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A study of breakthrough curves for cations usually found in acid mine drainage (Pb2+, Cu2+, Zn2+ and H+)
and municipal wastewater (NH4

+) have been conducted on some natural zeolitic tuffs. The zeolitic tuffs
used in this study are: three zeolitic tuffs from Cayo Formation, Guayaquil (Ecuador), characterized by X-
ray diffraction as clinoptilolite (sample CLI-1) and heulandite (samples HEU-1 and HEU-2)-rich tuffs, and
two zeolitic tuffs from Parnaiba Basin, Belem do Pará (Brazil), characterized as stilbite-rich tuffs (samples
STI-1 and STI-2). The clinoptilolite sample CLI-1 shows an exceedingly good exchange capacities for Pb2+

and NH4
+ as received, and also a very high exchange capacity for Cu2+ and Zn2+ when conditioned with 2 M
atural zeolites
reakthrough curves
cid mine drainage
astewater

sodium chloride, with much higher values than those reported in the literature for other clinioptilolite
ores. A general order of effective cation exchange capacity could be inferred from breakthrough curves
on these zeolitic tuffs:

CLI − 1 > HEU − 2 > HEU − 1 > STI − 2

of th
Since it is true for most

. Introduction

Zeolites are crystalline aluminosilicates with a three-
imensional framework structure based on repeated units of
ilicon–oxygen (SiO4) and aluminum–oxygen (AlO4) tetrahedra.
hey contain exchangeable alkaline and alkaline-earth metal
ations such as K+, Na+, Ca2+ and Mg2+ that maintain charge
eutrality. The microporous crystalline structure of zeolites is able
o exchange ionic species that have diameters that fit through the
ntry ports of internal zeolite framework, while larger species are
xcluded, giving rise to ion sieving properties that are exploited in
wide range of commercial applications.

Clinoptilolite is the most abundant natural zeolite that occurs

n relatively large mineable sedimentary deposits in sufficiently
igh purity in many parts of the world [1,2]. This zeolite has found
pplications in the recovery of cesium [3] and thorium [4] from
adioactive wastewater, treatment of metal contaminated effluents
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[5,6], and effective removal of lead, cadmium [7] and ammonium [8]
from polluted effluents. It has also been used in China, Greece, Bul-
garia and Cuba as a mineral admixture in concrete [9–11]. Stilbite is
commonly found as a vein mineral or locally as a replacement prod-
uct in volcanogenic rock, associated with minerals of the heulandite
or laumontite group [12].

The acid mine drainage (AMD) is a problem in some actual min-
ing operations and for some abandoned mines. The acidity of the
waters originates from the oxidation of the iron sulfide minerals
through a complex combination of chemical and bacterial action,
primarily with pyrite to form sulphuric acid. The acidic mine water
leaches metal cations from the contacted minerals [13]. In the
Iberian pyritic belt of the South of Spain and Portugal, the main
cations leached by this process are Pb2+, Cu2+ and Zn2+. Treatment
process for the removal of these heavy metal cations from AMD
include coagulation, carbon adsorption, ion exchange, precipitation
and reverse osmosis [14]. The ion exchange processes are probably
the most attractive among these methods, since their application

is simple, and they require relatively mild operating conditions,
although the cost of ion exchange materials and regeneration is the
limiting factor [5]. For this reason, it is important to look for low-cost
ion exchange materials as natural zeolites that could replace syn-
thetic ion exchange resins. Natural zeolites are the most important

http://www.sciencedirect.com/science/journal/03043894
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Table 1
Mineralogical composition of the zeolitic tuffs by X-ray diffraction.

Sample Main phases Minor phases Clinoptilolite–heulandite Stilbite d = 9.12 Å

d = 8.98 Å d = 3.97 Å

(1) (2) (1) (2)

HEU-1 Qz, Fd, Cli-Heu Clay, Cal 91 0 86 21 –
HEU-2 Qz, Fd, Cli-Heu Clay 104 0 144 27 –
CLI-1 Qz, Cli-Heu, Cal, Fd Clay 156 158 170 156 –
STI-2 Qz, St Clay – – – – 825
STI-1 Qz, St Clay – – – – 593
CLI-2a Qz, Cli-Heu, Cal, Fd Clay 191 181 – –
CLI-2b Qz, Cli-Heu, Cal, Fd Clay 171 119 – –
CLI-1c Qz, Cli-Heu, Cal, Fd Clay 119 186 – –

Qz: quartz; Fd: feldspar; Cal: calcite; Cli–Heu: clinoptilolite–heulandite; St: stilbite. (1) X-ray counts of the zeolite sample as received. (2) X-ray counts of the zeolite sample
a ◦
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Table 2
Bulk chemical composition of the zeolitic tuffs (wt.%) by X-ray fluorescence analysis.

Sample SiO2 Al2O3 Fe2O3 CaO Na2O MgO K2O Si/Al LOIa

HEU-1 66.54 12.77 4.27 2.45 1.71 1.40 0.39 4.60 9.10
HEU-2 58.15 14.12 6.57 3.68 1.54 1.99 1.28 3.63 11.80
CLI-1 66.00 11.49 2.69 3.42 1.98 0.77 0.34 5.05 12.80
STI-2 56.92 16.68 4.58 4.83 0.31 2.88 0.90 3.01 11.97
STI-1 68.79 11.71 5.25 3.34 2.75 1.31 0.62 5.15 5.84
CLI-2b 62.28 12.08 4.09 2.36 5.39 1.49 0.66 4.52 10.92
CLI-2c 65.80 11.32 3.42 1.23 4.10 0.96 0.45 5.11 12.29

a

at 2500 rpm), dried to constant weight and mixed for 15 min with
30 mL of 10 wt.% potassium chloride solution to convert the zeolites
back to the potassium form (regeneration process). The mixture
was centrifuged for 5 min at 2500 rpm and the mother liquors

Table 3
BET Surface, pore volume and pore size of the zeolitic tuffs.

