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ABSTRACT

The fly ash of coal, generated in a thermoelectric plant, was used to synthesize zeolite by
hydrothermal treatment with a sodium hydroxide solution. The zeolite synthesized was used as
an adsorbent of metals (Fe and Mn) and of the methylene blue dye in water. The characterization
of the zeolite showed that silicon oxide is the main compound in its composition, followed by
aluminum, iron, sodium and calcium, which together correspond to more than 86% of its
composition. These were used to investigate the kinetic parameters of adsorption and the
isotherm of the metals and the methylene blue dye in aqueous solutions. Three kinetic models,
pseudo-first order, pseudo-second order and intraparticle diffusion were used to predict
adsorption rate constants. The adsorption kinetics of the dye and metals followed the pseudo-
second order kinetics and reached equilibrium in 15 minutes with a 99% removal rate for
metals, independently of the pH. The values of the diffusion constants (K2) for iron in pH 5, 7
and 8 were 1.3158; 1.3881 e 0.6053 mg.g™.min? and for manganese 1.2511; 1.5239 and
1.4336 mg.gl.min, respectively. For methylene blue, the removal rate was 90% and the
constant (Kz2) value was 0.5437 mg.g™.min™’. The studies showed the existence of different
stages in the adsorption of the metals and the methylene blue dye in zeolite.

Keywords: coal ashes, water purification, zeolite.

Uso de zeodlita sintetizada a partir de cinzas de carvao de Santa
Catarina para remocao de ferro, manganés e o corante azul de
metileno em agua

RESUMO

As cinzas volantes de carvao, geradas em uma usina termelétrica, foram utilizadas para
sintetizar zedlita por tratamento hidrotérmico com solucéo de hidréxido de sodio. A zedlita
sintetizada foi utilizada como adsorvente de metais (Fe e Mn) e do corante azul de metileno em
agua. A caracterizacao da zedlita, mostrou que o 6xido de silicio é o principal composto na sua
composicao, seguido pelo aluminio, ferro, sodio e calcio, que juntos correspondem a mais de
86% da sua composicdo. Estas foram utilizadas para investigar os pardmetros cinéticos de
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adsorcéo e a isoterma dos metais e do corante azul de metileno em solugdes aquosas. Trés
modelos cinéticos, pseudo-primeira ordem, pseudo-segunda ordem e difusdo intraparticula
foram utilizados para prever as constantes da taxa de adsor¢do. A cinética de adsor¢do do
corante e dos metais seguiram a cinética de pseudo-segundo ordem e, atingiram o equilibrio em
15 minutos com uma taxa de remogdo 99% para os metais, independentemente do pH. Os
valores das constantes de difusdo (K2) para o ferro em pH 5, 7 e 8 foram 1,3158; 1,3881 e
0,6053 mg.gt.min e para 0 manganés 1,2511; 1,5239 e 1,4336 mg.g™t.min’%, respectivamente.
Para o0 azul de metileno a taxa de remocéo foi de 90% e o valor da constante (K2) foi de
0,5437 mg.gt.min. Os estudos também mostraram a existéncia de diferentes estagios na
adsorcéo dos metais e do corante azul de metileno em zeolita.

Palavras-chave: cinzas de carvao, purificacdo de agua, zeolita.

1. INTRODUCTION

Mineral coal is one of the more abundant and widely distributed fossil fuels in the world,
with proven global reserves of almost 1000 billion tons. It is found in subsoil deposits and
extracted by mining. Coal feeds most electricity production in several countries, like South
Africa (93%), Poland (92%), China (79%), India (69%) and the United States (49%) (Bukhari
etal., 2014).

In Brazil, the energy matrix results from several sources, and one of them is from mineral
coal burning, which generates about 1.3 to 1.5% of the electric energy used in the country. This
electricity generation through thermal electrical plants produces about 3 million tons of ashes
yearly, which were composed of 65 to 85% fly ash and 15 to 35% heavy ash (Cardoso et al.,
2015a). Around the world, about 500 million tons of fly ash and 100 million of heavy ash are
generated by year (Cunico et al., 2009).

Ash disposal directly on the environment maximizes negative environmental impact (Yao
et al., 2015). The main effort to minimize the impacts of the disposal of these residues in the
environment must be a search for enlarging potentialities for their use (Itskos et al., 2015).

Only 30 to 35% of fly ash are used to produce pozzolanic cement, fertilizers and in paving
(Hemalatha and Ramaswamy, 2017), while the heavy ash still does not have much commercial
application. There are several studies to use ashes in other fields, like metal removal of
industrial interest (Tang and Steenari, 2015), ceramic application (Luoa et al., 2017; Zhu et al.,
2016), geopolymer production (Mehta and Siddique, 2017; Dassekpo et al., 2017) and in the
synthesis of several zeolites (Ojumu et al., 2016; Cardoso et al., 2015b).

