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In this study, a coal fly ash material generated in a Portuguese coal thermal powerplant was
tested as a low-cost adsorbent to remove dye molecules. Pre-treatment of the coal fly ash samples
was not performed in order to reduce end use cost. Physical and chemical characterization
revealed their inert nature and low effects lixiviation in aqueous media. Preliminary adsorption
studies include adsorbent quantity, and adsorption kinetics. The adsorption studies focused on
Mordant Orange 1 (Mo1) dye, but two other molecules, Rhodamine B (RhB) and Methylene Blue
(MeB) were also included for comparison reasons. The adsorption isotherms were tested with
different models including Langmuir, Freundlich and modified Langmuir-Freundlich. The effect
of temperature, pH and unburn carbon in the adsorption process were also studied. The results
show that adsorption capacity of the coal fly ash occurs mainly due to electroestatic interactions
between the adsorbent surface and the adsorbate, which depends on the pH of the aqueous media
and the surface chemistry of the material, quantified by the point of zero charge, pH,,.. These
joint effects are responsible for the higher retention of Mol that is about 16 times higher, when
compared to the other two molecules tested.
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Introduction

In recent decades, the world has faced substantial
challenges related to energy production driven mainly by
health, environment and sustainability issues.' One of
them is the large consumption of coal, which generates
substantial quantities of coal fly ashes (CFA), the major
solid waste from coal-fired thermal powerplants.** There
are environmental and economic reasons to support the
valorization of fly ashes: first, the minimization of disposal
costs and landfill occupied areas, also contributing to
circular economy. Second and not least, the financial
return on sales of fly ashes or products produced from
waste.>” These and other reasons encourage the scientific
community to look for new possible applications for CFA
waste, taking advantage of relevant properties of this type
of material. The chemical and physical characteristics of
CFA are crucial in future applications and are strongly
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dependent on the characteristics of the coal that originates
the waste as well as its handling and storage.

Currently, only about 20% of the produced CFA
is valued in some way, such as in soil amelioration,
civil construction, ceramic industry, or environmental
protection.® The rest is still disposed in landfills and/or
lagoons with significant problems associated with transport,
conditioning and monitorization in order to prevent soil and
water contaminations.’ In this context, it is imperative to
find alternative applications for CFA, giving them a new
valorization path from the perspective of circular economy
principles.

Iyer et al.® reviewed several value-added uses of CFA
beyond construction industry. The high silica content, as
well as the presence of some alumina, makes CFA suitable
as a starting material for the synthesis of zeolites, and
several methodologies on the subject are available on the
literature.!®!* However, the synthesis procedure involves
several steps, some of which quite energy demanding.
A more direct application is the use as adsorbent in the
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removal of contaminants in the gaseous and liquid phases,
taking advantage of the porosity and chemical properties
of CFA materials.571316

Adsorption processes, comprising the preferential
partitioning of substances from the gaseous or liquid
phases onto the surface of a solid material, are widely
used in industrial applications and in water and wastewater
purification. The main properties that are responsible for
the retention of the molecules at the solid surface are its
porosity as well as the chemical surface groups present
on the material. Activated carbons are, by far, the most
common adsorbents,'”'* however the adsorption behavior of
alternative porous materials such as clays,'” metal organic
frameworks (MOFs),% ordered mesoporous carbons?! or
even modified egg shells?? are also under exploration.

The use of CFA materials as adsorbents has been reported
on the literature both for gas and liquid phase adsorption.
Regarding the removal of atmospheric contaminants,
Lu et al.?® successfully reported the adsorption of NOx
pollutants and found that the amount of unburnt content
remaining in the fly-ash was able to activate and improve
the adsorption behavior. The CFA also revealed enormous
potential for carbon capture and storage.?* In water and
wastewater treatment the range of possible applications
is massive,? for instance, the adsorption of heavy metals
such as mercury,” arsenic,” lead,”® nickel,'** cadmium,*
chromium?' and others*** was recently reported. The use
of CFA as adsorbent of other chemical species such as
fluorides,® sulfates,® urea,*® and phenol®*” has been also
successfully tested. The removal of colored matter from
wastewaters, particularly industrial dyes, using CFA has also
been widely explored.*** Despite the low dye concentration
in coloring processes the intensive use of these substances
may lead to toxic and carcinogenic effects since they tend to
accumulate in the environment.* In several studies regarding
the adsorption of both cationic and anionic dyes by fly
ashes, authors concluded that the removal efficiency of dye
molecules are closely linked to the textural and chemical
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(a) Mol - anionic
MW: 287.23 g mol!
Acid nature (pH ca. 5)

Amax 385 nm

Figure 1. Chemical structures and properties of the tested dyes.

