorbate concentration, the ratio of sorption 10 A
sites to total dye is high. Consequently, the dye ions could 0 0
interact with the sorbent to occupy the sorption sites and 0 100 200 300 400 500

be removed from the solution. However, at higher initial
sorbate concentrations, the fixed number of sorption sites is
insufficient to accommodate the large number of dye ions
and thus, removal decreases [92]. The figure also reveals
gradual increases in the mass of sorbate sorbed per unit
weight of biosorbent with increasing sorbate concentra-
tion. Specifically, the sorption capacity of the banana flo-
ret increased from 47.25 to 221.04 mg-g™ with an increase
in initial concentration from 50 to 400 mg-L™'. Banerjee
and Chattopadhyaya [93] explained that higher sorbate
concentrations result in steeper concentration gradients
between the sorbent surface and the bulk solution. This
increases the driving force necessary for overcoming mass
transfer resistance between the solid and liquid phases.
Hence the sorption capacity of the biosorbent is more com-
pletely utilized. Similar trends were reported by Omidi
Khaniabadi et al. [94] for the removal of methylene blue
from aqueous solution by activated carbon made from aloe
vera waste and Jarusiripot [95] for the removal of reac-
tive dye by chemically pretreated coal-based bottom ash.

3.2.3. Effect of biosorbent dose

The effect of biosorbent dose was studied using a con-
stant initial methylene blue concentration of 100 mg-L™.
All reaction mixtures were agitated at 350 rpm for 60 min.
Fig. 6 shows the effect of biosorbent dose as a function of
both the percentage sorbed at equilibrium and the amount
sorbed per unit weight of biosorbent. The figure reveals an
increase in removal from 64% to 89% as the sorbent dose
was increased from 0.5 to 1.0 g-L™". This increase in sorbed

—@— Percent Biosorbed =~ =@ Biosorption Capacity

Fig. 5. Effect of initial methylene blue concentration.
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Fig. 6. Effect of biosorbent dose.

ions may be attributed to the increase in specific surface
area and, thus, the availability of more sorption sites [96].
An increase in sorbent dose beyond 1 g-L™ resulted in only
a marginal increase in percent removal. According to Ozer
et al. [97], this may have resulted due to the binding of
almost all ions to the sorbent and the establishment of equi-
librium between the ions bound to the sorbent and those
remaining in solution. Namasivayam et al. [98], attributed
this marginal increase in percent removal at higher sorbent
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dosages to the overlapping of sorption sites as a result of
overcrowding of sorbent particles. In spite of the significant
increase in biosorbent dose and, thus, specific surface area,
100% removal was not achieved. This further implies that
concentration gradient is a dominant driving force for bio-
sorption onto banana floret. Thus, during batch treatment,
greater process efficiency and economy can be accomplished
by using multiple small batches rather than a single large
batch [52].

Fig. 6 also reveals sharp decreases in the mass of sor-
bate sorbed per unit weight of biosorbent with increasing
sorbent dose. At higher dosages, a more significant number
of sorption sites are available for a finite number of sorbate
ions resulting in non-saturation of more sorption sites per
gram of sorbent at higher dosages. Thus, the biosorption
capacity of the available biosorbent in the reaction mixture
was not completely utilized at higher biosorbent dosages as
opposed to lower biosorbent dosages [99]. Similar trends
were reported by Shakoor and Nasar [100] for the utilization
of Punica granatum peel as an eco-friendly biosorbent for
the removal of methylene blue dye from aqueous solution
and Chen et al. [101] for the adsorption of direct fast scar-
let 4BS dye from aqueous solution onto natural superfine
down particle.

