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NaOH-MODIFIED FLY ASH

X1A0MING Ga0o*, YUAN Dal, YU ZHANG, XIANG ZHAI, AND FENG FuU

Department of Chemistry and Chemical Engineering, Shaanxi Key Laboratory of Chemical Reaction Engineering,
Yan’an University, Yan’an, Shaanxi 716000, China

Abstract—Dyes are toxic and considered to be extremely hazardous to natural environments. Hence,
adsorbents to remove dyes from contaminated water are needed. To develop adsorbents with a high
adsorption capacity for different dyes, easy separation, and low cost, a novel dye adsorbent was prepared
by activating fly ash with NaOH. The adsorbent morphology, structure, and specific surface area were
characterized using scanning electron microscopy, X-ray powder diffraction, and surface area
measurements using N, adsorption-desorption. The adsorption abilities of the synthesized adsorbents
were examined based on methylene blue and acid fuchsin adsorption from water. The capabilities of the
adsorbents as a function of adsorbent use, dye type, dye concentration, time, and pH were investigated and
compared. The results for methylene blue and acid fuchsin adsorption were modeled using pseudo-second
order kinetics and the Langmuir adsorption isotherm, respectively. These modified adsorbents synthesized
from fly ash may provide a promising solution to purify dye-contaminated waste water with the advantages

of high efficiency and low cost.
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INTRODUCTION

Dyes are considered to be extremely hazardous
because of the toxicity to and long-lasting effects (do
not degrade readily in nature) on plants, aquatic
organisms, animals, and humans. The present study
tested the hypothesis that these organic pollutants can be
removed effectively from waste water by such methods
as coagulation (Zhang et al., 2013a), flocculation (Zhao
et al., 2009), membrane separation (Tang et al., 2014),
oxidation, ozonation (Ji et al., 2015), solvent extraction
(Liao et al., 2014), electro-coagulation (Liu et a/., 2013),
and adsorption (Wang et al., 2014a, 2014b), all of which
have been developed to remove pollutants from waste
water. Among these methods, adsorption is effective and
promising (Hassan et al., 2015; Wang et al., 2011;
Anirudhan et al., 2010; Torrellas et al., 2015).
Considerable attention has been devoted to developing
high-efficiency adsorbents, such as activated carbons
(Sevilla et al., 2014; Baur et al., 2015; Choi et al., 2009),
clays (Frydrych et al., 2011; Zhang et al., 2013b; Gupta
et al., 2012, 2014; Wang et al., 2013; Akar et al., 2013;
Lee et al., 2015; Akkaya, 2013; Kim et al., 2015; Fu et
al., 2011), metal complexes (Zheng et al., 2014; Sun et
al., 2012; Yang et al., 2015; Upadhyay et al., 2014),
porous polyacrylamide (Idris et al., 2015), macroporous
polydivinylbenzene/polyacryldiethylenetriamine
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(PDVB/PADETA) (Wang et al., 2014a), MOFs (Petit et
al.,2011; Cavka et al., 2014; Liu et al., 2012), and so on.
However, most of these adsorbents still suffer from high
cost and limited regeneration ability, which hinders
applications in industrial waste water purification.

Interestingly, highly porous adsorbents with a high
adsorption capacity for aqueous dyes have been prepared
from low-cost materials, i.e., fly ash. Fly ash, a solid
waste mainly generated from power plants, has received
wide attention due to unique properties that include low
cost, porous structure, light weight, corrosion resistance,
good fluidity, easy dispersion, thermal stability, and low
toxicity (Ahmed et al., 2014; Shi et al., 2011; Pizarro et
al., 2015). These features may enable fly ash to be used
for dye removal from waste water. Pristine fly ash,
however, consists of glass beads with a small particle
size, small surface area, and inert chemical properties.
The purpose of this work was to activate fly ash by
treatment with NaOH to yield a novel fly ash-based dye
adsorbent, which would take full advantage of this waste
material. The adsorption capability was examined in
terms of dye concentration, adsorbent usage, pH, and
contact time. The adsorption mechanism and the
adsorption/desorption behavior of NaOH-modified fly
ash were analyzed using adsorption kinetics and
adsorption isotherms.

