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ABSTRACT

Handmade paper is famous for its bright color made by single dye or admixture of dyes.
Handmade paper industry emits colored effluent which requires cost-effective treatment
technologies. In the scope of the present paper, studies have been conducted with a
simulated dye solution having a mixture of dyes being used in the handmade paper indus-
try. The original fly ash and adsorbed fly ash were characterized for SEM-EDX, XRD, and
Fourier transform infrared (FTIR) studies. The FTIR studies of direct dyes used in mixture
(direct orange, direct navy blue, and direct violet dye) were conducted. The batch studies
were conducted with low-cost fly ash and various affecting parameters, i.e. pH, initial
concentration, temperature of the dye solution, dosage, and particle size of fly ash. The
maximum adsorption capacity of fly ash was found to be 120.48 mg/g with fly ash dosage
of 40 g/L having particle size of 45–75 μm with dye solution at pH 2 and 40˚C temperature.
The better coefficient value of R2 showed better fitting of the Langmuir isotherm with the
experimental data. The kinetic sorption data are well represented by the pseudo-
second-order kinetics for the entire sorption period. The change in enthalpy, entropy, and
free energy were evaluated which indicated that the sorption process is endothermic, spon-
taneous, and feasible. The characteristics of the effluent of handmade paper industry after
fly ash treatment in batch study confirm the acceptability of the use of fly ash for treatment
of effluent of handmade paper industry.
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1. Introduction

Water is the basic necessity to sustain life, but the
rapid growth in industrialization has led to pollution
of water at a speeding rate, thus making it a major
environmental issue worldwide. The effluent gener-
ated by the textile industries, dye manufacturing
industries, paper and pulp industries contains large
quantities of dangerous pollutants like dyes, pigments,
and heavy metals [1] which when discharged into the
water bodies cause serious water pollution. Approxi-
mately, 10,000 different dyes and pigments are used
for industries, most of which are difficult to biode-
grade since they have complex aromatic molecular
structure and synthetic origin [2]. The presence of
dyes in wastewater reduces sunlight penetration thus
having an adverse effect on photosynthesis and aqua-
tic life. Moreover, reactive dyes that are chemically
stable and having little biodegradability are likely to
pass untreated through conventional treatment meth-
ods, thus rendering these methods unsuitable for the
treatment of colored effluent. But, it is imperative to
remove dyes because of their toxic effects: mutagene-
sis, chromosomal fractures, carcinogenesis, and respi-
ratory toxicity [3]. Several methods are being used for
their removal like adsorption, precipitation, coagula-
tion, flocculation, reverse osmosis, biological process,
ionizing, gamma radiations, and photocatalysis. How-
ever, the disadvantage of these methods is that they
are expensive. Among all the above treatment meth-
ods, adsorption is found to be the most appropriate
technique because of its easy operation and well-
known technology, inexpensive equipment, and less
sludge [4]. Moreover, the adsorbents can be chosen
from a wide variety including fly ash, sepiolite, mud,
clay, activated carbon, etc. Granular activated carbon
is the most popular adsorbent and has been used with
great success [5]. However, desorption and regenera-
tion of dyes is difficult under common conditions
because of which the overall process becomes expen-
sive thus restricting its large-scale application. This
has led many researchers to do research in the field of
low-cost adsorbents.

Fly ash is a byproduct of the combustion of pul-
verized coal generated in large quantities in electric
power generation plants. It contains many hazardous
substances and feces disposal problems. It is widely
used in concrete, brick manufacture, road sub-base,
and mine backfill. Although its use in construction
and other civil engineering applications is expected
to increase, it is unlikely that it will use all the
generated fly ash [6]. Therefore, continuous research
is required to further exploit the potential of fly ash.
Previous studies have been conducted on fly ash as