(b) RhB - cationic
MW: 479.01 g mol!
Basic nature (pH ca. 8)

Amax 554 nm
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properties of the CFA*! as well as the aqueous media
characteristics such as pH and temperature.*>#?

The aim of this work is to evaluate the behavior of raw
coal fly ashes in the removal of dyes from synthetic industrial
wastewaters; CFA were used without further treatment
to reduce the processing costs. The study is focused on a
less studied dye, Mordant Orange 1 (C,;HN;O;) and for a
comparison purposes data from other two dyes, Rhodamine B
(C,sH;,CIN,O,) and Methylene Blue (C,¢H,;CIN,S) is also
included. Variables such as pH, temperature, and adsorbent
dosage, were experimentally tested in order to assess the
effect of each parameter in the adsorption process.

Experimental
Adsorbent sample and dyes

The coal fly ash (CFA) waste, used as absorbent, was
generated in a Portuguese thermal powerplant, which burns a
bituminous coal type from Colombia. The flue gas treatment
method comprises the catalytic denitrification with ammonia,
particle emission reduction with electrostatic precipitator and
desulfurization with limestone. The studied CFA samples
were collected from the powerplant storage silos containing
ashes from the electrostatic precipitators.

The CFA samples were experimentally tested without
further treatment. The dyes used as adsorbates were:
Mordant Orange 1 (Mol; CAS No. 2243-76-7) and
Rhodamine B (RhB; CAS No. 81-88-9) purchased from
Sigma-Aldrich (St. Louis, USA) and Methylene Blue
(MeB; CAS No. 61-73-4) acquired from Merck (Darmstadt,
Germany). All dyes were used without further purification.
Figure 1 shows the chemical structures and selected
properties of the tested dyes.

Characterization of CFA materials

The elemental analysis (used to quantify the content in
| S N\ X
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(c) MeB - cationic
MW: 319.85 g mol!
Basic nature (pH ca. 8)

Amax 662 nm
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carbon, hydrogen, nitrogen and sulfur) and the proximate
analysis (moisture, volatile compounds and ash content)
were performed based on ASTM D1762-84.#

The quantification of inorganic matter was determined by
inductively coupled plasma atomic emission spectrometry
(ICP-AES) using the Horiba Jobin (Kyoto, Japan) Yvon
analyzer (Ultima model). CFA samples were previously
submitted to acid digestion in closed vessels in a Milestone
Ethos microwave 1600 (Sorisole, Italy) according to the
European Standard 15290.%

Unburnt carbon content of CFA was quantified by sample
weightloss onheating to ahigh temperature (950 °C). Leaching
tests were also performed, using a liquid to solid ratio of
10 L kg'.#

The X-ray diffraction pattern was obtained in a
Pan’ Analytical diffractometer, PW3050/60X’Pert PRO,
(Almelo Netherlands) operating at 40 kV/30 mA, using
Cu Ko radiation in a wide-angle region from 5 to 80° on
20 scale and 0.017° step size.

A Briiker Vertex, 70 FTIR spectrometer (Billerica,
MA, United States) was used in the Fourier transform
infrared spectroscopy (FTIR) assays, the sample pellets
were prepared by thoroughly mixing in an agata mortar,
CFA with KBr in a ratio of 1:100. The spectral wavelength
covered a range of 500 to 4000 cm™! with 4 cm™ resolution.

The morphology of the CFA solid particles was
examined through images obtained in a scanning electron
microscope (SEM) JEOL JSM 840 (Akishima, Japan).

