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Abstract

This study investigates the adsorption behavior of Reactive Black 5 (RB) and Reactive Yellow 176 (RY) from aqueous solution on coal fly ash
(FA-CO), HCl-treated coal fly ash (TFA-HCI), and biomass fly ash (FA-BM). In preliminary study, the FA-BM showed the greatest dye adsorption
capacity of both dyes, compared to FA-CO and TFA-HCI. Hence only for the FA-BM, the effects of various experiment parameters (e.g. solution
pH, ionic strength, initial dye concentration, contact time) were spectrophotometrically determined. At the final pH of 8.1-8.5, the adsorption
capacity of both dyes on the FA-BM was maximum and decreased above or below this pH. A positive effect of salt addition on the dye adsorption
capacity was observed. The adsorption capacity of dye on the FA-BM increased with increasing Cy. The equilibrium data of both dyes on the
FA-BM were fitted to both Langmuir and Freundlich isotherms, but the experimental data of the RB was found to be little better fitted by the
Langmuir model. The sorption data was good fit with the pseudo-second-order kinetic model. These results indicate that biomass fly ash is an

interesting alternative for dye removal from the wastewater.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Synthetic dye has been increasingly used in textile indus-
try [1-4]. The textile wastewaters exhibit high color and other
substances [5]. Without appropriate treatment, discharge of
dye wastewaters into water bodies can adversely affect aquatic
environment by reducing light penetration and photosynthe-
sis, and being hazardous and toxic to aquatic life [3.4,6,7].
Conventional methods for treating dye wastewater, e.g. coagula-
tion/flocculation, chemical oxidation, activated sludge process,
are difficult, ineffective or economic disadvantage [2—4,6,8—10].
Adsorption is an attractive and effective method for dye removal
from wastewater, especially if the adsorbent is cheap and widely
available [5,7,11-14]. Many low-cost adsorbents have been
investigated on dye removal, such as fly ash [3,5,12,14,15], bot-
tom ash [7], clay [8], zeolite [1,8], calcine alunite [16], peanut
hull [2], rice husk [4], and brown seaweed [10].
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Biomass has long been used in the boiler for energy produc-
tion [17]. Various kinds of plant biomass commonly used for
this purpose include trees, trims, sawdust, wheat straw, and rice
husks. After biomass combustion, a waste called fly ash is pro-
duced and needed appropriate disposal. This ash is increasingly
produced and available in large quantities [3]. Since biomass fly
ash is enriched with SiO; and contained a portion of unburned
carbon, this waste has been previously used as adsorbent to
removal hazardous substances from the environment, in par-
ticular from wastewater [3,18]. Therefore, this waste can be a
potentially low-cost adsorbent for wastewater treatment. Com-
bustion of biomass has a specific recipe to give sufficient energy.
In common, combustion recipe uses various kinds of biomass.
Hence, there is of interest to investigate the sorption behavior of
mixed biomass fly ash.

While a number of investigations have been reported on fly
ash for dye adsorption, more information is still needed for better
understanding in the difference in dye adsorption by different fly
ashes. Adsorption capacity depends on the properties of adsor-
bents, such as porous structure, chemical structure, and surface
area [7,9]. Therefore, this study investigated the effect of fly-ash
properties on dye adsorption. Selected fly ashes with different
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properties used in this study are biomass fly ash, coal fly ash,
and HCl-treated coal fly ash. Coal fly ash has a similar major
chemical composition to the treated coal fly ash, but much less
surface area. Biomass fly ash is different from coal and treated
coal fly ashes for both major chemical composition and surface
area.

Fly ash with the best adsorption capacity of dye was chosen
for further investigation. The effects of pH, ionic strength, initial
dye concentration, and contact time on dye adsorption by the fly
ash were examined using batch experiment.