low-cost adsorbent by other researchers [7–9]. The
adsorption capacity of fly ash depends on the
surface area of fly ash. Fly ashes collected in electro-
static precipitators have shown surface areas of
0.40–0.70 m2/g, cyclone-collected (mechanically
collected) ashes varies between 0.15 and 0.20 m2/g
[10]; 10–60 m2/g [11]; 0.75–0.8 m2/g [12]. Sludge con-
taining dyes is not easy for disposal as it contains
“hazardous substances”. Studies are available on
handling such sludges, the solidification–stabilization
being the most prominent among such technologies
[13,14]. The present study intends to incorporate the
sludge in bricks and study the engineering properties
of such bricks as well as their environmental accept-
ability as per Toxicity Characteristic Leaching Proce-
dures recommended by the USEPA. The present
study aims to increase the scope of application of
raw coal fly ash in the removal of dyes from colored
effluent generated by the pulp and paper industries.
The effect of adsorbent dosage, particle size of
adsorbent, initial pH, temperature, and initial concen-
tration was investigated to determine the optimum
conditions for dye removal. Experimental equilibrium
data were fitted to Langmuir and Freundlich iso-
therms to determine the best fit isotherm equation.
Adsorption kinetics has been studied using pseudo-
first-order and pseudo-second-order kinetic models.
Thermodynamic studies have been done to deter-
mine the change in Gibbs free energy, enthalpy, and
entropy.

2. Materials and methods

2.1. Fly ash preparation

Fly ash was procured from a thermal power plant
at Yamuna Nagar. Fly ash was washed with distilled
water and dried in oven at 103˚C for 3 h. Fly ash of
different size was prepared with the help of ash sieve
shaker by passing ash through sieves of ASTM no. 50,
80, 100, 200, and 300 and then finally collected in
polyethene bags for experimental studies.

2.2. Simulation of effluent of handmade paper industry

A stock of a mixture of commercial dyes, i.e.
Direct Orange 26, Direct Navy Blue 6, and Direct
Violet 66 was simulated in the laboratory in a speci-
fic ratio to give desired shade used in the hand-
made paper industry and treated as a stock solution
of 1,000 mg/L. The stock solution was preserved
and used for further studies by dilution of stock
solution.
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2.3. Characterization of fly ash

2.3.1. SEM characterization

The surface morphology of raw and adsorbed fly
ash samples was characterized by Scanning Electron
Microscopy (Nova Nano FE-SEM 450 FET) with accel-
erating voltage of 5 kV and magnification of 500× to
5,000× and field emission gun SEM. The FESEM is
coupled to an Energy-Dispersive X-ray (EDX) detector
for measuring the elemental composition. The particles
were slightly carbon coated before analysis to make its
surface more conductive. X-ray analysis was done in
spot mode at 25 kV.

2.3.2. FTIR studies of fly ash

Fourier transform infrared (FTIR) was carried out
at room temperature using Perkin Elmer version 10.4
Spectrophotometer in the spectral range of 4,000–
400 cm−1 having resolution of 4 cm−1 with KBr disc
method.

2.3.3. Mineralogical composition of fly ash by XRD

The XRD studies of original fly ash and adsorbed
fly ash were conducted with the help of X-ray Diffrac-
tometer (Panalytical X Pert Pro) with Cu Kα radiation
with wavelength λ of 1.540 Å, step scans with 0.03˚
step and 1 s.

2.4. Characterization of effluent of handmade paper
industry

The effluent of handmade paper industry using a
mixture of dyes was scanned from 400 to 1,000 nm
with the help of double-beam UV–vis spectropho-
tometer and λmax was found to be 554 nm. The
standard curve at maximum wavelength, i.e. 554 nm
has been prepared at different initial concentration of
the simulated colored effluent and Beer–Lambert law
was found to follow up to 200 mg/l dye solution. The
concentration of dye was determined in the effluent of
handmade paper industry. The effluent of handmade
paper industry was characterized for chemical
oxygen demand, biochemical oxygen demand, and
color as per standard testing method of water and
wastewater.

