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ABSTRACT

In this work, zeolite, Controll M.F. 574" was characterized and its adsorption properties
were evaluated for the removal of iron (Fe) and manganese (Mn) from natural water,
compared with a synthetic solution. Characterization by dispersive X-ray and X-ray
diffraction identified a semi-crystalline structure and the presence of magnesium aluminium
silicate, quartz and iron and manganese oxides. The results of the adsorption isotherms
verified that the adsorption of iron followed a linear model indicating that physisorption
occurred. The adsorption of manganese was better adjusted to the Langmuir model,
indicating the formation of a monolayer on the surface of the adsorbent. The kinetic results
were best adjusted to the pseudo-second-order model with a correlation coefficient of
0.99 for adsorption of both elements. The results showed that the zeolite studies showed
good adsorption capacity for Fe (74%) and Mn (66%) in natural water. The concentrations
of these metals were below the values permitted by Brazilian legislation.

Keywords: Adsorption studies; Zeolite; Controll M.F. 574%; Tron; Manganese; Natural water

1. Introduction

The removal of trace elements from surface water,
groundwater and wastewaters is an essential social
and environmental subject because of their detrimental
effects to water quality and their toxic characteristics

*Corresponding author.

for living beings. Many studies investigated environ-
mental effects associated with these elements such as
arsenic [1-4], zinc [5], silver [6], mercury [7], chromate
[8] and cadmium [9]; however, studies of Fe and Mn
are less reported for the treatment of potable water.
Some substances in the water may change their
organoleptic and aesthetic properties, for example Fe
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and Mn salts. These salts are present in many fresh
waters but may also be present because of under-
ground pollution. Excess Fe and Mn in potable water
cause operational and aesthetic problems such as taste,
odour and high turbidity and can stain kitchen uten-
sils, bath accessories and laundered clothes. [10,11].
According to Resolution RDC No. 269/2005 of the
Brazilian National Agency for Sanitary Surveillance
(ANVISA), the Recommended Daily Intake of Fe and
Mn for adults is approximately 14 and 2.3 mg, respec-
tively [12]. Excess ingestion can cause lesions in the
pancreas, lung inflammation, nausea and headaches
[13,14].

The Health Ministry of Brazil [15] set by the gov-
ernmental decree 2914/2011 a maximum acceptable
drinking water concentration for Fe and Mn of 0.3 and
0.1mgL~", respectively. These values are according to
World Health Organization [16].

To achieve these limits, methods for removing
these metals mainly consist of the physico-chemical
process of aeration that accelerates the oxidation of
soluble Fe and Mn species and subsequently removes
hydroxides or oxides by sedimentation and filtration.
However, this process produces a large volume of
sludge for disposal [17]. Another useful but expensive
method is oxidation with stronger oxidants (potassium
permanganate, chlorine and ozone), which generates
insoluble compounds of these metals which are
removed via decantation and/or filtration. However,
several of these reagents can form undesirable com-
pounds, such as trihalomethanes, which are poten-
tially carcinogenic and are harmful to the population
[18,19].

An unconventional method to remove these metals
involves a biological process that cultivates oxidant
specific micro-organisms in a filter medium, thus the
oxidized metals are retained in the medium. However,
the disadvantages to this method are that the biologi-
cal process requires a long period of time (a few
months) for the development and stabilization of the
culture of micro-organisms and the careful control of
operating conditions because of the sensitivity of
micro-organisms to environmental conditions [19,20].

There has been some research into finding a cost-
effective method for the removal of these metals. For
example, adsorption has been shown to be a low-cost
technique when natural or synthesized materials are
used as adsorbents. The adsorption process can reduce
the downstream metal concentration to subparts per
billion levels. Many adsorbents have been investigated
for Fe and Mn in water including activated carbon
[21], natural adsorbents [22,23], coal adsorbents [24],
clay minerals [9] and zeolites [25,26]. These materials
have different adsorption capacities that depend on
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the sorbent mass, pH, contact time and initial concen-
tration of the metals in the solution.

Zeolites have received increasing attention in the
context of potable water and wastewater treatment
[1,27-30]. These materials occurring, naturally or syn-
thetic, are aluminosilicates with a porous three-dimen-
sional structure. Aluminium ions create negative
places and to keep the crystal neutrally charged, other
ions are present such as Na*, K7, Ca%* or H*. These
cations are exchangeable with certain cations in solu-
tions such as zinc, cadmium, lead, silver, arsenic and
manganese [1,28,31,32]. Zeolites have good capacity of
adsorption and this makes them a suitable material
for the removal of metals in aqueous media. Further-
more, the possibility of the reuse of these adsorbents
without losing the adsorption capacity is remarkable
[31,32].

Some of these adsorbents had evaluate the removal
of Fe and Mn at high concentrations. However, in
Brazil, some surface water used for public supply has
low concentrations of Fe and Mn (less than 1.0mg L™,
then it is necessary to evaluate the removal of these
elements in this range. Even at these low concentra-
tions, these metals can contribute to the hardness of
the water and its accumulation in distribution
networks.