2. Materials and methods
2.1. Materials and characterization

The biomass fly ash (FA-BM) used in this study was obtained
from the electric power plant in the eastern part of Thailand.
The FA-BM was produced from combustion of biomass, mainly
composed of Eucalyptus trims and chips and rice husks. The
sample was oven-dried at 70 °C for 24 h and kept in a desiccator
for further analysis.

The coal fly ash (FA-CO) was supplied by the Mae-Moh
electric power station in the northern part of Thailand. The FA-
CO was produced from lignite coal. The sample was oven-dried
at 105 °C for 24 h before use. The FA-CO was treated in IM HCl
at a solution to fly-ash ratio of 10:1 by weight. The mixture was
then incubated at 100 °C for 24 h. At the end of the treatment,
the mixture was filtered, washed thoroughly, and oven-dried at
105 °C for 24 h. The FA-CO and HCl-treated coal fly ash (TFA-
HCI) were then subjected to further analysis.

Particle size distribution of the studied fly-ash samples was
determined by sieving the samples manually shaking with stain-
less steel mesh screens with openings of standard 53, 125, 180,
and 425 wm ASTM sieves (Table 1). Specific surface area (SSA)
was analyzed by Autosorb-1 analyzer using BET method and
chemical composition of the samples was determined by X-ray
fluorescence (XRF) analyzer (Table 2). Loss on ignition (LOI)
was determined by combusting the samples at 850 °C for 1h.
Scanning electron microscopy (SEM) and pH of point of zero
charge (pHp,c) using the pH drift method [13] were performed
on the selected samples.

The dyes used in this study were Reactive Black 5 (RB) and
Reactive Yellow 176 (RY), obtained from a textile company in
Thailand. These dyes are azo and contain anionic sulphonate
groups. Only chemical structure of RB is made available by the
supplier (Fig. 1) [6]. Natural pH of RB is 5.8.

Table 1
Particle size distribution of biomass fly ash (FA-BM) and coal fly ash (FA-CO)
Particle diameter (um) % Weight

FA-BM FA-CO
<53 22.0 70.5
53-125 30.5 20.5
125-180 16.7 59
180425 26.1 2.9
>425 4.7 0.2

Table 2
Chemical composition and specific surface area of biomass fly ash (FA-BM),
coal fly ash (FA-CO), and HCl-treated coal fly ash (TFA-HCI)

Constituent % Weight
FA-BM FA-CO TFA-HCI

SiOy 91.05 45.84 60.90
Al O3 ND? 13.62 19.43
CaO 1.04 9.68 442
Fe, 03 0.14 6.74 7.03
K,O 0.95 1.55 1.96
MgO 0.14 0.38 1.10
SOz 0.13 21.18 0.39
Loss on ignition (LOI) 5.86 0.40 3.87
Specific surface area (m” g~!) 14.32 3.39 61.84

2 ND is not detected.

OH NH,
NaO ,S0 (CH,),0,8 _Q—N= Iee N=NQm2(CH2)2030 aNa

NaO .8 SO ,Na

Fig. 1. Chemical structure of RB.

2.2. Adsorption study

Batch experiment was carried out to measure the adsorption
characteristics of dyes by the fly ashes. The fly ash (2 g) was
added to 40 ml of synthetic dye solutions of varying concen-
tration (10-500 mgl’l). Two identical mixtures were shaken
on orbital shaker at 130 rpm for various times to determine the
equilibrium time at room temperature and for 24 h for other
experiments. After shaking, the mixture was filtered and the
supernatant was measured the final pH using pH meter (EcoScan
pH6 model) and the remaining dye using UV—vis spectropho-
tometer (GBC UV/VIS model) at A py.x 0of 598 and 400 nm for the
RB and RY, respectively. To understand the adsorption behavior
of dye on fly-ash surface, the fly-ash samples after perform-
ing dye adsorption were oven-dried at 70 °C for 48 h for SEM
analysis.

