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bstract

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-HCl), and biomass fly ash (FA-BM). In preliminary study, the FA-BM showed the greatest dye adsorption
apacity of both dyes, compared to FA-CO and TFA-HCl. Hence only for the FA-BM, the effects of various experiment parameters (e.g. solution
H, ionic strength, initial dye concentration, contact time) were spectrophotometrically determined. At the final pH of 8.1–8.5, the adsorption
apacity 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
apacity was observed. The adsorption capacity of dye on the FA-BM increased with increasing C0. The equilibrium data of both dyes on the

A-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
angmuir model. The sorption data was good fit with the pseudo-second-order kinetic model. These results indicate that biomass fly ash is an

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

Synthetic dye has been increasingly used in textile indus-
ry [1–4]. The textile wastewaters exhibit high color and other
ubstances [5]. Without appropriate treatment, discharge of
ye wastewaters into water bodies can adversely affect aquatic
nvironment by reducing light penetration and photosynthe-
is, and being hazardous and toxic to aquatic life [3,4,6,7].
onventional methods for treating dye wastewater, e.g. coagula-

ion/flocculation, chemical oxidation, activated sludge process,
re difficult, ineffective or economic disadvantage [2–4,6,8–10].
dsorption is an attractive and effective method for dye removal

rom wastewater, especially if the adsorbent is cheap and widely
vailable [5,7,11–14]. Many low-cost adsorbents have been
nvestigated on dye removal, such as fly ash [3,5,12,14,15], bot-

om ash [7], clay [8], zeolite [1,8], calcine alunite [16], peanut
ull [2], rice husk [4], and brown seaweed [10].

∗ Corresponding author. Tel.: +662 942 8036; fax: +662 942 8715.
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seudo-second-order kinetic model

Biomass has long been used in the boiler for energy produc-
ion [17]. Various kinds of plant biomass commonly used for
his purpose include trees, trims, sawdust, wheat straw, and rice
usks. After biomass combustion, a waste called fly ash is pro-
uced and needed appropriate disposal. This ash is increasingly
roduced and available in large quantities [3]. Since biomass fly
sh is enriched with SiO2 and contained a portion of unburned
arbon, this waste has been previously used as adsorbent to
emoval hazardous substances from the environment, in par-
icular from wastewater [3,18]. Therefore, this waste can be a
otentially low-cost adsorbent for wastewater treatment. Com-
ustion of biomass has a specific recipe to give sufficient energy.
n common, combustion recipe uses various kinds of biomass.
ence, there is of interest to investigate the sorption behavior of
ixed biomass fly ash.
While a number of investigations have been reported on fly

sh for dye adsorption, more information is still needed for better
nderstanding in the difference in dye adsorption by different fly

shes. Adsorption capacity depends on the properties of adsor-
ents, such as porous structure, chemical structure, and surface
rea [7,9]. Therefore, this study investigated the effect of fly-ash
roperties on dye adsorption. Selected fly ashes with different

mailto:fsciptp@ku.ac.th
dx.doi.org/10.1016/j.jhazmat.2007.09.074
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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-HCl)

Constituent % Weight

FA-BM FA-CO TFA-HCl

SiO2 91.05 45.84 60.90
Al2O3 NDa 13.62 19.43
CaO 1.04 9.68 4.42
Fe2O3 0.14 6.74 7.03
K2O 0.95 1.55 1.96
MgO 0.14 0.38 1.10
SO3 0.13 21.18 0.39
Loss on ignition (LOI) 5.86 0.40 3.87
Specific surface area (m2 g−1) 14.32 3.39 61.84

a ND is not detected.
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roperties used in this study are biomass fly ash, coal fly ash,
nd HCl-treated coal fly ash. Coal fly ash has a similar major
hemical composition to the treated coal fly ash, but much less
urface area. Biomass fly ash is different from coal and treated
oal fly ashes for both major chemical composition and surface
rea.

