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Arsenate adsorption from aqueous solutions onto clinoptilolite–heulandite rich tuffs modified with
iron or manganese or a mixture of both iron and manganese in this work was investigated. A kinetic
model was considered to describe the arsenates adsorption on each zeolitic material. The modified
clinoptilolite–heulandite rich tuffs were characterized by scanning electron microscopy and X-ray diffrac-
tion analysis. The elemental composition and the specific surface area of the zeolitic material were also
determined. The arsenate adsorption by the modified zeolites was carried on in a batch system consider-
rsenates
linoptilolite

ron
anganese

dsorption

ing a contact time from 5 min to 24 h for the kinetic experimentation. The arsenic was detected by atomic
absorption spectrometer using a hydride generator. The kinetics of the arsenate adsorption processes were
described by the pseudo-second-order model and the obtained parameter k varies from 0.15 to 5.66 �g/gh.
In general, the results suggested that the kinetic adsorption of arsenates on the modified clinoptilolite-
rich tuffs depend of the metallic specie that modified the surface characteristics of the zeolitic material,
the chemical nature of the metal as well as the association between different metallic chemical species
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in the zeolitic surface.

. Introduction

Arsenic occurs naturally in groundwater in many parts of the
orld as arsenites [As(III)] or arsenates [As(V)], and many people
orldwide are exposed to them [1]. Ingesting As causes adverse
ealth effects [2,3]. The toxic effect of arsenic in foods is highly
ependent on its chemical speciation. Inorganic arsenic com-
ounds are generally thought to be more toxic than organic forms
4]. The United States Environmental Protection Agency’s (USEPA)
as lowered their regulatory standards for drinking water arsenic

rom 50 to 10 �g/L [5] and the World Health Organization’s guide-
ine value has been lowered to 10 �g/L [6,7]. As ingestion continues
o be an important public health problem. In the arsenic-affected
reas of Bangladesh, for example, groundwater contains up to 2 mg
s/L [8]. Similar problems in arsenic water contamination were

bserved in the Red River Delta (Vietnam) [9], and the western
nited States [10].

In Mexico, Wyatt et al., Del Razo et al. and Alarcón et al. [11–13],
eported the presence of natural arsenic water contamination in

∗ Corresponding author. Tel.: +52 5553297200x2262.
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he North and Central areas of the Mexican Republic. Wyatt et
l. [11] detected high levels of lead, mercury and arsenic in well
ater from Hermosillo, Guaymas and Nacozari (Sonora) localities.

n drinking water from Coahuila state, a concentration of 0.390 mg
s/L has been reported. Alvarado [12] found that drinking water

rom Durango localities contains more arsenic than the maximum
ermissible level established by the Mexican Standard NOM-127-
SA1-2000 from 0.045 mg/L in year 2001 to 0.025 mg/L in year 2005
13].

Considering the high toxicity of arsenic and the nosive
ffects produced through the contamination of groundwater, the
evelopment of alternative arsenic treatment technologies is
equired.

Several works show that iron and manganese compounds
dsorbed arsenates from aqueous solution [14–17] and only in a
ew of them considered a mixture of iron–manganese compounds
or the same purpose [18]. On the other hand, it was found that mod-
fied natural zeolites improve the removal of anionic or nonpolar
rganic pollutants from water [19,20].
Therefore, the aim of this paper was to modify the adsorp-
ion characteristics of natural zeolites using iron or manganese or
oth iron–manganese compounds to adsorb arsenates from water,
onsidering the experimental conditions to obtain the different
etallic-modified zeolites.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:mog@nuclear.inin.mx
mailto:olguinmt@prodigy.net.mx
dx.doi.org/10.1016/j.jhazmat.2008.07.049
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. Materials and methods

.1. Materials

The clinoptilolite-rich tuff bought to Lunmogral S.A. de C.V. Mex-
can Company was used in this work. The zeolitic materials were
round in an agata mortar and sieved. A 200-mesh particle size was
elected to perform the experimentation. A cation exchange capac-
ty of 1.2 mequiv./g was previously determined by Jiménez [21] for
his material.