Textural properties were studied by molecular nitrogen
adsorption isotherms at a temperature of 77 K using
a tailor-made volumetric apparatus with an assembly
of two vacuum pumps: a rotary (RV5) and a diffusion
(Diffstak MK?2), both from Edwards (Irvine, California,
USA). The apparatus is made of a customized glass vacuum
line lubricated and vacuum sealed taps (Springham)
equipped with two pressure sensors (Barocel 600 AB)
and Penning (AIM-S-NW225) from Edwards. Prior to the
adsorption measurements the samples (about 50 mg) were
degassed under primary vacuum at 573 K for 2 h in a tubular
oven, Eurotherm 2416, (Madrid, Spain). After cooling, the
cell containing the sample was immersed in liquid nitrogen
and then the admissions of N, (gas) were made at successive
relative pressures until reaching a relative pressure higher
than 0.95. The specific surface was calculated following
the Brunauer-Emmet-Teller (BET) method.*’

To complement textural characterization of the CFA,
particle size distribution assays were performed through
laser beam diffraction (Mastersizer 3000) under dry test
conditions (air flux).

The point of zero charge (pH,,-) of the CFA was
determined following the procedure described by
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Prahas et al.*® In brief, 150 mg of a CFA sample was added
to 50 mL of 0.01 M solution of NaCl previously bubbled
with N,, to release the dissolved CO,, until it reached a
stable pH value, measured by a pH meter, Crison GLP22
(Barcelona, Spain). The CFA suspension was left for 24 h
in a close environment at 25 °C and constant stirring. The
test pH was adjusted within a range of 2-12 for each essay
using HC1 or NaOH solutions.

Adsorption kinetics and isotherms

To evaluate the efficiency as adsorbent, 100 mg of
CFA was accurately weighted and placed in 50 mL
stoppered flasks. Then, a volume of 40 mL of dyes
solutions was added to the flasks and stoppered. The flasks
were immersed in a thermostatic bath at 30 °C, Julabo
MP (Seelbach, Germany) which was placed on a multi-
position magnetic stirrer, Multimatic 9-S, Selecta (Cham,
Switzerland). In the case of kinetic studies aliquots of the
solution (about 1 mL) were then taken with established
time intervals using the same dye concentration.
In isotherm studies the aliquots (about 1 mL) were
collected after reaching equilibrium time for each dye
concentration. In both cases the solutions were analyzed
in a double beam absorption spectrophotometer, Jasco
V530 (Tokyo, Japan) using deionized water as reference
and standard quartz cell of 2- and 10-mm optical length.
The CFA powder was separated from dye solution using
a membrane filter (Millipore Durapore 0.45 um HV).
The spectrophotometer calibration curve was built
using standard dye solutions and readings at maximum
absorbance for each dye, Figure 1. The dye solutions were
prepared within the appropriate concentration range to
achieve absorbances comprised between 0.05 and 1.5, to
obey Beer-Lambert law. Each data point resulted from an
average of at least three individual aliquots/scans assuring
a standard deviation below 5%. The specific amount of
dye removed q, (mg g') at a certain time t, was calculated
according to equation 1.

CO_CI
- GGy !
4= To00x W )

where C, and C, (mg L") corresponds respectively to the
initial dye concentration and the concentration measured
after a certain time, V (L) is the volume of solution and W
is the mass of the CFA sample (g).

The adsorption isotherm equilibrium assays were
performed according to the procedure described above.
After 2 h of contact between the dye solutions and the
CFA samples, the equilibrium is reached between the two
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phases. As the experimental absorbance values only allow
to obtain the concentration of dye that remained in solution,
the amount of adsorbed dye, q., (mg g') is calculated
using equation 2, where C, (mg L) is the dye equilibrium
concentration.

_ Co — Ce
% = To00xw < @

The relation between the amount of dye adsorbed on the
CFA and the equilibrium concentration of the dye solution
can be described by different adsorption models. The
Langmuir model is the most used to obtain characteristic
parameters of adsorbate-adsorbent interactions in liquid
phase, assuming the formation of a monolayer at the
surface of the adsorbent material.*’*?> The model can be
mathematically described by equation 3.

xK, xC
qe:qm L S (3)
1+K, xC,

where q,, is the adsorption capacity of the monolayer
(mg g") and K| is the Langmuir constant (L. mg™"), which
can be related with the affinity between the adsorbent and
the adsorbate. K; and q,, are characteristic parameters of
each adsorbent/adsorbate system.

Another two-parameter equation is the Freundlich
model (equation 4).

q. =K. C}" )

where K is the Freundlich constant (mg!'/» L' g1)
representing the adsorption capacity, and 1/n is related to
the adsorption intensity or surface heterogeneity (favorable
with values between 0 and 1).