Preliminary study was performed to determine the fly ash
with the highest dye adsorption capacity. This fly ash was then
selected for the following studies. The effect of solution pH
was investigated by performing the adsorption experiments at
various pH levels (2-12) adjusting by diluted HCl or NaOH
solution. The effect of ionic strength on adsorption of dyes was
tested by addition of NaCl to the solution. The concentration of
NaCl used ranged from 0 to 20 mg 1~!. Langmuir and Freundlich
isotherms were applied to determine the adsorption capacity of
the fly ash. Kinetic models were used to examine the controlling
mechanism of adsorption processes.

3. Results and discussion

3.1. Comparison of dye adsorption capacity by all the
studied fly ashes

Property of fly ash plays a significant role in dye adsorption
capacity. Fig. 2a showed dye adsorption capacity of the stud-
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Fig. 2. Dye adsorption capacity (a) and final pH (b) of RB and RY on the studied
fly ashes. Experimental conditions: initial dye concentration, 100 mg1~"; fly-ash
dose, 2 g/40 ml; contact time, 24 h.

ied fly ashes, and Fig. 2b showed the final pH of solution after
performing dye adsorption. For both RB and RY, the FA-BM
had a highest dye adsorption capacity, compared to the FA-CO
and TFA-HCI. The RY tended to be greater adsorbed on the FA-
CO and TFA-HCI than the RB, but was similar for the FA-BM.
After dye adsorption, the final pH was about 10, 12, and 4 for
the FA-BM, FA-CO, and TFA-HCI.

The different dye adsorption capacity by the studied fly ashes
can be attributed to different fly-ash property. For example, dif-
ferent chemical composition among the FA-BM, FA-CO, and
TFA-CO may influence dye adsorption. FA-BM was mainly
composed of SiO, and unburned carbon (assumed from LOI),
while the FA-CO and TFA-HCI contained similar major com-
ponents of SiO2, Al,O3, and Fe2O3 (Table 2). pHyp,, is the pH
at which the net surface charge on adsorbent is zero. The adsor-
bent surface has anet positive charge at pH < pHp,, while has net
negative charge at pH > pHp, [5,13,14,19]. The pHp,. of SiO,
a-Al» O3, and a-FepO3 was 2, 9.1, and 6.7, respectively [20].
Because the final pH of FA-BM in the solution was about 10, the
surface of SiO, was net negatively charged and dyes were also
negatively charged (e.g., natural pH of RB =5.8), indicating the
repulsive electrostatic force between SiO; and dyes. In addition,
this final pH was greater than the pHy,,c of FA-BM, which was
8.7 (Fig. 3), also suggesting the electrostatic repulsion between
net negative charged FA-BM and dyes. Based on this informa-
tion, the dye adsorption of FA-BM should be low. However in
this study, FA-BM had a relatively high dye adsorption capacity,
suggesting that there were other mechanisms than the electro-
static mechanism for dye adsorption. We suspected that the dye

14
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10]
PH pzc= 8.7

Final pH

0 2 4 6 8 10 12 14
Initial pH

Fig. 3. Determination of pHp,. of the FA-BM.

adsorption capacity of FA-BM may partly be attributed to the
influence of unburned carbon. Al-Degs et al. [19] suggested the
other interactions between activated carbon and dye molecules
were hydrogen bonding and hydrophobic—hydrophobic mecha-
nisms.

Athighly basic condition of FA-CO (the final pH of about 12),
all the major chemical components (SiO;, Al,O3, and Fe;O3)
and dyes were net negatively charged, causing the electrostatic
repulsion between dye and FA-CO. Therefore, the dye adsorp-
tion capacity of FA-CO was relatively low, especially for the RB.
At acidic condition of TFA-HCI (the final pH of about 4), SiO»
in the TFA-HCI was negatively charged and dye molecules were
neutral or partially positively charged, causing the electrostatic
attraction. However, at this acidic pH, the positively-charged
Al,O3 and Fe;0O3 in the TFA-HCI reduced the degree of posi-
tive charges of SiO,. As a result, the dye adsorption capacity of
TFA-HCI was not high. In this study, the dye adsorption capac-
ity of the TFA-HCI was not well explained by SSA. This was
because TFA-HCI had the highest SSA, but presented the lowest
adsorption capacity (Table 2).