.2. Clinoptilolite-rich tuff treatments

.2.1. Treatment with NaCl solution
In order to improve the ion exchange characteristics of

he zeolitic material [22] to obtain Fe- or/and Mn-modified
linoptilolite-rich tuff with different surface characteristics as well
s to follows the mechanism involved as will be discussed later
Section 3.1.1.), 150 g of clinoptilolite-rich tuff (CLI) were treated
ith 0.1 M NaCl solution under reflux for 3 h. This process was

epeated once more, while changing the NaCl solution. The phases
ere separated by centrifugation and the solid phases were washed
ntil Cl− was eliminated using the AgNO3 test. Then, the zeolitic
amples were dried at 60 ◦C for 24 h. This sample was called
LINa.

.2.2. Treatment with FeCl3 or MnCl2 or a mixture of FeCl3 and
nCl2 solutions

Fifty grams of CLINa was treated with 500 mL of 0.1 M FeCl3
olution under reflux for 5 h. This process was repeated once after
hanging the solution. The solid phase was separated by centrifu-
ation and was washed with distilled water and dried at 80 ◦C. The
ample was stored in a dry atmosphere until the sample was used.
his sample was named CLIFeA.

The procedure mentioned before was in a similar manner using
.01 M FeCl3, 0.1 M MnCl2 and a mixture 0.1 M FeCl3 and MnCl2
olutions. The resultant zeolitic materials were named, CLIFeB,
LIMn and CLIFeMn, respectively. It is important to mention that
nly the sample CLIMn was thermally treated at 100 ◦C for 5 h
efore contact with the As(V) solution.

.3. Characterization techniques

.3.1. Scanning electron microscopy and elemental analyses
For scanning electron microscopy observation, the samples were

ounted directly onto the sample holders and covered with gold.
inally, the images were observed at 25 keV by a Phillips XL30
lectron microscope. The chemical composition of the zeolitic sam-
les was determined using the EDS system coupled to the electron
icroscope. A series of 10 analyses were performed for each zeolitic

ample.

.3.2. X-ray diffraction
X-ray diffraction (XRD) analysis was performed on the zeolitic

treated and untreated) to confirm the crystal structure and the
dentity of the components of the zeolitic material. Powder diffrac-
ograms of the sample were obtained with a Siemens D500
iffractometer coupled to a copper-anode X-ray tube. Conventional
iffractograms were used to identify the compounds present in the

eolitic rock.

.3.3. Specific surface area
The BET specific surface areas were determined by stan-

ard multipoint techniques of nitrogen adsorption using a

c
m
s

t

dous Materials 163 (2009) 939–945

icromeritics Gemini 2360 instrument. The untreated and mod-
fied clinoptilolite-rich tuffs were heated at 60 ◦C for 2 h before
pecific surface areas were measured.

.4. Kinetics of the arsenates uptake

Hundred milligram of CLIFeA, CLIFeB, CLIMn and CLIFeMn were
ut in contact with 10 mL of 0.1 mg/L Na2HAsO4 solutions at pH 6.5
nder agitation from 5 min to 24 h at room temperature (18 ◦C). The
eolitic materials were separated by centrifugation and HCl was
dded to the liquid phases to obtain a pH value of 2 to conserve
he samples until the As was detected at 193.7 nm using an atomic
bsorption spectrometer GBC 932 plus with a hydride system. The
xperimental data was fitted by the first order, Elovich and pseudo-
econd-order kinetic models [23,24].

. Results and discussion

.1. Characterization

.1.1. Elemental composition
The principal components of CLI are O, Na, Mg, Al, Si, K, Ca and Fe

Table 1). It is reasonable to consider that Na, Mg, K and Ca are the
xtraframework cations that compensate for the deficiency of neg-
tive charge in the zeolite network [25,26]. A Mössbauer study [27]
f iron-containing zeolitic rocks from several countries (Mexico,
uba, Czech Republic, and the Russia) showed that iron is located
s high spin Fe3+ in framework tetrahedral sites, in extraframe-
ork octahedral sites as free Fe(H2O)6

3+, and as high spin Fe2+

n octahedral coordination in extraframework sites or in another
luminosilicate associated with the zeolite. Iron is also located in
agnetite contained in the zeolite rocks.
According to the concentration of Na, Mg, K and Ca in the CLI