The aim of this study was to evaluate the
adsorption behaviour of Fe and Mn using a commer-
cial zeolite, Controll M.F. 574%, in natural water, with
a concentration below 1.0mgL™ in order to be
applied for the treatment of water for public supply.
Tests of the adsorption of iron and manganese in
batches were performed to verify the adsorption
capacity and adsorption rate by zeolite.

2. Materials and methods
2.1. Study area

Natural water evaluated in this study is from the
source of supply of Water Treatment Plant, Jurere
Internacional neighbourhood, located in Florianopolis-
SC, Brazil.

2.2. Adsorbent material

The adsorbent material employed in this study
was the commercial zeolite, Controll M.F. 574%®
supplied by the Controll Master Industrial located in
Sete Lagoas, Minas Gerais, Brazil. The composition of
this material is based in minerals of oxides of iron and
manganese and the particle size used in adsorption
experiments ranged from 0.355 to 0.850 mm according
to the manufacturer.
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2.3. Characterization of adsorbent material
2.3.1. Morphological and elemental analysis

The zeolite was characterized using a scanning
electron microscope combined with an X-ray energy
dispersive spectrometer (Philips XL 30). A sample of
the adsorbent material was plated with a thin layer of
gold plating on a P-52 Diod Sputtering System.

2.3.2. X-ray diffraction

The chemical composition of the zeolite was
obtained by X-ray diffractogram (XRD) from the pow-
dered sample at room temperature on a Philips X'Pert
diffractometer with Cu K, radiation (1=1.54056 A).
The 26 scan was performed at 0.01 degrees every 2s.

2.4. Leaching test

This test was conducted to evaluate the characteris-
tics of the zeolite wash effluent and to determine
whether it satisfies the effluent requirements of Reso-
lution 357/2005 of the Brazilian National Council on
the Environment (CONAMA) [33].

In an Erlenmeyer (500 mL) flask, 10g of zeolite
was added to 200mL of ultra-pure water (pH 6.21).
This Erlenmeyer was constantly agitated (29 rpm) for
18 h at room temperature. After the test, the superna-
tant was filtered through a cellulose acetate membrane
(0.45 pm porosity) to remove suspended solids, and
then, the pH was determined (pH meter Alfakit—AT
310). The filtrate was placed in polyethylene bottles
and acidified with HNO; (1.0%) for subsequent chemi-
cal analysis by Inductively Coupled Plasma-Mass
Spectrometry (model Elan 6000 Perkin-Elmer Sciex,
Thornhill, ON, Canada) [34].

2.5. Batch sorption experiments

As a first step, the batch tests may help in choos-
ing the composition of new filter media, unlike con-
ventional filter (sand + anthracite coal). For this, tests
of adsorption isotherm and adsorption kinetic were
conducted to evaluate the adsorption of Fe and Mn.

2.5.1. Adsorption isotherm

The adsorption isotherm of iron and manganese
was determined to assess the potential for adsorption
of these metals by zeolite because this could be used
in filtration systems of water treatment processes for
public supply.
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In this test, a stock synthetic solution was prepared
with FeSO,.7H,O (160 mg L™ and MnSO,.H,O (130
mgL™"). The solution was pH-adjusted with
Na,HPO,/NaH,PO, buffer to approach the value
found in natural waters. Fe and Mn were measured
using the colorimetric methods Ferrozine® (L.D.: 0.009
mgL™") and PAN® (L.D: 0.007mgL™"), respectively,
on a HACH Spectrophotometer—DR /4000U [35].

To perform the adsorption isotherm experiments,
several solutions with different concentrations of Fe
and Mn (0.05-100mgL™") were prepared by dilution
of the stock synthetic solution. In individual
Erlenmeyer flasks (125mL), 0.200 grams of zeolite was
weighed and added to 50 mL of solution with differ-
ent Fe and Mn contents. The solution was stirred for
24h to ensure that equilibrium was reached. The
supernatants were filtered through a cellulose acetate
membrane (0.45um porosity) to remove suspended
solids. The filtrates were placed in polyethylene bot-
tles to directly determine the remaining concentrations
of Fe and Mn using the colorimetric methods men-
tioned above.

The amount of metal adsorbed was calculated
according to Eq. (1), in which g (mgg™) is the amount
of metal, V (L) is the volume of the solution and m (g)
is the weight of the adsorbent. Cy and C; are the con-
centrations (mgL™") at the initial and final time,
respectively.

Co— G
m(g)

x V(L) (1)

Among the models used for the interpretation of
the experimental adsorption data, a linear model is
often used to describe the interactions between sorbent
and sorbate. This model proposes that the accumula-
tion of the metal in the adsorbent is directly propor-
tional to the concentration of the metal in the solution,
represented by Eq. (2):

e = kd x C, )

where g, is the equilibrium amount adsorbed in
mg gfl, C, is the equilibrium concentration of sorbate
in solution in mgL™" and k, is the distribution con-
stant in L g™ of adsorbent.