3.2.4. Thermodynamic analysis

Equilibrium experiments conducted at varying tem-
peratures showed increases in biosorption with increasing
temperature implying that the process was endothermic
in nature. The results of the thermodynamic analysis are
presented in Table 6. For all temperatures and initial sor-
bate concentrations studied, AG° values were negative
and decreased with an increase in temperature, indicat-
ing a spontaneous reaction in which more free energy was
given off as temperature increased. In all instances, AG®
was within the range 0 and —20 kJ'mol™ and thus suggested
that physisorption was involved in the biosorption process
[102]. The positive values of AH® further confirm that the
biosorption process was endothermic in nature. According
to Saha and Chowdhury [103], the magnitude of AH® could
be used to gain further insight into the mechanism of bio-
sorption. The authors explained that AH® values within the
range 2.1-20.9 kJ-mol™ indicate physisorption, while values
within the range 80-200 kJ'mol™ indicate chemisorption.

Table 6
Thermodynamic parameters
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Nakajima and Sakaguchi [104] stated that AH® values less
than 8.4 kJ'mol™ indicates ion exchange reactions. Delle
Site et al. as cited in [105] related the association AH® to the
attachment mechanism as follows: direct and induced ion—
dipole and dipole-dipole interactions (2-29 k] -mol™); hydro-
phobic bonding (4 kJ'mol™); van der Waals interactions
(4-8 kJ'mol™); charge transfer, ligand-exchange, and ion
bonding (40 k]J-mol™); hydrogen bonding (2—40 kJ-mol™). In
this work, it is found that AH® is a function of initial concen-
tration. Further, AH° ranged from 4.906 to 20.302 kJ-mol™,
implying that physisorption, ion exchange, van der Waals
interactions, hydrogen bonding, and direct and induced
ion-dipole and dipole-dipole interactions may be involved
in the biosorption of methylene blue.

In all instances, AS® was positive due to increasing ran-
domness at the solid/liquid interface during biosorption
as the displaced water molecules gain more translational
entropy than was lost by the sorbate ions or structural
changes among the active sites of the biosorbent [106]. The
values of activation energy, E, decreased with increasing ini-
tial concentration and ranged from 61.9327 to 4.351 k]-mol™.
According to Chakravarty et al. [107], activation energy val-
ues between 5 and 40 kJ-mol™, infer physisorption is the pre-
dominant adsorption mechanism, while values between 40
and 800 kJ-mol™ indicate chemisorption processes. Generally,
the results obtained in this study suggest that the nature of
the adsorption process was physisorption. For all concen-
trations tested, the values of the sticking probability were
less than 1, which reveals that the process was favourable.

3.3. Process optimization using the Taguchi method

Optimisation of the interaction of initial concentration,
sorbent dose and time was carried out using the Taguchi
method. The biosorption capacity and percentage of meth-
ylene blue sorbed were determined by batch kinetic exper-
iments for each combination of operational parameters. The
corresponding S/N ratios were determined using Eq. (32)
and are presented in Table 7. The average of the S/N data
at each level of each parameter is presented in Table 8. The
highest mean S/N for each parameter is highlighted in italics
and represents the optimal level for that parameter. The rela-
tive importance among the varied parameters is represented
by the difference between the maximum and minimum
mean S/N value for each parameter (delta), and this rank

C, AH AS AG E, s*
(mgLY) (KJ-mol ) (kJ-mol K1) 300K 308 K 318K 328K

100 9.0569 0.0833 ~15.8204 ~16.7524 ~17.5554 ~18.1811 61.9327 0.0465
150 4.906 0.069 -15.7098 -16.3796 ~17.1828 ~17.6134 37.1228 0.0520
200 9.6477 0.0809 ~14.4718 ~15.4603 -16.1947 -16.7837 19.5845 0.0735
250 14.976 0.0943 -13.1495 ~14.2229 -15.2213 -15.7943 11.2888 0.1016
300 20.302 0.1092 -12.3423 -13.5718 -14.348 -15.5222 8.00680 0.1186
350 17.876 0.0986 -11.769 ~12.4747 -13.384 -14.5473 5.7737 0.1421
400 14.909 0.0876 -11.331 -12.097 -13.1199 -13.7432 43511 0.1656




