
A
z

L
a

b

a

A
R
R
2
A
A

K
A
M
C
A
D
A

1

t
u
g
r
t
o
i
p
a

e
i
a
c
c
t
[
c

0
d

Journal of Hazardous Materials 189 (2011) 286–293

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journa l homepage: www.e lsev ier .com/ locate / jhazmat

rsenic removal from groundwater by MnO2-modified natural clinoptilolite
eolite: Effects of pH and initial feed concentration

ucy M. Camachoa, Ramona R. Parrab, Shuguang Denga,∗

Chemical Engineering Department, New Mexico State University, P.O. Box 30001, MSC 3805, 1040 S. Horseshoe St, Las Cruces, NM 88003, USA
Physical Science Laboratory, New Mexico State University, P.O. Box 30001, MSC 3805, Las Cruces, NM 88003, USA

r t i c l e i n f o

rticle history:
eceived 13 July 2010
eceived in revised form
2 November 2010
ccepted 14 February 2011
vailable online 22 February 2011

eywords:

a b s t r a c t

Adsorption of arsenic (As5+) on natural and MnO2-modified clinoptilolite-Ca zeolite adsorbents was inves-
tigated to explore the feasibility of removing arsenic from groundwater using natural zeolite adsorbents.
The natural and MnO2-modified clinoptilolite-Ca zeolite adsorbents were characterized with nitrogen
adsorption at 77 K for pore textural properties, scanning electron microscopy with energy dispersive X-
ray spectroscopy and X-ray fluorescence for morphology, elemental composition and distribution. Batch
adsorption equilibrium experiments were conducted to study the effects of pH and initial feed concen-
tration on arsenic removal efficiency. It was found that the amphoteric properties and arsenic removal
efficiency of the natural clinoptilolite-Ca zeolite were significantly improved after modification with
rsenic

odified zeolite
linoptilolite
dsorption
rinking water
mphoteric

MnO2. The MnO2-modified zeolite could effectively remove arsenic from water at a wide pH range, and
the arsenic removal efficiency that is basically independent of the pH of feed solutions varies slightly
with the initial arsenic concentration in the feed solutions. The removal efficiency obtained on the mod-
ified zeolite was doubled as compared to that obtained on the unmodified zeolite. The MnO2-modified
clinoptilolite-Ca zeolite appears to be a promising adsorbent for removing trace arsenic amounts from

water.

. Introduction

Arsenic (As) is considered a contaminant of major concern due
o its high toxicity at small concentrations and its ability to go
ndetected [1]. It is naturally present in the environment due to
eological formations, such as lacustre sediments and volcanic
ocks [2]. From these As-rich geological sources, soluble forms of
he metal leach into shallow groundwater [3] and transform due to
xidation–reduction, ligands exchange, precipitation and biochem-
cal reactions [2]. Industrial processes and products such as wood
reservatives, semi-conductors, and agricultural applications may
lso introduce arsenic into the environment [4,5].

Even though arsenic is found in several forms in food and
nvironmental media, it is predominantly encountered in drink-
ng water as inorganic arsenic. In this form it is both highly toxic
nd readily bioavailable. Chronic ingestion of inorganic arsenic
ontaminated drinking water can develop into arsenicosis which

auses respiratory, renal, and immunologic effects [6]. Evidence
hat inorganic Arsenic may be diabetogenic has been also reported
7]. The World Health Organization [8] established a maximum
ontaminant level (MCL) for arsenic in drinking water of 10 �g/L.

∗ Corresponding author. Tel.: +1 575 646 4346; fax: +1 575 646 7706.
E-mail address: sdeng@nmsu.edu (S. Deng).

304-3894/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.02.035
© 2011 Elsevier B.V. All rights reserved.

This limit was also adopted in the United States (US) in 2006
[9].

Treatment methods for arsenic contaminated waters include
oxidation, lime softening, coagulation/precipitation, anion-
exchange, adsorption, membrane process, and phytoremediation
[10,11]. In the majority of the treatment cases, Arsenic removal
was affected by the initial pH of the water which can be between
7 and 12 [12–14]. One of the disadvantages of working at these pH
levels is the sludge generation, which makes the process inefficient
from a waste minimization point of view. Adsorption has proven
to be an efficient method for treating arsenic contaminated waters
[15]. Some of the adsorbents widely used include silica, alumina,
granular ferric hydroxides, synthetic resins, and zeolites [16].
Among these materials, natural zeolites, a group of crystalline
alumina-silicates, gained increasing attention due to their specific
structure and adsorption and ion-exchange capabilities. However,
its main disadvantage is the low arsenic removal capacity.

