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ABSTRACT

The adsorption characteristics of Reactive Black 5 (RB5) dye on alkaline-treated biomass fly
ash (TFA) were investigated in aqueous solutions in a fixed-bed column. The breakthrough
curves increased with decreasing initial dye concentration and the flow rate, and with
increasing bed depth. In this column study, the optimum flow rate and bed depth were 5ml
min−1 and 10 cm, respectively. The Thomas model provided a good prediction of the
breakthrough curve of RB5 removal by the TFA. The maximum adsorption capacity from the
column study was in accordance with the equilibrium capacity in a batch experiment.
The bed-depth service time model was used to describe the effect of bed depth on the break-
through curves, and it revealed a good fit with the experimental data. These results suggest
that the fixed-bed TFA is suitable for treating dye wastewater.
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1. Introduction

A large quantity of textile wastewater is being pro-
duced in increasing amounts [1,2]. In the textile indus-
try, reactive dye is widely used, but has a low fixation
on the textile substrate, which is a cause of highly col-
ored wastewater [3,4]. Since synthetic dye has a nega-
tive effect on the aquatic environment, e.g. reducing
light penetration and photosynthesis and being toxic
to aquatic life [5–8], appropriate treatment is required
to treat the wastewater before it is discharged.

Adsorption is an effective method for dye removal
[9]. Despite activated carbon being the most com-
monly used adsorbent, a number of low-cost adsor-
bents have been investigated for their dye removal
capacity [10–13]. Among several alternative adsor-
bents, fly ash is of interest as a large amount is pro-
duced annually and there is a trend toward increasing
quantities [14]. Previous studies have demonstrated
that biomass fly ash, particularly when it has been
treated with an alkaline solution, is a potential adsor-
bent for dye removal from wastewater [14,15] due to
its greater proportion of unburned carbon that may be
a substitute for commercial activated carbon.
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However, these studies determined equilibrium and
kinetic parameters only in batch experiments. Further
investigation in a continuous flow system is necessary
for industry applications [16,17]. Since small-scale col-
umn experiments have been reported to give good
predictions for dye removal from wastewater [18],
they should be conducted before carrying out any
high-cost, pilot-scale, column experiments.

The current study investigated the reactive dye
removal from aqueous solutions on a fixed-bed col-
umn of the alkaline-treated biomass fly ash. Column
adsorption performance was used to examine the
effect of the initial dye concentration, flow rate, and
bed depth. Mass transfer zone (MTZ) and empirical
adsorption models were applied for describing the
breakthrough curve behavior of dye removal.

2. Materials and methods

2.1. Fly ash and dye

The biomass fly ash was obtained from an electric-
ity plant in eastern Thailand. The fly ash was pro-
duced from the combustion of biomass that was
mainly composed of eucalypt trimmings and chips
and rice husks. The sample was oven-dried at 70˚C
for 24 h before use. The biomass fly ash was treated in
2M NaOH at a solution to fly ash ratio of 15:1 by
weight. The mixture was then incubated at 100˚C for
12 h. At the end of the treatment, the mixture was fil-
tered, washed thoroughly and oven-dried at 70˚C for
24 h. The treated biomass fly ash (TFA) was then sub-
jected to further investigation. Particle size of the TFA
was analyzed by using Laser Diffraction technique
(Malvern Mastersizer X, UK) and was 127 μm for
mean diameter. Specific surface area (SSA) was ana-
lyzed by Autosorb-1 analyzer (Quantachrome, USA)
using BET method. The TFA had a SSA of 224.13m2

g−1. Fourier transform infrared spectroscopy (Alpha-E,
Bruker) was used to identify chemical bonds and the
spectrum revealed that the TFA contained groups of
asymmetric Si–O–Si stretching vibration or Si–O–C
structure, calcite (CaCO3), symmetric Si–O–Si stretch-
ing vibration, and crystalline cristobalite, as was
observed by the band intensity at a range of 900–
1,250, 875, 797, and 614 cm−1, respectively (Fig. 1).
Chemical composition and scanning electron micro-
scope image of the TFA were presented in the previ-
ous study [14].

The dye used in this study was Reactive Black 5
(RB5), obtained from a textile company in Thailand.
RB5 is a diazo compound whose chemical structure
contains anionic sulfonate groups which can be seen
in Fig. 2 made available by the supplier [5].