234

Table 7

C. Sutherland et al. / Desalination and Water Treatment 293 (2023) 224-242

Biosorption capacity and percentage of dye sorbed and corresponding S/N ratio

Run no. Parameters Biosorption capacity Percentage sorbed
A B C Exp. g, (mg-g™) S/N ratio Percentage % S/N ratio
1 1 1 1 62.700 35.945 61.471 35.773
2 1 2 2 44.900 33.045 88.039 38.894
3 1 3 3 23.740 27.510 93.098 39.379
4 2 1 2 133.530 42.512 57.556 35.202
5 2 2 3 102.000 40.172 87.931 38.883
6 2 3 1 49.700 33.927 85.690 38.659
7 3 1 3 204.600 46.218 50.394 34.048
8 3 2 1 124.000 41.868 61.084 35.719
9 3 3 2 66.100 36.404 65.123 36.275
Table 8 is also presented in Table 8. The adsorption capacity exhib-

S/N ratio response table for percentage and amount of dye
biosorbed

Mean S/N ratio (AB)
Parameters 1 2 3 Delta Rank
Biosorption capacity
A: Initial concentration  32.17 38.87 415 9.33 1
(mg-L™)
B: Mass of biosorbent 4156 3836 3261 894 2
(mg-L™)
C: Contact time (min) 3725 3732 3797 072 3
Percent removal
A: Initial concentration  38.02 37.58 35.35 267 2
(mg-L™)
B: Mass of biosorbent 35.01 37.83 381 3.1 1
(mg-L™)
C: Contact time (min) 36.72 36.79 3744 072 3

Table 9

its the greatest dependency on initial concentration, while
percent removal was most influenced by sorbent dose. The
optimum combinations within the experimental range to
attain the highest biosorption capacity and percent removal
were found to be A3-B1-C3 and A1-B3-C3, respectively.

ANOVA was used to determine the individual interac-
tions of all of the control factors in the test design. Statistical
variables such as sum of the square (SS), the degree of free-
dom (DOF), the variance (V), F-ratio of the factor (F), P-value
and percentage contribution (P) were established. The results
presented in Table 9 reveal that for maximum biosorption
capacity, initial concentration produced the highest vari-
ance and the largest percent contribution to the variance,
while biosorbent dose produced the highest variance and
the largest percent contribution to the variance when per-
cent removal was maximised. The ANOVA results correlated
well with the direct analysis of S/N ratio with regard to
the relative significance of parameters.

The F-ratio was used to assess the statistical significance
of the parameters. The confidence interval is generally set at
90% for significant and 95% for very significant levels [56].

Analysis of variance of the S/N ratios for percentage and amount of dye biosorbed

Source of variation Degree of Sum of Variance (V) F-ratio (F)  P-value Percent
freedom (DOF) squares (SS) %
Biosorption capacity
A: Initial concentration (mg-L™) 2 138.891 69.445 492.560 0.002 52.733
B: Mass of biosorbent (mg-L™7) 2 123.268 61.634 437.160 0.002 46.802
C: Contact time /min 2 0.941 0.471 3.340 0.231 0.358
Error 2 0.282 0.141 0.107
Total 8 263.382 131.691 100.000
Percent removal

A: Initial concentration (mg-L™) 2 12.300 6.150 43.620 0.022 39.472
B: Mass of biosorbent (mg-L™7) 2 17.637 8.819 62.550 0.016 56.603
C: Contact time /min 2 0.941 0.471 3.340 0.231 3.020
Error 2 0.282 0.141 0.905
Total 8 31.160 15.580 100.000
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Thus, the critical points of the F-ratios were obtained with
F(5%, 2, 2) = 19.00 and F(10%, 2, 2) = 9.00. Using Table 9,
the F-ratios of the three parameters and those of the criti-
cal points were compared. Initial concentration and biosor-
bent dose were the most significant parameters affecting
the dye adsorptive capacities and percent removal since the
F-ratios were higher than 19.00. The biosorption time, within
the range tested, had no significant influence on the result
of the experiment, with the F_-ratios less than 9.00.

3.4. Development of predictive model

Linear regression analyses were first attempted using
Minitab® statistical software to develop a model to predict
the dependant variable (biosorption capacity or percent
removal) as a function of the independent variables, viz.
initial concentration (A), biosorbent dose (B) and contact
time (C). The developed first-degree equations to predict
biosorption capacity and percent removal are presented in
Egs. (36) and (37), respectively.