Studies have been conducted using modified natural zeolites
for arsenic removal. Some of the reported modifications include
iron-modified [17,18], surfactant-modified [19,20] and lanthanum-

modified zeolites [21]. Chemical pre-treatment and initial pH
adjustment were required in most of the cases and no signifi-
cant improvement in the arsenic removal efficiency was reported
[22,23]. The objective of this work was to investigate the adsorp-
tion performance of a MnO2-modified natural clinoptilolite zeolite

dx.doi.org/10.1016/j.jhazmat.2011.02.035
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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ithout chemical pre-treatment, and to compare it with the Arsenic
dsorption by the unmodified clinoptilolite zeolite at similar con-
itions. The effect of pH and initial concentration on the arsenic
dsorption capacity were given emphasis in this work. The results
btained will enhance the understanding of adsorption equilibrium
f arsenic by clinoptilolite zeolite and its modification, and provide
aluable insights on adsorption breakthrough process develop-
ent and implementation.

. Materials and methods

.1. Modification of natural clinoptilolite zeolite

The natural clinoptilolite zeolite used in this study is from a
eolite deposit located in Truth or Consequences, New Mexico (St.
loud Mining Company, USA). Prior to modification, the clinoptilo-

ite zeolite (CZ) was washed with deionized water and dried at
oom temperature. The modified clinoptilolite zeolite (MCZ) was
btained by pouring a mixture of 50 mL of 2.5 M MnCl2 and 0.5 mL
f 10 M NaOH over 50 g of the washed clinoptilolite zeolite in a heat-
esistant dish and then heating the mixture in a furnace at 150 ◦C for
pproximately 5 h. Afterwards, the modified adsorbent was heated
t 500 ◦C for 3 h, cooled at room temperature and washed several
imes with distilled water.

.2. Adsorbent characterization

Physical and chemical properties of the natural and modi-
ed clinoptilolite zeolite were determined by scanning electron
icroscopy/energy dispersive X-ray spectroscopy (SEM/EDS), and
2-adsorption analyses. Elemental analysis of the natural CZ was
btained by X-ray fluorescence (XRF) analysis. Prior to SEM anal-
sis the samples were sieved (mesh size 14 × 30), washed with
eionized water, and dried at room temperature for 48 h. The dried
amples were coated with a gold film to minimize charging and
mprove resolution, and then analyzed with SEM/EDS (Hitachi S-
400 N).

The sample for major element analysis was prepared by mixing
alcined, natural clinoptilolite zeolite powder (325 mesh, 900 ◦C)
ith lithium tetraborate and lithium metaborate, and then heating

n a muffle furnace at 1100 ◦C for 30 min. For trace element analysis,
he sample was prepared by mixing zeolite powder (325 mesh)
ith a binder solution (Ultra bind®) in a steel pellet and pressing

he mixture in a press plate at 20 tons for 1 min. The sample was
hen dried and analyzed. Major and trace element analysis of the
linoptilolite zeolite samples were conducted with a XRF (Rigaku
SX, 100-e) analyzer.

The BET and Langmuir specific surface area, pore size dis-
ribution, and pore volume of both CZ and MCZ samples were
etermined in an accelerated surface area and porosimetry instru-
ent (Micromeritics ASAP 2020) operated with liquid N2 at
196 ◦C. The specific surface area, pore volume, and median pore

ize were calculated with the built-in software of the Micrometrics
SAP 2020 equipment.

