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ABSTRACT

Previous batch studies have shown that acid treated bagasse is a potentially useful adsorbent
for treating dye wastewaters. The present paper examines the use of tartaric acid-modified
bagasse for the continuous adsorption of methylene blue (MB) dye in columns. The
adsorbent was characterized using Fourier transform infrared spectroscopy and scanning
electron microscopy. A 2° full factorial design analysis was carried out to screen the signifi-
cant parameters that affecting the adsorption of MB dye onto tartaric acid-modified bagasse,
namely initial MB concentration (100-300mg/L), column bed height (40-80 mm), and feed
flow rate (5-15mL/min). The adsorption process was optimized using response surface
methodology -central composite design with the help of Minitab™ 14 software. Maximum
decolorization (99.42%) and chemical oxygen demand reduction (88.40%) could be achieved
at 200mg/L inlet MB dye concentration with 78 mm bed height and 3.5 mL/min of feed flow
rate. Thomas and Yoon-Nelson models were in good agreement with the experimental

results (%> 0.91).
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1. Introduction

The used of synthetic dyes in process industries
has resulted in generation of effluents that contain
highly toxic and carcinogenic compounds, high chemi-
cal oxygen demand (COD), and total organic carbon
(TOCQ) [1]. Discharge of such effluents in water bodies
not only affects esthetic nature but hinders light pene-
tration, retards photosynthesis activity, and hence
leads to the destruction of aquatic ecosystem [2,3].
Numerous physical and chemical methods have been
utilized for the treatment of dyes, comprising coagula-
tion—flocculation, liquid-liquid extraction, ozonation,
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oxidation, photocatalysis, and ultrasound irradiation.
Compared with the adsorption process, all these
methods have some economic and environmental
drawbacks, for instance, high capital and operating
cost, sludge production, and complexity of the treat-
ment processes [4,5].

Adsorption process is effective in decolorizing dif-
ferent types of coloring materials, removing suspended
solids, odors, organic matter, and oil from aqueous
solutions [6]. In recent years, a number of inexpensive
alternative adsorbents from available materials,
biosorbent, and waste materials from industry and
agriculture, such as peanut husk [7], lotus stalks [8],
mansonia wood sawdust [9,10], pecan shell [11],
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Algerian date pits [12], olive-waste cakes [13] have
been investigated for possible removal of dyes from
aqueous solutions as a replacement for expensive and
nonrenewable commercial activated carbon [6].

In the present study, continuous adsorption in a
fixed-bed column is used to measure the adsorption
capacity of adsorbent. The continuous fixed-bed
adsorption is different from batch adsorption experi-
ment; fixed-bed column is simple to operate, can be
scaled-up from a laboratory process, and is often
desirable from an industrial point of view [14,15]. The
adsorbent was prepared using an agro-lignocellulosic
material (bagasse) and was modified with tartaric acid
(TA) for the removal of MB dye from aqueous
solution. MB is widely used in textile industries for
printing calico, cotton, and dyeing leather. It can cause
permanent injury to human eyes, skin, and gastroin-
testinal tract irritation [16].

With our knowledge from the literature survey,
the used of TA modified bagasse as an adsorbent for
the removal of MB dye aqueous solutions under
continuous flow conditions has not been reported.
Further, most previous studies used univariate (one
factor at a time) method to study the factors affecting
the adsorption process, which might not reach the
actual optimum operational conditions. The aim of the
present study is to determine the removal efficiency of
TA modified adsorbent on the removal of MB dye
from aqueous solution using continuous fixed-bed col-
umn. The effect of the variables i.e. column bed
height, inlet MB dye concentration, and flow rate,
which are affecting the adsorption process, were eval-
uated by using response surface methodology (RSM).
The breakthrough curves for the adsorption of MB
were analyzed using Adam’s Bohart, Thomas, and
Yoon—Nelson models.