Due to the highest dye adsorption capacity among all the
studied fly ashes, the FA-BM was chosen for further investiga-
tion.

3.2. Effect of solution pH

Solution pH is an important factor controlling the surface
charge of the adsorbent and the degree of ionization of the mate-
rials in the solution [3]. Fig. 4 showed the relationship between
final pH and dye adsorption capacity of the FA-BM. The adsorp-
tion patterns of both RB and RY were similar in the studied pH
range. The adsorption capacity increased when the final pH was
increased from 2.5 to 8.5 for the RB and from 5.3 to 8.1 for the
RY. After these pH ranges, the adsorption capacity of the RB
slightly decreased, while the decreased adsorption was greater
for the RY.

The pH effect on dye adsorption observed in this study was
explained by electrostatic interaction between FA-BM and dye
molecules. Maximum dye adsorption was observed in the pH
range of 8.1-8.5. In this pH range, the surface of FA-BM was
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Fig. 4. Relationship between the final pH and dye adsorption capacity of RB
and RY on biomass fly ash. Experimental conditions: initial dye concentration
100 g -1 fly-ash dose 2 g/40 ml; contact time 24 h.

positively charged (pHp,c =8.7) and dye was negatively charged
(e.g., deprotonate sulphonate groups (—SO37)), indicating the
electrostatic attraction between the FA-BM and dye molecules.
Since the studied dyes were weak acids, these dyes dissociated
less towards an acidic pH. Hence, at acidic pH, the adsorption
capacity decreased due to the electrostatic repulsion between
the positive charged FA-BM and the neutral (—=SO3H) or par-
tially positive charges of dye. At pH>pHy,c, the decreased
dye adsorption capacity of FA-BM was attributed to the repul-
sive interaction between the negatively charged FA-BM and
the deprotonated dye molecules. However for the RB, the dye
adsorption capacity was constant in the pH range of 8.5-10,
suggesting that dye adsorption was influenced not only by elec-
trostatic forces, as was mentioned in the Section 3.1. Al-Degs et
al. [19] also observed a similar constant dye adsorption capac-
ity over a pH range of 4-8, indicating the interaction between
activated carbon and dye molecules via hydrogen-bonding and
hydrophobic—hydrophobic forces.

3.3. Effect of ionic strength

The adsorption of dyes on the FA-BM was slightly positively
affected by the presence of NaCl (Fig. 5). Interestingly, increas-
ing NaCl concentration enhanced dye adsorption capacity of the
FA-BM. The effect of NaCl was more pronounced for the RY
than the RB. In theory, increasing ion strength will decrease
adsorption capacity when there is the electrostatic attraction
between the adsorbent surface and adsorbate ions [19]. But
increasing ion strength will increase adsorption capacity when
the electrostatic force is repulsive. In this study, the increasing
adsorption capacity with the ionic strength was in agreement
with this assumption. Since the final pH > pHp,, there was the
electrostatic repulsion between the negatively charged FA-BM
and the deprotonated dye molecules. In Fig. 5, the final pH
decreased towards the pHp, of FA-BM with an increase in ionic
strength, indicating less repulsive interaction between the FA-
BM and dye. Therefore, dye adsorption was increased with ionic
strength.
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Fig. 5. The effect of ionic strength on dye adsorption capacity of RB and RY
by biomass fly ash and the final pH of solution. Experimental conditions: initial
dye concentration, 100 mg 1L fly ash dose, 2 g/40 ml; contact time, 24 h.

