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Abstract Coal fly ash, a waste generated at the Figueira

coal-fired electric power plant located in Brazil, was used

to synthesize zeolite by hydrothermal treatment with

NaOH solution at 100 �C for 24 h. The fly ash (FA) and

this synthesized zeolite (ZM) that was characterized pre-

dominantly as hydroxy-sodalite were used as adsorbents

for anionic dye indigo carmine from aqueous solutions.

The samples were analyzed by instrumental neutron acti-

vation analysis (INAA) for the determination of As, Co, Fe,

La, Mo, Na, Sb, Sc, Sm, Th, U and Zn. Effects of contact

time and initial dye concentration were evaluated in the

adsorption processes. The kinetics studies indicated that the

adsorption followed the pseudo-second order kinetics and

that surface adsorption and intraparticle diffusion were

involved in the adsorption mechanism for both the adsor-

bents. The Langmuir isotherm model provided the best

correlation of the experimental data. The maximum

adsorption capacity was found to be 1.48 mg L-1 for FA

and 1.23 mg L-1 for ZM. Laboratory leaching and solu-

bilization tests conducted to classify this ZM as if was a

waste residue according to the Brazilian regulation classi-

fied it as a residue non-hazardous and non-inert.

Keywords Fly ash � Zeolite synthesis � INAA � Indigo

carmine � Adsorption

Introduction

Organic dyes constitute one of the larger groups of pollu-

tants in wastewater discharged from textile and other

industries. However, their discharge into water has a severe

environmental impact. Among the most useful dyes, there

is indigo carmine that is used as textile colouring agent,

additive in pharmaceutical tablets and capsules, in con-

fectionery items and, for medical diagnostic purposes [1,

2]. The indigo carmine is considered as a highly toxic in-

digoid class of dye. Contact with it can cause skin and eye

irritations. It can also cause permanent injury to cornea and

conjunctiva [3, 4].

Adsorption is an important technique for metals ion,

color and any other pollutant removal from industrial

wastewaters and radioactive wastes. The prediction of

batch adsorption kinetics is necessary for the design of

industrial adsorption columns [5–7].

The coal-fired power plants in the southern of Brazil

produce approximately 3 Mt of ash per year, of which

65–85% is fly ash and 15–35% bottom ash. Great part of this

fly ash is applied as raw material for cement and concrete

production, while a small part is used in road-stabilizer, glass

composites and asphalt mixtures. The remaining solid

wastes are disposed in on-site ponds, nearby abandoned or

active mine sites, or landfills. There is a big concern related to

the non-use fly ash since is endangering surrounding surface

and ground waters as it can release different and potentially

toxic trace and major elements during and after its transport

to the dump. Further on, leached elements are entering soils

and sediments and through biosphere can enter food-chain.

The coal ash in the environment is exposed to various

influences, and solubilization processes take place, some-

times transforming almost insoluble metals to soluble spe-

cies, and leading to pollution of water and soil [8–11].
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Increasing concerns about the environmental conse-

quences of such disposal have led to investigations into

other possible utilization avenues. Furthermore, the con-

version of a low-cost waste product into a higher level

product would make the disposal of the remaining unused

ash far more economically viable [12]. Thus continuous

research is needed to develop an alternative technology for

utilizing coal ashes.

Several studies have been done to demonstrate that

material synthesized from coal fly ash can diminish the

leachable contents of hazardous metals in polluted soils

and water [13–15]. Investigations have also focused on the

adsorption of organic dye compounds from waste effluent

water using zeolites from coal fly ash [16–20]. These

synthesized zeolites are used for the adsorption and locking

up the hazardous metals, thus preventing them from

leaching into the environment.

This paper aims to predict the kinetic behavior for the

batch adsorption of indigo carmine dye on coal fly ash and

on zeolite synthesized from this fly ash, and to verify the

performance of this zeolite in locking up toxic elements

when is facing the leaching and solubilization environ-

mental conditions.