Mineral coal fly ashes are constituted basically of silica and alumina, and it is possible to
change them into zeolite material after hydrothermal treatment in an alkaline medium (Lee et
al., 2017; Fukasawa et al., 2017).

According to Ayele et al. (2016), zeolites are crystalline microporous materials, and during
the second half of the 20th century and the early decades of the 21st century, they have been
consolidated as important catalysts in processes in the oil refining, chemical and petrochemical
industries (Rehan et al., 2017), as well as in environmental control (Nekhunguni et al., 2017;
Wan et al., 2017).

Fly ash is an ideal precursor to zeolite production due to its composite similarity with
volcanic materials, SiO2 and Al.O3. Zeolite material is still characterized by high capacity for
cation exchange and good adsorption, which enables several industrial uses in water and liquid
effluent treatment. Therefore, they are an alternative to reduce environmental impacts due to
their disposition in the environment (Visa, 2016). This broad spectrum of applications is related
to the physical and chemical properties of these materials, which can be controlled during their
preparation for a specific application (Abdelrasoul et al., 2017).
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Activated coal has been widely used to remove contaminants from residual water due to
its large surface area and excellent capacity for adsorption of these composites; however, the
high cost has limited its usage (Simate et al., 2016; Mor et al., 2017). This fact aroused interest
to develop other low cost products using the residue generated in coal thermal electrical plants
(ashes) as raw material for the production of adsorbent (Attari et al., 2017). It is important to
mention that rapid industrialization and urbanization has led to the contamination of sediments
and water with metals and organic contaminants that created a pervasive problem worldwide.
Major sources of contamination include agricultural, human and industrial activities, spills,
drainage of mines and accidents.

Water and sediments containing these contaminants act as secondary sources of
contamination, posing significant direct and indirect environmental risks through
bioaccumulation in aquatic organisms and incorporation into aquatic food webs that may lead
to human exposure (Knox, 2016). In this way, the quality of water can easily degraded by
contaminants from anthropogenic activities and natural phenomena such as erosion and
volcanic activity. Among common contaminants, metals and metalloids may pose significant
risks to human life, living organisms and natural ecosystems because of their toxicity,
persistence, and accumulation potential (Calugaru et al., 2018).

It is important that wastewater that contains metals, especially iron (Fe) and manganese
(Mn), be treated properly for reuse applications or disposed of at the appropriate levels so as
not to have an impact on public health. Iron, although not a toxic element, presents several
problems for the public water supply. Besides conferring color and flavor to the water, it also
causes the development of deposits in pipes and iron-bacteria, causing the biological
contamination of the water. Unlike iron, manganese when inhaled may cause irritation,
respiratory tract infection, and pneumonitis. Therefore, developing simple and cheap new
technologies that enable the reduction of the pollution charge from water and industrial
effluents (residual water) are strategic studies to ensure the continuation of these activities in
industrial regions. Further, throwing contaminated wastewater in water chains reduces the
photosynthetic activity and affects the natural balance of biota (Nimick et al., 2011).

Within this context, the main objective of the present work was to synthesize zeolite from
coal ash and use it as an adsorbent in residual water treatment to remove metals (Fe and Mn)
and methylene blue dye.

2. MATERIALS AND METHODS

2.1. Materials and reagents

The methylene blue dye and the sodium hydroxide (NaOH) used in this study were
purchased with Vetec, purity > 99%. All other reagents (analytical-reagent grade) were
purchased from Merck. The iron chloride tetrahydrate (FeCl2.4H20O) and manganese chloride
tetrahydrate (MnCl2.4H20) were quantitatively dissolved in deionized water (Millipore Milli-
Q system) for preparing solutions containing ions Mn*? and Fe*2,

2.2. Synthesis of zeolite

Synthetic zeolite was prepared from fly ashes retained in the bag filter, collected in the
Usina Termelétrica Carbonifera Jorge Lacerda, which belongs to Tractebel Energia/ENGIE,
located in Capivari de Baixo town, Santa Catarina state, Brazil.

Zeolite synthesis was performed in two types of reactor, semi-open and closed. A closed
system reactor produced zeolite with morphological characteristics and appropriate chemical
purity, which agrees a description in the literature (Bruno, 2008).