2.2. Column study

A fixed-bed column study was conducted to inves-
tigate the capacity of the TFA for removing RB5 dye
with various initial concentrations (500, 750, and 1,000
mg l−1), flow rates (5, 10, and 15mlmin−1), and bed
heights (5, 7.5, and 10 cm) under continuous flow con-
ditions. A plexiglass column of 2.54 cm diameter and
50 cm height was filled with the TFA. The column was
loaded with dye solution which flowed upward using
a peristaltic pump. The dye concentration in the efflu-
ent solution was periodically measured by using a
UV–vis spectrophotometer (UV-1700 PharmaSpec
model, Shimadzu) at λmax of 598 nm. The column
operation was terminated when more than 90% of the
capacity was used up.

2.3. Mathematical expressions and models for adsorption

2.3.1. MTZ

The breakthrough curve is typically plotted
between C/C0 (C and C0 = concentration at a given
time t and the initial concentration, respectively) and
the treated volume. In a fixed-bed column, the MTZ is
the portion of the breakthrough curve between the
effluent concentration at exhaustion (CE) and the con-
centration at the breakthrough point (Cb) which is
assumed to have a constant depth. Cb and CE in this
study corresponded to C/C0 = 0.005 and 0.90, respec-
tively. The following equations were obtained from
Michaels [19] and Kundu and Gupta [20]. The time
(tz) required for the MTZ to move its own height
down through the bed once it has been established
(min) is calculated from Eq. (1).

tz ¼ Vz=Q ¼ ðVE � VbÞ=Q (1)
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Fig. 1. FT-IR analysis of TFA.
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where Vz = volume of effluent between breakthrough
and exhaustion (ml) and Q = influent flow rate
(mlmin−1).

The time (tE) required for the MTZ to become
established and move completely out of the bed is cal-
culated from Eq. (2).

tE ¼ VE=Q (2)

where VE = total volume of effluent to the point of
exhaustion.

The height of the MTZ (hz) and the rate (Uz) of
movement of the MTZ up or down through the bed
(cm h−1) are determined from Eqs. (3) and (4),
respectively.

hz ¼ hðtzÞ=ðtE � tf Þ (3)

Uz ¼ hz=tz ¼ h=ðtE � tf Þ (4)

where h = total bed depth (cm); and tf = time (min)
required for the MTZ to initially form, calculated from
Eq. (5).

tf ¼ ð1� fÞtz (5)

The fraction (f ) of the adsorbent present in the MTZ
still possessing the ability to remove the RB5 dye is
calculated as follows.

f ¼ qz=qmax ¼
Z VE

Vb

ðC0 � CÞdV=C0Vz (6)

where qz and qmax = amount of adsorbate that has been
removed by the MTZ from breakthrough to exhaus-
tion and if completely exhausted, respectively.

2.3.2. Maximum capacity of column (qe)

In column study, qe is defined by Eq. (7) as the
total amount of adsorbed (qtotal) per unit weight of

adsorbent (w) at the end of total flow time [21]. qtotal is
equal to the area under the breakthrough curve
obtained by integrating the adsorbed concentration
(Cad =C0 −Ct: mg l−1) vs. time (t: min) plot and is
defined by Eq. (8) [21].

qe ¼ qtotal=w (7)

qtotal ¼ Q

Z t¼ttotal

t¼0

Cad dt

� ��
1000 (8)

where ttotal = total flow time (min) up to the column
exhaustion point for this study.

2.3.3. Thomas model

The Thomas model is widely used to characterize
the breakthrough curve in a system with a constant
flow rate and no axial dispersion, and its behavior
matches the Langmuir isotherms and the second-order
kinetics [22]. The model is based on Eq. (9).

C=C0 ¼ 1=ð1þ exp ½ðkTh=FÞðqm� C0VÞ� (9)

where kTh = rate constant (l g−1 h−1); F = linear flow
velocity (cmmin−1); q = adsorption capacity (mg g−1);
and m =mass of the bed (g).

2.3.4. Bed-depth service time (BDST)

A modification of the Bohart–Adams equation by
Hutchins [20] is known as the BDST model. The
BDST model is based on a linear relationship
between the bed depth or bed height (h) and the
service time (t) as shown in
Eq. (10).

t ¼ ðN0hÞ=ðC0FÞ � ð1=ðC0KÞÞðln ðC0=Cb � 1ÞÞ (10)

where N0 = adsorption capacity (mg l−1); and K =
adsorption rate constant (L mg−1 min−1).