Biosorption Capacity =59.6 +0.554( A) - 0.056( B) +0.783(C)
(36)

%Removal = 65.3+0.150( A) - 0.015( B) +0.193(C) (37)

Fig. 7 shows the goodness of fit, which is assessed by cal-
culating the coefficient of determination, R* to be 0.903 and
0.779 for adsorption capacity and percent removal, respec-
tively. In an attempt to improve the prediction, quadratic
equations covering the factor interactions were formulated
and are given as Eqgs. (38) and (39) for adsorption capacity
and percent removal, respectively. The equations produced
a correlation of determination, R? in both instances of 1.0
(Fig. 8). Thus, the model showed exceptional precision in
predicting biosorption performance.

Biosorption Capacity = 8.32788+1.71927(A)
—0.08678(B)+1.26655(C) - 0.00315( A?)
+3.23E - 05(B*) - 0.00028( AB)

~0.00154( AC)—0.00051( BC) (38)
%Removal =18.81450 +0.05256( A) +0.11745(B)
~0.51332(C)-0.00107 (A ) - 3.82E - 05( B*)

—6.63E—05(AB)+0.00397( AC)+0.00015(BC) (39

3.5. Taguchi prediction of optimum operational conditions

The parameter group which produces the highest bio-
sorption capacity and percent removal was determined to
be A3-B1-C3 and A1-B3-C3, respectively. The theoretically
predicted optimum S/N ratios were subsequently calcu-
lated using Eq. (33) and found to be 46.007 and 39.598 dB.
To test the accuracy of the optimization, the confidence
interval was calculated using Egs. (3) and (4) (for N =9,
DOFOP =6,f =2, F, (1, 2)=1851, V=0.141) and found to

t

be CI = +/-1.425 dB (Table 10). The expected results of S/N
ratio were subsequently transformed into values of biosorp-
tion capacities and percent removal using Eq. (32) and are
also presented in Table 10. The optimum adsorption capacity
and percent removal were both points within the orthogo-
nal array. The experimental maximum biosorption capac-
ity and percent removal were 204.6 mg-g™ and 93.098%,
respectively. From Table 10, it is observed that the values
of maximum biosorption capacity and percent removal lie
within the CI limit and as such, system optimization was
achieved at a 0.05 significance level.

Confirmation tests were carried out at the optimum
parameter combinations and using experimental data not
included in the orthogonal array. A comparison of the pre-
diction by the regression models and the Taguchi method is
presented in Table 11. According to Kivak as cited in Cetin
et al. [108], for reliable statistical analyses, error values
must be smaller than 20%. The quadratic regression equa-
tion produced the lowest error within the accepted range.
It is therefore surmised that the optimum combinations
and predicted responses are valid.

3.6. Mechanisms

The transfer of ions from a liquid phase to a solid phase
usually involves a transportation stage followed by an
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Fig. 7. Comparison of the linear regression model with experi-
mental results.
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Fig. 8. Comparison of the quadratic regression model with
experimental results.
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Taguchi prediction of peak adsorption capacity and percent removal

Dependant variable ~ Optimal Predicted S/N  Predicted CIof S/N  Expected S/N Expected parameter
combination  ratio (dB) parameter ratio (dB)  ratio range (dB) range
Biosorption capacity ~ A3-B1-C3 46.007 199.700 mg-g*  +1.425 44.582-47.437 169.473-235.424 mg-g™
Percent removal A1-B3-C3 39.598 95.48% +1.425 38.173-41.023 81.031%-112.499%
Table 11
Confirmation test results
Parameter group Output Experimental Taguchi method Linear regression Quadratic regression
parameter value equation equation
Predicted Error (%) Predicted Error (%) Predicted Error (%)
A=200mgg’; B=500mg; g,(mgg’) 204.600 199.700 2.395 189.380 7.439 204.600 0.000
C =60 min (Optimum) % 50.394 49.192 2.386 53.730 6.620 50.394 0.000
A=50mgg”; B=2,000mg; ¢ (mgg’) 23.740 24.343 2.540 22.280 6.150 23.740 0.000
C =60 min (Optimum) % 93.098 95.476 2.554 98.280 5.566 93.097 0.001
A=100mgg"; B=500mg; g¢,(mgg") 114.000 135.190 18.588 102.000 10.526 116.000 1.754
C =20 min (Random) % 49.694 58.532 17.785 61.210 23.174 58.390 17.499
A=100mg-g™; B=2,000mg; gq,(mgg") 49.694 48.460 2.483 18.660 62.450 49.700 0.012
C =20 min (Random) % 85.670 83.540 2.486 82.960 3.163 85.689 0.022