MATERIALS AND METHODS

Fly ash was obtained from the Shaanxi Yulin electric
power plant. The fly ash was washed several times with
distilled water and ethanol and then dried at 60°C in air
for 8 h. The methylene blue and acid fuchsin dyes were
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analytical reagent grade and were obtained from
Sinopharm Chemical Reagent Co., Ltd., China.

PREPARATION AND CHARACTERIZATION OF
NaOH-MODIFIED FLY ASH

Preparation

In a typical preparation process, 0.5 g of the NaOH-
modified fly ash was added to 20 mL of NaOH solution
with concentrations of 2, 4, 6, and 8 mol/L. The resulting
mixtures were vigorously stirred for 30 min using a
magnetic stirrer at 30°C and then dried at 105°C in a
drying oven. The prepared samples were named S1 (fly
ash modified with 2 mol/L NaOH), S2 (fly ash modified
with 4 mol/L NaOH), S3 (fly ash modified with 6 mol/L
NaOH), and S4 (fly ash modified with 8 mol/L NaOH),
respectively.

Characterization

The morphologies and microstructures of the NaOH-
modified fly ash were analyzed using a Hitachi TM-3000
scanning electron microscope (Hitachi Ltd., Tokyo,
Japan). The phase and composition of NaOH-modified
fly ash samples were identified using X-ray diffraction
with monochromatic CuKa radiation generated at 40 kV
and 100 mA and scanned from 10 to 80°20 using a
Shimadzu XRD-7000 X-ray diffractometer (Shimadzu
Corporation, Kyoto, Japan). The specific surface areas
and porosities of the NaOH-modified fly ash samples
were measured at liquid N, temperature using a
Micromeritics ASAP2020 (Micromeritics, Norcross,
Georgia, USA).

Adsorption experiments

Methylene blue (MB) (a) and acid fuchsin (AF) (b)
were used in the adsorption experiments (Figure 1).
Typically, adsorption experiments were carried out by
adding 50 mL of dye solution with the desired initial
concentrations and pH into a series of 100 mL conical
flasks that contained certain amounts of the NaOH-
modified fly ash samples. To attain equilibrium, the
conical flasks were maintained at an agitation speed of
140 rpm for 3—12 h. Subsequently, the adsorbent was
separated from the dye solution by centrifugation. The
residual concentration of dye in solution was determined
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using UV-VIS spectroscopy to measure the absorbance
changes at the maximum absorbance wavelength. The
effect of pH on dye removal was analyzed in the 2 to 10
pH range. The solution pH was adjusted using acetic
acid buffer.

The dye removal efficiency and the equilibrium
amount (g., mg/g) adsorbed were calculated using the
following equation:

(co — ce)

Removal Efficiency = c
0

x100% (1)

Go = M 2)
m

where ¢. (mg/g) was the equilibrium dye adsorption
capacity per unit mass of adsorbent at equilibrium; ¢,
(mg/L) and ¢, (mg/L) were the initial and equilibrium
dye concentrations, respectively; ¥ (mL) was the total
solution volume; and m (g) was the adsorbent mass. All
of the experiments were run in duplicate and the
deviations between duplicates were within 5%.

RESULTS AND DISCUSSION

Characterization

The phase, crystallinity, and purity of the NaOH-
modified fly ash samples were examined using X-ray
diffraction (XRD) and typical diffraction patterns are
presented in Figure 2. With increased NaOH solution
concentrations, the characteristic mullite diffraction
peak gradually weakened, whereas the characteristic
quartz diffraction peaks remained basically unchanged.
This indicates that higher NaOH solution concentra-
tions significantly destroyed the mullite mineral phase.
In the hydrothermal modification, quartz in the fly ash
resisted NaOH erosion, but reacted with the weakly
crystalline mullite. Especially, under the auto-generated
pressure and high temperature, NaOH reacted with
soluble SiO, in the mullite (3A1,032Si0, or
2A1,05Si0,) to generate Na,SiO;, which acted as a
material binder with a good viscosity and strength.
Thus, the higher the NaOH solution concentration used,
the more active components were dissolved. The fly ash
with higher viscosity yielded more granular reaction
products.

