
Chemical Engineering Journal 81 (2001) 187–195

Sorption on natural solids for arsenic removal
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Abstract

Steady state experiments were conducted on arsenic sorption from aqueous solutions by natural solids to test the feasibility of these
materials to act as concentrator for arsenic removal from groundwater and drinking water. The solids considered were natural zeolites,
volcanic stone, and the cactaceous powder CACMM. The arsenic species studied were As(III), As(V), dimethylarsinic acid (DMA) and
phenylarsonic acid (PHA). The arsenic removed was determined from the data obtained by measuring the concentration diminution of
the arsenic species in the liquid phase at equilibrium before and after the adsorption experiment by means of ICP-AES for the total
concentration of arsenic and IC-ICP-MS to determine the arsenic species. The latter method allowed the detection of As(V) additionally
formed as a result of the oxidation of As(III) on some of the zeolites. The sorption of the arsenic species onto zeolites was studied on
both non-activated and activated zeolites, as well as on zeolites hydrogenated or modified with iron, and with respect to varying pH. The
kinetics and the ability to desorb and readsorb the arsenic species were investigated for selected zeolites. © 2001 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Arsenic is ubiquitous in the environment and is a noto-
riously toxic element for the general population, which is
mainly exposed to arsenic via drinking water and marine
food. While organic arsenic species like dimethylarsinic acid
(DMA), for example, with a median lethal doses in animals
LD50(DMA)=1200 mg kg−1, are found as non-toxic com-
pounds, the inorganic arsenite with LD50(As3+)=4.5 mg
kg−1 and arsenate LD50(As5+)=14 mg kg−1 which makes
no great difference, should be considered to be rather toxic.
Most of the international drinking water standards are in
the range of 0.04–0.05 mg l−1 arsenic which was lowered
in Germany in 1996 to 0.01 mg l−1. Consequently there
is growing interest in using low-cost materials to remove
arsenic from water. One promising method appears to be
adsorption from solution. In the study stage this removal
technique is carried out in batch experiments, columns or
fixed bed reactors, and offers remarkable advantages. Triva-
lent and pentavalent arsenic species in aqueous solutions
were adsorbed onto activated carbon impregnated with sil-
ver and copper [1], while the adsorption of organic species
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has been studied on classical carbonaceous adsorbents [2].
The adsorption of arsenic, both as As(III) and as total
arsenic, has also been studied using a variety of natural
materials including sand, clay, kaolinite, bentonite, mont-
morillonite, goethite [3], spodic [4] and aquifer material
from mining areas [5]. The removal of As(III) and As(V)
has been studied in detail using antimony pentoxide and
manganese dioxide [6], as well as lanthanum compounds
[7], iron hydroxides [8,9] and iron-coated catalyst [10].
However, comparatively few published papers deal with ion
exchange for arsenic elimination [11].

Over the last 40 years, zeolites have attracted ever-
increasing interest from academic and industrial laborato-
ries. They represent an important group of materials due
to their catalytic, sieve and exchange properties. Natural
zeolites present additionally low cost and have high oc-
currence in some countries. However, metal ion exchange
has chiefly been viewed as a procedure in the prepara-
tion of metal zeolites for reaction promotion. Although the
fast application of the cation exchange phenomenon for
heavy metal removal has been described in the literature
in the last few years, in the case of arsenic, where arse-
nious and arsenic acid remain undissociated depending on
the pH, a molecular complex sorption mechanism can be
expected.
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Arsenic in solution has a complex and interesting chem-
istry with redox reactions also taking place. It can occur
in four oxidation states in nature, but in natural waters it
is found only as As(III) and As(V) oxidation states. As an
anion it presents acid characteristics whose stability and
dominance depend directly on the pH of the solution. Triva-
lent arsenic is stable at pH 0–9 as neutral H3AsO3, while
H2AsO3

−, HAsO3
2− and AsO3

3− exist as stable species
in the pH intervals 10–12, 13 and 14, respectively. For
pentavalent arsenic the corresponding stability of species
pH values are: H3AsO4 (pH 0–2), H2AsO4