Another model also widely used in interpreting
the results of adsorption is the Langmuir isotherm
model, which proposes a homogeneous surface and
adsorption sites of the same energy to the material
(i.e. a monolayer adsorption) consistent with a process
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of chemisorption [36]. This model is represented by
Eq. 3):

Im X kads X Ce
1= 1 ke x G, ©
where g is the amount adsorbed in mgg ™', g,, is the
maximum adsorption capacity in mgg ', k.4 is the
equilibrium constant of adsorption and C, is the equi-
librium concentration in mg L™

With the linearization of (3), it is possible to calcu-
late the values of g, and k,gs through the graphs of
(Ce/q) vs. C.. The linear representation of this model is
described by Eq. (4):

C, 1 C,
- 4)
q kags < m  Gm

The essential characteristics of a Langmuir iso-
therm can be described by a dimensionless constant
called an equilibrium parameter, R;, which is usually
defined by Eq. (5) [28]:

1

R=— -
P+ Co - Kaas)

%)

where C, is the highest initial ion concentration
(mg L™ and kg is the Langmuir constant that
indicates the nature of the adsorption. The value of R,
indicates the type of adsorption isotherm to be
either unfavourable (R; > 1), linear (R; = 1), favourable
(0 <Ry <1) or irreversible (R; =0).

2.5.2. Adsorption kinetics

Kinetics informs the rate of adsorption of metal
ions on the adsorbent. These tests determine the mini-
mum contact time required to achieve an adequate
efficiency of the adsorbent because this material could
be applied at large scales.

For kinetic experiments, a sample of natural water
was collected (2,000mL) from the water treatment
plant in Jurere Internacional—Florianopolis, SC, Brazil.
This sample was stored in a pre-cleaned plastic con-
tainer and refrigerated.

For comparison, a combined synthetic solution of
FeSO4.7H,O and MnSO4H,O was prepared to deter-
mine how the possible presence of humic substances
in natural water interferes with the removal of Fe and
Mn by the adsorbent material. The pH of the synthetic
solution was adjusted with a buffer solution
Na,HPO,/NaH,PO, to a value close to the pH of the
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natural water sample. Table 1 shows the physico-
chemical properties of the samples used in kinetic
experiments.

In individual Erlenmeyer flasks (125mL), 0.500 g of
zeolite was weighed and added to 50mL of sample
(NW or SS) with known concentration of Fe and Mn
(Table 1). The shaking time varied from 5 to 300 min.
The supernatants were filtered through a cellulose
acetate membrane (0.45pum porosity) to remove sus-
pended solids. The filtrates were placed in polyethyl-
ene bottles to directly determine the remaining
concentrations of Fe and Mn using the colorimetric
methods Ferrozine® and PAN®, respectively, on a
spectrophotometer HACH—DR /4000U [35].

Aiming to verify the kinetic mechanism governing
the adsorption of Fe and Mn by the adsorbent mate-
rial, the kinetic data were evaluated following the
kinetic models of pseudo-first-order, pseudo-second-
order and intraparticle diffusion.

The kinetic model of pseudo-first-order is repre-
sented by Eq. (6):

k
log(q. — 1) = logq. — 535 x ¢ ©)

where k; (min™') is the rate constant for the pseudo-
first-order adsorption, g; and g, (mgg™") is the amount
adsorbed at time t (min) and at equilibrium, respec-
tively. The graph of log (g.— gy vs. t gives the values
of ki and g,.

The pseudo-second-order model based on the
adsorption capacity at equilibrium can be expressed
by Eq. (7):

t 1 1
a—k—2xqg+ixt (7)

Table 1
Physico-chemical properties determined for the samples of
the kinetic experiments

Zeolite
Parameters Nw* S5*
pH 7.90 7.20
Conductivity (mScm™) 0.374 6.20
Turbidity (UT) 4.70 -
Temperature (°C) 20 20
Fe (mgL™) 0.322 0.216
Mn (mgL™) 0.123 0.136

*NW-—natural water; SS—synthetic solution.



J.P. Vistuba et al. | Desalination and Water Treatment 55 (2015) 1523-1533

where k; (gmg 'min~") is the pseudo-second-order
adsorption rate constant. From the intercept and the
slope of the (t/qt) vs. t graph, k, and g, can be
obtained.

It is important to have a material that removes
large amounts of sorbate in a short period of time.
Rearranging Eq. (7), the initial rate of adsorption can
be determined for the adsorbent material [37].

Replacing the term (k, x q,>) by h, we have Eq. (8).
Therefore, the intercept (1/h) allows the initial adsorp-
tion rate to be calculated, which is given in mgg '

min L.

i:lelxt 8)
g h o qe

The intraparticle diffusion kinetics consists of a
simple model where the rate of intraparticle diffusion
can be obtained by the linearization of the curve rep-
resented by Eq. (9):

Qtzkxtl/2 (9)

The validity of these models can be interpreted by
the linearity of the graphs log(g.—q:) vs. t, (t/qp) vs. t
and gq; vs t'2, respectively. A positive correlation of
kinetic data can indicate the mechanism of adsorption
of Fe and Mn by the adsorbent material.