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

. Materials and methods

.1. Materials and characterization

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

The coal fly ash (FA-CO) was supplied by the Mae-Moh
lectric power station in the northern part of Thailand. The FA-
O was produced from lignite coal. The sample was oven-dried
t 105 ◦C for 24 h before use. The FA-CO was treated in 1M HCl
t a solution to fly-ash ratio of 10:1 by weight. The mixture was
hen incubated at 100 ◦C for 24 h. At the end of the treatment,
he mixture was filtered, washed thoroughly, and oven-dried at
05 ◦C for 24 h. The FA-CO and HCl-treated coal fly ash (TFA-
Cl) were then subjected to further analysis.
Particle size distribution of the studied fly-ash samples was

etermined by sieving the samples manually shaking with stain-
ess steel mesh screens with openings of standard 53, 125, 180,
nd 425 �m ASTM sieves (Table 1). Specific surface area (SSA)
as analyzed by Autosorb-1 analyzer using BET method and

hemical composition of the samples was determined by X-ray
uorescence (XRF) analyzer (Table 2). Loss on ignition (LOI)
as determined by combusting the samples at 850 ◦C for 1 h.
canning electron microscopy (SEM) and pH of point of zero
harge (pHpzc) using the pH drift method [13] were performed
n the selected samples.

The dyes used in this study were Reactive Black 5 (RB) and

eactive Yellow 176 (RY), obtained from a textile company in
hailand. These dyes are azo and contain anionic sulphonate
roups. Only chemical structure of RB is made available by the
upplier (Fig. 1) [6]. Natural pH of RB is 5.8.

able 1
article size distribution of biomass fly ash (FA-BM) and coal fly ash (FA-CO)

article diameter (�m) % Weight

FA-BM FA-CO

53 22.0 70.5
3–125 30.5 20.5
25–180 16.7 5.9
80–425 26.1 2.9
425 4.7 0.2

v
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c

Fig. 1. Chemical structure of RB.

.2. Adsorption study

Batch experiment was carried out to measure the adsorption
haracteristics of dyes by the fly ashes. The fly ash (2 g) was
dded to 40 ml of synthetic dye solutions of varying concen-
ration (10–500 mg l−1). Two identical mixtures were shaken
n orbital shaker at 130 rpm for various times to determine the
quilibrium time at room temperature and for 24 h for other
xperiments. After shaking, the mixture was filtered and the
upernatant was measured the final pH using pH meter (EcoScan
H6 model) and the remaining dye using UV–vis spectropho-
ometer (GBC UV/VIS model) at λmax of 598 and 400 nm for the
B and RY, respectively. To understand the adsorption behavior
f dye on fly-ash surface, the fly-ash samples after perform-
ng dye adsorption were oven-dried at 70 ◦C for 48 h for SEM
nalysis.

Preliminary study was performed to determine the fly ash
ith the highest dye adsorption capacity. This fly ash was then

elected for the following studies. The effect of solution pH
as investigated by performing the adsorption experiments at
arious pH levels (2–12) adjusting by diluted HCl or NaOH
olution. The effect of ionic strength on adsorption of dyes was
ested by addition of NaCl to the solution. The concentration of
aCl used ranged from 0 to 20 mg l−1. Langmuir and Freundlich

sotherms were applied to determine the adsorption capacity of
he fly ash. Kinetic models were used to examine the controlling

echanism of adsorption processes.

. Results and discussion

.1. Comparison of dye adsorption capacity by all the

tudied fly ashes

Property of fly ash plays a significant role in dye adsorption
apacity. Fig. 2a showed dye adsorption capacity of the stud-



P. Pengthamkeerati et al. / Journal of Hazardous Materials 153 (2008) 1149–1156 1151

F
fl
d

i
p
h
a
C
A
t

c
f
T
c
w
p
a
b
n
�
B
s
n
r
t
8
n
t
t
s
s

a
i
o
w
n

a
a
r
t
A
i
n
a
A
t
T
i
b
a

s
t

3

c
r
fi
t
r
i
R
s
f

ig. 2. Dye adsorption capacity (a) and final pH (b) of RB and RY on the studied
y ashes. Experimental conditions: initial dye concentration, 100 mg l−1; fly-ash
ose, 2 g/40 ml; contact time, 24 h.