Table 1), it is considered to be a potassium–calcium zeolite type.
similar result was obtained by Jiménez [21].
After combining clinoptilolite-rich tuff with a NaCl solution, the

a concentration in the CLINa increased from 0.4 to 1.7% and a
imilar result was observed by other researchers [21,22]. In the
linoptilolite-rich tuffs treated with FeCl3 solutions, the sodium
oncentration diminishes, more importantly in the CLIFeA rela-
ive to the CLIFeB (Table 1), in comparison both of them to CLINa
nd the concentration of iron increase (11.6 and 4.0%, respectively),
epending on the initial concentration of FeCl3 in the solution
0.1–0.01 M). However, it is important to mention that both K and
a were also diminished (Table 1). This suggests that Na+, K+ and
a2+ play an important role in the conditioned processes of the
linoptilolite-rich tuff with the iron salt, probably due to an ion
xchange mechanism. It is important to mention that the initial pH
f the FeCl3 solutions are into the range of 2 and 3, therefore it is also
onsider that H+ could compete for the ion exchange sites from the
eolite network [28]. The cation exchange capacity of the zeolitic
aterial is 1.2 mequiv./g, this means that besides being fully iron

xchanged the CLIFeA (6.2 mequiv. Fe3+/g) and CLIFeB (2.15 mequiv.
e3+/g) contains also an additional fraction of iron ions that does not
ct as charge-balancing species as was mentioned by Doula [29]
ho also comment that in general, samples which contain more

ron (or other metallic cation) than calculated from the theoretical
on exchange capacity, are characterized as overexchanged sam-
les. The additional Fe3+ ions most likely form iron oxo or hydroxo

ations according to Gervasini [30], amorphous extra framework
etallic cations can be deposited on both internal and external

urfaces.
When the clinoptilolite-rich tuff is treated with a MnCl2 solu-

ion, the Na concentration decreases in the zeolitic material, but
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Table 1
Elemental composition of unmodified and modified clinoptilolite-rich tuffs

Element Composition (wt.%)

CLI CLINa CLIFeA CLIFeB CLIMn CLIFeMn

O 51.23 ± 2 51.05 ± 1 48.16 ± 2 52.8 ± 1 51.63 ± 2 50 ± 1
Na 0.44 ± 0.1 1.78 ± 0.5 – 1.14 ± 0.2 0.71 ± 0.2 0.7 ± 0.2
Mg 0.4 ± 0.1 0.52 ± 0.1 0.34 ± 0.1 0.48 ± 0.1 0.53 ± 0.1 0.39 ± 0.2
Al 7.44 ± 0.4 7.74 ± 0.8 5.87 ± 0.6 6.6 ± 0.2 7.34 ± 0.8 5.6 ± 0.2
Si 34.56 ± 1 33.49 ± 0.5 29.91 ± 2 31 ± 0.9 33.8 ± 1.1 28.7 ± 1.7
Cl – – 0.72 ± 0.2 0.25 ± 0.03 – 0.7 ± 0.1
K 3.1 ± 0.4 2.68 ± 0.2 1.98 ± 0.2 2.3 ± 0.2 2.11 ± 0.2 1.7 ± 0.2
C .97 ±
M –
F .66 ±
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content and thus, is expected since no crystalline Fe-phases have
been formed at clinoptilolite surface sites. In the case of the X-ray
diffraction pattern of CLIMn is not observed the presence of other
manganese phases.
a 2.29 ± 0.3 1.47 ± 0.2 0
n – –

e 0.93 ± 0.5 1.09 ± 0.3 11

ariations in K or Ca concentration was not observed, as compared
o the concentration of this elements in the CLINa (Table 1). The

n concentration in the modified clinoptilolite-rich tuff is 2 wt.%
orresponding to 0.72 mequiv. Mn2+/g, this value is less than the
ffective cation exchange capacity of the zeolitic material. Accord-
ng to the chemical speciation distribution diagram obtained by

EDUSA program [31], manganese predominant specie under the
xperimental conditions is Mn2+, therefore it is probably that this
pecie could play a role in an ion exchange processes during the
reparation of the manganese-modified clinoptilolite rich-tuff. It

s important to note that the initial pH of the MnCl2 solutions was
, therefore H+ could compete with the Mn2+ for the ion exchange
ites from the zeolitic network in a similar way than Fe3+ mentioned
bove.