In addition, an increase in dye adsorption with increasing
ionic strength may be due to an increase in dimerization of
reactive dye in solution [19]. Dimerization of dye molecules
was induced by salt ions, which subsequently increased dye
adsorption on the adsorbent surface. Dimerization of dye
was explained by intermolecular forces, including van der
Waals force, ion—dipole force, and dipole—dipole force, which
increased with salt concentration [19]. Janos et al. [5] and Al-
Degs et al. [19] also found positive or no effect of ionic strength
on dye adsorption by activated carbon and coal fly ash, respec-
tively. The information on no salt effect on dye adsorption by
fly ash is of interest for potential applications to real wastewater

[5].
3.4. Effect of initial dye concentration

Fig. 6 showed the effect of initial dye concentration (Cop)
(10-500mg1~") on the adsorption capacity and removal effi-
ciency by the FA-BM. The adsorption capacity increased from
0.2 to 4.34 and from 0.20 to 3.85 mg g~ ! with increasing Cy of
the RB and RY, respectively. The effect of Cp observed in this
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Fig. 6. The effect of initial dye concentration on dye adsorption capacity and
removal efficiency of RB and RY by biomass fly ash. Experimental conditions:
fly-ash dose, 2 g/40 ml; contact time, 24 h.
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study suggests that the increase in Cp enhances the interaction
between dye and FA-BM. In another word, Cj is a driving force
to overcome the resistances to the mass transfer of dye between
the solution and the adsorbent surface [3]. Only for the RB, the
adsorption capacity beyond Co=400mgl~! did not increase,
suggesting that the fly ash reached its maximum adsorption
capacity [4].

3.5. Sorption isotherm

The data obtained from the equilibrium studies were ana-
lyzed using Langmuir and Freundlich adsorption isotherms. The
Langmuir isotherm was given by the following equation.

Ce_ 1, <1> c )
ge  (QoKr) Qo

where g. (mgg~!) and C, (mg 1~1) are the amounts of adsorbed
dye per unit weight of adsorbent and equilibrium dye concen-
tration in solution, respectively. Qg (mgg™') is a maximum
adsorption capacity of the dye (forming a monolayer) per unit
weight of adsorbent. K7, is a constant related to the affinity of
the binding sites (Img~!). The essential characteristics of the
Langmuir isotherm can be expressed by a separation factor Ry,
[21], which is defined by the following equation.

1

RL=———
(I + KLCo)

(2)
where Cp (mg 17! is the initial concentration of dye. Rr, indi-
cates the nature of the adsorption process to be unfavorable
(Ry > 1), linear (R =1), favorable (0 <Ry < 1), and irreversible
(RL=0).

The empirical Freundlich equation was given as follows:

1
Ing. =InKy+ <> InC, 3)
n

where Kr and n are constants indicating adsorption capacity and
intensity, respectively. The Freundlich adsorption constant, n,
should be in a range of 1-10 for beneficial adsorption.

Table 3 showed the Qp and Kp values for the Langmuir
isotherm, the Kr and n values for the Freundlich isotherm, and
the regression coefficients (72) obtained from the linear regres-
sion equation between the values of C./g. and C. and Ing.
and In C;, respectively (Fig. 7a and b). For the both dyes, the
high regression coefficients for the Langmuir and Freundlich
isotherms (2 >0.97) indicated that the two models were good
fit with the experimental data. But for the RB, it can be seen that
the Langmuir model (+*=0.997) yields a little better fit than
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Fig. 7. Langmuir (a) and Freundlich (b) adsorption isotherms of RB and RY
on biomass fly ash. Experimental conditions: initial dye concentration range,
10-500 mg s fly-ash dose, 2 g/40 ml; contact time, 24 h. Points: experimental
data, lines: predicted linear regression models using Langmuir and Freundlich
models.

the Freundlich model (> =0.987), in agree with the adsorption
of vertigo navy marine and reactive dye on activated carbon
[19,22].