2.5. Experimental setup

The fly ash of various particle sizes ASTM 50–80
(180–300 μm), ASTM 80–100 (150–180 μm), ASTM 100–
200 (75–150 μm), and ASTM 200–300 (45–75 μm) was
taken for decolorization studies of dye solution of var-

ious concentrations, i.e. 44.65, 89.3, 119.06, 127.57,
178.6 mg/l and fly ash dosage varying from 8, 14, 32,
40 g/L and at 20, 25, 30, 35, and 40˚C temperature.
The specific amount of fly ash dosage was fed to a
specific amount of dye solution in the Erlenmeyer con-
ical flask of 250 ml capacity and was mixed with the
help of thermostatically controlled cabinet at 150 RPM.
The initial pH of the dye solution was maintained at
2, 4, 6, 8, and 10 with the help of 1 N NaOH and 1 N
HCl to study the effect of pH on the decolorization
efficiency of fly ash. The spent liquor was collected
after every 5 min until no further change in color was
observed. The collected samples were then centrifuged
at 1,350 RPM for 10 min to get a clear solution for
spectrophotometric analysis. The supernatant was
collected for determination of the absorbance at a
maximum wavelength with the help of double-beam
UV–vis Spectrophotometer, ECA Hyderabad.

The percentage decolorization was calculated by
the following equation [15]:

Decolorization ð%Þ ¼ 100
ðCo � CeÞ

Co
(1)

where Co represents the initial concentration of the
dye and Ce represents the equilibrium concentration.

The amount adsorbed was calculated by the given
equation [16]:

Amount adsorbed; qe ðmg/gÞ ¼ ðCo � CeÞV
M

(2)

3. Results and discussions

3.1. Characterization of fly ash

The fly ash has been characterized by SEM, FTIR,
and XRD studies.

3.1.1. Scanning electron microscopic studies

The fly ash particles analyzed by SEM equipped
with EDX showed the shape and structure of fly ash
particles along with the chemical composition before
and after adsorption (Fig. 1). The morphology of raw
fly ash in Fig. 1 showed spherical shape and small
size of fly ash particles. The elemental composition
of fly ash before adsorption and after adsorption is
shown in Fig. 2, which indicates the presence of Zr,
Fe, Al, Si, O, and additional K and C element after
adsorption. The adsorbed fly ash showing different
embedded elements is shown in Fig. 3 at 100,000×
magnification. The elemental analysis of fly ash is
shown as Table 1.
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3.1.2. XRD studies

The mineralogical composition of original fly ash
and adsorbed fly ash is given in Fig. 4.

The diffraction peaks showed that fly ash consisted
mainly of crystalline phases such as quartz (SiO2), alu-
mina (Al2O3), and hematite (Fe2O3), while adsorbed
fly ash consisted of crystalline quartz (SiO2), and new
crystalline phase of aluminum silicate.

3.1.3. Fourier transform infra-red studies

The FTIR study from Fig. 5 showed primary ali-
phatic amines of band from 3,250 to 3,450 cm−1 in

adsorbed fly ash due to adsorption of aliphatic amines
of mixture of dyes on fly ash. The FTIR spectra of
adsorbed fly ash indicated strong broadband in the
region of 1,600–1,800 cm−1 due to C=O group
stretching bands from aldehydes and ketones in
dye-adsorbed fly ash. The intense vibration at
600–400 cm−1 attributes to silicate minerals in raw and
adsorbed fly ash. The C–N stretching absorption of
aliphatic amines occurs in the region 1,090–1,020 cm−1

to higher frequency in adsorbed fly ash. The C–H
stretching can be found in adsorbed fly ash between
2,541 and 2,973 cm−1 due to aliphatic hydrocarbon.
The C–C stretching of 1,579–1,652 cm−1 was found in
both raw and adsorbed fly ash. The stretching of

Fig. 1. SEM image of (a) raw fly ash at (i) 500×, (ii) 10,000× magnification and (b) adsorbed fly ash at (i) 2,500×, (ii)
10,000×, and (iii) 100,000× magnification.

25786 S. Agarwal et al. / Desalination and Water Treatment 57 (2016) 25783–25799



Si–O quartz is attributed to 1,079.77 cm−1 in original
fly ash and 1,089, 796.08 cm−1 in adsorbed fly ash.
The stretching of Si–O–Al is attributed to 558.38 cm−1

in original fly ash and 561.70 cm−1 to adsorbed
fly ash.