CH;
Figure 1. The molecular structures of (a) methylene blue (MB) and (b) acid fuchsin (AF).
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Figure 2. XRD patterns of samples: SO =unmodified fly ash, S1
= fly ash modified with 2 mol/L NaOH, S2 = fly ash modified

with 4 mol/L NaOH, S3 = fly ash modified with 6 mol/L NaOH,
and S4 = fly ash modified with 8 mol/L NaOH.

Experimental measurements of fly ash morphology
(Figure 3a) revealed that the mineral phase of the fly ash
was mainly glass beads. The untreated fly ash micro-
morphology was regular spherical particles with smooth
and compact surfaces. After modification with NaOH
solution, as shown in Figures 3b—f, the surface rough-
ness of the fly ash was significantly increased and part of
the glass bead was dissolved to form irregular shapes.
With increased NaOH solution concentrations, the
roughness and deformation of the fly ash glass beads
increased. In particular, when the NaOH solution
concentration was 4 mol/L, the spherical fly ash
structure was difficult to identify. The alkaline NaOH
remarkably destroyed the polymeric silicate glass
structure of the fly ash, dissolved soluble SiO,, and the
polymeric silicate was decomposed into oligomeric
silicates. Hence, the NaOH solution reacts with silica
in the fly ash to generate zeolites (Koukouzas et al.,
2010).

Experimental measurements of the specific surface
area of the unmodified fly ash (S0) and the modified fly
ash S1, S2, S3, and S4 (Table 1) revealed a significant
increase in the specific surface area of the modified fly
ash. When NaOH solution concentrations were less than
6 mol/L, the specific surface area increased significantly
with increased NaOH solution concentrations. The lower
surface area of the unmodified fly ash was due to the
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regular spherical particle shape with smooth and
compact surfaces. When modified with NaOH solution,
the fly ash glass beads were partially dissolved to form
irregular shapes with significantly rougher surfaces. As
NaOH solution concentrations were increased above 6
mol/L, however, the irregular fly ash was further
destroyed to form fine particles with a decreased specific
surface area. Thus, the NaOH concentration was a very
important factor in the specific surface area of the
modified fly ash. Experimental N, adsorption/desorption
measurements yielded N, adsorption isotherms and the
pore size of sample S4 (Figure 4). According to the
IUPAC classification (Sing et al., 1985), N, adsorption
isotherms of the modified fly ash were categorized as
type IV. The isotherm curves rose rapidly in the low
pressure area, were smooth and flat in the medium
pressure area, and had an apparent hysteresis loop in the
high pressure area. In particular, the adsorption isotherm
became obviously flat in the 0.3 to 0.8 p/pg range, which
is characteristic of mesoporous structures. The pore-size
distribution of sample S4 spanned approximately
2—10 nm (Figure 4 inset) and indicate this sample has
relatively uniform mesopores.

Adsorption properties of NaOH-modified fly ash

Methylene blue (MB) and acid fuchsin (AF) were
used to study the adsorption properties of the NaOH-
modified fly ash. Dye chemical structures and the
solution adsorption spectra were illustrated and mea-
sured (Figure 5). The NaOH-modified fly ash could be
casily dispersed in dye solutions to form dark-brown
suspensions. After 1 h, the solution color significantly
faded and dye solution adsorption spectra clearly
disappeared, which indicates that the NaOH-modified
fly ash had an excellent adsorption capacity for the dye.

Effects of NaOH concentration relative to fly ash

Experiments to determine the effects of NaOH
solution concentrations on the decolorization of dyes
were conducted. According to the experimental results,
the NaOH-modified fly ash adsorbed the MB and AF
dyes (Figure 6). Experimental measurements revealed
that the decolorization rates of the unmodified fly ash for
MB and AF dyes were relatively low, with maximum
decolorization rates of 7.66 and 20.93%, respectively.
However, adding NaOH-modified fly ash to the dye
solutions significantly increased the decolorization.
When the concentration of NaOH solution was
2 mol/L, the decolorization of MB and AF within

Table 1. The specific surface area (m?/g) of the fly ash.