3. Results and discussion
3.1. Characterization of adsorbent material
3.1.1. Morphological and elemental analysis

Fig. 1 shows the micrographs of the =zeolite,
Controll M.F. 574®. With a magnification of 33 times,
Fig. 1(a) shows the variation of particle size of zeolite,

feagt,
:

15kV X33
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the average value varies between 0.477 and 0.975 mm,
an approximate value that is consistent with the size
reported by the manufacturer. Fig. 1(b) represents a
magnification of 10,000 times that reveals the irregular
structure of the zeolite that may facilitate its adsorbent
properties. The results obtained by semi-quantitative
elemental analysis of the zeolite showed the presence
of manganese, aluminium, iron, silicon and oxygen
(64.57, 7.14, 3.25, 6.96 and 18.08% by weight, respec-
tively), as majority elements.

3.1.2. X-ray Diffraction

This analysis evaluated the crystallinity of the
adsorbent material. The XRD pattern obtained for the
zeolite, Controll M.F. 574®, showed a semi-crystalline
structure (i.e. a simultaneously crystalline and amor-
phous structure). As can be seen in Fig. 2, this is con-
firmed by the presence of well-defined peaks and
small bands. Moreover, this analysis revealed princi-
pal minerals such as magnetite (FeO.Fe,O;), pyrope
(Mg3AIx(Si04)3), quartz (SiO,), manganese oxide
(MnzO,4), hematite (Fe;O3) cryptomelane (KMn**,
Mn?*)MngO;¢) and groutite (MnO(OH)). These miner-
als suggest that the material is a zeolite. Furthermore,
manganese oxides present in materials, such as zeo-
lites, quartz sand, glauconite, anthracite, sulpho-coal,
clinoptilolite and chabazite can act as catalysts for the
oxidation of Mn”' assisting in the removal of this
metal [29].

3.2. Leaching test of the adsorbent material

Table 2 presents the concentrations of elements in
the leachate of the zeolite, Controll M.F. 574®, and
their maximum allowed values (MAV) for the effluent
discharge as established in Resolution CONAMA
357/2005. The pH of the leachate (pH 5.15) was lower

Fig. 1. Scanning electron micrograph of zeolite, Controll M.F. 574%; with a magnification of 33 times (a) and 10,000 times (b).
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Fig. 2. XRD of the zeolite sample. (a) cryptomelane; (b and d)
quartz; (c) hematite; (e) magnetite; (f) manganese oxide;
(g) pyrope and (h) groutite.

than the initial pH of the water (pH 6.21). Among all
the analysed elements, Mn was the metal that showed
higher leaching. However, all values are in accordance
with the parameters determined by CONAMA
357/2005. Under the conditions employed in this
assay, the elements present and their concentrations in
the leachate allow its discharge in a water receptor
body without causing environmental problems.

3.3. Adsorption experiments

The present study focuses to determine the ability
of the zeolite to remove iron and manganese from nat-
ural water for public supply, whose recommended pH
is 6-9.5 [15]. In this pH range, adsorption mechanism

Table 2
Results of the leaching tests for zeolite
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is prevalent. At higher pH values result in precipita-
tion of the metallic hydroxides and lower pH values
could result in predominant ion exchange processes.
For these reasons, studies about effect of pH on the
adsorption of iron and manganese and determination
of ion exchange capacity were not developed, just
studies about adsorption (isotherm and kinetics)
[28,38,39].

3.3.1. Adsorption isotherm

Fig. 3 represents the relationship between the
amount of Fe and Mn adsorbed on the surface of zeo-
lite, Controll M.F. 574® and the concentration remain-
ing in solution at equilibrium. Only the adsorption of
Fe onto the zeolite followed the linear isotherm model,
indicating a process of physical adsorption (Fig. 3(a)).
As the concentration of metals increases, the adsorp-
tion by the zeolite also increases. This indicates that
the material used has a good adsorption capacity for
this metal. This model fits well with the experimental
data because the linearization of the equation has a
good correlation coefficient (R*=0.999). Other adsor-
bent materials, such as decomposed leaf matter, acti-
vated carbon and clinoptilolite-rich tuff, for iron,
manganese and iron-manganese systems, showed a
different behaviour from this zeolite. Some materials
showed a Freundlich [10] or Langmuir [40,41] model
isotherm. These models suggest a saturation of the
materials because they determine a maximum adsorp-
tion capacity for the metals.

Standards for effluent discharge (mgL™")

Concentration in the leachate (mgL™")

Resolution CONAMA 357/2005% Zeolite
pH 59 5.15
As 0.5° 0.12x1072
cd 0.2° 0.04x107°
Cr 0.5° 3.84x107°
Cu 1.0° 1.25%1073
Fe 15.0° 0.01
Mn 1.0 0.45
Ni 2.0° 0.05
Pb 0.5° 0.07x107°
Se 0.3° <LOD?
Zn 5.0P 0.02

“Standard for discharging effluent into water bodies (Resolution CONAMA—357/2005).