To perform the reaction, 30 g of ash were placed inside the reactor, and the NaOH
(3.5 mol.L1) at 100°C mass variates (60 to 300 g) for 24 hours. After finishing the reaction, the
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suspension was filtered and the residue was washed repeatedly with deionized water until
achieving pH ~ 10. The residue was washed in a stove at 50°C for 12 h. It is important highlight
that zeolites were obtained in several proportions of ash and alkaline solution of NaOH; 1:2,
1:3, 1:4, 1.5, 1:6, 1:7, 1:8, 1:10. However, the relation 1:10 (m/m) presented the best chemical
and morphological characteristics.

2.3. Characterization of ash and synthesized zeolite

To perform the oxide analysis, 300 mg of sample (ashes or zeolites) were dissolved in
2 mL HF (hydrofluoric acid, Merck), 3 mL HNOs (nitric acid, Merck) and 2 mL HCI
(hydrochloric acid, Merck) concentrated for digestion in microwave (Provecto Analytical;
model: DGT LO0 PLUS) oven for 26 minutes. The digestion programming occurs in 5 steps:
Step 1 (5 min, 180 W); Step 2 (5 min, 0 W); Step 3 (5 min, 340 W); Step 4 (5 min, 0 W); and
Step 5 (6 min, 250 W).

After digestion was performed chemical composition analysis of coal ashes and/or zeolites
were carried out using the method AOAC (1977) using an Atomic Absorption
Spectrophotometer with a Graffiti oven (ETAAS), Model ZEEMAN 220, VARIAN.

Sulfur analysis was performed according to method 4500 SO3% B described in Standard
Methods for the Examination of Water and Wastewater (APHA, 2012).

2.4. Melting temperature analysis

For each ash sample, the following parameters were determined in relation to the melting
temperature ("C): deformation point (d.p.), ballpoint (b.p.), hemisphere point (h.p.) and pour
point (p.p.). To perform these determinations, a heating microscope with figure analysis and
optical dilatometer Model EM201 (Hesse Instruments) were used, using the standard DIN
51730.

2.5. Adsorption studies

2.5.1. Adsorption of methylene blue dye

To perform the determination of dye concentration during the kinetic experiments, a
calibration curve for the methylene blue was constructed. Initially, using 10 mg.L™ solutions, a
wavelength scan of 300 to 800 nm was made to determine the wavelength of higher absorbance
for methylene blue. The observed wavelength of greatest absorption was 650 nm. To determine
the concentration of the dye solutions throughout the experiments, a calibration curve was
constructed. For this, solutions were prepared in various concentrations (1 to 10 mg.L™t), whose
absorbances were measured in triplicate, and plotted as absorbances versus concentration. The
correlation coefficient was (R?) 0.99871.

The kinetic adsorption of methylene blue dye in batching system was carried out in
triplicate. Aqueous solutions were prepared in concentrations of 10 mg.L?, pH 5 and
environmental temperature 25 + 2°C. The pH was adjusted with hydrochloric acid solution
1 mol.L%. An aliquot of 100 mL of solution was added to 0.5 g adsorbent and the suspension
was agitated at 60 rpm (magnetic stirrer) by time intervals from 0 to 50 min. At the end of each
desired time period, 5 mL were removed and the solution was separated from the adsorbent by
gravitational filtration (filter paper). A supernatant portion was analyzed by spectrophotometry,
Model CARY 1G, Varian, at 650 nm.

The adsorption efficiency was calculated using Equation 1:

R = 100(Co—Cy) Q)
Co
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Where R is the adsorption efficiency (%), Cois the initial concentration of methylene blue
dye (mg L) and Cf is the final concentration of dye in time t (mg L™?).

The amount of dye adsorbed in the adsorbing stage was quantified according to Equation

V(Co—Cqr))
ey = —OM = (2)

Where Co is the initial concentration of methylene blue dye (mg.LY), C(t) is dye
concentration in time t (mg.L™), V is the volume of dye solution (L) and M is the adsorbent
mass (g).

2.5.2. Heavy metal adsorption

Kinetic adsorption of metals in batching system was performed in triplicate. Aqueous
solutions of iron chloride 1l (tetrahydrate) and manganese chloride Il (tetra hydrate) were
prepared in concentrations of 22 mg.L? in different pHs of 5, 7 and 8, and environmental
temperature of 25 + 2°C. These pH values were chosen because at pH below 5 solubilization of
the metals occurs and with pH above 8 precipitation of the metals under study may occur. The
solutions were adjusted to the desired pH using hydrochloric acid (0,1 mol.L™, standard) and
sodium hydroxide (0.1 mol.L™?, standard). Afterward, an aliquot of 100 mL of each solution
was added to 0.25 g of adsorbent (zeolite) and the suspension was stirred at 60 rpm (Magnetic
stirrer) for time intervals between 0 and 60 min. At the end of each desired time period, 5 mL
were removed and the solution was separated from the adsorbent by gravitational filtration
(filter paper). A supernatant portion was analyzed by spectrophotometry, using Spectroguant,
Model Nova 60, Merck. The Fe (1) and Mn (1l) were quantified in solutions using standard
Merck kits. A standard Merck kit was used to assess iron content, determination of iron II,
number 14770. To assess manganese, a Merck kit was used, determination of manganese I,
number 14896. Equations 1 and 2 were used to evaluate adsorption efficiency and the
concentration of metal adsorbed.