Fig. 2. Chemical structure of RB5 dye.
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3. Results and discussion

3.1. Effect of initial dye concentration

The breakthrough curves of the RB5 removal by
the TFA at different initial dye concentrations (C0) are
shown in Fig. 3. The column adsorption parameters
are given in Table 1. As expected, higher C0 values
gave earlier breakthrough curves, and the break-
through time (Vb) and exhaustion time (VE) decreased
when C0 increased from 500 to 1,000 mg l−1 for both
the studied flow rates. This indicated that a better col-
umn performance was provided at lower C0 perhaps
because the competition for adsorption was less at
lower C0 and, therefore, a larger treated volume was
obtained. On the other hand, the TFA was becoming
exhausted faster at higher C0, due to the higher mass
of dye molecules per unit area on the TFA surface.

In addition, the height of the MTZ (hz) and the rate
(Uz) of movement of the MTZ decreased with decreas-
ing C0. hz determined the adsorption rate by the
adsorbent and gives indications about the diffusion
resistance [23]. Theoretically, the shorter hz is the fas-
ter rate of adsorption and the lower resistance to the
mass transfer [23,24]. Uz is used to calculate the rate
of bed saturation, and is directly related to hz [23].
The smaller hz is the faster rates of mass transfer and
bed saturation. According to the hz and Uz values
obtained from this study, a higher column perfor-
mance was provided at lower C0. Al-Degs et al. [18]
investigated the column adsorption characteristics of
RB5 by granular activated carbon and also observed a
decreased hz and Uz with lowering C0. In this present
study, hz was higher than the bed depth used. This
observation indicated that the TFA column gave a
high diffusion resistance to the mass transfer, possibly
because the TFA particles were relatively small with a
mean particle diameter of 127 μm. Similar observation
was also reported by Rivera-Utrilla et al. [25] and
Ahamad and Jawed [26], who observed the higher hz
than the bed depth when using activated carbon and
wooden charcoal and sand, respectively, as an adsor-
bent for metals.

Column adsorption capacities (qe) obtained from
the column experiments had a tendency to increase
with an increased C0 for both the flow rates studied
(Table 1). This is because the concentration gradient
across the fluid film surrounding the adsorbent parti-
cle was higher at higher C0 [27]. Hence, more adsorp-
tion sites were being covered as the C0 increases [28],
resulting in better dye adsorption. This finding was in
agreement with the studies by Al-Degs et al. [18] and
Vijayaraghavan and Yun [29], who reported that the
adsorption capacities for RB5 removal in the column
study were increased from 36 to 107 and 88.9 to 103.2
mg g−1 with C0, respectively.

The theoretical breakthrough curves calculated
using the Thomas model are shown in Fig. 3 and the
model parameters are shown in Table 1. The regres-
sion coefficient indicated that the Thomas model
(r2 = 0.93–0.98) was a good fit with the experimental
data. The good agreement with the Thomas model
indicated that the adsorption behavior of the TFA fits
the Langmuir isotherm and second-order kinetic mod-
els [22], as was found in the batch experiment [14].
The value kth is the rate constant that characterizes the
rate of solute transfer from the liquid to the solid
phase, and the higher the value of kth, the greater the
kinetically favorable adsorption [17]. Except for 750
mg l−1 at a rate of 10mlmin−1, the calculated kth value
was not much different among the different C0 values
applied in this study, indicating similar kinetically
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Fig. 3. Effect of initial dye concentration on the breakthrough
curves of RB5 removal by the alkaline-treated biomass fly
ash at the flow rate of (A) 5mlmin−1 and (B) 10mlmin−1.
Experimental conditions: initial dye concentration range
of 500, 750, and 1,000mg l−1; bed depth of 10 cm. Points:
experimental data, lines: predicted data from the Thomas
model.
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favorable conditions. For all C0 values, the adsorption
capacities from the model (qmodel) were in the same
ranges of 93.44–96.66 and 55.38–56.65mg g−1 for the
flow rates of 5 and 10 cmmin−1, respectively. For each
flow rate studied, the obtained qmodel was in a similar
range with the qe from the experiment (Table 1).