3.2. Characterization of dye

The dye solution of direct orange 26, direct navy
blue 2, and direct violet 66 was scanned from 200 to
1,000 nm with the help of double-beam UV–vis spec-
trophotometer. The characteristic of dyes is
summarized in Table 2. The maximum absorbance
was obtained for direct orange 26, direct navy blue 6,
and direct violet 66 at wavelength of 491; 569 and 525;
625 nm, respectively, while the maximum absorbance
for mixture of dyes was obtained at single wavelength
of 509 nm. The standard calibration chart of mixture
of dyes of various concentrations was prepared for
determination of concentration of black dye solution
by analyzing the absorbance at respective maxima. It
was also found that Beer’s law was followed for dye
concentrations up to 200 mg/L.

3.2.1. FTIR studies of direct dyes

The FTIR peaks can be seen in Fig. 6. The 1,508–
1,396 cm−1 can be assigned to the antisymmetric CO3

stretching band in direct orange, while at 1,100 cm−1

in direct violet can be assigned to the symmetric
carbonate mode, and bands at 894–797 cm−1 are
assigned to the vibrational modes of goethite in
direct orange and direct violet dye. The presence of
vibrational bands in the 3,000 cm−1 region as well as
bands in the 1,300–1,000 cm−1 region is an indication
of organic components or functionality present in
direct orange, direct navy blue, and direct violet
dye. Several bands in the region between 1,600 and
1,000 cm−1 are characteristic of the organic aromatic
group. Hydrocarbons show absorption peaks
between 2,800 and 3,300 cm−1 due to C–H stretching
vibrations in direct orange, direct navy blue, and
direct violet dye. Primary amines contain –NH2

group (N–H bonds) stretch from 3,100 to 3,500 cm−1.
Benzene rings often give characteristic absorptions at
about 680–900 cm−1 in direct orange and direct violet
dye. The o-substituted pattern of benzene ring can
be seen in direct violet dye as a single peak
between 735 and 770 cm−1. C–H bonds absorb in the
range of 2,853–2,962 cm−1 in direct navy blue and
direct violet dye. The OH absorptions are generally
quite intense and smoothly curved in the range of
2,500–3,300 cm−1. Ethers have a C–O stretch that
appears in the fingerprint region at 1,050–1,260 cm−1.
This is generally a strong absorption, but can be dif-
ficult to detect if the fingerprint region is complex.
Alcohols, esters, and other compounds containing
C–O single bonds also show a C–O stretch in this
region.

Fig. 2. (a) SEM-EDX of original fly ash and (b) EDX of adsorbed fly ash.
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Fig. 3. Different elements (O, C, Si, Al, K, and Zr) in adsorbed fly ash at 100,000× magnification.
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Table 1
Elemental analysis of fly ash

Original fly ash Adsorbed fly ash

Element
Unn. C
(wt.%)

Norm. C
(wt.%)

Atom. C
(at.%)

Sigma
(wt.%)

Unn. C
(wt.%)

Norm. C
(wt.%)

Atom. C
(at.%)

Sigma
(wt.%)

O 32.11 56.71 71.29 4.67 44.79 53.85 63.04 5.22
Si 11.61 20.51 14.69 0.54 7.34 20.84 13.90 0.77
Al 9.39 16.58 12.36 0.50 11.44 13.76 9.55 0.57
Zr 2.34 4.13 0.91 0.16 1.79 2.15 0.44 0.10
Fe 1.17 2.07 0.74 0.09
K 1.23 1.48 0.71 0.07
Total 79.96 100 100 83.18 100 100

Fig. 4. X-ray diffraction pattern of (a) raw fly ash and (b) fly ash adsorbed with mixture of dyes.
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3.3. Effect of parameters

3.3.1. Effect of fly ash dosage

The effect of fly ash dosage on decolorization of
dye solution of initial concentration 178.6 mg/l
maintained at 25˚C and pH 7.5 is shown in Fig. 7. It

was observed that the decolorization efficiency of fly
ash increased with the increase in dosage of fly ash.
The decolorization of dye solution obtained by 8, 16,
32, and 40 g/l dosage of fly ash at 45 min was 36.7,
38.5, 46.5, and 50.6%, respectively. The increase in
adsorption efficiency of fly ash with increase in

Fig. 5. FTIR spectra of (a) raw fly ash and (b) adsorbed fly ash with mixture of dyes.