.3. Variation of pH with adsorption time

Two 10-mL of 20 �g/L arsenic standard solutions were adjusted
ith 0.10 M NaOH and 0.1 M HCl solution to pH 7.0. The arsenic

tandard solutions were prepared from an As5+ stock standard solu-
ion of 100 mg/L, (Sigma Aldrich, reagent grade). Each solution was

hen mixed with 1.0 g of CZ and MCZ samples in 200-mL, high-
ensity, polyethylene plastic bottles. The bottles were placed on
n automatic shaker (Lab-line Orbit, Model No. 359) at 100 rpm for
7 h. A standard pH meter (Accumet Excel XL25, Fisher Scientific)
as used to monitor changes in solution pH every 15 min and half
Fig. 1. SEM of natural clinoptilolite zeolite: (A) original; (B) MnO2-modified (mag-
nification = 2.5 K, scale bar = 20 �m).

an hour for the first 4 h, and then every 2 and 6 h. For every sam-
ple a replicate was run to ensure the accuracy of the data. Blanks
of CZ and MCZ in deionized water (pH = 6.5) were run for 48 h to
observe the effect of manganese on the amphoteric property of the
modified zeolite.

2.4. Effect of pH on arsenic adsorption

The effect of pH on arsenic adsorption by CZ and MCZ samples
was investigated at acidic, neutral, and basic conditions. The pH
of eight 100-mL solutions of 20 �g/L arsenic was adjusted to val-
ues ranging from 2.0 to 9.0 (each pH level in duplicate) by adding
0.1 M HCl or 0.1 M NaOH. Initial and final solution pH-values were
recorded. The solutions were then mixed with one gram of NZ and
MCZ sample in 200-mL, high-density, polyethylene plastic bottles
and placed in an automatic shaker at 100 rpm for 48 h to ensure
that adsorption equilibrium was obtained. After 48 h, samples were
removed from the shaker, filtered (0.45 �m nylon) and analyzed
with an inductively coupled plasma-mass spectrometer (ICP-MS)
(Elan DRC-II, Perkin Elmer) for arsenic concentration.

2.5. Adsorption equilibrium measurements

Eight arsenic solutions having an arsenic concentration ranging
from 0.5 to 50 �g/L were prepared by diluting the corresponding
quantity of a 1 mg/L arsenic solution with deionized water to a

final volume of 100 mL in 200-mL, high-density, polyethylene plas-
tic bottles. The 1.0 mg/L arsenic standard solution was prepared
from the 100 mg/L stock standard solution. The pH of the prepared
solution was adjusted to mimic the drinking water purification con-
dition (pH of 6.5–7.0) by adding 0.10 M NaOH or 0.1 M HCl solution,
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est component at 3.18 wt.% followed by K at 2.44 wt.% (Table 1).
Silica to alumina ratio (Si/Al) of 5.16 was obtained for the natu-
ral clinoptilolite zeolites. The Si/Al ratio provides the negatively
charged structure of the zeolite due to the difference between

Table 1
Elemental analysis of a natural clinoptilolite zeolite from New Mexico, USA.

Major elements Concentration
(wt.%)

Trace
elements

Concentration
(mg/L)

SiO2 66.61 Rb 110.0
TiO2 0.25 Th 28.17
Al2O3 12.91 Nb 27.0
Fe2O3 1.7 Sr 1030.0
MnO 0.04 Zr 156.0
MgO 1.54 Y 24.2
CaO 3.18 Pb 18.0
Na2O 0.39 U 3.34
K O 2.44 V 14.0
Fig. 2. EDS mapping of MnO2-m

nd measured with the Accumet pH meter. One gram of the NZ or
CZ was added to each solution. The bottles were closed tightly

nd placed on the automatic shaker at 100 rpm and after 48 h, the
amples were removed from the shaker, filtered (0.45 �m nylon),
nd analyzed by ICP-MS for arsenic concentration. A simple mass
alance on the water solution and the adsorbent was carried out
or each solution to calculate the amount of arsenic adsorbed by
he zeolites. The final amount of arsenic remaining in solution was
efined as the equilibrium concentration. The arsenic adsorption
mount (�g/g) in equilibrium with the final arsenic concentration
as obtained by dividing the adsorbed amount (�g) by the mass of

he adsorbent (1.0 g).

. Results and discussion
.1. Physical and chemical properties of natural and modified
eolites

Major and trace element compositions of the CZ sample showed
hat aside from the main Si and Al components, Ca is the next high-
d natural clinoptilolite zeolite.
2

P2O5 0.06 Cr 18.0
Loss on ignition 10.72 Ni 20.0

Cu 14.0
Zn 65.0
Ga 17.8
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Table 2
Summary of pore textural properties for natural and modified clinoptilolite zeolite.

Property Natural
clinoptilolite

MnO2-modified
clinoptilolite

BET surface area (m2/g) 11.62 7.74
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gested as responsible for arsenic retention on natural manganese
sand [34].