Samples SO S1 S2 S3 S4
SBET) 3.32 67.25 85.33 130.98 82.34
S(Langmuir) 4.52 88.39 113.30 176.16 109.19
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10 min was 87.23 and 83.69%, respectively. While the
NaOH solution concentration was 6 mol/L, the MB and
AF decolorization rates reached maximum values of
96.02 and 91.96%, respectively. When NaOH solution

concentrations higher than 6 mol/L were used, no
significant influence of NaOH solution concentration
on dye adsorption was evident. The surface of the
NaOH-modified fly ash was rough and porous, which
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Figure 4. Adsorption/desorption isotherms and (inset) Barret-Jo
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Figure 5. Adsorption spectra of (al) AF and (bl) MB solutions before adsorption and adsorption spectra of (a2) AF and (b2) MB
solutions after adsorption. The structural formulas of AF and MB and the effect of adsorption to NaOH-modified fly ash.
Experimental conditions: pH =2, 30°C, 50 mL of a 30 mg/L initial MB or AF solution concentration.

resulted in an increased specific surface area. On the
other hand, NaOH could dissolve SiO, and Al,O;3 in the
fly ash to generate a secondary hydrate and the Si—O
and Al—O bonds in the fly ash were broken in the
hydrothermal environment. Thereby, dye adsorption by
the modified fly ash was greatly improved. When NaOH
solution concentrations were too high, the fly ash was
further destroyed, formed fine particles, and the adsorp-
tion capacity was decreased.

Effects of NaOH-modified fly ash on dye solution
decolorization

The effects of using NaOH-modified fly ash for
decolorizing dye solutions were carried out using
0.05—0.15 g of adsorbent in 50 mL of solution contain-
ing 30 mg/L of MB or AF. The removal of MB and AF
by 0.05—-0.15g of NaOH-modified fly ash increased
significantly with increased adsorbent weight (Figure 7).
No significant increase of decolorization rate was found
even when 0.10 to 0.15 g of adsorbent was used.
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Figure 6. The effect of NaOH solution concentrations used to prepareNaOH-modified fly ash on the decolorization rate of (a) MB
and (b) AF on fly ash: Sample designations are the same as in Figure 1. Experiment conditions: pH =2, 30°C, 50 mL volume, and 30

mg/L initial MB or AF concentration.
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Figure 7. The effect of NaOH-modified fly ash (modified with 6 mol/L NaOH) on the decolorization rate of (a) MB and (b) AF.
Experiment conditions: pH = 2, 30°C, 50 mL volume, and 30 mg/ L initial MB or AF concentration.

Increases in the decolorization rate with increased
amounts of adsorbent can be attributed to the greater
adsorbent surface areas and more available adsorption
sites, which led to enhanced dye removal efficiency.

Effect of solution pH on decolorization rate

Solution pH is an important factor that influences the
degree of dye ionization and the adsorbent surface
active sites. The effects of pH on MB or AF adsorption
by NaOH-modified fly ash (modified with 6 mol/L
NaOH) were studied to gain further insight into
adsorption processes in the pH range of 2—10. When
pH was <4, the decolorization rate of NaOH-modified
fly ash increased significantly with increasing pH
(Figure 8a). The highest MB adsorption was achieved
at a pH of approximately 4. A slight decrease of
decolorization rate was found at pHs of 4—8. The
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decolorization rate significantly decreased when pH
was increased from 8 to 12. Experimental measure-
ments revealed a high rate of AF decolorization by
NaOH-modified fly ash could be achieved at pH 2,
which slightly decreased with an increase in pH
(Figure 8b). Hence, the NaOH-modified fly ash was
advantageous for AF adsorption under acidic condi-
tions, while adsorption declined under alkaline and
neutral conditions. Experimental measurements
revealed, therefore, that the MB and AF adsorption
capacity of NaOH-modified fly ash decreased under
neutral and alkaline conditions because the surface
properties of the NaOH-modified fly ash and form of
the dye were changed by pH (Figure 8a, 8b). The dyes
experience different physical and electrostatic forces
due to differences in structure, molecular size, and
functional groups. The modified fly ash environment is
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Figure 8. The effect of solution pH on (a) MB and (b) AF decolorization rate. Experiment conditions: 0.10 g of the NaOH-modified
fly ash (modified with 6 mol/L NaOH), pH =2, 30°C, 50 mL volume, and 30 mg/L initial MB or AF concentration.
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Figure 9. The effect of solution temperature on (a) MB and (b) AF decolorization rate. Experiment conditions: 0.10 g of NaOH-
modified fly ash (modified with 6 mol/L NaOH), pH =2, 50 mL volume, and 30 mg/L of initial MB or AF concentration.

alkaline. Under neutral or alkaline conditions, an
increased pH leads to increased repulsion between dye
molecules and modified fly ash surfaces.