ed fly ashes, and Fig. 2b showed the final pH of solution after
erforming dye adsorption. For both RB and RY, the FA-BM
ad a highest dye adsorption capacity, compared to the FA-CO
nd TFA-HCl. The RY tended to be greater adsorbed on the FA-
O and TFA-HCl than the RB, but was similar for the FA-BM.
fter dye adsorption, the final pH was about 10, 12, and 4 for

he FA-BM, FA-CO, and TFA-HCl.
The different dye adsorption capacity by the studied fly ashes

an be attributed to different fly-ash property. For example, dif-
erent chemical composition among the FA-BM, FA-CO, and
FA-CO may influence dye adsorption. FA-BM was mainly
omposed of SiO2 and unburned carbon (assumed from LOI),
hile the FA-CO and TFA-HCl contained similar major com-
onents of SiO2, Al2O3, and Fe2O3 (Table 2). pHpzc is the pH
t which the net surface charge on adsorbent is zero. The adsor-
ent surface has a net positive charge at pH < pHpzc, while has net
egative charge at pH > pHpzc [5,13,14,19]. The pHpzc of SiO2,
-Al2O3, and �-Fe2O3 was 2, 9.1, and 6.7, respectively [20].
ecause the final pH of FA-BM in the solution was about 10, the

urface of SiO2 was net negatively charged and dyes were also
egatively charged (e.g., natural pH of RB = 5.8), indicating the
epulsive electrostatic force between SiO2 and dyes. In addition,
his final pH was greater than the pHpzc of FA-BM, which was
.7 (Fig. 3), also suggesting the electrostatic repulsion between
et negative charged FA-BM and dyes. Based on this informa-

ion, the dye adsorption of FA-BM should be low. However in
his study, FA-BM had a relatively high dye adsorption capacity,
uggesting that there were other mechanisms than the electro-
tatic mechanism for dye adsorption. We suspected that the dye

e
m
r

Fig. 3. Determination of pHpzc of the FA-BM.

dsorption capacity of FA-BM may partly be attributed to the
nfluence of unburned carbon. Al-Degs et al. [19] suggested the
ther interactions between activated carbon and dye molecules
ere hydrogen bonding and hydrophobic–hydrophobic mecha-
isms.

At highly basic condition of FA-CO (the final pH of about 12),
ll the major chemical components (SiO2, Al2O3, and Fe2O3)
nd dyes were net negatively charged, causing the electrostatic
epulsion between dye and FA-CO. Therefore, the dye adsorp-
ion capacity of FA-CO was relatively low, especially for the RB.
t acidic condition of TFA-HCl (the final pH of about 4), SiO2

n the TFA-HCl was negatively charged and dye molecules were
eutral or partially positively charged, causing the electrostatic
ttraction. However, at this acidic pH, the positively-charged
l2O3 and Fe2O3 in the TFA-HCl reduced the degree of posi-

ive charges of SiO2. As a result, the dye adsorption capacity of
FA-HCl was not high. In this study, the dye adsorption capac-

ty of the TFA-HCl was not well explained by SSA. This was
ecause TFA-HCl had the highest SSA, but presented the lowest
dsorption capacity (Table 2).

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

.2. Effect of solution pH

Solution pH is an important factor controlling the surface
harge of the adsorbent and the degree of ionization of the mate-
ials in the solution [3]. Fig. 4 showed the relationship between
nal pH and dye adsorption capacity of the FA-BM. The adsorp-

ion patterns of both RB and RY were similar in the studied pH
ange. The adsorption capacity increased when the final pH was
ncreased from 2.5 to 8.5 for the RB and from 5.3 to 8.1 for the
Y. After these pH ranges, the adsorption capacity of the RB
lightly decreased, while the decreased adsorption was greater
or the RY.
The pH effect on dye adsorption observed in this study was
xplained by electrostatic interaction between FA-BM and dye
olecules. Maximum dye adsorption was observed in the pH

ange of 8.1–8.5. In this pH range, the surface of FA-BM was
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(10–500 mg l−1) 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−1 with increasing C0 of
the RB and RY, respectively. The effect of C0 observed in this
ig. 4. Relationship between the final pH and dye adsorption capacity of RB
nd RY on biomass fly ash. Experimental conditions: initial dye concentration
00 g l−1; fly-ash dose 2 g/40 ml; contact time 24 h.

ositively charged (pHpzc = 8.7) and dye was negatively charged
e.g., deprotonate sulphonate groups ( SO3