PTotal metal.
“Concentration of metal.
4<LOD—below the limit of detection of the technique.
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Fig. 3. Amount of Fe (a) and Mn (b) adsorbed at equilibrium by the zeolite, Controll M.F. 574%; (c) linearization of the

Langmuir equation for the adsorption of Mn by the zeolite.

By contrast, the Mn adsorption by the zeolite,
Controll M.F. 574®, was better adjusted to the
Langmuir model (Fig. 3(b)). This indicates the forma-
tion of a monolayer on the surface of the adsorbent.
The linearization of the model, Fig. 3(c), indicates a
maximum capacity (g, =10.75mgg ') and the value
for k.qs was 143 L mg_]. Thus, the value R; was
found to be 0.017, which indicates a favourable
adsorption process. Taffarel and Rubio [28] evaluated
the adsorption of manganese in a Chilean natural zeo-
lite and also observed the same behaviour for the
adsorption of metal, but with a lower adsorption
capacity (9,,=7.14mgg"") than that observed in the
present study. Garcia—-Mendieta et al. [10] founded
that the best model describing the adsorption of iron
and manganese in the Mexican clinoptilolite-rich tuff
was the Freundlich model. However, the adsorption
capacity of this material (g,,Fe=6.49mgg™" and g,,Mn
=3.82mgg ') was lower when compared to the
Controll M.F. 574% zeolite.

3.3.2. Adsorption kinetics

The adsorption kinetics describes the rate of
adsorption of Fe and Mn in the adsorbent. This rate

refers to the contact time of ions at the solid-liquid
interface. Three models of adsorption kinetic were
applied to evaluate the experimental data for
adsorption of Fe and Mn onto zeolite, Controll M.F.
574®  from natural water and synthetic solution; the
results are shown in Fig. 4 and Table 3. After 5min
of contact, the zeolite adsorbed 56% of Fe from the
natural water and only 6% from the synthetic solu-
tion (Fig. 4(a)). The kinetics of the adsorption of Fe
from synthetic solution was faster than that in natu-
ral water, but the zeolite removed a greater amount
of Fe from natural water. Equilibrium was reached
at 200min and the Fe removal from the synthetic
solution and natural water was 30 and 74%, respec-
tively. Fig. 4(b) shows the kinetic profile of adsorp-
tion of Mn onto zeolite from two water samples. A
similar behaviour for both samples was observed. It
should be noted that the adsorption of Mn in the
first 5min was more efficient from the synthetic
solution (30%) than from natural water (12%).
Although the adsorption kinetics was also faster for
the synthetic solution than for natural water, in both
cases equilibrium was reached approximately 120
min, obtaining a removal of 65% and 59% from the
natural water and synthetic solution, respectively.
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Fig. 4. Kinetics of the adsorption of Fe (a) and Mn (b) by zeolite over time. Linearization of the pseudo-second-order
model of Fe (c) and Mn (d) for the natural water samples and synthetic solution.

At 300 min, the removal of Mn (66%) for both water
samples reached a maximum.

The percentage of Fe removal was higher for the
natural water than that for the synthetic solution,
whereas the percentage of Mn removal was the same
for both samples. After treatment, the concentrations of
Fe and Mn in natural water were (0.08 and 0.04 mg LY,
below the MAV established by Brazilian legislation
(0.3 and 0.1mgL™", respectively) for drinking water
[15].

Table 3 presents the data for the adsorption mod-
els of Fe and Mn by zeolite both from the natural
water and the synthetic solution. A comparison of
the correlation coefficients indicates that Fe and Mn
adsorption onto the zeolite does not follow a pseudo-
first-order reaction for both samples. The 4., values
obtained from the pseudo-first-order kinetic model
were not satisfactory and the values were also low
when compared with the g, values. Additionally,
the intraparticle diffusion model presents a non-linear
distribution and therefore cannot be considered as a
determining model in the Fe and Mn adsorption rate
on zeolite. However, the correlation coefficients for
the pseudo-second-order kinetic model were R*=0.99
for the adsorption of Fe and Mn in both samples,
and the g, values agreed well with the g,.., data.
The relative error was less than 10% for adsorption

of Fe and less than 3.7% for the adsorption of Mn.
Therefore, the pseudo-second-order model best fit the
experimental data. The graphs representing t/g; vs. t
(Fig. 4(c) and (d)) show the linearization of Eq. (7)
obtained through the pseudo-second-order model for
the adsorption of Fe and Mn, respectively, in the zeo-
lite for both samples. This model is based on the
assumption that the rate-limiting stage can be a
chemical adsorption process involving valence. This
model is consistent with the data obtained by
Taffarel and Rubio [28].