Effect of solution temperature on decolorization rate

Experiments to determine the effects of solution
temperature on dye decolorization were conducted. The
equilibrium MB and AF adsorption capacity at different
solution temperatures vs. contact time were measured
(Figure 9). Increasing the temperature from 20 to 40°C
produced no significant effect on decolorization (Figures 9a,
9b). The equilibrium adsorption capacity in 10 min of the
NaOH-modified fly ash for MB and AF increased from
11.38 and 11.37 at 20°C to 11.62 and 11.64 mg/g at 40°C,
respectively. The equilibrium adsorption capacity in 30 min
of NaOH-modified fly ash for MB and AF were 11.36 and
11.23 mg/g at 20°C, 11.66 and 11.41 mg/g at 30°C, and
11.67 and 11.66 mg/g at 40°C, respectively. This indicates
that the adsorption process of NaOH-modified fly ash for
MB and AF was mainly physical adsorption.
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Effect of initial solution concentration on decolorization
rate

The effects of initial solution concentration on the
adsorption capacity (g;) of NaOH-modified fly ash
samples were investigated at initial concentrations of
20—40 mg/L. Experimental measurements revealed
almost complete removal of MB and AF by NaOH-
modified fly ash after a sufficient contact time under the
given experimental conditions, and the initial solution
concentration affected the contact time required to reach
adsorption equilibrium (Figure 10). Experimental mea-
surements revealed that the adsorption capacity
increased significantly with increased contact time and
greater than 90% of MB and AF were removed during
the first 10 min (Figure 10). As contact times were
>10 min, the adsorption capacity remained almost
constant, indicating that adsorption equilibrium of MB
and AF on NaOH-modified fly ash was reached. The
equilibrium adsorption capacities of NaOH-modified fly
ash for MB and AF in 10 min increased from 17.67 and
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Figure 10. The effect of initial solution concentration on the decolorization rate of (a) MB and (b) AF. Experiment conditions: 0.10 g
of NaOH-modified fly ash (modified with 6 mol/L NaOH), pH =2, 50 mL solution volume, and 30°C.
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Figure 11. The pseudo-second order model for adsorption of (a) MB and (b) AF by NaOH-modified fly ash at different initial solution
concentrations. The experimental conditions: 0.10 g of NaOH-modified fly ash (modified with 6 mol/L NaOH), pH = 2, 50 mL

solution volume, and 30°C.

7.09 to 14.81 and 14.98 mg/g, respectively, when initial
concentrations were increased from 20 to 40 mg/L.

Adsorption kinetics

The adsorption process and the amount adsorbed
could be effectively predicted by the adsorption kinetics
model. A simple kinetics model, such as a first-order
rate equation, could not describe the adsorption process
in the solid/liquid system. The surface physical and
chemical properties of solid adsorbents are not the same,
and adsorption includes two indivisible processes of
mass transfer and adsorption. The pseudo-second order
rate equation, however, revealed the behavior of the
solid adsorbents and the whole adsorption process. The
experimental data for MB and AF adsorption to NaOH-
modified fly ash was, therefore, fitted using the pseudo-
second model, expressed as follows (Ma et al., 2015):

]

where &, (g/mg-'min ) is the rate constant, which can be
calculated from the intercept of a plot of t/q, vs. t/q.
(Figure 11). Experimental measurements revealed that
the correlation coefficients (R%) of such plots reached
0.999, indicating that equation 3 gives reliable fits of the
adsorption experimental data (Figure 11). Hence,

t 1 1
S |~ 3
qt kzqg [(1(: ( )

equation 3 was used to model the MB and AF adsorption
processes to the NaOH-modified fly ash. The equili-
brium adsorption values (¢e,ca;) calculated using this
expression were close to the experimental values (Ge,exp)
and confirmed further that the process followed pseudo-
second order reaction kinetics (Table 2).