3.2. Effect of flow rate

In a continuous system, the flow rate is an impor-
tant parameter influencing the performance of the
adsorbent [17]. Figs. 3 and 4(a) show the breakthrough
curves for different flow rates at the C0 value of 1,000
mg l−1 and a bed height of 10 cm. The adsorption
parameters of the column are given in Table 1. With
an increased flow rate, the breakthrough curves had a
steeper slope and a shift to the origin, as was mostly
found with lower Vb and VE values for a higher flow
rate. This indicated that the column was exhausted
faster with a higher flow rate, possibly leading to less
saturation of the TFA. With high flow rate, the solute
in the solution might have a lower contact time or
insufficient time to penetrate to and react with the
adsorption sites, resulting in a shorter breakthrough
time and improper utilization of the adsorption capac-
ity [29]. The hz and Uz values decreased with a
decreased flow rate. Since a short hz indicates a high
adsorption rate, the lower flow rate used in this study
had a higher adsorption rate, except for when C0 was

1,000mg l−1 when the 5 and 10mlmin−1 flow rates
had similar hz values.

In this study, there was good agreement between
the experimental data and the predicted data from the
Thomas model (Table 1). The qe values from the experi-
ment and the qmodel values decreased with an increase
in the flow rate from 5 to 15mlmin−1 (Table 1). This
observation was in agreement with the relevant studies
on RB5 removal by Ahmad and Hameed [21] and Vijay-
araghavan and Yun [29]. From the Thomas model, the
calculated kth value increased with the flow rate
(Table 1), and the higher kth value for the increased flow
rates suggested more kinetically favorable adsorption
which possibly was due to an increase in the rate of
mass transfer at the higher flow rate [21].

For the lowest flow rate studied (5mlmin−1), the
adsorption capacities were the highest in this column
study (Table 1) and were close to the maximum equi-
librium capacities of the Langmuir and second-order
kinetic models (107.53 and 97.09mg g−1, respectively)
[14]. This indicated that the adsorption capacity of the
TFA was almost fully utilized at this flow rate. Hence,
this flow rate was appropriate for dye removal under
the studied experimental conditions.

3.3. Effect of bed depth

Fig. 4(b) and Table 1 show the effect of bed depth
on the breakthrough curve of RB5 removal at the C0

Table 1
Influence of experimental conditions on column adsorption parameters of RB5 on the alkaline-treated biomass fly ash
and the parameters of Thomas model using nonlinear regression analysis

MTZ parameters Thomas model

Initial dye
concentration
(mg l−1)

Flow rate
(ml min−1)

Bed
depth
(cm)

Vb

(ml)
VE

(ml)
hz
(cm)

Uz

(cm h−1)
qe, column

a

(mg g−1)
kth
(l g−1 h−1)

qmodel
b

(mg g−1) r2

500 5 10 963 3,131 10.5 1.5 98.24 1.77 96.66 0.98
750 5 10 785 2,338 11.3 2.2 97.90 2.06 93.44 0.98
1,000 5 10 394 2,201 17.8 3.0 107.91 1.53 94.09 0.93
500 10 10 377 1,931 14.8 5.7 58.53 4.60 56.65 0.97
750 10 10 341 1,688 16.4 7.3 63.79 6.07 55.38 0.97
1,000 10 10 245 1,380 17.1 9.1 63.63 4.32 56.20 0.97
1,000 5 10 394 2,201 17.8 3.0 107.91 1.53 94.09 0.93
1,000 10 10 245 1,380 17.1 9.1 63.63 4.32 56.20 0.97
1,000 15 10 214 1,393 21.6 16.5 51.91 8.70 42.19 0.95
1,000 5 5 101 1,176 12.1 3.4 91.35 2.80 74.27 0.92
1,000 5 7.5 215 1,737 15.7 3.1 100.11 2.03 84.33 0.95
1,000 5 10 394 2,201 17.8 3.0 107.91 1.53 94.09 0.93

aqe, column =maximum adsorption capacity obtained from the experimental data.
bqmodel =maximum adsorption capacity calculated from the Thomas model.
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value of 1,000mg l−1 and a flow rate of 5mlmin−1. All
the studied bed depths gave a similar shaped break-
through curve, with a slightly flatter slope as the bed
depth increased, suggesting that the adsorption rates
were not considerably different among the bed depths
[24]. An increased bed depth (or sorbent mass) pro-
vided a greater surface area for dye adsorption and
increased the contact time between the bed and the
dye [16]. As expected, the Vb and VE values increased
with a higher bed depth in this study. In addition,
both the qe values obtained from the experimental
data and the qmodel values from the Thomas model
increased with increasing bed depth. A similar result
was also reported by Ahmad and Hameed [21] and
Vijayaraghavan and Yun [29] that the bed capacities of
RB5 removal by waste-based activate carbon and