Among the values for the rate constants (k,) calcu-
lated using the pseudo-second-order model for the
zeolite, the process that showed higher adsorption
was the adsorption of Mn from natural water (12.7 g
mg ' min~'). Regarding the initial rates of adsorption,
Fe (h=3.79x 10> gmg 'min") from the natural water
was the most rapidly adsorbed to the zeolite. This
speed was 20 times faster than the initial rate of
adsorption of Fe in the synthetic solution. The initial
rate of adsorption of Mn from natural water by zeolite
was two-times higher than the rate of adsorption of
the synthetic solution. These results are tentatively
attributed to the presence in the natural water of
humic compounds, capable of complexing metallic
ions, thus facilitating their removal, and whose study
is now being carried out.
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Kinetic models and their parameters obtained from the kinetic adsorption of Fe and Mn in the zeolite from natural water

and the synthetic solution

Nw+

S5*

Fe Mn

Fe Mn

Pseudo-first-order

Equation  y=-221-51x10"  y=-255-83x10"x
R? 0.929 0.849

kq® 0.012 0.019

Ge,cal 6.0x107° 3.0x107°

eoxp” 0.024 82x107°

R(%)? 74.7 65.6

Pseudo-second-order

Equation  y=263.3+41.18x y=1,092+117.7x
R? 0.999 0.999

k° 6.44 12.68

Gecal” 243x107° 85x107°

Jeexp 242 %1072 82x107°

nt 3.8x107° 92x107*

R.% 0.40 3.68

Intraparticle diffusion

y=-223-6.0x10"x y=-22547x10"x

0.949 0.954
0.014 3.0x107*
59x107° 55.9 %1074
6.8x107° 9.0x107%
13.3 37.8

y=15,359 +133.5x y=2,633+107.2x

0.992 0.989
3.32 436
7.5%x1072 9.3x107%
6.8x107° 9.0x107°
1.9x107* 39x107*
10.2 3.6

Equation — y=0.02+37x10"%  y=45x107+28x10"*%  y=11x102+35x10""%  y=35x107+32x10"%
rR® 0.967 0.720 0.988 0.975
k8 3.0x107* 3.0x107* 4.0x107* 3.0x107*

*NW-—natural water; SS—synthetic solution.

%k, adsorption rate constant of pseudo-first-order (min~").
Pg,.car: amount calculated adsorbed in equilibrium (mgg™).

g exp: amount experimental adsorbed in equilibrium (mgg™).
dR,: relative error (%).

®k,: adsorption rate constant of pseudo-second-order (g mg ' min™).
h: adsorption initial velocity (mg g™ min™").

8k: adsorption rate constant of intraparticle diffusion (mgg™' min

4. Conclusions

Characterization tests employing EDX and XRD
identified magnesium aluminium silicate, quartz and
various oxides of manganese and iron, in zeolite,
Controll M.F. 574

The results for the parameters evaluated by the
leaching test showed that the leachate from the zeolite
is in accordance with the effluent discharge standards
set by Resolution CONAMA 357/2005. Therefore, the
leachate can be disposed off in receptor water bodies.

In adsorption tests, the adsorption of Fe onto the
zeolite followed a linear isotherm model indicating a
process of physical adsorption. However, the adsorp-
tion of Mn was better adjusted to the Langmuir
model, indicating the formation of a monolayer on the
surface of the adsorbent.

Regarding kinetic parameters, the pseudo-second-
order model best fit the results because the correlation
coefficient was R*=0.99 in adsorption of Fe and Mn in

—1/2)

both samples. The adsorption of the metals showed a
chemical interaction (chemisorption) that depends on
the concentration of metal ions on the surface of
adsorbent and adsorbed ions in equilibrium.

Finally, tests performed for the adsorption of Fe
and Mn employing a commercial zeolite, Controll
M.F. 574%, showed good adsorptive capacity and good
efficiency for removal Fe (74%) and Mn (66%) in natu-
ral water, with concentrations lower than 1.0mg LY,
according to Brazilian legislation.

According to these results, this material could be
tested on a pilot scale in order to evaluate the effi-
ciency in a continuous flow, and further be applied in
real scale as an alternative material and increase the
efficiency of removal of these metals.

Acknowledgements

This research was supported by Foundation for
Coordination of Personal Improvement in Higher



1532

Education (CAPES) and the Department of Environmen-
tal and Sanitary Engineering of University Federal of
Santa Catarina (UFSC). We thank the Controll Master
Industrial located in Sete Lagoas, Minas Gerais—Brazil
for supplying a sample of the zeolite, Controll M.F. 574".

References

[1] M.J. Jiménez-Cedillo, M.T. Olguin, Ch. Fall, A. Colin,
Adsorption capacity of iron- or iron-manganese-mod-
ified zeolite-rich tuffs for As(Ill) and As(V) water pol-
lutants, Appl. Clay Sci. 54 (2011) 206-216.

[2] C.-S. Jeon, K. Baek, J.-K. Park, Y.-K. Oh, S.-D. Lee,
Adsorption characteristics of As(V) on iron-coated zeo-
lite, J. Hazard. Mater. 163 (2009) 804-808.