Experimental

Materials

All chemicals used in this study were of analytical grade.

Indigo Carmine (IC), which was used as a model anionic dye

in this work, was purchased from Vetec Quı́mica Fina Ltda

and considered as purity 100%. As shown in Fig. 1, IC has

two sulfonate groups, which have negative charges in

aqueous solution. The general characteristics of IC are

summarized in Table 1. The sample of fly ash (FA) collected

in the baghouse filter was obtained from a coal-fired power

plant located at Figueira County, in Paraná State, Brazil.

Zeolite synthesis

The zeolite was synthesized by hydrothermal activation of

20 g coal fly ash at 100 �C in 160 mL of 3.5 mol L-1

NaOH solution for 24 h [21]. The zeolitic material (ZM)

was repeatedly washed with deionized water to remove

excess sodium hydroxide until the washing water had pH

*10, then it was dried at 50 �C for 24 h.

Adsorbents characterization

The FA and ZM used as adsorbents were analyzed by

different techniques. Chemical composition of FA as raw

material as well as ZM, in the form of major oxides, was

determined by X-ray fluorescence (XRF) in a Rigaku RIX-

3000 equipment. Infrared (IR) spectroscopy analysis per-

formed with a FTIR Nexus 670 Thermo Nicolet was car-

ried out to study their structural features. X-ray diffraction

(XRD) with an automated Rigaku MiniFlex II diffrac-

tometer using Cu Ka radiation (k = 1.5405 Å) was used to

identify the main crystalline compounds. The crystalline

phases present in the samples were identified with the help

of ICDD (International Centre for Diffraction Data).

Adsorption studies

A stock solution was prepared in deionized water (Milli-

pore Milli-Q) and the solutions for adsorption tests were

prepared by diluting it. Concentrations of the aqueous

solutions of dye were monitored on UV/Vis spectropho-

tometer (Varian—model Cary 1E) at 610 nm, the maxi-

mum of absorption peak of IC. The adsorption was

performed using the batch procedure. Kinetic experiments

were carried out by shaking 0.25 g of adsorbents with

25 mL of the IC solutions of known initial dye concen-

tration at room temperature (25 ± 2 �C) in a shaker

operated at 120 rpm. The samples were withdrawn from

the shaker at different time intervals, centrifuged and the

concentration in the supernatant solution was determined.

For adsorption isotherms, IC solutions of different con-

centrations ranging from 2.8 to 23.8 mg L-1 were agitated

with 0.25 g of FA e from 2.9 to 18.2 mg L-1 with the same

amount of ZM, also at room temperature. The adsorption

capacity (mg g-1) of adsorbents was calculated using

Eq. 1:

qe ¼
V C0 � Ceð Þ

M
ð1Þ

where qe is the adsorbed amount of dye per gram of

adsorbent, C0 and Ce the concentrations of the dye in the

initial solution and equilibrium, respectively (mg L-1);Fig. 1 Chemical structure of IC

Table 1 General characteristics of IC dye

Chemical name Indigo carmine

Color index 73015

Chemical formula C16H8N2Na2O8S2

Molar mass (g mol-1) 466.36

kmax (nm) 610
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V the volume of the dye solution added (L) and M the

amount of the adsorbent used (g).

Instrumental neutron activation analysis (INAA)

About 100 mg of FA, ZM and reference material were

weighted in polyethylene bags. The accuracy of the results

was determined using IAEA standard reference material

SOIL-7. For irradiation, the samples, reference material

and element standards were simultaneously submitted to a

thermal neutron flux in the range of 3.5–5.0 9

1012 n cm-2 s-1 for 8 h at the nuclear research reactor

IEA-R1 of the Nuclear and Energy Research Institute,

IPEN/CNEN-SP, São Paulo, Brazil. After appropriate

decay periods, c-ray spectra of samples, reference material

and element standards were measured using High-purity

Ge (HPGe) detector Model POP-TOP (EG&G Ortec, Oak

Ridge, TN, USA). This detector was coupled to an EG&G

Ortec card and associated electronics. Spectrum analysis

was carried out using VISPECT software, in TURBOBA-

SIC language.