− (pH 3–6),
HAsO4

2− (pH 7–11) and AsO43− (pH 12–14). It can be
then presumed that the following processes are involved in
adsorption at the basic and acid Brönsted sites:

Z–O	 + (ads) H–OAs(OH)2 for As(III ) at pH 4 and 7

Z–O	H⊕ + (ads)	O–As(OH)2 for As(III ) at pH 11

Z–O	H⊕ + (ads)	O–AsO(OH)2 for As(V) at pH 4

Just one report concerning arsenic removal using the nat-
ural zeolites clinoptilolite and chabazite can be found in the
literature [12]. The aims defined in our investigation were to
test the feasibility of diverse zeolites to remove for the first
time arsenic as species As(III), As(V), DMA and phenylar-
sonic acid (PHA), the sorption kinetics, the pH dependence
and desorption ability of the investigated arsenic species. Pri-
mary attention was paid to clinoptilolite – the most common
naturally occurring zeolite – and other solids were studied
in comparison.

2. Experimental

The natural solids used in this work were natural Mex-
ican and Hungarian zeolites and synthetic mordenite with
mesh sizes of 60 and 20 and are described in Table 1, Mexi-
can volcanic stone, and the cactaceous powder CACMM
[13–15] with a particle size of 420mm. They were prop-
erly analyzed and their characterization will be described
separately. Their activation comprised acid wash with 2 M
HCl with agitation at 50◦C for 2 h, keeping them for 24 h

Table 1
Studied zeolites, their type and composition

Zeolites Origin Type Other components

ZMA Clinoptilolite+erionite Tosudite
ZME Mexico,

natural
Mordenite+clinoptilolite Calcite, feldspars,

quartz, mica
ZMS Clinoptilolite Feldspars, quartz,

cristobalite
ZMT Clinoptilolite Calcite, feldspars,

quartz, mica
ZH Hungary,

natural
Clinoptilolite

ZS-M Synthetic Mordenite

in the acid solution, decantation and washing with water
until a pH of 5 was obtained and the AgNO3 chloride
test proved negative, followed by drying at 200◦C for 2 h.
The ferrous forms of each zeolite were prepared by equi-
librating a defined mass of the solid with Fe2+ solution
of various concentrations and one set with 1.5 mM Pb2+.
Following equilibration for 72 h, the samples were filtered
and the zeolite subsequently washed with water. The iron
intake was determined by ICP-AES. The sorption experi-
ments were carried out at 22◦C using glass containers as
batch reactors. In all the trials the solid-to-solution ratio
was maintained at 1:10. The solutions were equilibrated for
7 days or more and were initially shaken in an ultrasonic
bath. After equilibration, the final pH was measured and
2 ml of the supernatant was used for species analysis by
IC-ICP-MS (ion chromatography separation coupled with
ICP-MS detection) in adsorption experiments or for total
As analysis by ICP-AES in desorption experiments. The
desorption of As(V) was carried out by immersing the dry
solid sample with an amount of sorbed arsenic in water or
1 M HCl and determining the quantity of arsenic going into
solution after a period equal to the time allowed for sorp-
tion. Afterwards the zeolites were dried and put in contact
again with a new As(V) solution to determine the readsorp-
tion capacity. In experiments in the absence of oxygen, the
adsorption system was purged with He and kept stoppered
until analysis. In the kinetic experiments, a 1000 ml batch
system was analyzed daily by extracting a 2 ml sample and
taking into account in calculations the volume removed in
the solid/solution ratio. Iron hydroxide FeO(OH) and iron
oxide Fe2O3 (both from Aldrich) were used for compar-
ison, since the adsorption of As(V) on iron has a strong
nature [5,8,16,17] and the precipitation-coagulation with
ferric salts is used as conventional method for arsenic re-
moval from aqueous systems. Arsenic adsorbed onto iron
oxy-hydroxides surface can yield the following complex [5]:

FeOH+ H3AsO3→ FeH2AsO3+ H2O

Stock solutions of the arsenic compounds with different
concentrations were prepared from arsenic trioxide (Fluka),
arsenate solution (Titrisol, Merck), dimethylarsinic acid
trihydrate (Merck) and phenylarsonic acid (Fluka). The con-
centration of the arsenic species is always given as the con-
centration of elemental arsenic. The pH of the solutions was
adjusted by adding 1×10−4 M HCl or 1×10−4 M LiOH.
Iron and lead solutions were prepared from FeSO4·7H2O
(Fluka) and Pb(ClO4)2·3H2O (Aldrich), respectively. Deion-
ized water (Milli-Q, Millipore) was used in every solution.
The ICP-AES equipment was a Spectroflame P/M (Spec-
tro A.I.) with pneumatic nebulization using a cross-flow
nebulizer. The IC-ICP-MS system consisted of an LC 250
binary pump (Perkin-Elmer) coupled with an Elan 5000
ICP-MS (Perkin-Elmer) via a cross-flow nebulizer. A vol-
ume of 200ml was always injected. The guard and sepa-
ration columns used were Ion Pac AG7 and Ion Pac AS7
(Dionex), respectively. The mobile phase was nitric acid
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with the ion-pairing modifier benzene-1,2-disulfonic acid
in accordance with [18]. The chromatograms were quanti-
tatively evaluated by integrating the peaks corresponding to
As(III), As(V), DMA and PHA, applying the peak fitting
module of the software Microcal Origin 4.1. The sorbed
amounta (mg g−1) was calculated as the difference between
the initial concentrationC0 and the equilibrium concen-
tration Cf , as a=V(C0−Cf )/m, whereV is the volume of
the batch solution andm is the mass of the solid. Sorption
efficiency is considered in percent asε=100−100Cf /C0.

3. Results and discussion

3.1. Sorption kinetics

The concentration variation of arsenite and arsenate was
measured daily for a period of 12 days with two of the stud-
ied zeolites described in Table 1 and an initial As(III)+As(V)
solution concentration of 100 and 20mg l−1, respectively.
After 24 h, the arsenite concentration considerably decreased
in the batch solution containing ZH as compared to zeolite
ZME, and sorption was faster, i.e. equilibrium was achieved
after approximately 4 days. Arsenate concentration variation
was referred to the initial 20mg l−1 concentration. The dis-
continuity of the As(V) curves in Fig. 1 is especially strik-
ing. An abrupt increase in the As(V) content was observed

Fig. 1. Effect of time on the As concentration in aqueous solution (pH 4)
in contact with activated zeolites ZME (continuous lines) and ZH (dis-
continuous lines) (activation in 1×10−4 M HCl and 1×10−4 M H2SO4)
and without activation (dotted lines). Leaching solution initial concentra-
tion 100mg l−1 As(III) and 20mg l−1 As(V). Curves for As(V) referred
to the initial concentration.

after 48 h for the mordenite-type zeolite ZME, indicating
the formation of additional amounts of As(V) as a result
of contact with the zeolite. In connection with this result,
the possibility of the donation or removal of protons by the
Brönsted sites in zeolites during interaction with molecules
must be considered. Electron density from the interacting
molecule may be transferred to the electron acceptor sites
of the zeolite, represented by various cations coordinated at
the cation positions of the zeolite, or by the protons in the
hydrogenated forms as in the case of the acid–base catalysis.

With the clinoptilolite-type zeolite ZH the same effect was
observed to a smaller extent, with the sorption of As(V) also
starting after 72 h and the corresponding curve reaching a
steady-state after 4 days. Arsenate formation on ZH occurred
on the zeolite activated with both HCl or H2SO4, but not on
the initial ZH. The arsenate amount formed on ZME also
moderately decreased and did not reach a constant value
after 12 days.