[3] LA. Katsoyiannis, A. Zikoudi, S.J. Hug, Arsenic
removal from groundwaters containing iron, ammo-
nium, manganese and phosphate: A case study from a
treatment unit in northern Greece, Desalination 224
(2008) 330-339.

[4] P. Mondal, C.B. Majumder, B. Mohanty, Effects of
adsorbent dose, its particle size and initial arsenic con-
centration on the removal of arsenic, iron and manga-
nese from simulated ground water by Fe’* impregnated
activated carbon, J. Hazard. Mater. 150 (2008) 695-702.

[5] J.-K. Hong, H.Y. Jo, S.-T. Yun, Coal fly ash and syn-
thetic coal fly ash aggregates as reactive media to
remove zinc from aqueous solutions, ]. Hazard. Mater.
164 (2009) 235-246.

[6] M. Akgiil, A. Karabakan, O. Acar, Y. Yiiriim, Removal
of silver (I) from aqueous solutions with clinoptilolite,
Microporous Mesoporous Mater. 94 (2006) 99-104.

[71 A. Oehmen, R. Viegas, S. Velizarov, M.A.M. Reis, ].G.
Crespo, Removal of heavy metals from drinking water
supplies through the ion exchange membrane bioreac-
tor, Desalination 199 (2006) 405-407.

[8] K. Barquist, S.C. Larsen, Chromate adsorption on
bifunctional, magnetic zeolite composites, Microporous
Mesoporous Mater. 130 (2010) 197-202.

[9] M.G. da Fonseca, M.M. de Oliveira, L.N.H. Arakaki,
Removal of cadmium, zinc, manganese and chromium
cations from aqueous solution by a clay mineral, J.
Hazard. Mater. B137 (2006) 288-292.

[10] A. Garcia-Mendieta, M. Solache-Rios, M.T. Olguin,
Evaluation of the sorption properties of a Mexican
clinoptilolite-rich tuff for iron, manganese and iron—
manganese systems, Microporous Mesoporous Mater.
118 (2009) 489-495.

[11] S. Qin, F. Ma, P. Huang, J. Yang, Fe(Il) and Mn(I)
removal from drilled well water: A case study from a
biological treatment unit in Harbin, Desalination 245
(2009) 183-193.

[12] Resolugdo RDC N%269, Ministério da Satde, Agéncia
Nacional de Vigilancia Sanitdria—ANVISA, 2005.

[13] I.V. Lima, M.F.M. Pedrozo, Ecotoxicologia do ferro
e seus compostos, in: Cadernos de Referéncia Ambien-
tal, Centro de Recursos Ambientais, Bahia, vol. 04,
2001, p. 112.

[14] I. Martins, 1.V. Lima, Ecotoxicologia do manganeés e seus
compostos, in: Cadernos de Referéncia Ambiental,
Centro de Recursos Ambientais, Bahia, vol. 07, 2001,
p- 121

J.P. Vistuba et al. | Desalination and Water Treatment 55 (2015) 1523-1533

[15] Portaria MS N¢© 2914, Ministério da Saude, Secretaria
de Vigilancia em Satde, Coordenagdo-Geral de
Vigilancia em Satde Ambiental, 2011.

[16] WHO, Guidelines for Drinking Water Quality, 3rd ed.,
vol. I, World Health Organization, Geneva, 2004.

[17] P. Roccaro, C. Barone, G. Mancini, F.G.A. Vagliasindi,
Removal of manganese from water supplies intended
for human consumption: A case study, Desalination
210 (2007) 205-214.

[18] R. El Araby, S. Hawash, G. El Diwani, Treatment
of iron and manganese in simulated groundwater
via ozone technology, Desalination 249 (2009) 1345-
1349.

[19] D.M. Sahabi, M. Takeda, I. Suzuki, Jun-ichi Koizumi,
Removal of Mn?" from water by “aged” biofilter
media: The role of catalytic oxides layers, J. Biosci.
Bioeng. 107(2) (2009) 151-157.

[20] A.G. Tekerlekopoulou, D.V. Vayenas, Simultaneous
biological removal of ammonia, iron and manganese
from potable water using a trickling filter, Biochem.
Eng. J. 39 (2008) 215-220.

[21] E. Okoniewska, J. Lach, M. Kacprzak, E. Neczaj, The
removal of manganese, iron and ammonium nitrogen
on impregnated activated carbon, Desalination 206
(2007) 251-258.

[22] K.U. Ahamad, M. Jawed, Kinetics, equilibrium and
breakthrough studies for Fe(Il) removal by wooden
charcoal: A low-cost adsorbent, Desalination 251
(2010) 137-145.

[23] M.A. Al-Anber, Removal of high-level Fe’* from
aqueous solution using natural inorganic materials:
Bentonite (NB) and quartz (NQ), Desalination 250
(2010) 885-891.