The Qo from the Langmuir isotherm indicated that the adsorp-
tion capacity of FA-BM was greater for the RB (4.38 mgg™!)
than the RY (3.65mgg~'). The Ry values of the RB and RY
were found to be between 0.006 to 0.223 and 0.029 to 0.600
for dye concentrations of 10-500 mg 17!, respectively (data not
shown). The observed Ry, values indicate favorable adsorption
of the RB and RY on fly ash (O<Rp <1).

iizleQ(S) and Kj, values for the Langmuir isotherm, the Kt and n values for the Freundlich isotherm and the regression coefficients of equations
Dye Langmuir Freundlich

Qo (mgg™h) Ki (lmg™") r K n r
Reactive Black 5 4.38 0.349 0.997 2.05 7.12 0.987
Reactive Yellow 176 3.65 0.067 0.972 0.93 4.28 0.971
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Table 4
Comparison of the Qy for various adsorbents

Dyes Adsorbent Qo (mg g_l) Reference

Reactive Black 5 Biomass fly ash 4.38 This work
Coal fly ash (high 7.94 [22]
lime)
Powdered activated 58.8 [22]
carbon
Bagasse fly ash 16.42 [15]
Modified zeolite 60.6 [8]
Modified clay 120.5 [8]
(sepiolite)
Brown seaweed (acid ~ 73.2 [10]
treated)
Activated carbon 434 [25]
(300-500 p.m)
Activated carbon 333 [25]
(500-600 p.m)
Activated carbon 278 [25]
(600-700 p.m)

Reactive Blue 222 Granular activated 6.53 [7]
carbon
(250-2000 pm)
Coal-based bottom 4.02 [7]
ash (>590 pm)

Reactive Blue 2 Activated carbon 208.8 Recalculated [19]
(300-500 pm)

Reactive Yellow 176 Biomass fly ash 3.65 This work
Modified zeolite 88.5 [8]
Modified clay 169.1 [8]
(sepiolite)

Reactive Yellow 2 Activated carbon 209.4 Recalculated [19]
(300-500 p.m)

Reactive Yellow 64  Calcined alunite 236 [16]

Sunset Yellow Powdered peanut hull ~ 13.99 [2]

Comparison of the Qg obtained from this study and other
adsorbents was presented in Table 4. The FA-BM gave a sim-
ilar Qp to high lime fly ash [12], coal-based bottom ash, and
granular activated carbon [7]. However, the Qg obtained from
this study was relatively low, when compared to other stud-
ies, such as activated carbon and modified sepiolite and zeolite
for RB adsorption. Despite relatively low adsorption capac-
ity of the studied fly ash, the use of this adsorbent for dye
removal is of interest since it is low-cost and readily available
waste.

The K from the Freunlich isotherm suggested that the adsorp-
tion capacity of FA-BM was greater for the RB than RY. In
addition, the n values of the RB and RY were 7.12 and 4.28,
indicating favorable adsorption (1 <n < 10).

3.6. Effect of contact time

The adsorption of dye on the FA-BM was studied with contact
time (Fig. 8a). Adsorption of dye was rapid in the first 30 min,
and then the dye adsorption rate gradually increased with contact
time until 24 h and subsequently insignificantly changed. The
adsorption capacity of the FA-BM was slightly greater for the
RB than that of the RY.

25
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Fig. 8. Lagergren first-order (a) and pseudo-second-order kinetics (b) of RB and
RY on biomass fly ash. Experimental conditions: initial dye concentration range,
100 mg1~'; fly-ash dose, 2 g/40 ml. Points: experimental data, lines: predicted
non-linear and linear regression models using Lagergren first-order and pseudo-
second-order model, respectively.

3.7. Adsorption kinetics

In this study, the kinetic data of the FA-BM were ana-
lyzed using the Lagergren first-order and pseudo-second-order
rate equations. These equations have been used widely for the
adsorption of an adsorbate from an aqueous solution. The best
fit model was considered based on the regression coefficient ()
and the experimental ge.