attachment stage [109]. Thermodynamic analysis suggested
that physisorption was the dominant attachment mecha-
nism. Mass transfer studies were conducted to expound
on the dominant transport mechanism.

3.6.1. Intraparticle diffusion model

The possibility of intraparticle diffusion was explored
using the intraparticle diffusion model. The plots of g, vs. £
(Fig. 9a—d) for varying agitation speed, particle size, initial
dye concentration and sorbent dose exhibit multi-linearity.
According to Fierro et al. [110], this implies that more than
one rate-limiting step is involved in the biosorption process.
The first sharper slope typically depicts the influence of
external mass transfer, while the second slope is the grad-
ual adsorption stage which is typically attributed to the
influence of intraparticle diffusion.

3.6.2. External film diffusion model

The influence of film diffusion was assessed using the
external film diffusion model. Table 12 reveals a progres-
sive increase in k, with an increase in agitation. This may be
attributed to the decrease in external film resistance with
increasing agitation, which influences the sorbate to reach
the sorbent more rapidly [109]. The table also indicates that
decreasing the GMS of the biosorbent resulted in a decrease
in the external mass transfer coefficient. According to McKay
et al. [111], this decrease in external mass transfer coeffi-
cient can be explained by the fact that for small particles, a
large external surface area is presented to the sorbate mole-
cules, which results in a lower driving force per unit surface
area for mass transfer than when larger particles are used.
A similar correlation is noted for variation in sorbent dose,

where increasing the biosorbent dose resulted in a decrease
in the external mass transfer coefficient. Conversely, it was
observed that the mass transfer coefficient decreases with an
increase in initial sorbate concentration. Similar results were
obtained by McKay et al. [111] for the adsorption of phe-
nol and p-chlorophenol onto activated carbon. The authors
explained that while it is reasonable to expect that the
increase in driving force with increasing initial concentration
would increase the rate at which sorbate molecules pass from
the bulk solution to the particle surface across the bound-
ary layer, it is possible that increasing the concentration of
sorbate, a larger and more polar species, reduces its mobil-
ity to transfer rapidly across the boundary layer. Despite
the explainable trends, it was noted that in most instances,
R? obtained when the external film diffusion model was fit-
ted to the data was well below 0.95 and therefore implied
that external mass transfer may not be rate-controlling.

3.6.3. Particle diffusion model

The impact of intraparticle diffusion was further
assessed using the particle diffusion model. The results
presented in Table 12 show an increase in D, with increas-
ing agitation. According to Ha et al. [112], as agitation
increases, the diffusion barrier would decrease as particles
move further apart, thereby increasing the diffusion coef-
ficient. Table 12 also reveals an increase in the D, values as
sorbent dose increases. McKay et al. [113] explained that
while it is expected that the mass transfer per unit surface
area will decrease due to the increased surface area avail-
able with increasing mass, the mathematical dependence
of this relationship is more complex since increasing the
mass, changes the slope of the operating line on the sorp-
tion isotherm and also the terminal conditions of the dye
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Fig. 9. Plots of the intraparticle diffusion model for varying (a) agitation, (b) particle size, (c) initial concentration and (d) sorbent dose.