2. Materials and methods
2.1. Preparation of tartaric acid-modified adsorbents

Bagasse was collected from a local sugarcane juice
seller in Penang, Malaysia. Bagasse was washed a few
times with distilled water to remove impurities and
was dried under sunlight. Dried bagasse was ground
to fine powder using the Retsch Mill Grinder (Rotor
Beater Mill SR 200, Germany) and was sieved to
obtain the particle size of 125-150 um using Retsch
Vibrator Steve Shaker (AS 200 basic, Germany). The
bagasse powder was then washed with boiling dis-
tilled water until the yellowish residual water became
clear.

The bagasse was then modified using TA (Bendo-
sen, 99%) by mixing one gram of the dried bagasse
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with 12mL of 0.5M TA. The mixture was then dried
at 50°C for 24h in an oven (Binder FD23, Germany)
followed by raising the oven temperature to 120°C for
90 min for thermochemical reaction between acid and
bagasse. The heated material was washed thoroughly
using boiling distilled water before it was soaked in
0.1M NaOH (R&M, 99%) in a suitable ratio and
stirred for 60 min. The residual alkali was removed by
performed thorough washing of bagasse with boiling
distilled water until the residual solution reached the
level of pH 7 and was dried at 50°C until a constant
weight was achieved. The dry adsorbent was sieved
to obtain the particle size of 125-150pm and pre-
served in a desiccator for use [17,18].

2.2. Adsorbate

The basic dye, methylene blue (MB) (> 95%) (Fig. 1)
(CI. 52015, chemical formula=C;sH;3CIN3S.2H,0,
FW =319.00g/mol, Amax=665nm), was obtained from
R&M chemicals.

2.3. Adsorbent and adsorbate characterization
2.3.1. The Fourier transform infrared (FT-IR) study

The FT-IR spectra of MB dye, raw bagasse, TA
modified bagasse, and TA modified bagasse after
adsorption were determined using the Potassium
Bromide (KBr) disk technique, and were recorded on
a Perkin-Elmer Spectrum 2000 spectrophotometer over
the wavelength region 4,000-400 cm ™"

2.3.2. The scanning electron microscopy (SEM) study

The morphological analysis was conducted under
a voltage of 20kV with magnification range of
50-2000 by using a Model Leo Supra 50 VP Field
Emission scanning electron microscope.

2.4. Experimental set-up

A column with 2cm inner diameter x 50 cm length
was used as vertical fixed-bed column in room
temperature (28 £1°C) (Fig. 2). Samples could be taken
at the height of 40-80 mm. The bottom of the column
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Fig. 1. Structure formula of MB dye.
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Fig. 2. Experimental set-up for fixed bed column study.

was attached with a 0.5mm stainless steel mesh,
followed by 2.0cm glass wool. The column was then
filled up with glass beads in order to provide a
uniform flow of the solution through the column. MB
with various concentrations (100-300mg/L) at pH 9.0
was pumped downward through the column at a
desired flow rate (5-15mL/min) controlled by a peri-
staltic pump (Stenner, Model No. 85MHP5). The MB
solutions at the outlet of the column were collected at
a regular time intervals using the same flow rate. The
outlet MB concentration was measured using a Shima-
dzu UV visible spectrophotometer (Model UV-1601
PC) at 665nm and was analyzed to yield output
concentration breakthrough curves. The COD was
determined through closed reflux, colorimetric
method based on the standard methods for the
examination of water and wastewater [19]. The experi-
ments were repeated thrice at the same experimental
conditions.

The amount of MB adsorbed onto the adsorbent
was calculated by the following mass balance relation-

ship [1]:

go =0V )

The decolorization efficiency was calculated by the
formula [1]:

100(Cy — Ce)

Color (%) = Co (2)

where g, is the amount (mg/g) of MB adsorbed at
equilibrium, Cy and C. are the initial and equilibrium
liquid-phase concentration of MB (mg/L), respec-
tively, V is the volume of solution (L), and W is the
mass of the adsorbent (g).

The COD reduction efficiency was calculated using

[1]:
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1000, ~ Jy)

COD (%) ;

)

where [, is the initial COD concentration (mg/L) and
Jv is the equilibrium COD concentration (mg/L).