A model having a higher complexity includes the
modified Langmuir-Freundlich, a three-parameter model
which combines the two previous models (equation 5).

1m
qm X I<MLF X Ce

5
1+K, xC" )

9. =

where K,  is a model constant (L mg™') and the value of
1/n is a normalized parameter between O and 1.

Like isothermal modeling, the kinetic study of the
adsorption process also provides physical-chemical
information. The pseudo first order kinetic of
Ozacar and Sengil® may be expressed according to
equation 6.

In(q,—q,) =Inq, -k, x t ©6)
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where k,, is a kinetic constant of pseudo-first order (min™)
and t the time (min).

The pseudo-second order kinetics of Ho and McKay>°
may be represented by equation 7.

L %Jri x t (7)
qt kpZX qe qe

where k, is a kinetic constant of pseudo-second order
(g (mg min)™).

Results and Discussion
Characterization of coal fly ash (CFA)

The proximate analysis data are presented in Table 1.

Table 1. Proximate analysis of coal fly ash

Proximate analysis / (% m/m)

Fixed carbon 2.39+0.16
Volatiles 340+0.12
Ash 94.13

Moisture 0.07 £0.03

The proximate analysis data show a low content in
moisture and volatile matter (Table 1), indicating an almost
complete coal burn, as energetically desirable for a coal
feedstock in a thermal powerplant.

The mineral content of CFA was examined, as well as
the leaching properties of CFA in contact with aqueous
media. The elements were divided in two groups according
to their relative content. As expected, the major components
(higher than 1000 mg kg™') are aluminum, iron, and silicon,
being aluminium the most abundant element (Figure 2a).
The minor components include sodium, manganese, and
zinc, among others (Figure 2b).

The leaching of CFA components in aqueous media is
an important parameter to evaluate their compatibility as
adsorbent material, a low component release to aqueous
environments being an advantage. There are many factors
that can affect the leaching capacity, the most important
the fly-ash composition and solution pH.*' Figure 3 depicts
the experimental concentration of elements in the aqueous
leachate divided by their relative abundance. In this study,
following the normalized procedure reported above, the
elements that experienced leaching more significantly were
Ca, Mg and K (Figure 3), but in very small amounts that can be
considered environmentally safe.>? Therefore, it is concluded
that CFA can be safely used in aqueous medium without
significant release of harmful elements through lixiviation.
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Figure 2. Metal elements content in the CFA (dry basis). (a) Major components and (b) minor components.
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Figure 3. Aqueous leachate content in inorganic elements (dry base). (a) Major components and (b) minor components.

The X-ray diffraction was performed in order to identify
crystalline phases in the CFA. The diffractogram presented
on Figure 4 show the predominance of two crystalline
phases: quartz (Q) with an estimated relative percentage
of about 77.9% and mullite (M) around 8.0% which can
be present in two stoichiometric forms, 3A1,0,-2Si0O, or
2A1,0,S10,. It was also possible to identify the presence
of a small amount of magnetite (Mt).36-340

Infrared spectroscopy analysis (FTIR) was performed to
investigate the nature of functional groups present on CFA.
The spectra (not shown) present the main characteristic
band located around 1705 cm™'. This band is attributed to
the asymmetrical elongation mode Si—O-Si or Al-O-Si.
Another important band is located around 3441 cm! that
is ascribed to Si—OH bonds and water molecules adsorbed
to the surface of the ash.”

The SEM images presented in Figure 5 allows to
perceive the morphology of CFA particles.

The images show a large number of spherical particles
which can be identified as cenospheres, and pleurospheres
which are larger diameter structures with enclosing sub-
micropheres or other mineral fragments. The size and shape

800 -

700 -

600 -

500 -

400 -

Intensity

300 A Q

200 +

100

0 T T T
10 50
2 0/ degree

Figure 4. XRD diffraction pattern of coal fly ash. Identified phases:
M: mullite; Q: quartz; Mt: magnetite.

of these spheres depends on the expansion of CO and CO,
gases in coal combustion furnaces. Other structures like
glassy fragments, carbon blocks and spongious grains
(Figure 5b) can be also found in CFA.#>>
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Figure 5. SEM images of the coal fly ash at magnification: (a) x100 and (b) x1800.