−)), indicating the
lectrostatic attraction between the FA-BM and dye molecules.
ince the studied dyes were weak acids, these dyes dissociated

ess towards an acidic pH. Hence, at acidic pH, the adsorption
apacity decreased due to the electrostatic repulsion between
he positive charged FA-BM and the neutral ( SO3H) or par-
ially positive charges of dye. At pH > pHpzc, the decreased
ye adsorption capacity of FA-BM was attributed to the repul-
ive interaction between the negatively charged FA-BM and
he deprotonated dye molecules. However for the RB, the dye
dsorption capacity was constant in the pH range of 8.5–10,
uggesting that dye adsorption was influenced not only by elec-
rostatic forces, as was mentioned in the Section 3.1. Al-Degs et
l. [19] also observed a similar constant dye adsorption capac-
ty over a pH range of 4–8, indicating the interaction between
ctivated carbon and dye molecules via hydrogen-bonding and
ydrophobic–hydrophobic forces.

.3. Effect of ionic strength

The adsorption of dyes on the FA-BM was slightly positively
ffected by the presence of NaCl (Fig. 5). Interestingly, increas-
ng NaCl concentration enhanced dye adsorption capacity of the
A-BM. The effect of NaCl was more pronounced for the RY
han the RB. In theory, increasing ion strength will decrease
dsorption capacity when there is the electrostatic attraction
etween the adsorbent surface and adsorbate ions [19]. But
ncreasing ion strength will increase adsorption capacity when
he electrostatic force is repulsive. In this study, the increasing
dsorption capacity with the ionic strength was in agreement
ith this assumption. Since the final pH > pHpzc, there was the

lectrostatic repulsion between the negatively charged FA-BM
nd the deprotonated dye molecules. In Fig. 5, the final pH

ecreased towards the pHpzc of FA-BM with an increase in ionic
trength, indicating less repulsive interaction between the FA-
M and dye. Therefore, dye adsorption was increased with ionic

trength.

F
r
fl

ig. 5. The effect of ionic strength on dye adsorption capacity of RB and RY
y biomass fly ash and the final pH of solution. Experimental conditions: initial
ye concentration, 100 mg l−1; fly ash dose, 2 g/40 ml; contact time, 24 h.

In addition, an increase in dye adsorption with increasing
onic strength may be due to an increase in dimerization of
eactive dye in solution [19]. Dimerization of dye molecules
as induced by salt ions, which subsequently increased dye

dsorption on the adsorbent surface. Dimerization of dye
as explained by intermolecular forces, including van der
aals force, ion–dipole force, and dipole–dipole force, which

ncreased with salt concentration [19]. Janos et al. [5] and Al-
egs et al. [19] also found positive or no effect of ionic strength
n dye adsorption by activated carbon and coal fly ash, respec-
ively. The information on no salt effect on dye adsorption by
y ash is of interest for potential applications to real wastewater
5].

.4. Effect of initial dye concentration

Fig. 6 showed the effect of initial dye concentration (C0)
ig. 6. The effect of initial dye concentration on dye adsorption capacity and
emoval efficiency of RB and RY by biomass fly ash. Experimental conditions:
y-ash dose, 2 g/40 ml; contact time, 24 h.
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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,
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tudy suggests that the increase in C0 enhances the interaction
etween dye and FA-BM. In another word, C0 is a driving force
o overcome the resistances to the mass transfer of dye between
he solution and the adsorbent surface [3]. Only for the RB, the
dsorption capacity beyond C0 = 400 mg l−1 did not increase,
uggesting that the fly ash reached its maximum adsorption
apacity [4].

.5. Sorption isotherm

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

Ce

qe
= 1

(Q0KL)
+

(
1

Q0

)
C (1)

here qe (mg g−1) and Ce (mg l−1) are the amounts of adsorbed
ye per unit weight of adsorbent and equilibrium dye concen-
ration in solution, respectively. Q0 (mg g−1) is a maximum
dsorption capacity of the dye (forming a monolayer) per unit
eight of adsorbent. KL is a constant related to the affinity of

he binding sites (l mg−1). The essential characteristics of the
angmuir isotherm can be expressed by a separation factor RL

21], which is defined by the following equation.

L = 1

(1 + KLC0)
(2)

here C0 (mg l−1) is the initial concentration of dye. RL indi-
ates the nature of the adsorption process to be unfavorable
RL > 1), linear (RL = 1), favorable (0 < RL < 1), and irreversible
RL = 0).