When the sorption kinetics in the current study is com-
pared with reported data, in which the adsorption equi-
librium for arsenate and arsenite was reached after 1 h on
ferrihydrite [9] for example, it must be noted that sorption
on zeolites is an essentially more complex process since
they exhibit cations and framework acting as two sorption
centers and the role of the accompanying materials in nat-
ural zeolites cannot be neglected. Thus, the kinetics may
be diffusion-controlled, exhibiting the slowest step in the
primary and secondary porosity, being the primary consid-
ered as the micropores (r=1.5–1.6 nm) present in a spe-
cific crystalline zeolite structure, and the secondary as the
meso (r=1.6–200 nm) and macropores (r>200 nm) existing
between particles and accompanying materials in natural
zeolites. Frequently adsorption kinetic curves considered as
the increase of the adsorbed amount as well as the decrease
of the starting amount of adsorbate with time, follow a first
order exponential function. We applied a fitting procedure
considering 1–3 order functions and preferred the fit which
best described the data. The standard way of defining the
best fit is to choose the parameters so that the sum of the
χ2 of the deviations of the theoretical curve(s) from the
experimental points for a range of independent variables
reaches the absolute minimum. The algorithm, starting from
some initial parameter values, minimizesχ by performing
a series of iterations on the parameter values computingχ2

at each stage. For arsenite concentration variation in contact
with the clinoptilolite type zeolite ZH, experimental values
fitted a first-order exponential decay function whose values
are given in Table 2. On ZME consisting of two zeolite
types, no data fitting was obtained. Arsenate diminution
was also only adjusted to a first-order exponential function
in the case of the non-activated ZH zeolite, where only the
sorption of As(V) occurs, and not formation and sorption as
in the case of the activated zeolites. From the curves it can
be seen that the decay of the As(V) concentration is more
drastic than that of the As(III) concentration, highlighted
by a t coefficient value of 1.4 and 3.0, respectively, while
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Table 2
Coefficient values of the first-order exponential functiona adjusting the
data of arsenite and arsenate sorption on zeolites

System y0 A b (χ2)b

As(III)/ZH (HCl washed) 52 51.2 5.6 14.8
As(III)/ZH (H2SO4 washed) 60 41.3 3.2 2.5
As(III)/ZH (not washed) 54.8 47.6 3.0 13.0
As(V)/ZH (not washed) 19.1 82.2 1.4 13.2

a C=C0+Aexp(−t/b), whereA and b are constants,t is the time and
C0 andC are the concentrations att=0 and at a given timet, respectively.

b χ2 values of the deviations from the theoretical curve.

Fig. 2. Time dependence of the sorption of As(V), DMA and PHA on
zeolite ZE (initial state) and ZE modified with iron and lead. Start solution
concentration: 5 mg l−1.

the diminution of arsenite concentration occurs with similar
velocity on the primitive and activated ZH.

The sorption of As(V) as species arsenate, dimethy-
larsinate and phenylarsonate was studied as a function of
time on zeolite ZME in the initial state and on iron- and
lead-modified forms of ZME. Fig. 2 shows first that equi-
librium could not be reached after 20 days’ contact in all
cases. Secondly it can be seen as expected, that after a given
time the sorption of As(V) is greater than that of DMA and
PHA. The iron form removes a greater amount of As(V) in
comparison to the lead form. It is also apparent that both
modified forms seem to reach saturation faster than the
unmodified zeolite.

3.2. Dependence of arsenic removal on pH-value

Since the stability and dominance of the arsenic species
directly depend on the pH of the solution, the studied zeo-
lites were left in contact with aqueous solution containing
200mg l−1 As(III) at different pH values at 23◦C for 20 days.
Fig. 3 shows the IC-ICP-MS chromatogram of batch solu-
tions at pH 4. It can be clearly seen that on the clinoptilolite
type zeolites ZMT, ZMS and ZH, the arsenite concentration

Fig. 3. IC-ICP-MS chromatograms of 200mg l−1 As(III) solution pH 4
before (SS) and after 20 days in contact with different zeolites at 23◦C.

drastically decreases, but the formation of arsenate also oc-
curs. Arsenate is promptly formed and subsequently sorbed
as was observed in the kinetic studies on ZH. In this way,
for example, ZH formed 0.2mg g−1 arsenate and 99% arsen-
ite was withdrawn from the 200mg l−1 arsenic solution. On
the natural mordenite type zeolite ZME, the arsenite con-
centration vanished and the arsenate formed was sorbed to a
smaller extent compared to the clinoptilolites. Since the cal-
ibration curves of arsenite and arsenate have slopes whose
ratio is 1.04, it is immediately evident from Fig. 3 that almost
equal concentrations of both species resulted when synthetic
mordenite ZS-M was in contact with As(III) solution.