Adsorption isotherms

To obtain the maximum adsorption capacity, adsorp-
tion isotherms were constructed using initial solution
concentrations of 10—100 mg/L. The plot of equili-
brium adsorption capacity (g.) vs. equilibrium concen-
tration (c.) revealed an L-shape behavior based on the
Giles’ classification (Hameed et al., 2008; Ge et al.,
2015) (Figure 12). The value of ¢. increased dramati-
cally as c. increased in the range of lower dye
concentrations (<30 mg/L) which indicates a high
affinity between MB or AF and the NaOH-modified
fly ash surfaces. As for higher dye concentrations (>50
mg/L), increasing ¢, had no further effect on ¢., as
revealed by the plateau in the c. vs. ¢. plot. In other
words, the dye adsorption sites became saturated at the
higher concentrations. To glean further information
regarding the interactions between the dyes and the
NaOH-modified fly ash, the data were re-plotted
(Figure 12 insets) according to the linear forms of the
Langmuir and Freundlich isotherms (equations 4 and 5,

Table 2. Kinetics parameters (mg/L) for dye adsorption on NaOH-modified fly ash (modified with 6 mol/L NaOH).

Pseudo-second MB AF

model parameters co = 20 co = 30 co = 40 co = 20 co = 30 co = 40
ko(g/mg-min) 0.283 0.423 0.166 0.163 0.539 0.282
Ge.cal(mg/g) 7.68 11.74 15.46 7.10 11.28 15.00
R? 0.9998 0.9999 0.9999 0.9997 0.9998 0.9999
Geexp (ME/E) 7.63 11.71 15.07 7.20 11.44 14.96
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Figure 12. Adsorption isotherm of (a) MB and (b) AF on NaOH-modified fly ash. Inset contains data fitted to Langmuir (L-1) and
Freundlich (L-2) models. Symbols indicate experimental data. Solid lines represent the fitted curves. The experimental conditions:
0.10 gof NaOH-modified fly ash (modified with 6 mol/L NaOH), pH=2, 50 mL of solution, 30°C, and 10— 100 mg/L initial MB or AF

concentration.

respectively) (Langmuir, 1918; Freundlich, 1906; evaluated by considering dye concentration, adsorbent
Huang et al., 2015; Yin et al., 2014): weight, solution temperature, pH, and contact time. The
adsorption kinetics were successfully modeled using a
Co  Ceo 1 . .
—=— (4) pseudo-second order rate equation and adsorption was
o dm  uKy successfully modeled using the Langmuir adsorption
| isotherm.
Ing. =InKp +—Inec, (5)
Ly ACKNOWLEDGMENTS

where ¢, is the maximum adsorption capacity of the
NaOH-modified fly ash for the dye (mg dye/g fly ash),
K (L/mg) is the Langmuir adsorption constant, Ky is the
Freundlich constant, and np is the constant that indicates
adsorption intensity. Results clearly indicated that the
data follow the Langmuir model more closely than the
Freundlich model for both the MB and AF dyes (insets to
Figures 12a and 12b, respectively), R? values of 0.9971
and 0.9965, respectively. Values for K; and qp,
calculated from the intercept and slope of the c./g. vs.
c. plots, respectively, were 0.687 L/mg and 40.98 mg/g
for MB and 0.583 L/mg and 52.63 mg/g for AF.
Assuming the original assumptions of the Langmuir
equation hold for this liquid/solid system, the adsorption
of MB or AF onto the NaOH-modified fly ash mainly
occurred at specific sites with a homogeneous adsorption
energy, all sites were equivalent, and no interactions
occurred between the adsorbate molecules.

CONCLUSIONS

A novel low-cost modified fly ash was successfully
prepared and used for the adsorption of dyes from
aqueous solutions. Scanning electron microscopy, X-ray
diffraction, and N, adsorption isotherm data showed that
the NaOH-activated fly ash was characterized by
macropores with a high BET surface area that was
approximately twice as large as the pristine fly ash. The
adsorption behavior of the activated fly ash was
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