Table 2
Characteristics of direct dyes

Chemical name Direct orange Direct navy blue Direct violet

pH 7.78 7.98 7.34
Type Anionic Anionic Anionic
λmax (nm) 491 569 525
Insoluble matter (%) 6.78 4.56 5.45
Color index 40,220 22,610 29,120
Molecular weight 756.67 932.76 903.81
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dosage was probably because with the increase in
the adsorbent dosage, the number of active sites
available for adsorption of dye increased. Similar
results have been reported previously by Mall et al.
[17].

3.3.2. Effect of particle size of fly ash

The effect of various particle size of fly ash ASTM
50–80 (180–300 μ), ASTM 80–100 (150–180 μ), ASTM
100–200 (75–150 μ), and ASTM 200–300 (45–75 μ) was
studied at 25˚C with initial dye concentration of

Fig. 6. FTIR spectra of (a) Direct Orange 26, (b) Direct navy blue 6, and (c) Direct Violet 66.
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178.6 mg/l and fly ash dosage of 40 g/l. The effect of
various particle size of fly ash on decolorization of a
dye solution is shown in Fig. 8. It was observed from
Fig. 8 that the decolorization of dye solution increased
with the decrease in the particle size of fly ash because
smaller particles have relatively larger surface area
and therefore offer more adsorption sites. Similar
results have been reported by Kara et al. [18]. The
maximum percentage reduction in color, obtained by
fly ash of particle size 45–75 μ was 55.7% at 45 min.

3.3.3. Effect of pH

The effect of decolorization efficiency of fly ash
(40 g/l and 45–75 μ particle size) with dye solution of
178.6 mg/l initial concentration at various pH 2, 4, 6,
8, 10 at 25˚C is shown in Fig. 9. It has been observed

that the decolorization of dye solution was maximum
at extreme pH, i.e. at pH 2. It is because by decreasing
the pH, fly ash surface becomes protonated or posi-
tively charged. Since the dyes used were anionic, at
low pH, an attractive force develops between the posi-
tively charged adsorbent surface and negatively
charged dye particles which results in an increased
adsorption [19]. The percentage reduction in colorant
at an initial pH of 2, 4, 6, 8, and 10 was 88.5, 66.9,
66.7, 62.8, and 84.3%, respectively, at 45 min.

3.3.4. Effect of temperature

The effect of various temperature of dye solution,
i.e. 20, 25, 30, 35, and 40˚C and an initial concentration
of 178.6 mg/L maintained at pH 2 on the decolorization
efficiency of fly ash is shown in Fig. 10. From the figure,
it has been found that the percentage color removal
increased with the increase in temperature. The per-
centage reduction in color, obtained by treating effluent
at temperature 20, 25, 30, 35, and 40˚C was 81.8, 87.5,
89.5, 90.3, and 93.5%, respectively, at 45 min. The
increase in adsorption with increase in temperature is
attributed to increase in mobility of the dye molecules
with increase in temperature. It may be due to the inter-
action between the dye molecules and the active sites of
the adsorbent increases [20]. Moreover, increasing tem-
perature may produce a swelling effect within the inter-
nal structure of the fly ash, which will increase the pore
size and consequently adsorption also [21].

3.3.5. Effect of initial concentration

The effect of initial concentration of dye solution at
various concentrations 44.65, 89.3, 119.06, 127.57, and

Fig. 7. Effect of adsorbent dosage (initial concentration of
dye: 178.6 mg/l, pH 7.5, temperature: 25˚C).

Fig. 8. Effect of particle size of adsorbent (initial concentra-
tion of dye: 178.6 mg/l, fly ash dosage: 40 g/l, pH 7.5,
temperature: 25˚C).

Fig. 9. Effect of pH (initial concentration of dye: 178.6 mg/l,
fly ash dosage: 40 g/l, particle size: 45–75 μ, temperature:
25˚C).
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178.6 mg/l on the decolorization efficiency of fly ash
of particle size 45–75 μ and 40 g/l dosage is shown in
Fig. 11. It has been observed that the decolorization of
dye solution decreased with the increase in initial dye
concentration. At low concentrations, the number of
adsorbate molecules was less, while at high concentra-
tions, the number of adsorbate molecules was more as
compared to the active sites on the adsorbent. Thus,
with the increase in the concentration of the dye, the
competition for active sites of adsorbent increases, and
as a result, complete removal of dye takes longer time
at higher concentrations than at lower concentrations
of the dye [22]. Thus, at high concentrations, the
amount of dye adsorbed is less, and as a result, per-
centage removal is also low. The percentage reduction
in color, obtained by treating effluent having initial
concentrations 44.6, 89.3, 119, 127.5, and 178.6 mg/l
was 99, 98.5, 96.2, 95.3 and 93.5%, respectively, at
45 min.