Leaching and solubilization tests

A ZM sample was submitted to leaching and solubilization

tests for waste classification according to Brazilian regu-

lation. The procedures for obtention of leaching extraction

and for obtention of solubilized extraction of solid wastes

are described at ABNT Norms [22, 23]. Ten grams of ZM

sample with diameter particles with less than 9 mm were

placed in a bottle and 193 mL of acetic acid solution (pH

2.88 ± 0.05) were added and agitated for 18 h at 30 rpm.

After filtration with GF membrane (0.45 lm), leachable

compounds were extracted, and the elements were ana-

lyzed. In the solubilization test, 100 mL of ultrapure water

was added to 25 g of ZM and this suspension was agitated

for 5 min and after it was allowed to stand for 7 d. After

filtration, the soluble compounds were extracted and the

elements were analyzed by inductively coupled plasma

optical emission spectrometry (ICP-OES) in a Spectro-

Flame M120 spectrometer from Spectro Analytical

Instruments and by graphite furnace atomic absorption cold

vapor spectrometry (GFAAS) in an Analyst 800 from

Perkin-Elmer.

Results and discussion

Characterization of the adsorbents material

The chemical composition of FA and ZM determined by

X-ray fluorescence (XRF) is shown in Table 2. The

materials were characterized mainly as silica, alumina, iron

oxide and sodium oxide. A significant amount of Na ele-

ment is incorporated in the zeolitic product due to the

hydrothermal treatment with NaOH solution.

The Fig. 2 compares spectra of FA and ZM. Spectrum

(Fig. 2a) of the original FA possesses three absorption

bands at 1058.7, 777.2 and 455.1 cm-1. The 1058.7 and

455.1 cm-1 bands are due the asymmetric stretching and

the bending vibration modes of T–O bands, respectively

(where T = Si or Al). The 777.2 cm-1 band is assigned to

the symmetric stretching vibration mode of O–T–O groups

[24, 25]. The band at 1058.7 cm-1 in the FTIR spectrum of

FA became sharper and shifted to lower frequency

(981.6 cm-1) in the FTIR spectrum of ZM (Fig. 2b) indi-

cating the formation of a new product that is associated

with the dissolution of the fly ash amorphous phase in the

strong alkaline activation solution [26]. A broad intense

OH stretching band and a weaker H–O–H deformation

band were observed at 3461.7 and 1621.9 cm-1 in the FA

spectrum and, 3455.9 and 1646.9 cm-1 in the ZM spec-

trum; the appearance of these bands define H–O–H

deformation generally regarded to be indicative of the

presence of a hydrated compound whose constitutional

water is tightly bound to the molecular structure of the

compound [27].

The FA pattern XRD (Fig. 3a) shows Cu Ka peaks at

20.9�, 26.6�, 50.1�, 67.9� positions which using the ICDD

pattern data base indicated the predominant presence of

quartz (ICDD 001-0649). The presence of the small peaks

at 16.7�, 26.2�, 60.1� (ICDD 002-0430) could represent the

presence of some amount of mullite. XRD analyses of ZM

(Fig. 3b) indicated that NaOH hydrothermal treatment

predominantly led to the formation of hydroxy-sodalite

(ICDD 011-0401), whose chemical formula is Na4Al3Si3
O12(OH).