Blank solutions of CZ and MCZ samples in deionized water
(pH = 6.5) were run for 48 h to observe the effect of manganese on
BJH pore volume (cm3/g) 0.024 0.017
BJH median pore size (Å) 96.09 120.01

he (AlO4)5− and (SiO4)4− tetrahedral [24]. Positive sites may be
vailable from the alkaline and alkaline-earth cations contained
n the zeolite that are available for ion exchange [24]. The XRF
lemental analysis data shown in Table 1 identified the CZ used
s Ca-clinoptilolite (KNa2Ca2(Si29,Al7)O72·24H2O), which is consis-
ent with findings of Boles [25].

Three dimensional clinoptilolite crystal clusters with open
hannel networks were seen in the SEM image of the CZ (Fig. 1A).
mall lamellar particles and larger crystalline structures, differ-
nt from the clinoptilolite crystals, surrounded and covered most
f the MCZ (Fig. 1B). Energy dispersive X-ray spectroscopy map-
ing of the MCZ shown in Fig. 2 identified the lamellar particles
s manganese and the newly formed crystalline structures as chlo-
ide. Large quantities of oxygen were observed along the structure,
orroborating the formation of MnO2. Silica and alumina, in a five
o one ratio, filled the spaces underneath the new formation. The
DS spectrum (not shown) demonstrated the peaks correspond-
ng to manganese. Chloride, which was not discharged from the
ew structure after several washing with distilled water, was also
bserved in the EDS spectrum.

Table 2 summarizes the pore textural properties for CZ and
CZ. The BET surface areas for CZ and MCZ are 11.62 m2/g and

.74 m2/g, respectively. This reduction in surface area after the
odification is not surprising because the manganese oxides intro-

uced to the CZ occupy the pores otherwise available for ion
xchange [26]. Jiménez-Cedillo et al. [22] reported a BET sur-
ace area of 5.37 m2/g and 4.61 m2/g for modified and unmodified
linoptilolite–heulandite rich tuffs, respectively. He suggested that
he preparation conditions of the modification procedure will
etermine the final surface characteristics of the modified zeolite.
eduction in the surface area of modified natural clinoptilolite has
lso been reported by Qiu and Zheng [27]. The average pore size
f CZ and MCZ is 96.09 Å and 120.01 Å, respectively; the corre-
ponding pore volumes are 0.024 cm3/g and 0.017 cm3/g. The pore
olume of MCZ is consistent with the pore volume of 0.037 cm3/g
or Na-modified clinoptilolite reported by Ackley and Yang [28].

N2 adsorption and desorption isotherms for CZ and MCZ (not
hown) are of Type-III [29], indicating the heterogeneity of the
ore size within the adsorbent material. The observed slope of
he hysteresis is characteristic of the presence of mesopores in the

aterials [30].

.2. Variation of pH with adsorption time

Analysis of pH as a function of time was conducted to determine
he minimum time required to obtain arsenic adsorption equilib-
ium. Fig. 3 displays the pH data for the 20 �g/L arsenic solutions
laced in contact with CZ and MCZ on the shaker for 67 h at pH of
.0. The overall trend in pH change with adsorption time for CZ and
CZ samples was slightly different. For the CZ-containing solution,
sharp pH decrease from the initial pH of 7.0 to a pH of 4.4 was
bserved during the first 5 min. The decrease in pH was followed
y a slow increase and after 24 h a pH value of 6.5 was reached.
fter approximately 43 h, the pH of this solution stabilized. A sharp
ecrease from the initial pH of 7.0–5.6 was observed in the MCZ-
ontaining solution during the first 5 min. Slight variations in the
Time (hours)

Fig. 3. Variation of Solution pH with adsorption time for natural CZ and MCZ.

pH followed and after 24 h a pH of 6.14 was obtained. This solution
reached equilibrium after approximately 43 h.

The observed pH behavior of both CZ and MCZ suggests that
more than one process may occur between the adsorbent materials
and arsenic, and they are controlled by the specific pH properties
of each material. The first process occurs at the very beginning of
adsorption and may be the result of neutralization reactions and the
ability of the zeolite to act as an amphoteric material, as recently
reported by Camacho et al. [31]. Filippidis and Kantiranis [32] also
observed a similar phenomenon when adding Ca-rich clinoptilolite
zeolite into acidic-stream and basic lake water.