In the clinoptilolite-rich tuff treated with a mixture of FeCl3 and
nCl2 solutions, it was found that the concentration of Fe is simi-

ar to that obtained for CLIFeA (11% corresponding to 5.94 mequiv.
e3+/g), due to the initial concentration of the iron salt in the
olution (0.1 M), however a decreased concentration of manganese
0.7% corresponding to 0.25 mequiv. Mn2+/g) was observed in the
ame zeolitic material (CLIFeMn) relative to the Mn concentration
btained in the CLIMn (2%). In this case, selectivity is an important
oint to be considered because the CLI is more selective for Fe3+ rel-
tive to Mn2+ ions. The Na, K and Ca concentrations in the zeolitic
aterial notably decrease after treatment (Table 1). Again, this sug-

ests that sodium, potassium and calcium, as a cationic specie,
re involved in the conditioned processes of the clinoptilolite-
ich tuff by a mixture of iron and manganese salts in aqueous
olution.

.1.2. Morphology
The SEM images of CLI showed morphologies characteristic

f clinoptilolite, which occurred as euhedral plates and laths,
rystals displaying characteristic monoclinic symmetry and many
re coffin-shaped, and cubic-like crystals [32]. No changes were
bserved in the morphology of the clinoptilolite crystals of the CLI
fter its treatment with NaCl, FeCl3 or MnCl2 or a mixture of both
eCl3 and MnCl2 solutions. Only for comparison purposes, the SEM
mages of CLINa, CLIFeA and CLIFeMn were observed. It is impor-
ant to mention that the CLIFeMn showed the highest k kinetic
arameter as will be discussed later.

.1.3. X-ray diffraction
Clinoptilolite (JCPDS 25-1349) and quartz (JCPDS 33-1161) were
ound in CLI. A sodium-conditioned sample of natural zeolite
howed no significant changes in the position of the most intense
eflexions corresponding to clinoptilolite (2� = 9.85◦, 22.4◦ and
0.0◦). This result suggests that sodium chloride conditioning has
o effect on the structure of zeolitic material. The diffractogram

F
C

0.2 1.15 ± 0.1 1.14 ± 0.2 0.9 ± 0.2
– 2 ± 0.4 0.7 ± 0.1

3 4.24 ± 0.5 0.92 ± 0.2 11 ± 2

f the sodium natural zeolite was also compared to that of the
alite (JCPDS 5-0628) and indicated that it was NaCl free (Fig. 1a).
he CLIFeA, CLIFeB, CLIMn, and CLIFeMn, X-ray diffraction pat-
erns (Fig. 1b–e, respectively) showed differences in the intensity of
eflexions, but no changes in their position were observed relative
o CLINa. These results suggest the presence of Fe, Mn and Fe–Mn
n the ion exchange sites (probably M1 and M2) from the zeolitic
etwork. Similar results were found by Conceprción-Rosabal [33]

n silver-modified natural zeolites. By the other hand in the Fe-Clin
ystem (with 14 wt.% of Fe) no notable changes in the basic zeolite
iffraction were found by Doula [29], indicating no detectable dam-
ge to the clinoptilolite framework, nor the presence of additional
e oxidic or oxo-hydroxidic crystalline phases. The author com-
ent that this absence of additional reflexions is in agreement with

he results from the determination of the amorphous Fe species
ig. 1. X-ray diffraction patterns of the different zeolitic materials: (a) CLINa; (b)
LIFeA; (c) CLIFeB; (d) CLIMn; (e) CLIFeMn.
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Table 2
Specific surface areas of unmodified and modified clinoptilolite-rich tuffs

Materials Specific surface area (m2/g)

CLI 5.37
CLINa 6.18
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Table 3
First-order-kinetic parameters obtained for the arsenates adsorption on modified
clinoptilolite-rich tuffs

Material qe (�g/g) KL (h−1) R

CLIFeA 7.39 14.82 0.95
C
C
C

w
t
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r
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[
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w
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e
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q
b