Table 2 Chemical composition of FA and ZM

Compound FA (wt%) ZM (wt%)

SiO2 42.4 40.9

Al2O3 17.5 24.4

Fe2O3 6.38 11.7

Na2O 1.18 10.9

CaO 1.09 5.03

K2O 2.82 2.31

TiO2 0.868 1.60

SO3 0.400 1.26

MgO 0.539 1.07

ZnO 0.181 0.300

AsO3 0.178 –

SiO2/Al2O3 2.42 1.68
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Effect of contact time and of initial dye concentration

The relation between removal of IC and time with the

adsorbents were studied to verify the rate of dye removal. As

seen in the Fig. 4, lowest concentration showed the highest

% removed IC and, the efficiency of dye removal was

increased as the agitation time increased. The removal

decreased from 100 to 84% by increasing FA concentrations

from 4.4 to 14.7 mg L-1 (Fig. 4a), whereas when using ZM

as adsorbent the removal was decreased from to 95 to 90%

with concentrations from 3.6 to 11.0 mg L-1 (Fig. 4b). Dye

adsorption equilibrium was established faster with FA which

required 45 min whereas with ZM it was necessary 240 min

to attain the equilibrium. These equilibrium times were used

in all subsequent adsorption tests. The adsorption curves are

smooth and continuous suggesting the possible of monolayer

coverage of the IC on the adsorbents surfaces [13, 28]. The

rapid adsorption at the much slower initial contact time for

FA is probably due to the facility for dye molecules to reach

the available surface sites than for ZM.

Kinetic study

In order to investigate the adsorption processes of IC onto

adsorbents, pseudo-first order and pseudo-second order

kinetic models were applied to the experimental data.

The linearized form of the pseudo-first order rate

equation by Lagergren is given by Eq. 2:

log qe � qtð Þ ¼ log qe �
k1t

2:303
ð2Þ

where qt is the amount of dye adsorbed at time t (mg g-1),

qe is the adsorption capacity at equilibrium (mg g-1), k1 is

the equilibrium rate constant of pseudo-first order (min-1)

and, t is the contact time (min). Values of k1 were obtained

from the slopes of the linear plots of log(qe - qt) versus t,

as shown in Fig. 5.

The intercept of the straight line plots of log(qe - qt)

against t should be equal log(qt). However, if the intercept

does not equal qt, then the reaction is not likely to be a first

order reaction even this plot has high determination coef-

ficient with the experimental data [7].

(a)

(b)

Fig. 2 FTIR spectra of a FA and b ZM

(a)

(b)

Fig. 3 DRX diffractometers of a FA and b ZM (Q = quartz; M =

mullite; H = hydroxysodalite)
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The experimental qe values (Table 3) did not agree with

the calculated ones obtained from the linear plots, indi-

cating that the pseudo-first order model does not reproduce

the adsorption kinetics of IC onto FA and ZM.

The linear form of pseudo-second order kinetic model

[29] is expressed by Eq. 3:

t

qt
¼ 1

k2q2
e

þ 1

qe

t ð3Þ

where qt is the amount of dye adsorbed at time t (mg g-1),

qe is the adsorption capacity at equilibrium (mg g-1), k2 is

the equilibrium rate constant of pseudo-second order

adsorption (g mg-1 min-1). By the straight lines plots of t/

qt against t for FA (Fig. 6a) and for ZM (Fig. 6b) was

possible to calculate the values of k2 from the intercepts

and, qe from the slopes.

The k2 and qe determined from the model are presented

in Table 3 along with the corresponding determination

coefficients. The values of the calculated and experimental

qe are close to FA and also to ZM, and the calculated

determination coefficients (R2
2) are also very close to unity.

Hence, the pseudo-second order model better represented

the adsorption kinetics. It is also observed from Table 3

that the k2 constant value decreases with increasing initial

IC concentration for both adsorbents. This behavior can be

attributed to the lower competition for the adsorption sur-

face sites at lower concentration. At higher concentrations,

the competition for the surface active sites will be high and,

thus lower adsorption rates are obtained [30]. Similar data

had been observed in the adsorption of IC by rice husk ash

[31].