Here the total arsenic content was reduced by around 20%
by 200mg l−1 on 160mg l−1, of which 44% corresponded
to As(III) and 56% to As(V). This suggests on the one hand
that As(III) is not fully transformed into As(V), and on the
other hand that a small amount of one species or of both is
retained by the zeolite. By contrast, the natural mordenite
type zeolite ZME transformed As(III) into As(V) and sorbed
the species, leading to a total arsenic decrease of 14%, with
the remaining arsenic existing in 94% as arsenate. The zeo-
lite ZMA, which is composed of a mixture of clinoptilolite
and erionite, shows similar behavior to the natural clinoptilo-
lites in this study, although the remaining amount of As(V)
formed is larger, probably due to the smaller content of the
clinoptilolite phase.

At the zeolite surface the following reaction in solution
can be proposed:

2As(OH)3+O2,ads
Z/H2O←−−−→2AsO(OH)3, 1G = −222 kJ
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It is known that mordenite and clinoptilolite zeolite types can
be used for the gas chromatographic separation of a mixture
of the gases argon, oxygen and nitrogen at room temperature.
Separation selectivity can be affected by modification as well
as by decationation and dealumination of the natural zeolites.
This indicates that adsorption of oxygen takes place and as
it was mentioned in [19], it is even greater on natural than
on synthetic samples in the temperature interval 10–40◦C.
Other factor influencing the oxidation of arsenite can be the
presence of Fe3+ and Mn4+ in the natural zeolite as it can
be appreciated for example in the following reaction:

4Fe3++As2O3+ 2H2O
(ZO−)nMn+
←−−−−−−→ 4Fe2+ + As2O5+ 4H+,

1G = −28 kJ

Following on from the above results, we then examined
two aspects of the removal of the total arsenic, viz. the
diminution of the arsenite concentration, and the formation
and subsequently sorption of arsenate or the inhibition of the
spontaneously formed arsenate at defined pH values when
no zeolite is used. At pH 7 the studied zeolites show the
same trend in arsenate removal as at pH 4, while at pH
11 the sorption of spontaneously formed As(V) was evi-
denced. Fig. 4 shows a set of chromatograms. A freshly pre-
pared 200mg l−1 As(III) solution at pH 11 contained when
chromatographed 160mg l−1 As(III)+40mg l−1 As(V). The
same solution showed 20mg l−1 As(III)+180mg l−1 As(V)
after 20 days. By way of example, chromatograms of batch
solutions in contact with zeolite ZH demonstrate that both
arsenite and formed arsenate could be removed in the studied
pH interval, producing residual solution concentrations of

Fig. 4. IC-ICP-MS chromatograms of 200mg l−1 As(III) solution pH 11
aged 20 days (a), freshly prepared (b) and after contact with zeolite ZH
at 23◦C, 20 days at pH 4, 7 and 11 as superposed lines (c).

Fig. 5. Dependence of the sorbed amount of As(III) (A) and correspond-
ing removal efficiency (B) on pH value. Continuous lines clinoptilolite
type zeolites. Discontinuous lines mordenite type zeolites. Dotted line:
erionite+clinoptilolite mixed zeolite.