2.5. Modeling of column data
2.5.1. Thomas model

The Thomas model [20] assumes plug flow
behavior in the column [3,15]. This model is one of
the most general methods applied in the column
performance theory. It is widely applied in the
processes where the external and internal diffusion
limitations are absent [3]. The Thomas model can be
expressed as [15]:

Co > kThqew
In(=2-1)= — kCot 4
G B @

where kr, (mL/minmg) is the Thomas rate constant;
ge (mg/g) is the equilibrium MB uptake per gram of
the adsorbent; Cy (mg/L) is the inlet MB dye concen-
tration; C; (mg/L) is the effluent concentration at time
t; w (g) the mass of adsorbent; Q (mL/min) the flow
rate, and ¢t (min) is the flow time. The value of Cy/C;
is the ratio of inlet and outlet MB concentrations. The
values of kr, and g. can be determined from the slope
and the intercept, respectively, of the linear plot of
In[(Cy/Ct) — 1] vs. time ¢.

2.5.2. Adams—Bohart model

The Adams-Bohart model [21] assumes that the
adsorption rate is proportional to both the residual
adsorbent capacity and the adsorbate concentration.
This model is used for the description of the initial
part of the breakthrough curve [3,15]. The Adams-
Bohart model can be defined as [15]:

C Z
IDE; = kABCOt — kABNOf (5)

where Cy and C; (mg/L) are the inlet and effluent MB
dyes concentration, respectively; kap (L/mgmin) is the
Adam-Bohart rate constant, F (cm/min) is the linear
velocity. F value is calculated by dividing the flow rate
by the column section area, Z (cm) is the bed depth of
column, and Ny (mg/L) is the saturation concentra-
tion. The values of kag and Ny can be obtained from
the slope and intercept, respectively, of a linear plot of

ln(g—g) against time (f).
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2.5.3. Yoon—Nelson model

The Yoon-Nelson model assumes that the rate of
decrease in the probability of adsorption for each
adsorbate molecule is proportional to the probability
of adsorbate adsorption and the probability of adsor-
bate breakthrough on the adsorbent [22]. Yoon—Nelson
model can be expressed as [3,23]:

Ci
Co— G

In = kYNt — ‘L'kYN (6)

where kyn(1/min) is the rate velocity constant; t©
(min) is the time required for 50% adsorbate break-
through. The values of kyn and 7t can be obtained
from the slope and intercept, respectively, of a plot of

(c%cl) vs. sampling time (t).

2.6. Design of experiment

RSM was carried out to study the effect of three
factors (independent variables): bed height (x;), inlet
MB concentration (x;), and feed flow rate (x3) on
decolorization (y;) and COD reduction (y,). RSM is a
combination of statistical and mathematical techniques
used for the study of several control variables simulta-
neously [24]. RSM contain three main steps, namely
design and experiments, response surface modeling
through regression, and optimization [25]. The main
objective of RSM is to determine the optimum opera-
tional conditions of the adsorption process or to
identify a region that satisfies the operating specifica-
tions [25]. Application of RSM in the present study
can result in closer confirmation of the output
response, reduced process variability, and reduced
development time and overall costs [26]. Central
Composite Design (CCD) is often used in RSM to fit a
model by least squares technique [27]. CCD can be
defined as a rotatable design that provides equal
precision for fitted response at points (factor level
combinations) that are at equal distances from the
center of the factor space [28].

Data from the CCD were subjected to a second-
order multiple regression analysis to explain the
behavior of the system using the least squares regres-
sion methodology for obtaining the parameter estima-
tors of the mathematical model [25,29]:

y=f(x1,%,%3) +¢ (7)

The response y is a function of the levels of
independent variables:

where ¢ represents the error observed in the
response y. The expected response is:
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E(y) = f(x1,%2,%3) =1 (8)
and the surface area is represented by:
n = f(x1,%2,%3) ©)

where 7 is a response surface. Experimental data were
analyzed to fit the following second-order model:

(10)

k k
n=p+ Z Bixi + Z Bt + Z Z Bixix;
i1 i1

i<j

where By, B;, By, and f; are regression coefficients,
and x; are the coded variables. The relationship
between the natural variable & and the coded vari-
ables x; can be represented by:

~_ &i(High level + Low level)/2

Y= (High level — Low level)/2 (1)

3. Results and discussion
3.1. Effect of initial pH value

The initial pH value of the dye solution was
adjusted to pH 9.4. This is because from our previous
optimization study using RSM, the optimal pH for the
removal of MB using TA modified bagasse was fall at
pH 9.4 [18]. MB is a basic dye. Adsorption of these
positively charged dye groups onto adsorbent surface
are influenced by the surface charge on the adsorbent
[1]. When the solution is in the acidic condition, the
number of negative charges on the adsorbent sites
increased and positive charge decreased which did
not favor the adsorption of positively charged dye
cations due to electrostatic repulsion [18,30].

3.2. Effect of initial dye concentration

The effect of the influent MB concentration on the
shape of the breakthrough curves was studied by
plotting C;/Cy vs. t in Fig. 3. Various influent MB dye
concentrations (100-300mg/L) were used with the
same solution flow rate of 5mL/min and adsorbent
bed height of 80 mm. Fig. 3 shows that in the interval
of 60min, the value of C;/Cy reached 0.59, 0.82, and
0.93 when the inlet MB concentration was 100, 200,
and 300mg/L, respectively. The breakthrough time
slightly decreased with influent MB dye concentra-
tion. At lower influent MB concentrations,
breakthrough curves were dispersed and break-
through occurred slowly. However, when the influent
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Fig. 3. Breakthrough curves for MB adsorption on TA
modified bagasse at different initial dye concentrations.

MB concentration increased, sharper breakthrough
curves were obtained. Similar trends were obtained
for biosorption of MB by rice husk [31] removal of
reactive azo dye onto granular activated carbon
prepared from waste [15], removal of MB by phoenix
tree leaf powder [3], and removal of acid dye using
pristine and acid-activated clays [32]. This is due to
more adsorption sites were being covered as MB
concentration increases [3]. A lower concentration
gradient led to a slower transport due to a decrease
in the diffusion coefficient or mass transfer coefficient
[15]. The higher the inlet MB concentration, the
steeper is the breakthrough curve slope, and the
smaller is the breakthrough time. These results
explained that the changes of the concentration gradi-
ent will affect the saturation rate and breakthrough
time. This also shows that the diffusion process is
concentration dependent [15]. As the influent MB
concentration increases, MB loading rate also
increases; this will increase the driving force for mass
transfer which decreases the adsorption zone length
[33].

3.3. Effect of column bed height

Fig. 4 shows the breakthrough curves obtained for
MB adsorption on TA modified bagasse by using
different column bed height of 40, 60, and 80 mm
(4.68, 6.07, and 7.53g), at a constant flow rate of
5mL/min and inlet MB concentration of 100 mg/L.
The breakthrough and time increased with the bed
height (Fig. 4). When the bed height increases, MB
had more time to contact with TA modified bagasse,
which resulted in higher removal efficiency of MB
dye in column [34]. Therefore, higher bed column
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Ct/Co

I
0 10 20 30 40 S0 60 70 BO 90 100 110 120 130 140
Time, t {min)

Fig. 4. Breakthrough curves for MB adsorption on TA
modified bagasse for different bed heights.

results in a lower effluent concentration at the same
time. The slope of the breakthrough curve decreased
with increasing bed height, which resulted in
broaden mass transfer zone [3,15]. High adsorption
capacity was observed at the highest bed height. This
is because, increase in the surface area provided
more binding sites for adsorption [34,35].