The prediction of the rate-limiting step is an important

consideration since the adsorbate transport from the solu-

tion phase to the surface of the adsorbent particles may

occur in one or more steps [31]. The possibility of

intraparticle diffusion affecting the adsorption process was

investigated by using the intraparticle diffusion model from

Weber and Morris [32] following the Eq. 4:

qt ¼ kidt1=2 þ C ð4Þ

where kid is the intraparticle diffusion rate constant

(mg g-1 min-1/2), and C is the intraparticle diffusion

constant (mg g-1). The constants kid and C can be

(a)

(b)

Fig. 4 Effect of time and initial concentration on removal of IC by

a FA and b ZM

(a)

(b)

Fig. 5 Pseudo-first order adsorption kinetics of IC onto a FA and

b ZM
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obtained, respectively, from the slope and intercept of the

plot of qt versus t1/2. The relative values of C give an idea

about the boundary layer thickness, i.e., the larger the

intercept value, the greater the boundary layer effect [33–

35]. The plots (Fig. 7) show that there are not linearity over

the whole time indicating that more than one step is con-

trolling the adsorption process [31]. The first step (not in

the plot), the external surface adsorption is observed from 0

to 1 min for FA (Fig. 7a) and, from 0 to 30 min for ZM

(Fig. 7b). Then the intraparticle diffusion control is

attained and continues from 1 to 10 min for FA and, from

30 to 120 min for ZM. Finally, the final equilibrium

adsorption (step 3) starts from 10 min to FA, and 120 min

to ZM in the IC adsorption process [36].

It is observed from Table 4 that the C values increase

with increasing IC initial concentrations, implying that the

boundary layer diffusion mechanism becomes more sig-

nificant when the dye concentration increases [30].

Adsorption isotherms

In adsorption in a solid–liquid system, the distribution ratio

of the solute between the liquid and the solid phases is a

measure of the position of equilibrium. The preferred form

of depicting this distribution is to express the quantity qe as

a function of Ce at a fixed temperature and an expression of

this type is termed an adsorption isotherm [37].

The analysis of the isotherm data is important to develop

an equation which accurately represents the results and

which could be used for design purposes [7]. Several

adsorption isotherm equations are available and the two

most used are Langmuir and Freundlich isotherms. The

data obtained from the isotherm studies were tested for

applicability to these two isotherm models.

The Langmuir isotherm assumes that the sorption takes

place at specific homogeneous sites within the adsorbent

[34]. The linear form of Langmuir isotherm is represented

by the Eq. 5:

Ce

qe
¼ 1

Q0b
þ Ce

Q0

ð5Þ

where Ce is the equilibrium concentration (mg L-1), qe the

amount adsorbed at equilibrium (mg g-1), Q0 the adsorp-

tion capacity (mg g-1) and, b is the energy of adsorption

(Langmuir constant, L mg-1). The values of Q0 and b were

calculated from the slope and intercept of the linear plots

Ceqe
-1 versus Ce which give a straight line of slope 1/Q0

that corresponds to complete monolayer coverage

(mg g-1) and the intercept is 1/Q0b (Figs. 8a, 9a). The

experimental results fit the linearized Langmuir isotherm

Table 3 Pseudo-first order and pseudo-second order parameters for IC adsorption onto FA and ZM

Adsorbent Pseudo-first order model Pseudo-second order model

IC (mg L-1) qe exp (mg g-1) k1 (910-2 min-1) qe calc (mg g-1) R1
2 k2 (g mg-1 min-1) qe calc (mg g-1) R2

2

FA 4.4 0.440 56.9 0.194 0.925 25.4 0.439 0.999

6.7 0.656 39.2 0.329 0.906 5.17 0.661 0.999

14.7 1.24 16.3 0.788 0.823 0.489 1.29 0.999

ZM 3.6 0.338 3.45 0.269 0.953 0.104 0.329 0.990

7.3 0.672 3.09 0.870 0.931 0.587 9 10-2 0.740 0.999

11.0 0.990 1.47 0.771 0.966 0.240 9 10-2 1.14 0.999

(a)

(b)

Fig. 6 Pseudo-second order adsorption kinetics of IC onto a FA and

b ZM
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for IC adsorption in both adsorbents over the investigated

concentration range and the determination coefficients can

be seen from Table 5. The values close to the unity for the

determination coefficients support the assumption that the

adsorption process follows the Langmuir model.