[24] J.P. Vistuba, M.E. Nagel-Hassemer, F.R. Lapolli,
M.A. Lobo-Recio, Simultaneous adsorption of iron
and manganese from aqueous solutions employing an
adsorbent coal, Environ. Technol. 34 (2013) 275-282.

[25] M. Al-Anber, Z.A. Al-Anber, Utilization of natural
zeolite as ion-exchange and sorbent material in the
removal of iron, Desalination 225 (2008) 70-81.

[26] A.L. Iskander, EM. Khald, A.S. Sheta, Zinc and
manganese sorption behavior by natural zeolite and
bentonite, Ann. Agr. Sci. 56 (2011) 43—48.

[27] S. Wang, Y. Peng, Natural zeolites as effective adsor-
bents in water and wastewater treatment, Chem. Eng.
J. 156 (2010) 11-24.

[28] S.R. Taffarel, J. Rubio, On the removal of Mn** ions
by adsorption onto natural and activated Chilean zeo-
lites, Miner. Eng. 22 (2009) 336-343.

[29] Y.I. Tarasevich, V.V. Goncharuk, V.E. Polyakov,
D.A. Krysenko, Z.G. Ivanova, E.V. Aksenenko, MYu
Tryfonova, Efficient technology for the removal of iron
and manganese ions from artesian water using clinop-
tilolite, J. Ind. Eng. Chem. 18 (2012) 1438-1440.

[30] A.H. Englert, ]J. Rubio, Characterization and environ-
mental application of a Chilean natural zeolite, Int. J.
Miner. Process. 75 (2005) 21-29.

[31] A. Dimirkou, M.K. Doula, Use of clinoptilolite and an
Fe-overexchanged clinoptilolite in Zn** and Mn>*
removal from drinking water, Desalination 224 (2008)
280-292.

[32] E. Erdem, N. Karapinar, R. Donat, The removal of
heavy metal cations by natural zeolites, ]J. Colloid
Interface Sci. 280 (2004) 309-314.



J.P. Vistuba et al. | Desalination and Water Treatment 55 (2015) 1523-1533

[33] Resolugdo 357, Ministério do Meio Ambiente, Conselho
Nacional do Meio Ambiente—CONAMA, 2005.

[34] ] K. Hong, H.Y. Jo, S.T. Yun, Coal fly ash and syn-
thetic coal fly ash aggregates as reactive media to
remove zinc from aqueous solutions, ]. Hazard. Mater.
164 (2009) 235-246.

[35] APHA—American Public Health Association, Standard
Methods for the Examination of Water and Waster-
water, 21st ed., APHA-AWWA-WEF, Washington, DC,
2005.

[36] C. Septhum, §S. Rattanaphani, J.B. Bremner,
V. Rattanaphani, An adsorption study of AI(III) ions
onto chitosan, J. Hazard. Mater. 148 (2007) 185-191.

[37]1 Y.S. Ho, ]J. Porter, G. Mcay, Equilibrium isotherm
studies for the sorption of divalent metal ions onto
peat: Copper, nickel, and lead single component sys-
tems, Water Air Soil Pollut. 141 (2002) 1-33.

1533

[38] K.S. Hui, C.Y.H. Chao, S.C. Kot, Removal of mixed
heavy metal ions in wastewater by zeolite 4A and
residual products from recycled coal fly ash,
J. Hazard. Mater. B127 (2005) 89-101.

[39] M.K. Doula, Removal of Mn?*" ions from drinking
water by using Clinoptilolite and a Clinoptilolite-Fe
oxide system, Water Res. 40 (2006) 3167-3176.

[40] A. Jusoh, W.H. Cheng, WM. Low, A. Nora’aini,
M.J.M.M. Noor, Study on the removal of iron and
manganese in groundwater by granular activated car-
bon, Desalination 182 (2005) 347-353.

[41] Z. Li, S. Imaizumi, T. Katsumi, T. Inui, X. Tang,
Q. Tang, Manganese removal from aqueous solution
using a thermally decomposed leaf, ]. Hazard. Mater.
177 (2010) 501-507.



	Abstract
	1. Introduction
	2. Materials and methods
	2.1. Study area
	2.2. Adsorbent material
	2.3. Characterization of adsorbent material
	2.3.1. Morphological and elemental analysis
	2.3.2. X-ray diffraction

	2.4. Leaching test
	2.5. Batch sorption experiments
	2.5.1. Adsorption isotherm
	2.5.2. Adsorption kinetics


	3. Results and discussion
	3.1. Characterization of adsorbent material
	3.1.1. Morphological and elemental analysis
	3.1.2. X-ray Diffraction

	3.2. Leaching test of the adsorbent material
	3.3. Adsorption experiments
	3.3.1. Adsorption isotherm
	3.3.2. Adsorption kinetics


	4. Conclusions
	Acknowledgements
	References
	lucianovitali@gmail.com<email><1/aff></contrib-group><author-notes><correspid=
	<1/aff></contrib-group><author-notes><correspid=