The empirical Freundlich equation was given as follows:

n qe = ln Kf +
(

1

n

)
ln Ce (3)

here Kf and n are constants indicating adsorption capacity and
ntensity, respectively. The Freundlich adsorption constant, n,
hould be in a range of 1–10 for beneficial adsorption.

Table 3 showed the Q0 and KL values for the Langmuir
sotherm, the Kf and n values for the Freundlich isotherm, and
he regression coefficients (r2) obtained from the linear regres-
ion equation between the values of Ce/qe and Ce and ln qe
nd ln Ce, respectively (Fig. 7a and b). For the both dyes, the

igh regression coefficients for the Langmuir and Freundlich
sotherms (r2 > 0.97) indicated that the two models were good
t with the experimental data. But for the RB, it can be seen that

he Langmuir model (r2 = 0.997) yields a little better fit than

w
f
s
o

able 3
he Q0 and KL values for the Langmuir isotherm, the Kf and n values for the Freund

ye Langmuir

Q0 (mg g−1) KL (l mg−1)

eactive Black 5 4.38 0.349
eactive Yellow 176 3.65 0.067
0–500 mg l−1; fly-ash dose, 2 g/40 ml; contact time, 24 h. Points: experimental
ata, lines: predicted linear regression models using Langmuir and Freundlich
odels.

he Freundlich model (r2 = 0.987), in agree with the adsorption
f vertigo navy marine and reactive dye on activated carbon
19,22].

The Q0 from the Langmuir isotherm indicated that the adsorp-
ion capacity of FA-BM was greater for the RB (4.38 mg g−1)
han the RY (3.65 mg g−1). The RL values of the RB and RY

ere found to be between 0.006 to 0.223 and 0.029 to 0.600

or dye concentrations of 10–500 mg l−1, respectively (data not
hown). The observed RL values indicate favorable adsorption
f the RB and RY on fly ash (0 < RL < 1).

lich isotherm and the regression coefficients of equations

Freundlich

r2 Kf n r2

0.997 2.05 7.12 0.987
0.972 0.93 4.28 0.971
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Table 4
Comparison of the Q0 for various adsorbents

Dyes Adsorbent Q0 (mg g−1) Reference

Reactive Black 5 Biomass fly ash 4.38 This work
Coal fly ash (high
lime)

7.94 [22]

Powdered activated
carbon

58.8 [22]

Bagasse fly ash 16.42 [15]
Modified zeolite 60.6 [8]
Modified clay
(sepiolite)

120.5 [8]

Brown seaweed (acid
treated)

73.2 [10]

Activated carbon
(300–500 �m)

434 [25]

Activated carbon
(500–600 �m)

333 [25]

Activated carbon
(600–700 �m)

278 [25]

Reactive Blue 222 Granular activated
carbon
(250–2000 �m)

6.53 [7]

Coal-based bottom
ash (>590 �m)

4.02 [7]

Reactive Blue 2 Activated carbon
(300–500 �m)

208.8 Recalculated [19]

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

169.1 [8]

Reactive Yellow 2 Activated carbon
(300–500 �m)

209.4 Recalculated [19]

Reactive Yellow 64 Calcined alunite 236 [16]
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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,
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unset Yellow Powdered peanut hull 13.99 [2]

Comparison of the Q0 obtained from this study and other
dsorbents was presented in Table 4. The FA-BM gave a sim-
lar Q0 to high lime fly ash [12], coal-based bottom ash, and
ranular activated carbon [7]. However, the Q0 obtained from
his study was relatively low, when compared to other stud-
es, such as activated carbon and modified sepiolite and zeolite
or RB adsorption. Despite relatively low adsorption capac-
ty of the studied fly ash, the use of this adsorbent for dye
emoval is of interest since it is low-cost and readily available
aste.
The Kf from the Freunlich isotherm suggested that the adsorp-

ion capacity of FA-BM was greater for the RB than RY. In
ddition, the n values of the RB and RY were 7.12 and 4.28,
ndicating favorable adsorption (1 < n < 10).