The Freundlich isotherm is derived by assuming a het-

erogeneous surface with a non-uniform distribution of heat

of adsorption over the surface [38]. The logarithmic form is

shown as Eq. 6:

log qe ¼ log KF þ
1

n
log Ce ð6Þ

where KF [(mg g-1 (L mg-1)1/n)] and n are the Freundlich

constants related to adsorption capacity and adsorption

intensity of adsorbents, respectively. They were calculated

from the intercept and slope of the plot log qe versus log Ce

(Figs. 8b, 9b).

The isotherm constants and determination coefficients

calculated for Langmuir and Freundlich equations are

given in Table 5. The experimental results do not fit the

linearized Freundlich isotherm for both adsorbents over the

investigated concentration range since the determination

coefficients are far from the unity.

The FA and ZM have good potential to be used as

adsorbent for the removal of indigo carmine from water.

Similar behavior and result were observed by Brito et al.

[39] when investigated the adsorption of IC onto Brazil nut

shells.

(a)

(b)

Fig. 7 Intraparticle diffusion plot for adsorption of IC onto a FA and

b ZM

Table 4 Intraparticle diffusion constants for IC adsorption onto FA

and ZM

Adsorbent IC
(mg L-1)

C

(mg g-1)

kid
a

(mg g-1 min-1/2)

Rid
2

FA 4.4 0.370 0.0229 0.912

6.7 0.480 0.0549 0.924

14.7 0.568 0.159 0.965

ZM 3.6 0.187 0.0145 0.926

7.3 0.240 0.0357 0.993

11.0 0.269 0.0554 0.997

a Second step

(a)

(b)

Fig. 8 a Langmuir isotherm and b Freundlich isotherm plot of

adsorption of IC onto FA
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Leaching and solubilization tests in ZM

The fly ash composition varies as a function of the coal

source, but is generally enriched in a number of trace

elements which may potentially become bio-available in

environment applications [8]. Fly ashes trace elements

analysis from Figueira Power Plant carried out by Depoi

et al. [9] demonstrated that the average concentrations of

some elements (As, Cd, Mo, Pb, Tl, U, Zn, and Hg) were of

environmental concern since they are higher than in other

Brazilian coals which in turn are, in general, similar to the

mean for coals from other countries. During the fly ash

zeolitization these harmful elements dissolves into the

alkaline solution, and are not incorporated into zeolites

[40]. Therefore, before using the zeolitic material synthe-

sized from fly ash in the water treatment, trace analyses of

some elements were carried out in the FA and in the ZM in

order to confirm the decrease of these elements during the

zeolite synthesis process. The mean value concentration

and standard deviation obtained using INAA are presented

in Table 6.

A considerable reduction in the elements contents was

attained in the fly ash zeolitization, as arsenic that

decreased almost 98%. Only sodium was higher in the ZM,

what was expected since NaOH solution works as an

activator during the hydrothermal process.

Then, a ZM sample was submitted to leaching and

solubilization tests [22, 23] for solid waste classification

according to Brazilian regulation. Elements listed in the F

annex of the ABNT norm [41] were analyzed and classified

according to the toxicity by leaching of elements. Residues

that present leaching concentration of elements above

indexes are considered Class I, ‘‘hazardous waste’’. For

results under index limits, samples are considered Class II,

‘‘non-hazardous waste’’. The Table 7 presents the analyti-

cal results for elements found in the extracts from leaching

assay.