3.4. Adsorption equilibrium

Equilibrium data are important for designing an
adsorption system. The equilibrium data were ana-
lyzed using Langmuir, Freundlich, Temkin, and Dubi-
nin–Radushkevich isotherms.

3.4.1. Langmuir isotherm

Langmuir isotherm assumes monolayer adsorption
on specific homogeneous sites. The linearized Lang-
muir isotherm is represented by Eq. (3) [23]:

1

Qe
¼ 1

CeKLQmax
þ 1

Qmax
(3)

The value of the dimensionless separation factor RL is
calculated by the following equation:

RL ¼ 1

1þ KLCo
(4)

The Langmuir isotherm plot is given in Fig. 12.

3.4.2. Freundlich isotherm

Freundlich isotherm assumes adsorption on hetero-
geneous surface and multilayer adsorption. The lin-
earized Freundlich isotherm is represented by Eq. (5)
[24]:

ln Qe ¼ ln KF þ 1

n
ln Ce (5)

Fig. 13 exhibits Freundlich isotherm plot for the
adsorption of dyes on fly ash.

Fig. 10. Effect of temperature (initial concentration of dye:
178.6 mg/l, fly ash dosage: 40 g/l, particle size: 45–75 μ,
pH 2).

Fig. 11. Effect of initial concentration (fly ash dosage: 40 g/
l, particle size: 45–75 μ, pH 2, temperature: 40˚C).

Fig. 12. Langmuir adsorption isotherm (temperature: 40˚C;
pH 2.0; fly ash dosage: 40 g/l; time: 45 min).
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3.4.3. Temkin isotherm

Temkin isotherm takes into the account of adsor-
bent–adsorbate interactions [25,26] and is given by the
following equation:

qe ¼ BT ln AT þ BT ln Ce (6)

A linear fitting of qe vs. ln Ce enables the determina-
tion of isotherm constants AT and BT is given in
Table 3. A comparison of R2 values of the three iso-
therms indicates that Langmuir isotherm is the best
fitted.

3.4.4. Dubinin–Radushkevich isotherm

Dubinin-Radushkevich isotherm expresses the
adsorption mechanism with a Gaussian energy distri-
bution onto a heterogeneous surface [27,28] and to
estimate the characteristic porosity of the adsorbent
and apparent energy of adsorption [29]:

ln qe ¼ ln qs � Kade
2 (7)

e ¼ RT ln 1þ 1

Ce

� �
(8)

The approach was usually applied to distinguish the
physical and chemical adsorption of metal ions with
its mean free energy, E per molecule of adsorbate (for
removing a molecule from its location in the sorption
space to the infinity) can be computed by the
relationship [30,31]:

E ¼ 1ffiffiffiffiffiffiffiffiffiffiffi
2BDR

p (9)

One of the unique features of the Dubinin–Radushke-
vich (DRK) isotherm model lies on the fact that it is
temperature-dependent, which, when adsorption data
at different temperatures are plotted as a function of
the logarithm of the amount adsorbed, ln qe vs. ε2 the
square of potential energy, all suitable data will lie on
the same curve, named as the characteristic curve [32].
The Langmuir, Freundlich, Temkin, and Dubinin–
Radushkevich isotherm constants are presented in
Table 3. It was observed that the equilibrium data fit-
ted better with a Langmuir model for adsorption of
mixture of direct dyes on fly ash with better correlation
coefficient value of 0.993. The higher correlation coeffi-
cient of the Langmuir isotherm predicts the monolayer
coverage of dye mixture of fly ash particles. The value
of RL is 0.8219. Since the value of RL lies between 0
and 1, adsorption using coal fly ash is favorable. The
values of KF and n were calculated from the intercept
and slope of the plot of ln qe vs. ln Ce and the values of
Qmax and KL were calculated from the intercept and
slope of the plot of 1/qe vs. 1/Ce. From Table 3, it was
seen that the maximum sorption capacity Qmax (mg/g)
of fly ash for the mixture of dyes was 120.482 mg/g.
The E value of 0.7 kJ/mol from Dubinin–Radushkevich
model indicates adsorption of a mixture of dyes on fly
ash as physisorption process [33].