.6. Effect of contact time

The adsorption of dye on the FA-BM was studied with contact
ime (Fig. 8a). Adsorption of dye was rapid in the first 30 min,

nd then the dye adsorption rate gradually increased with contact
ime until 24 h and subsequently insignificantly changed. The
dsorption capacity of the FA-BM was slightly greater for the
B than that of the RY.

t
f

q

00 mg l−1; fly-ash dose, 2 g/40 ml. Points: experimental data, lines: predicted
on-linear and linear regression models using Lagergren first-order and pseudo-
econd-order model, respectively.

.7. Adsorption kinetics

In this study, the kinetic data of the FA-BM were ana-
yzed using the Lagergren first-order and pseudo-second-order
ate equations. These equations have been used widely for the
dsorption of an adsorbate from an aqueous solution. The best
t model was considered based on the regression coefficient (r2)
nd the experimental qe.

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

og(qe − qt) = log qe − k1t

2.303
(4)

here qe and qt are the amount of dye adsorbed per unit weight of
he adsorbent (mg g−1) at equilibrium time and time t, respec-
ively. k1 is the rate constant for the first-order kinetics. For

he Lagergren first-order rate equation, it is better to apply the
ollowing equation to avoid the unknown qe.

t = qe(1 − e−k1t) (5)
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Table 5
Lagergren first-order and pseudo-second-order adsorption rate constants and the calculated (qe,cal) and experimental qe (qe,exp) at initial dye concentration of
100 mg l−1

Dye qe,exp (mg g−1) Pseudo-first-order kinetic model Pseudo-second-order kinetic model

qe,cal (mg g−1) k1 (h−1) r2 qe,cal (mg g−1) k2 (g mg−1 h−1) r2

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
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Fig. 9. SEM images of the biomass fly ash befor

Fig. 8a and Table 5 showed the rate constant, calculated
e, and regression coefficient of the first-order kinetic model.
ased on regression coefficient (r2 < 0.89), it appeared that the
rst-order model was not well fit with the experimental data.
n addition, the qe from the calculation was different from the
xperimental qe (Table 5).

.7.2. Pseudo-second-order kinetic model
The pseudo-second-order rate equation was defined as fol-

ows [24]:

t

qt

= 1

k2q2
e

+ t

qe
(6)

here k2 is the rate constant for the second-order kinetics.
Fig. 8b and Table 5 showed the sorption kinetics of dyes
nd rate constants obtained from the pseudo-second-order
inetic model. The sorption data was good fit with the pseudo-
econd-order kinetic model. The regression coefficients of the
econd-order model (r2 > 0.99) were greater than that of the

w
m

d b) and after adsorbing the RB (c) and RY (d).

rst-order model for both dyes. The results also showed the
xperimental and calculated values of qe agreed with each
ther (Table 5). Therefore, the adsorption process of the stud-
ed dyes onto the FA-BM could be better explained by the
seudo-second-order model than the first-order kinetic model.
ased on the pseudo-second-order model, these observations

ndicate that the rate of dye adsorption process is controlled by
he chemisorption process [18,22], which is depended on the
hemical character of FA-BM and dyes [12]. Similar kinetic
esults were also found in the sorption of Brilliant Green on
ice husk ash [3], in the sorption of Direct Blue 71 on palm
sh [18], and in the sorption of RB on high lime coal fly ash
22].

.8. SEM images
The SEM images of FA-BM before and after dye adsorption
ere shown in Fig. 9. The FA-BM had a net-like structure and
acropores. After adsorption of both RB and RY, the surface
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. Conclusions

Results of this study provide for a better understanding of
he adsorption behavior of reactive dyes on biomass fly ash.
mong the studied fly ashes, the biomass fly ash was the best

dsorbent of dyes. The adsorption pattern of both dyes on the
iomass fly ash was pH-dependent with a maximum adsorption
apacity at the final pH of 8.1–8.5. The addition of salt had a
ositive effect on the adsorption capacity of the biomass fly ash.
n increase in the initial dye concentration enhances the inter-

ction between dye and biomass fly ash, resulting in greater
dsorption capacity. The equilibrium data of both dyes were
tted to both Langmuir and Freundlich isotherms. The mono-

ayer adsorption capacity of the biomass fly ash was found to be
reater for the Reactive Black 5 (4.38 mg g−1) than the Reactive
ellow 176 (3.65 mg g−1). The adsorption process conformed to

he second-order kinetic model. Overall, the studied biomass fly
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