0–5 and 30–40mg l−1, respectively. At pH 11 chromatogram
in Fig. 4 stated the rapid transformation of arsenite and al-
most a total conversion into arsenate with time. When a
compound is able to hinder a process, it is usually consid-
ered as inhibitor. Here when comparing chromatograms ‘c’
with ‘a’ in Fig. 4 the role of the zeolite will be considered by
us primarily as an inhibition in the As(V) formation. Fig. 5
shows the elimination of the species As(III) by the zeolites
studied as a function of the pH. The global behavior corre-
sponds to a high total arsenic sorption at low pH and low
sorption at high pH, as was observed with aquifer material
[5]. The zeolites ZMS and ZME showed low efficiency at
pH 11; ZMA, ZMT and ZH displayed high and uniform
efficiency in the whole pH interval, and the synthetic mor-
denite 50% exhibited almost constant efficiency, although
a high degree of conversion into As(V) took place, as pre-
viously discussed. Table 3 demonstrates in general that the
highest amounts of As(V) are formed at pH 7 and that on
the Clinoptilolite containing zeolites practically no residual
arsenate results at pH 4. When evaluation of resulting arse-
nate concentration was considered with respect to the spon-
taneously formed species in absence of zeolite at pH 11, one
nearly estimates the inhibition of arsenate production. Here
the mixed phase zeolite ZMA presented the lowest inhibition
efficiency.
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Table 3
Resulting As(V) inmg l−1 after contact with 1 g zeolite at different pH and
inhibition of its spontaneous formation from 200mg l−1 As(III) solution
at pH 11

Zeolite pH Inhibition (%)

4 7 11

ZMA 0.5 3.5 2.7 27
ZME 1.2 0.9 0 99
ZMS 0 1.4 0 100
ZMT 0 0.7 1.2 63
ZH 0.2 0.1 0.2 89
ZS-M 1.2 0.8 0.8 73

3.3. Dependence on sorption atmosphere and activation

In order to investigate the role of oxygen in arsenate for-
mation, two experiments were carried out in a helium atmo-
sphere. The chromatograms in Fig. 6 show the almost negli-
gible influence of oxygen on As(V) formation in the case of
the clinoptilolite zeolite ZH (Fig. 6B), but a marked effect
for the mordenite type natural zeolite ZME (Fig. 6A). In both
the presence and absence of oxygen, arsenite concentration
diminution occurs for two different zeolite types. Here he-
lium purge of the solution does not effectively displace the
adsorbed oxygen and it leads to oxidation of arsenite.

When the same 170mg l−1 As(III) batch solutions were
activated in an ultrasonic bath and measured after 1 h contact,
mordenite zeolite ZME readily transformed 86% As(III) into
As(V), showing no difference compared to the non-activated
system (Fig. 7A). With the clinoptilolite type zeolite ZH

Fig. 6. IC-ICP-MS chromatograms of 170mg l−1 As(III) solution before
(dotted line) and after 20 days in contact with zeolites ZME (A) and ZH
(B) at 23◦C and pH 7 in the presence and absence of oxygen.

Fig. 7. IC-ICP-MS chromatograms of 170mg l−1 As(III) solution before
(dotted line) and after 1 h in contact at 23◦C and pH 7 with zeolites ZME
(A) and ZH (B) applying ultrasound activation.

(Fig. 7B), the effect on arsenite concentration was 80%
diminution when ultrasonic treatment was applied, in con-
trast with 20% without activation. The final arsenate con-
centrations were 30 and 10mg l−1, respectively. An equilib-
rium displacement originated by ultrasonic heating, during
which the temperature rises from 22 to 27◦C, can be added
at this point to the sorption process.

Since treatment with HCl can lead to the dealumination
of clinoptilolites, we measured the arsenite concentration
diminution on treated and untreated ZH. Fig. 8 shows
the larger removal of As(III) and also the greater As(V)
formation on the untreated ZH in an oxygen atmosphere
when no ultrasonic activation was applied (Fig. 8A). Sur-
prisingly, we found that after activation and immediate
measurement (Fig. 8B), As(III) was totally removed from
the solution. When comparing the behavior of mordenite
ZME and clinoptilolite ZH (Fig. 7) treated with HCl, it
can be seen that the performance of the washed morden-
ite resembles the behavior of the unwashed clinoptilolite.
This can partly be explained by the fact that treatment with
diluted HCl leads to the almost complete elimination of
sodium ions with the variable dealumination of mordenites
[19]. However, the role of decationation and dealumination
grade of the zeolites for arsenic removal must be studied
in more detail and will be the subject of a future paper.
When the natural cations (mostly sodium and calcium) in
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Fig. 8. IC-ICP-MS chromatograms of 170mg l−1 As(III) solution before
(dotted line) and after 7 days in contact at 23◦C and pH 7 with zeolite
ZH (A) and after applying rush ultrasound activation before measurement
on the zeolite washed with HCl (B).