3.5. Adsorption kinetics

The kinetics of adsorption of a mixture of dyes
onto fly ash was modeled by the pseudo-first-order
Lagergren equation, pseudo-second-order model,
intraparticle diffusion, and Bangham kinetics.

3.5.1. Pseudo-first-order kinetics

The Lagergren first-order model is given by the
following equation [34]:

logðqe � qtÞ ¼ log qe � Kadt

2:303
(10)

The value of Kad was obtained from the Lagergren
plot of log(qe − qt) vs. t for different dye concentrations
ranging from 44.65 to178.6 mg/L.

3.5.2. Pseudo-second-order kinetics

The second-order kinetics model proposed by Ho
and McKay is expressed as equation [35]:

t=qt ¼ t=qe þ 1=k2q
2
e (11)Fig. 13. Freundlich adsorption isotherm (temperature:

40˚C, pH 2.0, fly ash dosage 40 g/l, time: 45 min).
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Values of k2 and qe were calculated from intercept and
the slope of the linear plots of t/qt vs. t. The initial
adsorption rate, h (mg/g min), at t → 0, is defined as
h = k2q

2
e .

Fig. 14 shows the pseudo-second-order plot for the
mixture of dyes onto fly ash particles. The pseudo-sec-
ond-order rate constant k2, the calculated h value, and
the corresponding linear regression correlation coeffi-
cient values R2 are given in Table 4. From Table 4, it
was noticed that at all initial dye concentrations and
for the entire sorption period, the linear regression
correlation coefficient R2 values were found to be
higher. The higher R2 values confirm that the sorption

data are well represented by the pseudo-second-order
kinetics for the entire sorption period and thus sup-
ports the assumption behind the model that the sorp-
tion is due to chemisorption, which is in good
agreement with the sorption equilibrium data well
represented by the Langmuir isotherm equation.

3.5.3. Intraparticle diffusion

The intraparticle diffusion model proposed by
Weber and Morris is given as:

qt ¼ kidt
1=2 þ C (12)

A plot of qt vs. t
1/2 gives slope kid and intercept C at

different concentrations as given in Table 4. The high
correlation coefficient indicates the presence of intra-
particle diffusion as the rate-determining step.

3.5.4. Bangham kinetics

The Bangham equation is given in the following
form [36]:

log log
Co

Co � qtm

� �
¼ log

k0m

2:303V

� �
þ a log tð Þ (13)

The R2 value less than 0.98 shows that the adsorption
of adsorbate into pores of the sorbent is not the only

Table 3
Isotherm constants for the adsorption of dyes onto fly ash at pH 2 and 40˚C

Langmuir isotherm Freundlich isotherm Temkin isotherm Dubinin–Radushkevich isotherm

Qmax = 120.482 mg/g KF ((mg/g)/(mg/L)1/n) = 0.1334 AT (L/mg) = 20 E (kJ/mol) = 0.707
KL (L/mg) = 1.213 1/n = 0.971 BT = 0.068 qs (mg/g) = 3.508
R2 = 0.993 R2 = 0.976 R2 = 0.970 R2 = 0.927

Fig. 14. Pseudo-second-order-plot for adsorption of mix-
ture of dyes with fly ash (temperature: 40˚C; pH 2.0; dose
40 g/L; time 45 min).