3.7.1. First-order kinetic model
The Lagergren first-order was defined as follows [23]:

kit
2.303

log(ge — qr) = logge — 4)
where ge and g, are the amount of dye adsorbed per unit weight of
the adsorbent (mg g~ ') at equilibrium time and time 7, respec-
tively. k1 is the rate constant for the first-order kinetics. For
the Lagergren first-order rate equation, it is better to apply the
following equation to avoid the unknown ge.

qr = qe(1 — e7517) Q)
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Table 5
Lagergren first-order and pseudo-second-order adsorption rate constants and the calculated (¢e,ca1) and experimental ge (ge.exp) at initial dye concentration of
100mg1~!
Dye Geexp (Mg g Pseudo-first-order kinetic model Pseudo-second-order kinetic model

Gecal (mgg™") ki (h™") r Gecal (mgg™") ky (gmg~"h~") r
Reactive Black 5 1.94 1.70 2.67 0.888 1.98 0.770 0.997
Reactive Yellow 176 1.74 1.54 2.55 0.875 1.82 0.843 0.999

Fig. 9. SEM images of the biomass fly ash before (a and b) and after adsorbing the RB (c) and RY (d).

Fig. 8a and Table 5 showed the rate constant, calculated
ge, and regression coefficient of the first-order kinetic model.
Based on regression coefficient (72 <0.89), it appeared that the
first-order model was not well fit with the experimental data.
In addition, the g. from the calculation was different from the
experimental g, (Table 5).

3.7.2. Pseudo-second-order kinetic model

The pseudo-second-order rate equation was defined as fol-

lows [24]:

t 1 t

qr b%+% ©
where kj is the rate constant for the second-order kinetics.

Fig. 8b and Table 5 showed the sorption kinetics of dyes
and rate constants obtained from the pseudo-second-order
kinetic model. The sorption data was good fit with the pseudo-
second-order kinetic model. The regression coefficients of the
second-order model (r2 >0.99) were greater than that of the

first-order model for both dyes. The results also showed the
experimental and calculated values of g. agreed with each
other (Table 5). Therefore, the adsorption process of the stud-
ied dyes onto the FA-BM could be better explained by the
pseudo-second-order model than the first-order kinetic model.
Based on the pseudo-second-order model, these observations
indicate that the rate of dye adsorption process is controlled by
the chemisorption process [18,22], which is depended on the
chemical character of FA-BM and dyes [12]. Similar kinetic
results were also found in the sorption of Brilliant Green on
rice husk ash [3], in the sorption of Direct Blue 71 on palm
ash [18], and in the sorption of RB on high lime coal fly ash
[22].

3.8. SEM images

The SEM images of FA-BM before and after dye adsorption
were shown in Fig. 9. The FA-BM had a net-like structure and
macropores. After adsorption of both RB and RY, the surface
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and pores of FA-BM were coated with dyes causing smoother
surface and minimizing pore size.

4. Conclusions

Results of this study provide for a better understanding of
the adsorption behavior of reactive dyes on biomass fly ash.
Among the studied fly ashes, the biomass fly ash was the best
adsorbent of dyes. The adsorption pattern of both dyes on the
biomass fly ash was pH-dependent with a maximum adsorption
capacity at the final pH of 8.1-8.5. The addition of salt had a
positive effect on the adsorption capacity of the biomass fly ash.
An increase in the initial dye concentration enhances the inter-
action between dye and biomass fly ash, resulting in greater
adsorption capacity. The equilibrium data of both dyes were
fitted to both Langmuir and Freundlich isotherms. The mono-
layer adsorption capacity of the biomass fly ash was found to be
greater for the Reactive Black 5 (4.38 mg g~ !) than the Reactive
Yellow 176 (3.65 mg g~ 1). The adsorption process conformed to
the second-order kinetic model. Overall, the studied biomass fly
ash showed a potential application as adsorbent for reactive dye
wastewater.
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