The second process occurs within the next 24 h. While pH
dependent reactions may still occur in the arsenic solution con-
taining CZ, ion exchange reactions between As5+, in the form of
HAsO4

2−, which is readily available for sorption at pH 6.0 (Fig. 4),
and available anions within the MCZ, specifically chloride ions, may
compete with the adsorption process. The availability of chloride
ions in MCZ is evident from the EDS mapping (Fig. 2). The observed
pH variations during the adsorption process by MCZ are similar
to the pH variations reported by Ouvrard et al. [33] when feed-
ing a column filled with natural MnO2 with a sodium arsenate and
chloride solution. They suggested that the pH variations during the
first period of time were due to ion exchange reactions between
arsenate and the chloride present on surface sites of the adsorbent
material. The actual adsorption process for MCZ may start only after
the first 24 h, once there are no more chloride ions available for ion
exchange. Surface complexation mechanisms have also been sug-
Fig. 4. Arsenic speciation as a function of pH for total As(V) (concentration 50 mg/L)
[5].
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he amphoteric property of the zeolites. After 24 h the pH of the CZ
olution was 8.0 and the pH of the MCZ 6.1. After 48 h the pH of CZ
as 7.5 and the pH of MCZ 6.3. It is evident that MCZ is not affected

y pH. Observed pH behavior of MCZ with water and with arsenic
olutions suggests that its properties improve after it is modified
ith MnO2.

.3. Effect of pH on arsenic adsorption

Fig. 5A and B shows the effect of initial pH on arsenic equilib-
ium concentration and adsorbent amount by CZ, respectively. The
ffect of initial pH on the shift in equilibrium pH is also presented
n Fig. 5B. Under high acidic conditions (pH of 2.0–3.0), arsenic
dsorption by CZ was minimal and it reaches a maximum at pH
.0 (Fig. 5B). At this pH the arsenic concentration decreased from
0 �g/L to 15 �g/L (Fig. 5A). This change corresponds to 20% arsenic
emoval, indicating that 0.38 �g As/g adsorbent were adsorbed
Fig. 5B). Arsenic adsorption decreased as pH increased from 6.0 to
.0. At pH 9.0, only 0.18 �g As/g adsorbent were adsorbed and the
quilibrium solution concentration of Arsenic reached 16.6 �g/L,
hich corresponds to only 9.5% arsenic removal.

Under acidic conditions arsenic adsorption by MCZ was sig-
ificantly higher. Furthermore, at pH 4.0 the amount of arsenic
dsorbed was 1.0 �g/g adsorbent (Fig. 6B), six times more than the
rsenic adsorbed at the same pH by CZ. The same arsenic amount
as adsorbed throughout the pH range of 4.0–9.0. Within this pH

ange the equilibrium concentration of arsenic reached an average
alue of 10 �g/L corresponding to almost 50% of arsenic removal
Fig. 6A).

The differences observed in the amount of arsenic adsorbed by
Z and MCZ can be well explained by the shift in equilibrium pH
uring the adsorption process (Figs. 5B and 6B, respectively). The
hift in equilibrium pH of the equilibrated solutions for both CZ and

CZ was more notorious under initial acidic pH conditions than

nder initial neutral and initial basic pH conditions. Under initial
cidic pH conditions, the equilibrium pH of the CZ solution went
rom 2.0 to 6.5 and the equilibrium pH of the MCZ from 2.0 to 5.2.
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ig. 5. (A) Effect of solution pH on arsenic adsorption equilibrium concentration at
0 ◦C. (B) Arsenic adsorption amount at 25 ◦C for natural CZ.
Initial pH

Fig. 6. (A) Effect of solution pH on arsenic adsorption equilibrium concentration at
20 ◦C. (B) Arsenic adsorption amount at 25 ◦C for MCZ.

The equilibrium pH for CZ and MCZ remained constant for those
solutions with an initial pH ranging between 4.0 and 8.0 (average
equilibrium pH of 7.0 and 5.6 for CZ and MCZ, respectively). Arsenic
adsorption was more favorable with equilibrium pH 5.6 than with
equilibrium pH 7.0, because at the equilibrium pH of 5.5–6.5, an
anionic As(V) species is present and is ready to be adsorbed (Fig. 4).