3.4. Effect of feed flow rate

The effect of feed flow rate on the adsorption of
MB using the TA modified bagasse was investigated
by varying the flow rate (5, 10, and 15mL/min)
with a constant adsorbent bed height of 8cm and
the inlet MB concentration of 100mg/L, as shown
by the breakthrough curve in Fig. 5. It can be seen
that the breakthrough generally occurred faster with
a higher flow rate. The breakthrough time reaching
saturation was decreased significantly with increased
in the flow rate [36]. At lower flow rate, MB dye
will have more time to contact with TA modified
bagasse and hence resulted in higher removal of
MB dye in column. Mass transfer fundamentals can
be used to explain the variation in the slope of the
breakthrough curve and adsorption capacity. When
the flow rate is high, the mass transfer rate will
increase, i.e. the amount of dye adsorbed onto unit
bed height (mass transfer zone) get increased with
flow rate, leading to faster saturation of the column
at higher flow rate [15,36]. Higher flow rate lead to
lower adsorption capacity due to insufficient
residence time of the MB dye in the column and
diffusion of the solute left the column before
equilibrium occurred [37].
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Fig. 5. Breakthrough curves for MB adsorption on TA
modified bagasse at different flow rates.

3.5. Dynamic adsorption models
3.5.1. Thomas model

The column data were fitted to the Thomas model
to determine the Thomas rate constant (k) and maxi-
mum solid-phase concentration (g.). The determined
coefficients and relative constants were obtained using
linear regression analysis according to Eq. (4). A linear
plot of In[(Cy/C:) — 1] against time () was used to
determine the values of kry, and g, from the slope and
intercept, respectively, of the plot. The results are
listed in Table 1. As shown in Table 1, the results
were all fits with high determination coefficients (r°)
ranging from 0.89 to 0.98. When the inlet MB dye
concentration increased from 100 to 300mg/L, the
value of g. decreased but the value of kry, increased.
This is because the driving force for adsorption is the
concentration difference between the dye on the
adsorbent and the dye in the solution [15,23,38]. As
the bed depth increases, the value of g, increased, but
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the value of kr, decreased. With increasing flow rate,
the value of g. decreased, but the value of kry
increased. The results show that with lower flow rate,
lower initial dye concentration and higher bed heights
would increase the adsorption of MB on the TA
modified adsorbent column. The data can be well
described by Thomas model, where the external and
internal diffusions will not be the limiting step [23].

3.5.2. The Adam’s Bohart model

The Adam’s Bohart Model was applied to experi-
mental data to describe the initial part of the
breakthrough curve. The values of Ny and kap were cal-
culated from the plot of ln(g—;) against time (t) (Eq. (5))
and the values are presented in Table 2 together with
the determination coefficients. From Table 2, the value
of kap increased with both initial MB concentration and
flow rate, but it decreased with increasing bed height.
The value of Ny decreased with initial MB concentra-
tion and bed height, but increased with flow rate. These
showed that the overall system kinetics was dominated
by external mass transfer in the initial part of adsorp-
tion in the column [3,23].

3.5.3. The Yoon—Nelson model

A simple theoretical model developed by Yoon-
Nelson was applied to determine the breakthrough
behavior of MB on TA modified adsorbent. The values
of a rate constant (kyn) and the time required for 50%
MB breakthrough (7) could be obtained from the slope
and intercept of a linear plot of In[C;/(Cy — C¢)] against
sampling time (f) (Eq. (6)). The values of kyx and t are
listed in Table 3. From the table, the values of the rate
constant kyy increased and the 50% breakthrough time
7 decreased with both increasing MB inlet concentra-
tion and flow rate. When the bed height increased, the
value of 7 increased while kyn decreased.

Table 1

Calculated constants of the Thomas model at different conditions using linear regression analysis

Inlet MB dye concentrations Bed height Flow rate Value of kry Value of g, 7
(mg/L) (mm) (mL/min) (mL/min mg) x 10° (mg/g) x 1072

100 80 5 4.45 12.94 0.98
200 80 5 8.98 3.80 0.95
300 80 5 13.98 1.22 0.92
100 60 5 4.48 10.90 0.92
100 40 5 4.86 2.35 0.89
100 80 10 4.54 10.17 0.91
100 80 15 5.55 1.66 0.94
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Table 2

Adams-Bohart parameters at different conditions using linear regression analysis

Inlet MB dye Bed height (mm) Flow rate Value of kag Value of N 2
concentrations (mg/L) (mL/min) (L/mg.min) x 10° (mg/L)