biosorbent, respectively, increased with increasing bed
depth. Despite the relatively high r2 values (0.92–0.95)
were obtained from fitting the Thomas model to the
experimental data in this bed-depth study, the qmodel

values were quite lower than the qe from the experi-
ments. This might be because the breakthrough curves
for each bed depth did not reach the C/C0 of 1, indi-
cating mass transfer limitation of the system. Similar
observation was reported by Sekhula et al. [30], who
found high r2 values of the Thomas model (r2 = 0.97–
0.98), but some of the breakthrough curves did not
reach the C/C0 of 1. Also, Salmani et al. [31] observed
high r2 values of the Thomas model (r2 = 0.98), despite
the breakthrough curves did not reach the C/C0 of 1.

The highest adsorption capacity at 10 cm bed
depth was close to the maximum equilibrium capacity
[14], indicating a sufficient contact time between the
bed and the dye. The kth value increased with decreas-
ing bed depth, but was not considerable in compari-
son with the effect of the flow rate. In this study, an
increased bed depth of the TFA (up to 10 cm) might
be important in obtaining a better column perfor-
mance for RB5 removal.

Increasing the bed depth increased hz (Table 1),
possibly due to creating a longer distance for the MTZ
to reach the exit [32]. In addition, the increase in hz
with bed depth suggested that the reactive dye had
slow adsorption kinetics on the bed, resulting in an
increased adsorption zone at higher bed depth [18].
Interestingly, Uz was not different among the studied
bed depths (Table 1), reflecting the same affinity of
RB5 for the TFA.
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The adsorption data of RB5 by the TFA at different
bed depths was analyzed using the BDST model
(Fig. 5). The regression equation between the bed
depth and service time for 50% saturation (C/C0 = 0.5)
of the TFA column was t = 19.27h − 36.80 (r2 = 0.9998).
The fact that the BDST line does not pass through the
origin suggests that more than one rate-limiting step
could be involved in the adsorption process [17,18].
The BDST adsorption capacity (N0) obtained from
Eq. (10) was 19,006mg l−1 or 100.45mg g−1. The calcu-
lated N0 is consistent with the adsorption capacities
from the experimental data and the Thomas model at
the bed depth of 10 cm (Table 1) and the maximum
equilibrium capacity from the batch experiment [14].
The highest adsorption capacity of RB5 in the current
study was in agreement with those values sourced
from the literature. For example, Ahmad and Hameed
[21] found that a column of granular activated carbon
prepared from bamboo waste had the highest bed
capacity of 39.09mg g−1 for RB5 removal. Al-Degs
et al. [18] showed that the highest column capacity of
RB5 adsorption using commercial activated carbon
(Filtrasorb 400) was 107mg g−1. In addition,
Vijayaraghavan and Yun [29] observed the highest
adsorption capacity of 103.2 mg g−1 for RB5 removal
by biosorbent. These results proved that the TFA was
an effective dye adsorbent that could be substituted
for activated carbon.

4. Conclusions

The breakthrough curves of the RB5 dye removal
by the TFA increased with decreasing the initial dye
concentration and flow rate, and with increasing the
bed depth. The experimental breakthrough curve was
in accordance with the predicted curve from the Tho-
mas model. In this fixed-bed column study, the opti-
mum flow rate and bed depth were 5mlmin−1 and 10
cm, respectively. Regardless of the initial dye concen-
trations, this flow rate and bed depth provided the
highest efficiency for dye adsorption that was close to
the equilibrium capacity from the batch experiment.
The effect of the bed depth on the breakthrough curve
was well explained by the BDST model. These find-
ings show that the fixed-bed TFA has potential for
application in the removal of reactive dye.

Acknowledgments

The authors wish to acknowledge the Kasetsart
University Research and Development Institute (KU-
RDI), Kasetsart University for providing funding for
this research. Thanks are expressed to Ms Nipawan

Sananwai and Mr Apichat Modtad for technical
assistance.

References

[1] S.K. Alpat, Ö. Özbayrak, Ş. Alpat, H. Akçay, The
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