The shift in equilibrium pH of the MCZ is in agreement with the
observations on pH changes with time from the previous section
and confirms the pH independence of this material. It is reported
that pH is a controlling factor for the removal of uranium and
fluoride by modified clinoptilolite zeolite and MnO2-coated alu-
mina, respectively [35,36]. Results from the present study showed
that solution pH is indeed a controlling factor for effective Arsenic
removal by CZ; however, MCZ acts completely independent of pH
in a wide range of solution pH and can effectively remove trace
arsenic amounts present in water.

3.4. Effect of initial concentration on arsenic removal efficiency

Results on the adsorption of As+5 by CZ and MCZ at different
initial concentrations and pH 6.5 are presented as percentage of
arsenic removal in Fig. 7A. The sharp increase in removal efficiency
at low initial concentrations observed on both materials, especially
on the MCZ, followed by a gradual decrease and further increase
at arsenic concentrations higher than 20 �g/L support the assump-
tion of competing reactions stated in previous sections. At initial
concentrations lower than 10 mg/L the CZ reached removal effi-
ciencies of 22% and the MCZ removed twice as much. At initial
concentrations higher than 20 �g/L the removal efficiency of MCZ
is still high compared to the removal efficiency of CZ. The highest
equilibrium adsorption capacity of MCZ was 2.5 �g/g. This value
was obtained at the initial concentration of 50 �g/L. The adsorbed

amount by MCZ is low compared to the values reported by Pat-
tanayak et al. [37] and Lorenzen et al. [38], but as most of the authors
[39], they worked with initial concentrations higher than 500 �g/L.
It is difficult to compare our results with results reported in the
literature using traditional adsorbents for arsenic removal because
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have to take into consideration that, as explained in Section 3.2,
in addition to the adsorption reactions on the surface of MCZ also
anion exchange reactions between the arsenate and chloride ions

T
S

ata.

ost of those results deal with much higher initial concentrations.
ur results compare well with those reported by Fierro et al. [40] for

elative low initial concentrations. Fierro et al. [40] used activated
arbon doped with different iron contents and reported adsorption
apacities ranging from 1.08 �g/g to 28 �g/g for initial arsenic con-
entrations of 300 �g/L. Nevertheless, our results indicate that MCZ
an remove trace arsenic amounts from contaminated water at a
ide range of pH. In fact, the modified adsorbent material works

ndependently of pH in the range of 4.0–9.0 while most of the adsor-
ent materials for arsenic removal work either at low pH [41,42]
r within a small pH range, mostly between 6.0 and 7.5 [14,40].
nother advantage of the MCZ produced in our laboratory over

raditional adsorbent materials is that it does not require chemi-
al pretreatment. Studies conducted by Jiménez-Cedillo et al. [22]
eported no arsenic removal by manganese-modified clinoptilolite
ich tuffs. In their study, the rich tuff was pretreated with 0.1 M
aCl. It has been suggested that pretreatment of the adsorbent
aterial with NaCl forms a negative surface charge that is high

nough to prevent anion exchange [33]. Our results demonstrated
hat in fact no pretreatment is needed to achieve good arsenic
emoval by MCZ.

The maximum concentration shown in Fig. 7A may be attributed
o the presence of the monovalent oxyanionic form H2AsO4

− of

s(V). This species is presented in the As(V) speciation diagram at
H 5.5–7.0 (Fig. 4) [5].

able 3
ummary of adsorption isotherm model parameters.

Material Freundlich isotherm

K n R2

CZ 0.01125 1.2836 0.984
MCZ 0.05993 1.0997 0.905
us Materials 189 (2011) 286–293 291

3.5. Adsorption isotherms

The selection of appropriate correlation models for the exper-
imental equilibrium data is important in order to optimize the
design of an adsorption system for the removal of arsenic. Fre-
undlich and Langmuir isotherm models have been demonstrated
to fit the equilibrium behavior of heavy metals well [14,43]. These
two models were used to correlate the observed behavior in the
present study. The arsenic adsorption equilibrium data obtained
at pH 6.5 for solutions with initial arsenic concentrations varying
from 0.5 to 50 �g/L are plotted in Fig. 7B.