a zeolite are partially removed by chemical treatment and
substituted by an equivalent amount of hydrogen ions, this
process known as decationation can produce a material with
different adsorption properties against diverse adsorbates.
Among cationated zeolites, the dispersive adsorption energy
grows with the cation size in the alkaline group for exam-
ple. With dealumination understood as the withdrawal of
tetrahedral aluminum from the zeolitic framework, higher
Si/Al ratios are produced, the thermal stability and the
catalytic activity can be varied as a result of this chemical
modification. Another factor improving the performance
of the washed clinoptilolite ZH could be the secondary
porosity formed by the natural material surrounding the
crystals, which is of mesoporous and macroporous size.
The effect of acid-washing on porosity is not reported for
mordenites, while in the case of clinoptilolites it leads to
the modification of the pore size distribution curves [19].

3.4. Sorption by hydrogenated and modified zeolite forms

When modified forms of the studied zeolites were stud-
ied, a higher degree of elimination of arsenite and DMA was
achieved in some experiments, as can be seen from Fig. 9.
This corresponds with reported data [12] for Californian
clinoptilolite and Tucson chabazite. However, it cannot be
described here as general behavior since it depends on the
degree of modification. Our results present modified zeolites
after being in contact with equal amounts of bivalent iron.
The iron exchange capacity decreased in the clinoptilo-

Fig. 9. Sorption of As(III) (A) and DMA (B) from 250mg l−1 solutions
(pH 5) after 48 h by hydrogenated and Fe2+ modified forms of the zeolites:
ZS-M (1), ZME (2), ZMA (3), ZH (4), ZMT (5) and ZMS (6).

lites series: ZMS>ZMT>ZH and in the mordenites series:
ZS-M>ZME, which correlates with the removal grade of ar-
senite: ZMS-Fe>ZMT-Fe>ZH-Fe and ZS-M-Fe>ZME-Fe.
More effective for arsenite retention among the unmodified
samples were the synthetic mordenite ZS-M and the natural
clinoptilolite ZMS, while the mixed phase zeolite ZMA
was the most successful of the modified group. Since the
exchange of cations is generally determined by the zeolite
structural characteristics, this erionite-containing sample
ZMA, as well as the reported chabazite [12] as modified
iron forms, exhibited considerable retention improvement in
relation to the clinoptilolite type, because the exchange ca-
pacity of the latter is lower due to a higher SiO2/Al2O3 ratio.
It is significant that (as mentioned above) zeolites are able
to concentrate arsenite, arsenate and DMA. In order to test
the removal of a second arsenorganic species, sorption of
PHA was performed. As was shown in the kinetic part of the
study, detectable amounts of sorbed DMA and PHA by the
natural ZME were registered after 5 days. Nevertheless Fig.
10A shows the sorption of high arsenate, DMA and PHA
concentrations after 18 days on unmodified and also on iron-
and lead-modified zeolite. Retention of the species by the hy-
drogenated form decreases in the series As(V)>DMA>PHA
and of arsenate by the modified forms Z-H>Z-Fe>Z-Pb.

3.5. Desorption and readsorption capacity

Fig. 10 demonstrates that desorption and the readsorp-
tion of As(V) are possible on both unmodified and modified
forms of the zeolite ZME. The total desorption of arsenate
considered with respect to the sorbed amount is greater from
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Fig. 10. Sorption efficiency (A) after 18 days from 5 mg l−1 solutions
(pH 5) of As(V), DMA and PHA by hydrogenated and modified forms
(Fe2+, Pb2+) of the zeolite ZME. Solid–solution relation: 1:80. Desorption
capacity against sorbed As(V), DMA and PHA.

the two modified forms and also greater with HCl than with
water. A smaller amount of the species PHA is sorbed by the
hydrogenated form in comparison with the species DMA,
while desorption occurs vice versa. An equivalent amount
of arsenate can be resorbed in a second procedure by the
unmodified and modified forms, although it does not reach
the amounts retained in the first contact — probably due to
a residual sorption level.