100 80 5 2.5 5.81 0.94
200 80 5 3.36 2.65 0.83
300 80 5 3.39 1.68 0.76
100 60 5 091 9.71 0.59
100 40 5 1.84 7.06 0.81
100 80 10 1.2 10.62 0.87
100 80 15 0.63 15.21 0.75
Table 3

Yoon-Nelson parameters at different conditions using linear regression analysis

Inlet MB dye Bed height Flow rate kyn T r
concentrations (mm) (mL/min) (1/min) (min)

(mg/L)

100 80 5 0.0445 57.98 0.98
200 80 5 0.0449 34.01 0.95
300 80 5 0.0466 16.36 0.92
100 60 5 0.0448 36.61 0.92
100 40 5 0.0486 5.27 0.89
100 80 10 0.0454 22.78 091
100 80 15 0.0457 1.65 0.88

Both Thomas and Yoon-Nelson model provide the
better fit (*>0.91) to the experimental data at various
condition (Tables 1 and 3). Hence, Thomas and Yoon-—
Nelson models can be used to describe the behavior of
the adsorption of MB in a TA modified adsorbent
fixed-bed column. The value of r* for Adams-Bohart
model is slightly lower than that of Thomas and Yoon-
Nelson model under the same experimental conditions.

3.6. Optimization of the fixed-bed column study

3.6.1. Screening of process variables in fixed-bed column
study

A 2° full factorial design was used for screening of
important factors affecting the MB dye adsorption in
the fixed-bed column. The factors and levels used in
this experiment are presented in Table 4. The range of
values for each factors were determined based on pre-
liminary experiments. All factors (inlet MB dye con-
centration, adsorbent bed height, and feed flow rate)
showed significant effect on decolorization and COD
reduction of MB dye adsorption on TA modified
bagasse. Therefore, all factors were used in the analy-
sis for the next step.

3.6.2. Optimization of adsorption study: fixed-bed
column study

The three parameters (inlet MB dye concentration,
column bed height, and feed flow rate) that have
significant effect on the adsorption of MB dye using
TA modified bagasse on column studies in terms of
percentage of color removal and COD reduction were
further investigated in optimizing the adsorption
process.

A two-level CCD with 36 runs was used. The
results of the 60 runs with three variables and three
replications are given in Table 5.

Table 4
Experimental ranges and levels for full factorial design
(fixed-bed column study)

Factors Levels

Low level () High level (+)

A: Inlet MB dye concentration 100 mg/L 300mg/L
B: Bed height 40 mm 80mm
C: Feed flow rate 5mL/min 15 mL/min
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Table 5

CCD in natural variables with the experimental data
values of percentage color removal and COD reduction
(fixed-bed column study)

Input variables Response

x1 Inlet MB x, Bed  x3 Flow rate 1y, (%)  v2 (%)
concentration  height (mL/min)

(mg/L) (mm)

200 94 10 85.19 80.80
200 26 10 40.63 36.24
368 60 10 67.71 63.32
100 80 15 54.55 49.55
368 60 10 67.23 62.98
200 26 10 40.97 36.71
200 60 18.5 48.14 43.89
200 60 18.5 49.72 45.87
200 60 10 65.48 61.24
200 60 10 66.86 60.28
100 40 15 16.98 11.03
200 26 10 39.41 34.87
200 60 10 74.69 70.25
200 60 10 68.78 60.22
68 60 10 32.18 27.70
100 40 5 32.00 25.67
300 80 5 93.45 86.09
200 60 10 81.19 76.00
200 60 10 76.29 72.13
200 60 10 66.49 61.20
200 94 10 86.73 85.28
300 40 5 56.79 50.43
300 40 15 45.98 39.62
68 60 10 33.29 29.00
200 60 18.5 44.79 41.29
100 40 15 17.39 12.04
100 40 15 20.23 13.87
100 80 5 71.23 64.87
368 60 10 58.74 55.78
200 60 10 80.01 75.32
200 60 10 63.07 59.84
200 60 10 67.07 64.28
100 80 15 60.53 55.00
300 80 5 93.00 87.21
300 80 15 65.68 60.34
200 60 10 81.00 76.46
300 40 15 47.81 41.46
300 80 15 64.48 58.42
68 60 10 30.03 26.89
100 40 5 35.67 29.29
100 80 15 56.91 51.32
200 60 10 79.29 72.31
300 40 15 44.37 39.00