Textural characterization of CFA was performed
through low temperature molecular nitrogen adsorption
isotherms and complemented by particle size distribution
analysis. The application of BET model to the adsorption
isotherm data of CFA indicates a specific surface area
of 13.2 m? g''. This value corresponds to a much lower
textural level when compared to classic adsorbent
materials like activated carbons. The granulometric
distribution revealed the existence of particle diameters
ranging from 0.5 to 10 pm. Both textural and granulometric
particle distributions of the tested CFA are in accordance
to the ones reported in literature concerning similar
materials.>%

The interaction of the species with the surface of CFA
strongly depends on the relationship between the pH of
the species in aqueous media and the surface charge of
the fly-ash material, quantified the point of zero charge
pHpc, which for the tested CFA is about 11. The balance
between the pH of a certain molecule in solution and the
pHp,c is fundamental since it can predict the behavior of an
adsorbate/adsorvent system. If the solution pH is above the
PHp,c than the adsorbent surface will become negatively
charged and will favor the removal of cations. On the other
hand, if the pH of the solution is below the pH,,. of the
adsorbent material it will become positively charged and
will attract anionic species.*”*

Preliminary adsorption studies

With the purpose of optimizing the experimental
conditions for the adsorption studies, preliminary assays
using Mol dye as adsorbate were done. First studying
the adsorbent dosage effect, and afterwards the kinetic
experiments, which also help to establish the equilibrium
time.

Effect of adsorbent dosage

The effect of adsorbent dosage was evaluated using
different quantities of CFA in contact with a Mol dye
solutions with equal concentration. This preliminary study

evaluates the adequate quantity to be used in the subsequent
adsorption studies. Figure 6 shows the profile of the Mol
concentration that remains in solution after contacting with
increasing amount of CFA for 1 h, at 30 °C.
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Figure 6. Concentration of Mol as a function of CFA mass at 30 °C for 1 h.

As observed, for small amounts of CFA there is a
sharp decrease in the Mol concentration as the amount of
adsorbent increases, which becomes less pronounce for
CFA quantities higher than 1000 mg. In further adsorption
studies the amount of CFA was kept as 100 mg, clearly
higher than the amounts used in adsorption studies using
classic adsorbents like activated carbons where 10 to 50 mg
are generally used. But, it must be bear in mind that, in this
case, the final goal is the valorization of a residue.

Kinetic studies

The effect of contact time on the adsorption capacity of
CFA was studied using Mol as adsorbate. The experimental
profile of dye concentration with time is displayed in
Figure 7.

Data shows a fast initial decrease of Mol concentration
until reach an almost constant value after 15 min. Thus, in
further studies the equilibrium time was considered 15 min.
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Figure 7. Concentration of Mol as a function of contact time at 30 °C.

To investigate the kinetics of the adsorption process
pseudo first-order and pseudo-second order kinetic models
were applied to the adsorption of Mol and the respective
plots according to equations 3 and 4 are displayed in
Figure 8.

90 1 pseudo-2nd-order r 0.30
8.0 4 Apseudo-1st-order A L o025
07  0.20
6.0 - y =0.091x + 0.0003 i
R2 = 0.9997 - 015 _
. 5.0 1 3
= L 010 &
404 & E
.................... L 0.05
304 e
"""""""""" y = 0.0008x + 0.0033 i
20 1 . R?=0.0628 0.00
1.0 1 A L 005
0.0 « T . . i 0.10
0 20 40 60 80 100

time / min
Figure 8. Pseudo-first order (A) and pseudo-second-order (o) adsorption
kinetics plots for Mol dye.

As observed, for the adsorption of Mol dye in CFA
the best fitting kinetic model is the pseudo-second-order
model. Other studies regarding the adsorption of distinct
dye molecules also obey to a pseudo-second-order kinetic
model.?*3*5% Accordingly, it can be assumed that the other
two molecules studied in this work also obey a pseudo-
second-order adsorption kinetic.

The kinetic study also allowed to establish the
equilibrium time of 2 h in the subsequent adsorption
isotherm experiments. The chosen time largely exceed the
estimated equilibrium time from Figure 7, but assured the
equilibrium condition was met for each experiment and
tested dye.
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Adsorption isotherms

Adsorption isotherms were performed for the three
dyes, Mordant Orange 1 (Mol), Rhodamine B (RhB) and
Methilene Blue (MeB), using the adsorbent dosage and
contact time previously defined. The adsorption studies
were made at three different temperatures 20, 30 and 40 °C,
to evaluate the influence of temperature on the adsorption
yield. Figure 9 shows the experimental adsorption isotherms.