LIFeA 45.92
LIFeB 7.82
LIMn 4.61
LIFeMn 46.71

.1.4. Specific surface area
The specific surface area of the CLINa slightly increases with

espect to CLI. However, when the CLINa was treated with 0.1 M
eCl3 or a mixture of both 0.1 M FeCl3 and 0.1 M MnCl2 solu-
ions, the resultant-modified clinoptilolite-rich tuffs (CLIFeA and
LIFeMn, respectively) increased 7.5 times their specific surface
reas (Table 2). These changes could be attributed to the iron con-
entration in both zeolites (11 wt.%, see Table 1) and the speciation
f the iron in the zeolite network considering and overexchange
eolites [29]. When the concentration of FeCl3 in solution was
iminished 10-fold, the obtained zeolitic material had a slightly
pecific surface area compared to CLINa, and was notably low in
omparison with the values for CLIFeA and CLIFeMn. Finally, when
he clinoptilolite-rich tuff was treated with a 0.1 M MnCl2 solution
nd treated at 100 ◦C, the obtained zeolitic material (CLIMn) had a
pecific surface area less than that for CLINa. Therefore, from the
xperimental conditions of the treatment will depend the final
urface characteristics of the modified clinoptilolite-rich tuff to
onsider in the As(V) adsorption processes.

.2. Kinetics of the arsenates uptake

It was found that the CLIFeA adsorb 6 �g As(V)/g in the first
min, reaching equilibrium after 180 min of contact time with a
aximum As(V) adsorption of 8 �g/g (Fig. 2).
When the clinoptilolite-rich tuff contains a decreased con-

entration of iron in its structure (CLIFeB), the time in which
quilibrium is reached is 5.6 times greater than in CLIFeA (Fig. 2).
he As(V) adsorption at equilibrium is 5 �g/g and this value is 37.5%
ow than for CLIFeA.
No As(V) adsorption was observed on thermally untreated
anganese-modified zeolite, however when the zeolitic material
as thermally treated to 100 ◦C, this ZCLIMn adsorbed 2 �g As/g

n the equilibrium which was reached at 900 min (Fig. 2). There-
ore, the thermal treatment of the clinoptilolite-rich tuff after it

ig. 2. As(V) sorption uptake by (a) CLIMn; (b) CLIFeB; (c) CLIFeMn; (d) CLIFeA as a
unction of time.
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LIFeB 4.49 1.77 0.95
LIMn 2.00 0.28 0.98
LIFeMn 5.79 16.53 0.95

as conditioned with the MnCl2 solution improved As(V) adsorp-
ion, however the efficiency is 75 and 60% lower than for CLIFeA
nd CLIFeB, respectively.

The equilibrium of the As(V) adsorption on the CLIFeMn is
eached at 20 min and it is nine times lower than CLIFeA. This
uggests that the association between iron and manganese in
he zeolite network influence the velocity of As(V) adsorption by
LIFeMn, although the amount of As(V) adsorbed by this material
iminishes around 11% in comparison to that obtained by CLIFeA
Fig. 2).

The experimental results presented in Fig. 2 were fitted to First
rder (Lagergren), Elovich y Pseudo-second-order kinetic models
23,24,34–41], applying a non-linear regression analysis using the
TATISTICA 6.0 program for Windows.

.2.1. Lagergren first-order model
The model is represented by the equation in [42]:

t = qe(1− exp(−KLt))

here qt (�g/g) is the amount of As(V) adsorbed at time t, qe (�g/g)
he amount of As(V) adsorbed at equilibrium and KL (h−1) is the
agergren rate constant.

It was found that, this equation provided a good descrip-
ion of the current data. Table 3 shows the first order kinetics
arameters corresponding to arsenates [As(V)] adsorption on the
odified clinoptilolite-rich tuffs. Although, the correlation coef-

cients showed that this model was not the best fitted to the
xperimental data, the amounts of As(V) adsorbed at equilibrium
qe) were the highest for CLIFeA and lowest for CLIMn. This means
e depends on the iron concentration in the clinoptilolite rich tuff,
ut also depends on the chemical nature of the metallic species that
as modified by the surface properties of the zeolitic material. The

agergren rate constant KL was highest for CLIFeMn followed by
LIFeA. This fact shows that manganese increased the adsorption
elocity of the As(V) to reach the equilibrium in association with
ron because this effect was not observed using CLIMn.