Table 4
Adsorption rate constants for adsorption at different initial concentrations

Co

(mg/L)

Pseudo-first-order
kinetics Pseudo-second-order kinetics

Intraparticle
diffusion Bangham constants

qe
(mg/g)

Kad

(1/min) R2
k2
(g/mg min)

h
(mg/g min) R2

kid
(mg/g min0.5) R2 α

k0
(ml/(g/L)) R2

44.65 0.078 0.228 0.954 0.395 0.400 0.999 0.013 0.613 0.108 0.045 0.454
89.3 0.160 0.045 0.621 0.116 3.129 0.999 0.022 0.771 0.103 0.049 0.776
119.06 0.344 0.310 0.976 0.054 5.669 0.999 0.079 0.836 0.232 0.03 0.917
127.57 0.436 0.197 0.914 0.410 2.435 0.999 0.078 0.886 0.202 0.031 0.940
178.6 0.763 0.221 0.763 0.312 4.845 0.999 0.078 0.972 0.142 0.037 0.931
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rate-controlling step [37]. The comparison of experi-
mental and predicted values of qe is shown in
Fig. 15. The R2 values from Table 4 shows better fit-
ting of first-order kinetics for adsorption of dyes on
fly ash.

3.6. Thermodynamic studies

Thermodynamic parameters such as change in
standard Gibbs free energy (ΔG˚), standard enthalpy
(ΔH˚), and standard entropy (ΔS˚) were calculated
from experimental data at different temperatures. The
change in Gibbs free energy (ΔG˚) is related to the
equilibrium constant K by the Van’t Hoff equation as
follows [38]:

DG� ¼ �RT ln K (14)

where

K ¼ qe
Ce

(15)

The change in Gibbs free energy (ΔG˚) is related to the
change in entropy (ΔS˚) and the change in enthalpy
(ΔH˚) by the following equation:

DG� ¼ DH� � TDS� (16)

Equation (iii) and (v) can be combined and written as:

ln K ¼ �DG�

RT
¼ DS�

R
� DH�

RT
(17)

log K ¼ DS�

2:303R
� DH�

2:303R

1

T
(18)

The value of ΔH˚ and ΔS˚ is obtained from the slope
and intercept of the linear plot of log K vs. 1/T,
respectively. A straight line plot was obtained with a
regression coefficient of 0.941 as shown in Fig. 16 and
the thermodynamic parameters for adsorption of a
mixture of dyes on fly ash are given in Table 5. The
positive value of ΔH˚ indicates that the process is
endothermic in nature and the positive value of ΔS˚
indicates the increased randomness at the solid/solu-
tion interface during the adsorption of the dye onto

Fig. 15. Comparison of experimental and predicted values
of qe.

Fig. 16. Van’t Hoff plot of log K vs. 1/T.

Table 5
Thermodynamic parameters for the adsorption of mixture of dyes onto fly ash

Temperature (K) K (L/g) ΔG˚ (kJ/mol) ΔH˚ (kJ/mol) ΔS˚ (J/mol K)

293 0.0728 −6.3825 28.2765 75.2942
298 0.1038 −5.5128
303 0.1195 −5.3520
308 0.1267 −5.2895
313 0.1661 −4.6710
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fly ash. While, the negative values of ΔG˚ indicate the
feasibility of the process and the spontaneous nature
of the adsorption [39,40].

3.7. Characterization of effluent of handmade paper
industry

The effluent of handmade paper using mixture of
direct orange, direct navy blue, and direct violet dye
was characterized before and after fly ash treatment
under optimum conditions and the results are given
in Table 6.

4. Conclusion

The present study shows that coal fly ash is an
effective low-cost adsorbent for the removal of a mix-
ture of dyes compared to the expensive activated car-
bon. A high value of R2 (0.993) shows good fitting of
the Langmuir isotherm (Qmax value of 120.482 mg/g)
with the experimental data representing monolayer
adsorption. The amount of dye adsorbed qe at a pH of
6.0 (2.60 mg/g) was marginally below the amount of
dye adsorbed at pH 2 (3.64 mg/g) indicating the field
applicability for the treatment of industrial waste at
pH 6. However, the maximum adsorption capacity
was found at fly ash dosage of 40 g/L having particle
size of 45–75 μm with dye solution at pH 2 and 40˚C
temperature. The kinetic sorption data are well repre-
sented by the pseudo-second-order kinetics for the
entire sorption period. The E value of 0.7 kJ/mol from
Dubinin–Radushkevich model indicates adsorption of
a mixture of dyes on fly ash as physisorption process.
The values of the different thermodynamic parame-
ters, i.e. the change in enthalpy, entropy, and free
energy were evaluated, which indicated that the sorp-
tion process is endothermic, spontaneous, and feasible
in nature.
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