(Continued)
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Table 5
(Continued)
Input variables Response
x1 Inlet MB x; Bed  x3 Flowrate 1y (%)  y2 (%)
concentration  height  (mL/min)
(mg/L) (mm)
100 80 5 73.38 67.04
300 40 5 58.92 51.51
200 60 10 82.95 77.71
200 60 10 75.39 71.68
100 80 5 75.00 69.45
200 60 3.5 83.46 78.46
200 60 3.5 84.37 80.00
300 80 5 91.24 85.32
300 80 15 66.54 61.19
200 94 10 88.39 84.32
200 60 10 78.04 72.13
200 60 10 85.64 84.29
200 60 3.5 81.07 76.26
100 40 5 34.79 29.31
300 40 5 60.03 53.68
200 60 10 83.13 83.28

The second-order models for the percentage of
color removal (y;) and the percentage of COD reduc-
tion (y2) in terms of coded variables are shown in
Egs. (12) and (13), respectively.

Y1 = 74.7236 + 9.8790x; + 15.3599x, — 9.5859x;
—9.84732 — 4.4179x2 — 3.815122 — 3.0854x,x

—0.9621x;x3 — 1.7988x,x3 (12)
Y2 = 69.8002 + 9.7990x; + 15.5888x, — 9.3087x;

—9.9005x7 — 4.4470x; — 4.0021x3

— 3.0479x;x, — 0.8912x;x3 — 1.7204x,x3 (13)

where y is the predicted response, x1,x,x3—coded
values of the factors, (x; =inlet MB concentration,
xp = column bed height, x3 = feed flow rate).

The second-order regression model obtained for
color removal and COD reduction is satisfied, since
the values of the coefficient of determination (r%) are
high and close to 1. The 7* values for the percentage
of color removal and COD reduction are 94.80 and
92.90%, respectively. The ANOVA shows the second-
order model adequately fitted the experimental data
(Table 6) with lack of fit values larger than 0.5. The
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Table 6
ANOVA for percentage of color removal and COD reduction
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Source DF Adj SS Adj MS F P
% Color removal
Linear 3 17429.30 5809.78 231.90 0.000
Quadratic 3 4990.10 1663.36 66.39 0.000
Interaction 3 328.30 109.45 4.37 0.008
Residual error 50 1252.70 25.05
Lack-of-Fit 5 228.70 45.74 2.01 0.595
Total 59
% COD reduction
Linear 3 17440.40 5813.46 167.03 0.000
Quadratic 3 5084.10 1694.71 48.69 0.000
Interaction 3 313.10 104.35 3.00 0.039
Residual error 50 1740.20 34.80
Lack-of-Fit 5 358.00 71.60 2.33 0.658
Total 59
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Fig. 6. Three-dimensional response surface plot for (a)% color removal (b)% COD reduction as a function of bed height
and flow rate (i), inlet MB dye concentration and flow rate (ii), and inlet MB dye concentration and bed height (iii).
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Fig. 7. Adsorption peaks for MB, raw bagasse, TA modified bagasse, and TA modified bagasse after adsorption process.

linear effect of selected factor is significant (p <0.0001).
The quadratic effect over the linear effect and two fac-
tor interactions between different factors are signifi-
cant with p <0.0001.

The three-dimensional response surface plot for
decolorization and COD reduction is given in Fig. 6 as
a function of bed height and flow rate (i), inlet MB
dye concentration and flow rate (ii), and inlet MB dye
concentration and bed height (iii) at an intermediate
setting of 200mg/L inlet MB dye concentration,
60 mm bed height, and 10 mL/min feed flow rate. The
figures exhibit a clear peak, indicating the ability of
maximizing the decolorization and COD reduction
process within the selected levels of factors under
study. The optimum condition for maximum decolor-
ization and COD reduction is well defined inside the
design boundary.