in solution and the dye on the sorbent. According to Weber
and Morris as cited in [113], the concentration dependence
of a diffusion sorption process will vary depending on the
characteristics of the sorption isotherm and on the frac-
tion of solute sorbed at equilibrium. The authors further
stated that only in instances where intraparticle diffusion
was the sole rate-determining step was it found that D,
varied proportionally with the initial sorbate concentra-
tion. The results for varying initial dye concentrations in
Table 12 reveal fluctuating values of D, which may indi-
cate the combined effects of film and intraparticle diffusion.
This complexity may have also led to the fluctuating trend
in D, values for varying particle size. Despite the shifting
trends observed, it was noted that in all cases, coefficient
of determination values was well above 0.96, indicating
that while both film and intraparticle diffusion may be
involved in the sorption process, intraparticle diffusion
dominated.

3.6.4. Biot number

In order to confirm the dominance of intraparticle diffu-
sion, the resulting mass transfer coefficients obtained from
the external film diffusion and particle diffusion models
were used to calculate the Bi number. According to Guibal
et al. [114], Bi values < 100 indicate that external mass trans-
fer dominates, while Bi > 100 indicates that intraparticle

mass transfer dominates. The results presented in Table 12
are significantly higher than 100 and therefore confirm that
the overall diffusion and sorption are mainly controlled by
intraparticle diffusion.

3.7. Design of batch biosorption system from isotherm data

Laboratory-scale equilibrium studies are used to predict
batch biosorber size and performance. It is assumed that a
single-stage batch biosorber with a solution volume of V (L)
and the initial methylene blue concentration, C, is reduced
to C, as the reaction proceeds. The methylene blue load-
ing on the biosorbent in the reactor of mass M (g) changes
from g, to g, with increased reaction time. Thus, the mass
balance for the reactor is given by the following [115,116]:
V(C,~C)=M(q,~4,) = My, (40)

The biosorption process at 300 K was best represented
by the Sips isotherm, thus the mass balance under equi-
librium conditions (C, — C, and g, — q,) is arranged as
follows:

Mco_ce_
vVog

CO — Ce
4, (asCe )nS

(1 +(agC)" )

(41)
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Table 12

Mass transfer coefficients and Bi for the biosorption of methylene blue

Operational Values External diffusion model Particle diffusion model Bi
parameter R? K, (cmvs™) R? D, (cm?s)
150 0.9754 0.000204 0.9892 2.5615E-09 676.9484
Agitation (rpm) 250 0.9626 0.000255 0.9962 2.92742E-09 740.4123
350 0.9185 0.000306 0.985 4.39113E-09 592.3298
0.17 0.9185 0.000306 0.985 4.39113E-09 592.3298
GMS (mm) 0.35 0.9861 0.00525 0.9677 1.86129E-06 493.6082
0.6 0.9581 0.0072 0.9818 4.10244E-06 526.5154
50 0.9438 0.000306 0.9984 3.65928E-09 710.7958
c Lo 100 0.9185 0.000306 0.985 4.39113E-09 592.3298
» (Mgl 200 0.9433 0.000204 0.9998 2.5615E-09 676.9484
400 0.8694 0.000102 0.9964 2.5615E-09 338.4742
0.0005 0.9203 0.000306 0.9939 4.02521E-09 646.178
0.001 0.9185 0.000306 0.985 4.39113E-09 592.3298
Sorbent dose (g-L™)
0.002 0.8635 0.000153 0.9939 4.75706E-09 273.383
0.003 0.8003 0.000102 0.9878 5.48892E-09 157.9546
14 profound effect on the sorption process. Biosorption kinetic
° data were best simulated using the pseudo-second-order
12 60% Removal . model while equilibrium data were best represented by the
10 70% Removal el Sips and Langmuir isotherms. As particle size decreased,
L the initial and overall rate of the reaction increased. Mass
80% Removal & . . . .
w 8 transfer studies revealed that both film and intraparticle
s ©90% Removal A diffusion influenced the transport of methylene blue to bio-
6 - sorption sites; however, intraparticle diffusion dominated.
4 Thermodynamic analysis suggested that physisorption was
the most influential attachment mechanism. Application
2 of the Taguchi method indicated that at optimum particle
size, pH and agitation of GMS 0.15 mm, 6.0, and 350 rpm,
0 o ] i : : o ;s respectively, the highest biosorption capacity could be

Fig. 10. Biosorbent mass (M) vs. volume of methylene blue
solution treated (V).