3. RESULTS AND DISCUSSION

3.1. Characterization of coal ash samples

Foremost, the chemical composition of 10 coal ash samples from the Usina Jorge Lacerda,
Tractebel Energia, ENGIE, located in the city of Capivari de Baixo, Santa Catarina state,
Brazil, was analyzed.

Physical, chemical and mineralogical characteristics of coal fly ash depends on several
factors, such as composition of the coal they are made from (precursor), combustion conditions,
type and efficiency of the emission control system and disposition methods used. Therefore,
generalizing on the chemical composition of ashes or on their behavior in the environment is
difficult. However, some characteristics are uniform for most ashes. Fly ashes are considered a
ferrous aluminosilicate mineral, with Al, Si, Fe, Ca, K and Na as predominant elements.

Results obtained by chemical composition analysis of ash are shown on Table 1. According
to the results presented, silicon oxide is a major composite of the analyzed samples, followed
by aluminum, iron and potassium, which together correspond to 76% of the mass composition
of ash samples.
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Table 1. Results of the analysis of chemical composition of ashes in terms of oxides,
determined by Atomic Absorption Spectrophotometry with Graffiti oven.

Si0O; AlLO; Fe0O; KO CaO TiO, Na,O MgO SOs;

Values %) (%) (%) (%) (%) (%) (%) (%) (%)
Average 63.46 6.07 472 182 039 141 0.75 0.79 0.58
Maximum 6698 11.32 510 265 087 176 0.84 0.29 0.82
Minimum 61.88 3.59 434 112 019 112 031 0.01 0.25

Standard deviation 3.28 230 028 024 025 026 018 0.07 0.18

Similar values were also observed in other works, like the one carried out by Fallavena et
al. (2013), who analyzed coal from the south of Santa Catarina; Van Dyk et al. (2009), who
analyzed the coal from South Africa; and Unuma et al. (1986), analyzing coal from the United
States of America and in Canada. On the other hand, Song et al. (2009), working with Chinese
coal, observed 28% calcium oxide in ash composition; Ozbayoglu and Ozbayoglu (2006),
studying the coal from Turkey, obtained ashes containing 49.62% iron oxide, 36.85% calcium
oxide and 32.95% sulfur oxide, as the maximum values after analyzing several samples. From
these results, it is possible to observe that the mining local of coal is fundamental for the
chemical composition of ash, which will influence its melting temperature (fusibility).

Results obtained for the melting point analysis are presented in Table 2. The coal physical
composition starts, on average, at 1285°C, when the deformation point is observed, and it
extends until 1456°C, which is its melting point. There is one variable among the values of the
melting point of ash that can be observed and, consequently, influences the physical behavior
of different samples of the analyzed ash (melting temperature).

Table 2. Results obtained for analysis of melting point of ash.

Values d.p.(°C) b.p.(°C) h.p.(°C) p.p.(°C)
Average 1285 1376 1412 1456
Maximum 1292 1383 1432 1594
Minimum 1275 1363 1394 1433
Standard deviation 30 7.2 125 7.5

3.2. Synthesized zeolite characterization

Hydrothermal synthesis was carried out using two models of reactors, the semi-open
system and the closed system. According to the data obtained, the semi-open system became
unfeasible for the zeolite synthesis, because it presented low performance (50%), low purity
content and a long time period, about 96 hours for the reaction to occur.

On the other hand, the closed reaction system showed more efficiency when compared
with the semi-open system, with a performance over 90%, good purity degree and a reaction
time of 24 hours.

In order to characterize the zeolite synthesized by the closed system, analysis of chemical
compositions (oxides) were performed. Results showed that silicon oxide is the major
composite in the analyzed samples, followed by aluminum, iron, sodium and calcium, that
together correspond to over 86% of mass composition of zeolite samples. In lower
concentrations, there are potassium, titanium sulfur and magnesium oxides and other
composites in amounts lower than 4%.