3.6. Comparative sorption by natural solids

It is well known that arsenic is mostly adsorbed by hy-
droxides in the environment [8,16,17]. Comparison between
sorption on iron hydroxides and the studied zeolites demon-
strated that the elimination of arsenite by two iron-modified
forms, synthetic mordenite ZS-M-Fe and natural ZMA-Fe
reaches 89 and 75%, respectively, of the amount removed
by the hydroxide (Fig. 11). The most effective hydrogenated
forms, synthetic mordenite ZS-M and natural clinoptilolite
ZMS, achieve removal rates of 75 and 56%, respectively,
in relation to the hydroxides. Arsenate is similarly sorbed
on the iron hydroxides and on the volcanic stone and cac-

Fig. 11. Sorbed amounts of As(III), As(V) and DMA after 24 h from
250mg l−1 solutions (pH 5) by hydrogenated and Fe2+ modified zeolites,
iron hydroxides, volcanic stone (VS) and cactaceous powder CACMM2.

taceous powder, while DMA is removed to a greater extent
by zeolites in comparison with iron hydroxides.

4. Conclusions

Arsenite, arsenate DMA and PHA were removed to dif-
ferent extents by the solids studied. Mordenite and clinop-
tilolite type zeolites showed additional As(V) formation.
The sorption of arsenic takes place more slowly on zeolites
in comparison to ferrihydrite. Both arsenite and arsenate
were very efficiently removed in the pH interval 4–11 after
contact with zeolite ZH and ZMA. Oxygen favored As(V)
formation and the effect on arsenite concentration was 80%
diminution when ultrasonic activation was applied, contrast-
ing sharply with 20% without activation. More effective for
arsenite retention among the unmodified zeolite samples was
the natural clinoptilolite ZMS, while the mixed phase zeo-
lite ZMA showed the highest efficiency in the iron-modified
group. It was demonstrated in the case of zeolite ZME that
desorption followed by re-adsorption of As(V) are achiev-
able. Removal of arsenite by some of the iron-modified
zeolites is comparable with the amount removed by iron
hydroxide. Arsenate is sorbed on volcanic stone and cac-
taceous powder, while DMA is retained to a greater extent
by zeolites.
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[12] D. Bonńın, Arsenic removal from water utilizing natural zeolites,
Proc. Ann. Conf. Am. Water Works Assoc. (1997) 421.

[13] M.M. Dávila, M.P. Elizalde, Adsorbente natural para la remoción de
contaminantes de aguas industriales, Mexico Patent 041412 (1997).

[14] M.M. Dávila Jiménez, M.P. Elizalde González, A.A. Peláez Cid, A.
Juárez Rosas, Dye and water adsorption properties of cactaceous
material, J. Mater. Sci. Lett. 16 (1997) 1145–1147.

[15] M.P. Elizalde-González, R. Ruı́z-Palma, Gas-chromatographic
characterization of the adsorption properties of the natural adsorbent
CACMM2, J. Chromatogr. 845 (1999) 373–379.

[16] R.J. Bowell, Sorption of arsenic by iron oxides and oxyhydroxides
in soils, Appl. Geochem. 9 (1994) 279–286.

[17] M.J. Haron, W.M.Z. Wan Yunus, N.L. Yong, S. Tokunaga, Sorption of
arsenate and arsenite anions by iron(III)-poly(hydroxamic) complex,
Chemosphere 39 (1999) 2459–2466.

[18] S. Londesborough, J. Mattusch, R. Wennrich, Separation of organic
and inorganic arsenic species by HPLC-ICP-MS, Fresenius J. Anal.
Chem. 363 (1999) 577.

[19] G.V. Tsitsishvili, Natural Zeolites, Horwood, New York, 1992, p.
295.