.2.2. Elovich model
The Elovich rate equation has been used in the kinetics of

hemisorption of gases on solids. However, some researchers have
pplied this model to solid–liquid sorption systems. This model is
epresented by the following equation [43]:

t =
(

1
t

)
ln(1+ abt)

here qt (�g g−1) is the amount of As(V) adsorbed at time t, a
�g g−1 h−1) the adsorption constant for As(V), and b (g �g−1) is
he desorption constant for As(V).

Table 4 shows the adsorption initial velocity (a), desorption (b)
onstants and r obtained applying the Elovich model to the experi-

ental data. The adsorption velocity constant (a) is approximately
orders of magnitude greater for CLIFeMn and CLIFeA than for

LIFeB and CLIMn. It is important to mention that the a parame-
er for CLIFeMn is 10 times greater than that for CLIFeA and this

odel also shows the influence of manganese associated with iron
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Table 4
Elovich kinetic parameters obtained for the arsenates adsorption on modified
clinoptilolite-rich tuffs

Material Adsorption velocity
constant, a (�g g−1 h−1)

Desorption
constant, b (g �g−1)

R

CLIFeA 6.41×106 2.34 0.99
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to remove As(V) from water by Pokhrel and Viraraghavan [44] using
iron-modified Aspergilium niger and Maity et al. [24] using a marine
nodule.
LIFeB 33.23 1.34 0.98
LIMn 1.42 2.00 0.98
LIFeMn 65.4×106 3.47 0.96

n the adsorption velocity of As(V) on CLIFeMn. On the contrary,
he desorption constant (b) shows higher values for CLIFeMn and
LIFeA. This model has proven to be suitable for highly heteroge-
eous systems. The adsorption of arsenates [As(V)] on modified
linoptilolite-rich tuffs is an example of such a case, since they
re composed of different minerals and, therefore, exhibit different
ctivation energies for chemisorption.

.2.3. Pseudo-second-order model
The pseudo-second kinetic model developed by Ho and McKay

34], is based on experimental information of solid phase sorption,
enerally it has been applied to heterogeneous systems, where the
orption mechanism is attributed to chemical sorption.

The model can be represented by the following equation:

1
qe − qt

= 1
qe
+ kt

Rearranging this equation to a linear form:

t

qt
=

(
1

kq2
e

)
+ t

qe

here k (g �g−1 h−1) constant of pseudo-second order, qt (�g g−1)
he amount of As(V) adsorbed at time t, and qe (�g g−1) is the
mount of adsorbed at equilibrium.

The pseudo-second-order model is based on the assumption
hat the rate-limiting step may be chemisorption involving valence
orces through the sharing or exchange of electrons between adsor-
ent and adsorbate. Although, the experimental points could be
tted to the first and pseudo-second-order kinetic equations, the
est adjustments were observed with the pseudo-second-order
inetics equation in general.

The data for all zeolitic materials in straight-line plots of t/qt

gainst t were fitted to the pseudo-second-order kinetic model to
btain rate parameters (Fig. 3, Table 5).

According to the qe value, CLIFeA adsorbs the highest amount
f As(V) from an aqueous solution and this value (Table 5) is 1.3,
.6 and 3.4 times higher than that of CLIFeMn, CLIFeB and CLIMn,
espectively. This behaviour was similar for that obtained with the
rst order kinetic model.

The parameter k, which corresponds to the velocity constant of

seudo-second order, is the highest for CLIFeMn. This means that
n, in association with Fe, increases the As(V) sorption velocity for

LIFeMn. The specific surface characteristics of the iron-modified
atural zeolites are also important due to the k value diminishes
.6 times for CLIFeB in comparison with the CLIFeA (Table 2).

able 5
seudo-second-order kinetic parameters obtained for the arsenates adsorption on
odified clinoptilolite-rich tuffs

aterials qe (�g/g Z) k (�g/gh) R

LIFeA 7.81 3.11 0.98
LIFeB 4.84 0.44 0.97
LIMn 2.29 0.15 0.98
LIFeMn 6.02 5.65 0.97 F

m

ig. 3. Pseudo-second-order kinetic model applied to the As(V) sorption by (a)
LIMn; (b) CLIFeB; (c) CLIFeMn; (d) CLIFeA; (—) theoretical data.