In Table 3, the results obtained from the analysis of chemical composition of zeolites
synthesized in a closed reactor are shown.
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Table 3. Results of chemical composites of zeolites.
Oxides SiO; AlLO; Fe0O; CaO Na,0O KO TiO, SO; MgO
% inmass 5991 796 872 503 501 331 160 126 1.07

Formation of zeolite can be observed during the synthesis process by means of the increase
of concentration of some oxides from the ash, mainly by the increase of concentration of
aluminum oxide.

According to the results obtained, there was an increase of aluminum and sodium oxides,
when compared to the content of these oxides in fly ash. In fly ash, the average content of
aluminum oxide was 6.07%, while sodium oxides attained 0.75%. In the synthesized zeolite,
the aluminum concentration obtained was 7.96% and the sodium concentration was 5.01%. The
melting point of synthesized zeolite was 1365°C.

It is important to highlight that the composites responsible for the formation of zeolite
before the hydrometric treatment are mainly amorphous SiO2 and Al>Os. While all the analyzed
coal ash samples presented similar percentages of mass for SiO, and Al.O3z, the amount of these
composites is probably different for each coal sample used for the formation of zeolites.

3.3. Kinetics of adsorption of metals

According to the data obtained, removal of iron and manganese by adsorbent was fast
initially, but decreased gradually with time until 15 minutes (balance time). In order to evaluate
the adsorption capacity in the balance time, studies were carried out for adsorption of Fe and
Mn, with time from 0 to 15 minutes, pH 5, 7 and 8.

Figure 1 shows the influence of contact time for ion adsorption of Fe(ll) and Mn(ll) in
zeolites, in solutions with pH 5, 7 and 8, with initial concentration of Fe(Il) and Mn(ll) equal
to 22 mg.L. It was possible to verify that the removal increases promptly during the initial
stages and the adsorption rate decreases progressively until achieving the start of balance,
around 5 minutes. In the first 3 minutes, Fe(Il) removal achieved 77.9, 96.3 and 96.8% with
pHs of 5, 7 and 8, respectively. After 10 minutes, removal reached 96, 99 and 99.34% with pHs
of 5, 6 and 7, respectively, corresponding to an average increase of about 19% (pH 5); 3% (pH
7) and 2.6% (pH 8) regarding the first 3 minutes. Kinetics reaches balance in 15 minutes with
average removal of 99%, regardless of pH. Similar results were observed for Mn (I1), and, after
15 minutes, a removal of 88.9, 99.4 and 99.77% with pHs of 5, 7 and 8, respectively, was
observed.

8 o«  ° —
O——————@—O0———
— 1 ] ~
: » . 8 A : —— —
6 /m
64
i 2 .
2 2 /
T = /
24 2]
u— pH5 pH 8
0 ® o— pH7 0 . e pH7
pH8 —s—pHS5
T T T x T T s. T T T
0 5 10 15 0 5 10 15
Time(minutes) Time (Minutes)
(a) (b)

Figure 1. Results of adsorption of iron (a) and manganese (b) in zeolite in relation to time in different
pH values.

AR Rev. Ambient. Agua vol. 13 n.4, €2224 - Taubaté 2018
IPABH?



8 Jair Juarez Jodo et al.

This velocity of major removal at the start is due to the larger available surface of
adsorbent. It is important to highlight that the contact time between adsorbate (Fe and Mn) and
the adsorbent (zeolite) is very significant for the treatment of water and/or wastewater by
adsorption. Fast removal of adsorbate and reaching the balance in a short time period indicates
that the adsorbent is very efficient under the evaluated conditions.

Another significant datum is the occurrence of a simple and continuous shape of the curve
until the saturation, what suggests a metal monolayer cover on the zeolite surface.

Comparing the results obtained for adsorption of iron and manganese ions in different pHs,
we observed that the best results were obtained at basic pH (pH 8), regardless of the metal
analyzed. Chemically, the basic pH provides metal adsorption, because in a basic medium metal
can become rusty, and this facilitates interactions between the adsorbate (metal) and the
adsorbent. At pH below 5, the solubilization of metals occurs, and at pH above 8 occurs the
precipitation of the metals which hinders adsorption.

These results prove that under the conditions studied the use of active zeolite is a good
adsorbent of water contaminants such as iron and manganese, since it is a strong cationic
changer and promotes a good chemical interaction with the molecules of the adsorbate

Data still showed that kinetic studies are important to determine the balance time. The time
is balanced when the amount of adsorbate that is being adsorbed by the adsorbent is in dynamic
balance with the amount of adsorbate that is being desorbed. The time required to achieve the
balance state reflects the maximum capacity of adsorbate by adsorbent under determined
operational conditions.

Kinetic parameters are also important to evaluate the velocity of adsorption and are used
to develop the kinetic models, and then understand what parameters influence the adsorption
process. Several mathematical models in the literature describe the kinetics of adsorption.
Among them, we can highlight the kinetics described by the models of pseudo-first-order,
pseudo-second-order and intraparticle diffusion. The application of these models depends on
the experimental data obtained.