As the ZM was considered as residue Class II, non-

hazardous waste, a solubilization test must be carried out in

Class II samples to determine if non-hazardous elements

are soluble in water for further defining Class II ‘‘inert’’ or

‘‘non-inert’’ waste. Elements listed in the G annex of the

ABNT norm [41] were analyzed and classified according to

the toxicity by solubilization of elements. The Table 8

(a)

(b)

Fig. 9 a Langmuir isotherm and b Freundlich isotherm plot of

adsorption of IC onto ZM

Table 5 Langmuir and Freundlich parameters for the adsorption of

IC onto FA and ZM

Adsorbent Langmuir Freundlich

Q0 (mg g-1) b (L mg-1) R2 KF
a n R2

FA 1.48 1.80 0.987 0.82 3.50 0.654

ZM 1.23 3.47 0.988 0.90 8.13 0.882

a [(mg g-1 (L mg-1)1/n)]

Table 6 Chemical elements in the adsorbents analyzed by INAA

Element FAa (lg g-1) ZMa (lg g-1)

As 1627 ± 48 29 ± 5

Co 21.5 ± 2.9 16.5 ± 0.2

Fe 77194 ± 32407 46727 ± 819

Lab 114 ± 1 82 ± 16

Mob 672 ± 14 368 ± 84

Na 9862 ± 174 69382 ± 20299

Sb 20.5 ± 0.1 4.2 ± 0.5

Sc 32.8 ± 4.4 23.0 ± 0.1

Sm 33.6 ± 1.6 22.0 ± 5.4

Th 533 ± 81 383 ± 6

U 345 ± 1 225 ± 43

Zn 2318 ± 321 1468 ± 53

a Mean and standard deviation of two determinations
b Elements that can be fission products
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presents the analytical results for elements found in the

extracts from solubilization assay.

The concentrations of Al, As, Pb, Fe and Na were

superior to the allowed limit values to the solubilization

assay, then according to the norm, ZM is classified as

residue Class II ‘‘non-inert’’, i.e., non-hazardous and non-

inert.

As the concentrations of elements are, in general,

highest in the fly ashes from Figueira, zeolite synthesis

with fly ash from other power plants from Brazil should be

made in order to verify if the toxic elements could be

removed or mobilized during the zeolitization.

Besides the concern with the pollution caused by FA and

ZM to the environment, there is also a greater awareness

about the quality of final water after the treatment with

these adsorbents. An investigation demonstrated that acute

toxicological studies with Daphnia similis done with the

water obtained after the treatment with the same FA and

ZM for reactive remazol red RB dye removal caused 100%

organisms death when the adsorbent in the adsorption

process was the FA. When the ZM was the adsorbent and

the treated water was neutralized (pH of about 7) acute

toxicological studies with D. similis demonstrated that the

toxicity was eliminated [42]. Similar tests should be done

with the indigo carmine.

Conclusion

The present study showed that is possible to convert fly ash

into zeolitic material by alkaline hydrothermal treatment.

The X-ray diffraction analysis demonstrated it predomi-

nantly to be hydroxy-sodalite. This zeolite synthesized

from fly ash is a promising adsorbent for removal the

anionic dye indigo carmine. The pseudo-second order

model provides the best correlation of the experimental

data and intraparticle diffusion is involved in the adsorp-

tion process, but it is not the only rate-limiting step. The

equilibrium data fit with the Langmuir isotherm. The

adsorption capacity for ZM was found to be 1.23 mg g-1.

Laboratory leaching and solubilization tests conducted to

classify the zeolitic material (as if was a waste solid resi-

due) according to the Brazilian regulation classified it as a

residue non-hazardous and non-inert. Although the fly ash

used in this study demonstrated to have a little better

adsorption capacity (1.48 mg g-1) than zeolitic material,

more research is required to assess all the risk of using it as

adsorbent to the environment because leaching tests with

water showed that several elements are extracted in high

proportions.
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