All isotherms are positive, regular and concave in
relation to the abscissa axis (dye concentration). However,
for all temperatures the Mol isotherms show a significant
higher amount of adsorbed dye when compared with the
other two dyes, suggesting higher adsorption capacity
for Mol. Additionally, the isotherm plots also show that
adsorption/desorption equilibrium maximum is reached at
low dye concentration for RhB and MeB dyes.

Langmuir, Freundlich and the modified Langmuir-
Freundlich adsorption models were applied to the
experimental data. The model’s adsorption parameters and
the associated uncertainties are presented in Tables 2, 3 and 4.

Despite the apparent best fit of the modified Langmuir-
Freundlich (high values of determination coefficients, R?),
this three-parameter model from a statistical point is always
less significant when compared with other models which
have higher F values and lower parameters uncertainties.
It was possible to confirm that the Langmuir model is the
one that best describes the studied adsorption process in
accordance with previous studies of Astuti et al.*' which
related better fits to the Langmuir model to low unburnt
carbon on fly ashes, as is the case of our sample (5.3%). This
fact also suggests the formation of an adsorbate monolayer
at the surface of the adsorbent material."”

Bibliographic data for the adsorption of Mol in coal
fly ash is very scarce, so no direct comparison results are
presented, the only available data for different textural and
surface chemistry materials. On the other hand, there are
several studies concerning RhB or ReB in the adsorption
with untreated CFA from thermal powerplants,!7254149.5
Despite a direct comparison between different CFA can
be unreliable (due to differences in the coal composition
and power plant processes) it is relevant to compare the
maximum monolayer adsorption capacities (Langmuir
adsorption isotherm). Table 5 depicts some of these
literature results and regardless of the values variability
they are in the same order of magnitude.

Temperature effect

The effect of temperature on dye removal can be
evaluated through the Langmuir equilibrium constants.
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Figure 9. Adsorption isotherms on CFA at 20, 30 and 40 °C of (a) Mol, (b) RhB and (c) MeB. The fitting curves are the Langmuir model.

Table 2. Adsorption parameters obtained by the application of Langmuir adsorption model

Langmuir isotherm model

Adsorbate Temperature / °C q,/ (mg g) K, /(L mg") R? o? F
20 1192+54 0.029 + 0.002 0.969 1.840 3047
Mol 30 113.2+11.5 0.022 + 0.004 0.983 2.732 1152
40 101.1 +12.1 0.021 + 0.004 0.982 2.389 553
20 51+03 23+0.5 0.952 0.356 179
RhB 30 6.2+0.2 24+09 0.985 0.239 662
40 6.6+04 25+0.8 0.935 0.524 116
20 40=x0.5 38x2.0 0.895 0.484 42
MeB 30 3.98 £0.02 3.1+05 0.984 0.158 364
40 3.95+0.07 25+1.1 0.935 0.389 43

q,,: adsorption capacity; K : equilibrium constant; R* determination coefficient; 6> standard deviation fit; F: Fisher-Snedecor parameter; Mol: Mordant
Orange 1; RhB: Rhodamine B; MeB: Methylene Blue.

Table 3. Adsorption parameters obtained by the application of Freundlich adsorption model

Freundlich isotherm model

Adsorbate Temperature / °C K/ (mg"'"" L' g) n R? o’ F
20 55+03 1.52+0.03 0.995 1.633 3873
Mol 30 38+0.5 1.40 £ 0.07 0.976 3.223 822
40 3.7+04 1.47 +0.07 0.985 2.192 659
20 32x0.2 3.5+07 0.901 0.512 82
RhB 30 39+02 32+04 0.945 0.460 172
40 44+03 40=+1.0 0.903 0.654 74
20 3.0+0.2 38x14 0.872 0.534 34
MeB 30 28+0.1 34+06 0.958 0.254 138
40 2.6+0.2 2.8+0.6 0.956 0.319 66