Kinetic equation of pseudo-first-order is widely used to forecast the kinetics of adsorption
of some elements/composites. In this model, velocity of adsorption can be determined by a
velocity expression of pseudo-first-order by Lagergren (1898), for adsorption in a liquid-solid
system based on the solid adsorption capacity. Lagergren presumed that the adsorbate velocity
of removal, with time, is directly proportional to the difference in the concentration of saturation
and the number of solid active sites. The Lagergren kinetic equation is the most used one for
adsorption of an adsorbate of aqueous solution. Equation 3 gives the linear form of the pseudo-
first-order:

log1o(qe — q) = logyoqe — z,létst 3)

Where ge and g are amounts of metals adsorbed (mg.g™?) in balance and in time t(min),
respectively; ki is the constant of velocity of adsorption (min™). The constant ki can be
calculated from the inclination of the straight of the graph log (ge -q) vs t.

The results obtained were also analyzed using the model of pseudo-second-order
developed by Ho and colleagues (1996), in which the velocity of reaction depends on the solute
adsorbed amount on the adsorbent surface and the amount adsorbed in balance. The linear
model of pseudo-second-order is represented by the Equation 4:

1 1

= S+ =t (4)

t
a kq¢  qe
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Where ge and gt are the amount metals (Fe and Mn) adsorbed (mg.g™) in balance and time
t (min); kz is the constant of velocity of pseudo-second-order (mg.g.mint). According to the
data of the straight of the graph t/q versus t, the values of kz (g.mg™.min"?) and ge (mg.g?) can
be calculated. In contrast with the kinetic model of pseudo-first order, there is no need to know
some previous parameters, because this model already forecasts the behavior on the complete
adsorption period and it occurs according to an adsorption mechanism responsible by the
velocity control stage.

Kinetic models previously described usually cannot describe the kinetic adsorption. Then,
the intraparticle diffusion model can be used. According to Weber and Morris (1963), if the
intraparticle diffusion is a determinant factor for velocity, the adsorbate removal varies
according to the square root of time. Therefore, the intraparticle diffusion coefficient (kqi) is
determined by Equation 5:

qe = kqgit*? +C (5)

Where gt is the adsorbed metal amount (mg.g?), t (min) is the stirring time and C (mg.g™)
IS a constant related to the diffusion strengthening.

According to Equation 5, values of kg (mg.g*.min"*’2) and C can be obtained by inclination
and intersection of the graph curve q: vs t*, respectively. C values provide an idea about the
thickness of the limit layer; in other words, the higher the C value, the higher the effect from
the boundary (Dizge et al., 2008). There are studies showing that the graph can present
multilinearity, which characterizes different adsorption stages: external mass transference
followed by diffusion macro, meso and micro pore.

Tables 4 and 5 show the Kinetic parameters of iron and manganese adsorption by
synthesized zeolite, which were obtained by linear regression of curves for each model (Figures
2 and 3).

Table 4. Kinetic parameters for iron removal by zeolite.

Pseudo-first-order

K1 Q€calc
H Metal (mg.L? eexp. (MQ.gt R2
p (mg.L™) (min'Y) (mg.g™Y) Qeexp. (MY.9™)
5 22 1.2802 4.9946 7.0733 0.9522
7 22 0.7738 6.3067 7.9253 0.9751
8 22 0.7028 6.5690 8.2467 0.9753
Pseudo-second-order
Metal Kz Q€calc (eexp. )
pH 1 1 il 1 -1 R
(mg.L™) (mg.g*.min*)  (mg.g™) (mg.g™)
5 22 1.3158 7.0621 7.0733 0.9999
7 22 1.3881 7.9365 7.9253 0.9998
8 22 0.6053 8.2508 8.2467 0.9999
Intraparticle diffusion
Metal Kait Kadiz
Ri? C R2? C
(mgLh)  (mgglt??) l C (mggity 2
5 22 0.05514 0.92327 7.353508 0.05514 0.92327 8.81856
7 22 0.31535 0.61319 7.20586 0.0049 0.09338 7.9245
8 22 0.3428 0.6603 7.296 -0.0002 -0.0127 8.26204
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Table 5. Kinetic parameters for manganese removal by zeolite.