Fig. 10 presents a series of plots of the predicted values
of M (g) vs. V (L) for 60%, 70%, 80% and 90% methylene
blue removal at the initial concentration of 100 mg-L™"' and
300 K. As an example, the biosorbent mass required for
90% methylene blue removal from aqueous solution was
6 and 11 g, for methylene blue solution volumes of 5 and
9 L, respectively. The preceding evaluation becomes rel-
evant for pilot-batch system design as well as large-scale
batch applications.

4. Conclusion

The objectives of this research were attained. The sorp-
tion performance of banana floret was assessed as a new bio-
sorbent for methylene blue (a model cationic dye) removal.
Banana floret exhibited a maximum sorption capacity
of 219 mg-g™ at a temperature of 300 K, which compared
well to other sorbents reported in the literature. The opti-
mum pH was found to be 6.0 and was observed to have a

obtained using an initial concentration =200 mg-L™, biosor-
bent dose = 500 mg-L-, contact time = 60 min and the high-
est percent removal could be obtained using initial concen-
tration = 50 mg-L, biosorbent dose = 2,000 mg-L, contact
time = 20 min. Analysis by the Taguchi method revealed
that sorption capacity exhibited the greatest dependency on
initial concentration, while percent removal was most influ-
enced by sorbent dose. A predictive model based on a qua-
dratic equation which incorporates the factor interactions
based on the Taguchi modelling, was successfully devel-
oped and validated.

Symbols

Bi —
C —

Biot number

Uniform concentration of the solute in the bulk of

the liquid, mg-L™

—  Equilibrium concentration in solution, mg-L™*

—  Concentration of the solute at the particle/liquid
interface, mg-L™

—  Initial metal ion concentration, mg-L™

—  Concentration of metal ion at any time, mg-L™

—  Average particle diameter, cm

Particle diffusion coefficient, cm>min!

non 00

O
|
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8w — Redlich-Peterson exponent

H — PSOinitial rate, mg-g-min

k,  — DCinitial rate, mg-g™'-t"!

kf —  Film mass transfer coefficient, cm-min"!

K,. — DCoverall rate constant, mg-g™-t°>

K, — IDrate constant, mg-g't"%

K, — Freundlich constant related to adsorption affinity,
mg-g™

K, — Langmuir adsorption equilibrium constant,
L-mg™

Ko — PFOrate constant, min™

K, — PSOrate constant, g'mg™-min™

K., — Redlich-Peterson equilibrium constant

m_~ — Mass of biosorbent particles per unit volume,
g-em™

M — Biosorbent mass, g

N — Number of replications for each experiment

n, ~— Freundlich constant related to heterogeneity

N, — Sipsindex of heterogeneity

Ny — Predicted S/N ratio

m, — Overall mean S/N ratio of all the efficiency values

n, — Mean S/N ratio at the optimal level

N — Number of experimental points

P — Number of parameters in the regression model

Q — Adsorption efficiency

g, — Equilibrium adsorption capacity, mg-g™

g, — Langmuir monolayer sorption capacity, mg-g™

g, — Maximum sorption capacity, mg-g™'

g, — Adsorption capacity at any time, mg-g™

g, — Sips sorption capacity, mg-g™'

R —  Universal gas constant, 8.314 J-K™-mol™

R, — Separation factor

R —  Particle radius, cm

S, — Surface area for mass transfer, cm™

T —  Reaction time, min

T  — Absolute temperature in K

\% —  Volume, L

V. —  Error variance from ANOVA

S§* —  Sticking probability

E, — Activation energy

¥, — Response for a given factor level combination

Greek

O, —  Redlich-Peterson constant

a, — Sips affinity constant

e~ — Biosorbent porosity

P — True biosorbent solid phase density, g-cm™

AG — Gibb’s free energy change

AS —  Entropy change

AH —  Enthalpy change
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