K;: Freundlich constant; n: heterogeneity factor; R?: determination coefficient; o standard deviation fit; F: Fisher-Snedecor parameter; Mo1: Mordant
Orange 1; RhB: Rhodamine B; MeB: Methylene Blue.
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Table 4. Adsorption parameters obtained by the application of modified Langmuir and Freundlich adsorption models

Modified Langmuir-Freundlich isotherm model

Adsorbate Temperature / °C ~ q,,/ (mg g") Kyir/ (L mg™?) n R? o’ F
20 222.9+69.2 0.021 + 0.005 1.26 +0.08 0.996 1.416 2581
Mol 30 109.2 £27.4 0.023 = 0.004 1.0+0.1 0.983 2.802 547
40 266 + 386 0.012 +0.014 1.3+0.3 0.985 2.267 308
20 45x0.2 54x£26 0.6+0.1 0.966 0.318 114
RhB 30 62+04 2.53+0.7 1.0+0.1 0.985 0.252 298
40 6.0x0.5 42+3.1 0.7+0.3 0.941 0.535 56
20 39+14 44+94 09+0.9 0.895 0.541 17
MeB 30 3.6+02 59+30 0.7+0.2 0.988 0.150 204
40 25.8+593 0.1+3.0 25+6.3 0.956 0.395 21

q,.: adsorption capacity; Ky, »: modified Langmuir-Freundlich constant the (n) obtained at the studied temperatures; R*: determination coefficient; 62 standard
deviation fit; F: Fisher-Snedecor parameter; Mol: Mordant Orange 1; RhB: Rhodamine B; MeB: Methylene Blue.

Table 5. Maximum adsorption capacities (Langmuir isotherm) of CFA
for MeB and RhB

Adsorption
Dye capacity / Temperature / °C ~ Reference
(mg g™
15.04 30 60
0.07 30 53
2.94 30 61
MeB
5.57 30 62
4.89 22 43
3.98 30 this work
1.87 30 61
RhB 5.03 22 43
6.2 30 this work

RhB: Rhodamine B; MeB: Methylene Blue.

The thermodynamic parameters, Gibbs energy (AG®),
enthalpy (AH®) and entropy (AS®), can be calculated using
equations 8 and 9.6

AG’=-RTIn(K, x M) (8)
AS’  AH°
ln(KL X Mdye):?_ﬁ (9)

where R (8.314 J mol! K') is the ideal gas constant,
T (K) the absolute temperature, K; (L mg') the Langmuir

Table 6. Thermodynamic parameters for adsorption of dyes on CFA

constant and M, the dye molar mass (mg mmol™). The
values of AH® and entropy AS°®, were calculated from the
slopes and intercepts of In(K; My,,) versus 1/T plot.

The calculated thermodynamic parameters for the
adsorption of dyes under investigation are given in Table 6.

The negative AG® values for all temperatures indicate
the spontaneous nature of the adsorption process. The
negative values of AH® in MeB and Mol reveal that the
adsorption reaction is exothermic meaning that the energy
released by the new interactions between the dyes and
solid is higher than the desorption of the solvent (water)
molecules previously adsorbed, in the case of RhB the
opposite is true since the process is endothermic.

The magnitude of AH® also allows to infer about the
nature of the adsorption process. Literature describes that
physical adsorption heat is in the same order of magnitude
as the condensation heat, i.e., 2.1 to 21 kJ mol',% while the
chemisorption heats are in the range of 80 to 400 kJ mol'.%
Therefore, due to the relatively low AH® values in all
the studied dyes it is expected that physisorption to be
dominant. The positive value of AS® reflect an increase
randomness at the solid/solution interface with some
structural changes in the adsorbate and the adsorbent.®’

Concerning the temperature effect directly on the
maximum adsorption capacity, the decrease in MeB and

Adsorbate Temperature / °C AG°® / (kJ mol") AH® / (kJ mol™) AS° / (kJ mol! K1)
20 -23.019
Mol 30 —22.838 —12.835 0.030
40 -22.113
20 —33.908
RhB 30 -35.975 2.812 0.122
40 —35.724
20 -34.161
MeB 30 -34.791 -15.070 0.063
40 —35.462

AG®: Gibbs energy; AH®: enthalpy; AS°: entropy; Mol: Mordant Orange 1; RhB: Rhodamine B; MeB: Methylene Blue.
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Mol may reflect the weakening of electrostatic interactions
between dye molecules and active adsorbent sites with
increasing temperature.® This effect may be compensated
in the bulkier RhB molecule, which at higher temperatures
has a higher diffusion rate.5

Effect of unburn carbon

One question when studying the coal fly ashes and
their potential application as adsorbents is the relative
importance of unburn carbon. This may be relevant when
deciding to use the CFA without any treatment or increase
their potential adsorption capacity through different
physical or chemical treatments.*7

A simple way to test the role of the carbon is trying
to eliminate it through a thermal treatment. In this work,
a calcination 555 °C was performed until the sample had
constant weight. The adsorption capacity of this calcinated
material was then tested for the Mol dye adsorption.