Pseudo-first-order

Metal K1 (e€calc Q€exp. 2
pH -1 in-1 -1 -1 R
(mg.L™) (min) (mg.g™) (mg.g™)
5 22 0.5327 45123 7.8120 0.9021
7 22 0.5161 4.6409 8.5800 0.8364
8 22 0.4645 45426 8.7093 0.8551
Pseudo-second-order
Metal KZ qE(;alc qeexp_ 2
pH 1 1 il -1 -1 R
(mg.L™) (mg.gt.min)  (mg.g™) (mg.g™)
5 22 1.2511 7.8864 7.8120 0.9994
7 22 1.5239 8.6730 8.5800 0.9991
8 22 1.4336 8.7796 8.7093 0.9994
Intraparticle diffusion
Metal Kai1 Kai 2
H Ri? C R2? C
PP mgLy  (mggtie) ' b (mggtt?) i i
5 22 1.49044 0.99701 4.34807 0.11601 0.83819  7.36975
7 22 2.01485 0.99642 3.9682 0.13678 0.85057  8.05818
8 22 1.58791 0.99684 4.,98573 0.15766 0.9426 8.10394
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Figure 2. Kinetic models of ion adsorption of iron on zeolite: (a) pseudo-first-order; (b)

pseudo-second-order; (c) Intraparticle diffusion.
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Figure 3. Kinetic models of ion adsorption of manganese on zeolite: (a) pseudo-first-
order; (b) pseudo-second-order; (c) Intraparticle diffusion.

A quantitative evaluation of the models studied was performed by comparison of
correlation coefficients (R2) and by calculated ge versus ge obtained experimentally.

When comparing data from Tables 4 and 5 with the correlation coefficient values
calculated for Lagergren’s pseudo-first-order and Ho’s pseudo-second-order kinetic models,
the values were higher than 0.9, which shows the applicability of both kinetic models. Tables 4
and 5 also show the kinetic parameters for each studied model.

Figures 2 and 3 show the experimental results obtained with Lagergren’s and Ho’s models
and intraparticle diffusion. The results analyzed show that the pseudo-second-order model (by
Ho) presented lower error when compared to Lagergren’s (pseudo-first-order). Lagergren’s
model presented a theoretical value well below the experimental value, despite its good linear
correlation (Tables 4 and 5). Further, when comparing the constant of velocity for both models,
k2 (Ho’s model) is about 2 times higher than ki (Lagergren’s model), regardless of the pH and
the metal (Fe and Mn) analyzed.

Still, the good concordance of theoretical results of Ho’s model with experimental data is
observed. It suggests the control of velocity must occur as an active or chemisorption
mechanism.

In order to obtain information on the mechanisms that affect the kinetic adsorption,
experimental results were applied to the intraparticle diffusion model proposed by Weber and
Morris (1963).
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Figures 2C and 3C show the diffusion model proposed by Weber and Morris (1963).
According to this model, if intrapore diffusion is the stage that controls adsorption, then the
graph gt vs t¥2 will result in a straight line and its angular coefficient will correspond to the
diffusion constant ki (mg.g2.min™/2). In practice, the process is not simple, because it involves
several straight segments in which each equation corresponds to an adsorption stage. The
balance is reached when the adsorption capacity g (mg.g™*) does not change over time and the
line observed is horizontal. This model suggests that, if the first straight segment (adsorption
initial stage) has a linear coefficient equal to zero (in other words, the straight segment cuts the
origin), then intrapore diffusion controls the adsorption process. However, if the linear
coefficient is different from zero, then the process that controls the adsorption might be an
intrafilm diffusion, whose thickness is attributed to the linear coefficient in mg.g™.

Figure 2C shows the stages involved in Fe(ll) adsorption on the zeolite adsorbent surface.
For time interval 0-10 minutes, the linear coefficients were different from zero and the diffusion
coefficients at pHs of 5, 6 and 7 were kdi = 0.055, 0.415 and 0.343 mg.g>.t “*2, respectively.

Similar results were obtained for Mn (11), as shown in Figure 3C. Diffusion coefficients
at pHs of 5, 6 and 7 were kdif(l) = 1.490, 2.014 and 1.587 mg.g™* .t /2, respectively .

In stage Il, both for Fe(Il) and Mn(ll), there is reduction of the diffusion constant until
reaching balance. Tables 4 and 5 show the parameter values for the Stages I and 1. Figures 2C
and 3C show the time in which the change from one stage to another occurs along the adsorption
process. According to the results, the Webber-Morris model does not allow easy knowledge
what happens near t=0. It is therefore not possible to foresee whether intrapore diffusion
predominates during the initial stages (previous to Stage I in the graph).

3.4. Adsorption kinetic of methylene blue dye

Data obtained from the calibration curve were used to evaluate the kinetics of dye removal.
Removal was calculated through the difference between the initial and final methylene blue dye
concentration in a determined time interval, using the zeolite as adsorbent. Data obtained are
shown on Figure 4.