The Freundlich model indicates the heterogeneity of the adsor-
bent material and is given by the equation

q = K C1/n
e (1)

where q (�g/g) is the amount of arsenic adsorbed at equilibrium, Ce

(�g/L) is the equilibrium concentration of arsenic in solution, and K
and n are the Freundlich constants related to the zeolite adsorption
capacity and adsorption intensity, respectively.

The Langmuir isotherm model assumes the formation of a
monolayer onto the adsorbent surface with a finite number of iden-
tical sites, and is given by the equation

q = a × b × Ce

1 + b × Ce
(2)

where Ce (�g/L) is the arsenic equilibrium concentration, and a
(�g/g) and b (L/mg) are the Langmuir constants related to the capac-
ity and energy of the adsorption, respectively.

Although the Langmuir isotherm model has been reported as a
good model to represent the adsorption of arsenic with a variety
of adsorbent materials [14,20,43], it failed to correlate the data for
arsenic adsorption by the MCZ (R2 = 0.528). This may be attributed
to the changes in the surface area of the original material occurred
during the modification with MnO2. The small lamellar manganese
particles and larger chloride crystalline structures added to the rel-
ative homogeneous crystal structure of the clinoptilolite (Fig. 1A)
made this material more heterogeneous (Fig. 1B).

The Freundlich isotherm fits well both the CZ and MCZ, with cor-
relation coefficients of 0.98 and 0.91, respectively. Fig. 7B shows
the linear plots of the Freundlich model for the range of concen-
trations tested. This is in agreement with Payne and Abdel-Fattah
[14] who reported that adsorption of arsenate and arsenite by iron-
treated activated carbon and zeolite best fit the Freundlich model.
The parameters for the Freundlich and Langmuir models are pre-
sented in Table 3. The Freundlich constant K is bigger for the MCZ,
which indicates that the modification provides a higher adsorption
capacity. The n value was greater than one for both materials sug-
gesting binding interactions at adsorbing sites [14]. The correlation
coefficient value (R2) of the Freundlich isotherm for MCZ is less
than the R2 value for CZ. We will expect to have a bigger R2 for MCZ
based on the assumption that supports the Freundlich adsorption
model, i.e. an adsorbent material with heterogeneous surface area,
which is clearly the case of CMZ as shown in Fig. 1B. However, we
occur inside of the adsorbent material. The correlation coefficient
accounts only for the linearity of the adsorption process.

Langmuir isotherm

a (�g/g) b (L/�g) R2

0.0079 10.464 0.9813
0.0338 0.1092 0.5282
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The applied models take conventional adsorption into consider-
tion. However, given the complexity of the reactions taking place
n arsenic solutions, a model needs to be developed to account for
oth arsenic ion-exchange and adsorption.

. Conclusions

A natural clinoptilolite zeolite from Truth or Consequences, New
exico was modified with MnO2, without any other chemical pre-

reatment and applied for arsenic removal. Both the natural and
nO2-modified clinoptilolite zeolites were characterized and eval-

ated to explore the feasibility of using this inexpensive adsorbent
or arsenic removal from drinking water. Modification of the nat-
ral zeolite produced the decrease of the BET surface area due to
he introduction of manganese and chloride ions to the pores oth-
rwise available for ion exchange. The arsenic removal of both CZ
nd MCZ was found to depend on the initial arsenic concentration.
hile CZ depends on pH to produce high arsenic removal, MCZ is

ompletely independent from pH and can work in a wide range of
H values.

Modification of natural clinoptilolite zeolite with MnO2 doubles
ts removal efficiency for trace amounts of arsenic. The Freundlich
sotherm fits well the arsenic adsorption equilibrium data for MCZ.
he small lamellar manganese particles and larger chloride crys-
alline structures added to crystal structure of the clinoptilolite

ade this material more heterogeneous. Ion exchange as well as
dsorption reactions may be involved during the arsenic removal
rocess; both are probably controlled by the unique pH properties
f the MCZ. Given the complexity of the reactions occurring during
he arsenic removal process, a combined isotherm model should
e developed to account for both arsenic ion-exchange and adsorp-
ion. The availability of this natural material, simple modification,
ith no pretreatment requirement, pH independency, and relative

ood adsorption capacity at trace arsenic levels makes this mate-
ial suitable for potential practical applications. We demonstrated
hat MCZ can remove trace amounts of arsenic, which is one of the

ost persistent contaminants present in drinking water, even at
ow concentrations.
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