Therefore the k value is correlated with the specific surface area
f each zeolitic material, due to increases in specific surface area
f the zeolitic material. As a consequence of the metallic species,
hich are modified by zeolite surface characteristics, the pseudo-

econd-order kinetic parameter increases as well (Fig. 4). Therefore,
he k parameter follows the equation:

= (0.094)(specific surface area, m2/g)

nd the k value follows the order:

CLIFeMn > kCLIFeA > kCLIFeB > kCLIMn

For other materials it was found that the pseudo-second-order
inetic is the best model of describing kinetic data for As(V) removal
rom water by Penicilium chrysogenum, in which k values was
.028 g/mmol min, respectively [41]. Similar results were obtained
ig. 4. Pseudo-second-order k parameters vs. specific surface areas from the
etallic-modified zeolitic materials.
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.3. Arsenic adsorption mechanisms

The iron(III) oxide surface has a high affinity for As(V) capable of
orming inner-sphere bidentate, binuclear As(V)–Fe(III) complexes
45]. Similar mechanisms were proposed by Su and Puls [46], with
heir spectroscopic evidence suggesting that As(V) predominantly
orms inner-sphere bidentate surface complexes with goethite.

In water samples treated with either ferric chloride or ferric
ulphate, arsenic adsorption by iron complexes occurs via ligand
xchange of the As species for OH2 and OH− in the coordination
pheres of surface structural Fe atoms. The predominant oxidation
tate of arsenic depends on the pH and the potential redox.

It can be presumed that the following processes are involved in
rsenic adsorption by natural solids like mordenite-type zeolite at
he basic and acid Brönsted sites [47]:

–O−H+ + (OH)2OAs–O−, for As(V) at pH 4

Vaishya and Gupta [48] proposed that the reaction of As(V) with
ron oxide surfaces can also be explained using the surface com-
lexation theory. In this case, the site S–Fe–OH acts as a Lewis acid
nd arsenate ions act as a Lewis base. Due to exchanges of OH–, this
echanism has been termed, ligand exchange mechanism.
It is proposed by Macedo-Miranda and Olguín [49] that only

ron found that the surface of natural zeolites play a role in As(V)
dsorption processes via the zeolitic material and the following
nteractions were considered:

ewisacid–baseinteraction, Z–FeO−H+ + (OH)2OAs–O−

Innerspherecomplexes, Z–FeOH2
+← H2AsO4

−and2Z–FeOH2
+

← HAsO4
2−.

A similar As(V) adsorption mechanism could be proposed by
LIFeA, CLIFeB, CLIMn and CLIFeMn.

. Conclusions

The zeolitic material is a potassium–calcium clinoptilolite. Na+

s partially exchanged with K+ and Ca2+ extranetwork zeolitic ions,
fter treating the zeolitic material with a NaCl solution.

The Na+ from the sodic zeolitic material plays an important
ole on Fe3+ and/or Mn2+-conditioned processes to obtain CLIFeA,
LIFeB, CLIMn and CLIFeMn and the zeolitic material is selective for
e3+ than for Mn2+.

The morphology of the zeolitic crystals are characteristic of
linoptilolite. Both clinoptilolite and quartz are the major compo-
ents of CLI.

The specific surface area of the iron and/or manganese-modified
linoptilolite-rich tuff changes according to the experimental con-
itions to obtain these zeolitic materials.

The equilibrium time to reach the maximum As(V) adsorption by
he modified clinoptilolite-rich tuffs depends on the surface char-
cteristics of iron or/and manganese-modified clinoptilolite-rich
uffs.

No As(V) adsorption is obtained by manganese-modified clinop-
ilolite rich tuff, however the thermal treatment of the zeolitic

aterial improves the adsorption of this metalloid.
The pseudo-second-order kinetic model is the best to describe

s(V) adsorption by the CLIFeA, CLIFeB, CLIMn and CLIFeMn.

The velocity constant k of the pseudo-second-order model is

reatest when both iron and manganese are in the surface of the
eolitic material.

The k value directly depends on the specific surface area of the
ron and/or manganese-modified clinoptilolite-rich tuffs.

[
[

[

dous Materials 163 (2009) 939–945

Therefore, the experimental conditions of the treatment
epends on the final surface characteristics of the modified
linoptilolite-rich tuff necessary to consider the As(V) adsorption
inetic processes.
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