A direct comparison between the original and the
calcinated CFA was made. Despite the difference between
the original and calcinated CFA the application of the
Langmuir model to the calcinated material (q,,= 108 mg g!,
K; = 0.013 L mg') suggest that adsorption capacity is
similar although less favorable for the calcinated sample,
reflecting the slight influence of the carbon content in the
original CFA.

Effect of solution pH

The solution pH is an important parameter influencing
the adsorption capacity. The concentration of H* affects
the degree of ionization of the dye molecules as well as
the surface properties of the adsorbent. In Figure 10 it is
represented for Mol and MeB the effect of initial pH of
the solution on the percentage of dye removed, at a fixed
mass of CFA.

Results indicate that dye percentage removed is strongly
influenced by the solution pH, in the case of Mo1 adsorption
is favored in acid medium occurring a sharp adsorption
decrease as the pH increases from 2 to 4. For MeB the
adsorption is favored in basic media, this result has already
been studied and justified. Some authors explain it using
the concept of excess of hydronium ion competing with
the cation groups on the dye for adsorption sites.” Other
authors trough the concept of change solid surface density
and electrostatic repulsion.” Although a broader definition
includes the pH,,. effect, where the solid is positively
charged at a pH lower than pH,,. and negatively charged
at a pH higher than pHp,..** It is possible to conclude
that, in low values of pH, many positive charges exist in
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Figure 10. Dye removal percentage as a function of initial solution pH
in a range of 2 to 12 for Mol and MeB dyes.

the CFA, which repeal the cationic dye (MeB) and attract
the anionic dye (Mol). As the pH increases the positive
charges decrease and so the correspondent repeal/attraction
effects also decrease until it reaches the CFA pH .
approximately 11, where the situation is inverted.

The pH effect may also explain the difference between
the adsorption capacity CFA for the Mol and the other dyes
in the model isotherm experiments. In order to simulate real
conditions of operation the dye solutions were prepared
without pH adjustment this meant that the initial pH for
Mol solutions was around 5 and around 8 for RhB and
MeB. At pH values lower than the pH,,. the CFA surface
should charge positively and increase the susceptibility to
adsorb an anionic molecule like the Mol.

value of

Conclusions

The purpose of this study was to explore the potentialities
of residue such as coal fly ash, generated in coal-fired
thermal powerplants, to be used without further treatment
as an effective adsorbent to remove dyes from synthetic
industrial wastewaters. The coal fly ash was physically
and chemically characterized, and their inert behavior
in aqueous media was demonstrated by no significant
lixiviation effects. The textural characterization data show
alow specific surface area when compared with traditional
adsorbent materials such as activated carbon. Also, the
microscopy images obtained suggest that the adsorption
occurs mainly at the external surface of the ash particles.
Results also showed that in non-adjusted pH solutions of
Mol (anionic molecule) the adsorption is favored since
pH < pH;,c leading to a positively charged surface of
the coal fly ash with adsorption capacities higher than
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100 mg g in all temperature range. This effect was not
observed with MeB and RhB dye molecules which are
both cationic. In these cases, the adsorption capacities were
around 4 to 6 mg g! for MeB and RhB, respectively. The
obtained results led us to conclude that the low specific
surface area of CFA material (13.2 g m™?) has a small
contribution on the dye adsorption phenomena. Instead,
the adsorption capacity of CFA occurs mainly due to
electrostatic interactions that are strongly dependent on
the relation between the pH of the aqueous media and
the surface chemistry of the CFA, quantified by its pHpy.
Despite the possibility of increasing adsorption capacity
by simple modifications on the surface chemistry (i.e.,
oxidation), these treatments imply costs that should be
evaluated according to each scenario.
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