3.6.3. Optimization of the fixed-bed column experiment

Based on the above discussion, an optimization
study was carried out to determine the optimal condi-
tions for decolorization and COD reduction of MB
dye aqueous solution in column study. In fact, once
the model has been developed and checked for
adequacy, the optimization criteria can be set to find
the optimum conditions [16]. The highest percentage
of color removal (94.22%) and percentage of COD

reduction (88.40%) could be achieved by setting the
level of process variables at 201.7 mg/L inlet MB dye
concentration, 78 mm bed height, and 3.5mL/min of
feed flow rate.

3.7. FT-IR spectroscopy analysis

During TA modification, the surface functional
groups of the bagasse adsorbent significantly experi-
enced chemical changes. Fig. 7 shows the FT-IR spec-
tra of the raw bagasse, MB dye, TA modified bagasse
before and after adsorption process. FT-IR peaks in
MB dye are 3,440cm ' for the NH, aromatic group,
1,644cm ™" for amines secondary group, 1,485cm ™" for
phenyl group, 1410cm ' for the -CONH, group,
1,435cm ™! for the R-OH group, 947 cm ™' for ~C-OH
group, and 532cm ' for the Chloro C-Cl group. After
TA modification, a few peaks, which were also found
in raw bagasse, such as hydroxyl group, vinyl ethers
group, aromatic compounds, phenolic group, -C-O-
C- group, sulfoxides group, Si-CHj; group, and C-Br
group have shifted. Some new functional groups, such
as carboxylic group (2,900 and 1,428 cm '), aldehydes
(1,733cm™ 1), and —SO,Cl (1,376cm™ ') were formed.
These spectroscopic results showed that the introduc-
tion of the new functional groups through TA modifi-
cation may effectively convert bagasse to highly
adsorbing materials. After the adsorption process,
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Fig. 8. Scanning electron microscope of (a) Raw Bagasse
(b) TA modified bagasse (c) TA modified bagasse after
adsorption process (magnification: 500x).

peaks that were found in MB were also noticed in TA
modified bagasse, namely 3,426, 1,494, 1,402, and
1,452cm™". This shows that MB dye has been
adsorbed onto the TA modified bagasse.

3.8. SEM analysis

The surface structure of bagasse was analyzed by
SEM before and after acid modification and after
adsorption process with a magnification of 500x.
Fig. 8(a) shows that before TA modification the sur-
face of the bagasse was smooth with a few tiny pores.

L.W. Low et al. | Desalination and Water Treatment 52 (2014) 6194-6205

However, after TA modification (Fig. 8(b)) surface
morphological modification can be seen. The surface
became uneven with a few pores. Fig. 8(c) shows SEM
micrographs of TA modified bagasse after adsorption
process. The surfaces became rough as they were cov-
ered by dye molecules.

4. Conclusion

The present study identified TA modified bagasse
as a suitable adsorbent to be used for continuous
removal of MB from aqueous solutions. The opti-
mum column adsorption conditions (94.22% of color
removal, and 88.40% of COD reduction) could be
achieved by setting the level of process variables at
201.7mg/L inlet MB dye concentration, 78 mm bed
height, and 3.5mL/min of feed flow rate. The fixed-
bed adsorption system was found to perform well
with lower initial MB dye concentration, higher
adsorbent bed height, and lower feed flow rate. As
the influent MB concentration increases, MB loading
rate also increases, this will increase the driving force
for mass transfer which decreases the adsorption
zone length. High adsorption capacity was observed
at the highest bed height. This is because, increase in
the surface area provided more binding sites for
adsorption. Higher flow rate lead to lower adsorption
capacity due to insufficient residence time of the MB
dye in the column and diffusion of the solute left the
column before equilibrium occurred. The adsorption
of MB dye using TA modified bagasse in fixed-bed
column can be well described by Thomas (*>0.89)
and Yoon—Nelson (+>>0.88) models, where the exter-
nal and internal diffusions will not be the limiting
step.
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