0.8+
064

0.4

q(mg/g)

024

0.04 [

é ' ZrG 4‘0
Time(minutes)
Figure 4. Results of kinetic adsorption of
methylene blue in zeolite over time.

According to the results, it is possible to observe that the balance time was about 30
minutes and the adsorption efficiency average was above 90%. In addition, when the starting
process occurred, the competition of methylene blue molecules by the active sites of adsorbent
molecules was higher, and then, a higher concentration of dye was adsorbed in the first 10
minutes, near 50%. Data obtained from the adsorption process of methylene blue by zeolite
were analyzed applying Lagergren’s pseudo-first-order, Ho’s pseudo-second-order Kinetic
models and the intraparticle diffusion model.
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Figure 5 shows the results of the adsorption process of methylene blue in zeolites applying

the kinetic models previously described. Kinetic parameters obtained by data treatment for the
different models are shown on Table 6.
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Figure 5. Kinetic models for adsorption of Methylene blue over zeolite: (a) pseudo-first-order; (b)
pseudo-second-order; (c) intraparticle.

Table 6. Kinetic parameters for methylene blue removal by zeolite applying different kinetic

models.
Pseudo-first-order
Dye K1 Q€calc Q€exp.
. R2
(mg.L™) (min) (mg.g™) (mg.g™)
22 0.15236 1.0205 0.7141 0.9659
Pseudo-second-order
Dye K2 (€calc Q€exp.
. R?
(mg.L™") (mg.g™.min™) (mg.g™h) (mg.g?)
22 0.54370 0.7522 0.7141 0.9876
Intraparticle diffusion
Dye Kai 1 Kaiz
R12 C R2? C
(mg.L?)  (mg.glt?) 1 1 (mg.gLt 172) 2 2
22 0.1864 0.98681 0.0586 0.02129 0.97064 0.85977
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By means of the analysis of the kinetic data, the application of kinetic models studied was
observed, because the correlation coefficients (R?) were higher than 0.9, regardless of the model
studied. However, when comparing the constant velocity for the both models,
k2 (0.54370 mg.g™.min) is about 4 times higher than ki (0.15236 mint). Besides, the pseudo-
second-order model (by Ho) presented lower error when compared to the Lagergren one
(pseudo-first-order). Lagergren’s model presented a theoretical value (1.0205 mg.g™*) above the
experimental value (0.7141 mg.g1), despite the good linear correlation (Table 6). This indicates
that the model which better adjusts to experimental data was Ho’s model.

When analyzing data from the intraparticle diffusion graph, it is observed that the
correlation coefficient was higher than 0.9 and the line did not pass by the origin, which
indicates this stage is not decisive for adsorption velocity. Figure 5C shows the stages involved
in the adsorption of methylene blue in zeolite. At a time interval of 0-20 minutes, the linear
coefficient was different from zero, with a value equal to 0.0586. The diffusion coefficient for
this stage was kdi = 0,1864 mg.g™.t /2.

In Stage |Il, there was a constant reduction of diffusion from 0.1864 to
0.02129 mg.g .t 2 until balance was achieved.

Table 6 shows the values of parameters for Stages | and Il. Figure 5C shows the time in
which the change from one stage into another occurs along the adsorption process. The Webber-
Morris model does not allow knowledge of what happens near t=0. It is therefore impossible to
estimate whether intrapore diffusion predominates or not in initial stages (prior to the Stage |
in the graph). Some kinetic studies on the adsorption of methylene blue in zeolite showed
similar results. In other words, the process followed the velocity expression of pseudo-second-
order. These studies used synthetic and natural zeolite clinoptilolite as adsorbent materials
(Wang and Wu, 2006; Wang and Zhu, 2006; Wang et al. 2009).

4. CONCLUSIONS

Kinetic data showed that the adsorption of iron, manganese and dye increases faster during
the initial stages and that the adsorption rate decreases progressively until achieving the
beginning balance. Kinetic models reach equilibrium in 15 minutes, with a removal rate of 99%
for iron and manganese and 90% of methylene blue dye.

Kinetic studies also showed that the model which better corroborates the experimental data
is the pseudo-second-order model by Ho. Studies on intraparticle diffusion showed
multilinearity, which characterizes the different stages of adsorption of metal and dye, like the
external mass transference, followed by diffusion macro, meso and micropore.

Finally, the zeolite synthesized from mineral coal fly ash revealed potential to be used as
an alternative material to remove metals such as Fe and Mn and dye from wastewater. Further,
if the mineral coal fly ash is not appropriately discarded, as an adsorbent raw material they are
a continuous source of pollution in the environment.
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