Sample BET surface (m2 g−1) Pore volume (cm3 g−1) Pore size (Å)

HEU-1 13.52 0.0021 80.12
fter heating at 450 C overnight.
a Conditioned CLI-1, size range 0.10–0.25 mm.
b Conditioned CLI-1, size range 0.25–1.00 mm.
c CLI-1 after being used in the breakthrough studies with 0.01 M H2SO4.

norganic cation exchangers that exhibit high ion exchange capac-
ty, selectivity and compatibility with the natural environment [15].

Municipal wastewater is the main source of phosphate ions in
he environment, whereas ammonium ion is ubiquous in munici-
al and agricultural wastewaters. Both ions are the responsible for
utrophication phenomena. Based on the high selectivity of clinop-
ilolite for ammonium, selective ion exchange has been considered
s an alternative technology for ammonium removal from wastew-
ter [16]. Moreover, the presence of high ammonium contents in
he drinking water is also a main problem in many rural commu-
ities of some parts of South America where, on the other hand,
atural zeolite deposits are especially abundant.

The aim of this paper is to assess the use of natural zeolites newly
iscovered in Ecuador and Brazil [17] for the clean up of AMD and
unicipal wastewaters. With this end, we have obtained the break-

hrough curves for the cations Pb2+, Cu2+, Zn2+, NH4
+ and H+ on

ifferent zeolite samples from these localities, in order to ascertain
heir effective ion exchange capabilities.

. Experimental

.1. Materials

The clinoptilolite–heulandite materials were obtained from
eolite-rich tuff samples mined in Guayaquil (Ecuador). These sam-
les, all of them from the Andes mountains come from the same
eological layer (Cayo Formation) but are mined from different
ites. The stilbite materials were obtained from zeolite-rich tuff
amples mined in the Parnaiba Basin (Brazil).

.2. Characterization of the zeolites

The mineralogical composition of the zeolitic tuffs was
etermined by powder X-ray diffraction (XRD) analysis in a diffrac-
ometer Philips PW-1820 with Cu anode (K�1 = 1.54 Å) scanning
rom 2� = 4◦ to 60◦. XRD allows also distinguishing between clinop-
ilolite and heulandite in the zeolitic tuffs by heating the samples
t 450 ◦C overnight and registering the XRD pattern afterwards.
able 1 summarizes the mineralogical composition of the zeolitic
uffs, as well as the X-ray counts of their main diffraction peaks.

The bulk chemical composition of these zeolites (wt.%) was ana-
yzed in a wavelength dispersive X-ray fluorescence spectrometer
XRF) Philips PW-1404 with Sc-Mo anode using powder pellets of

he material, and is summarized in Table 2.

The BET surface, pore volume and pore size of the zeolitic
uffs was analyzed by isothermal N2 adsorption in a Micromerit-
cs ASAP-2010 instrument and the results are summarized in
able 3.
LOI: loss on ignition.
b Conditioned CLI-1, size range 0.10–0.25 mm.
c Conditioned CLI-1, size range 0.25–1.00 mm.

2.3. Cation exchange capacity (CEC)

The experimental CEC was determined from ion exchange exper-
iments. For this purpose, the samples of dry zeolite (0.5 g of grain
size below 45 �m) were placed in a centrifuge tube and mixed
for 15 min with 30 mL of 1 M ammonium acetate solution. By this
process NH4

+ ions displaced most of the cations, converting the
zeolite into the NH4

+ form. The solution was centrifuged for 5 min
at 2500 rpm, and the mother liquor was decanted in a 100-mL vol-
umetric flask. This process was repeated twice in order to displace
all the exchangeable ions from the zeolite lattice, since this is an
equilibrium process, but mixing the NH4

+ solution only for 5 min.
The mother liquors were diluted to 100 mL with the ammonium
acetate solution, and were analyzed for Na+, K+, Ca2+ and Mg2+

(exchangeable bases) by atomic absorption spectrometry (AAS) in
a Philips PU 9100X spectrophotometer. After this exchange pro-
cess, the zeolite samples were washed three times with 30 mL of
30 wt.% ethyl alcohol (mixing for 30 s and centrifuging for 2.5 min
HEU-2 14.30 0.0067 112.40
CLI-1 76.84 0.0350 31.54
STI-2 19.04 0.0040 51.60
CLI-2a 123.23 0.0560 30.33

a Conditioned CLI-1, size range 0.10–0.25 mm.
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Table 4
Cation exchange capacity (CEC) of the zeolitic tuffs (mequiv./100 g zeolite).

Sample Na+ K+ Ca2+ Mg2+ CECbases
a CEC NH4

+

HEU-1 0.91 0.80 3.45 12.40 17.56 32.10
HEU-2 3.50 0.90 10.50 16.10 31.00 49.80
CLI-1 63.56 0.83 22.10 10.53 97.02 151.50
STI-2 6.30 2.20 9.40 71.30 89.20 122.30
STI-1 2.80 2.20 5.50 80.80 91.30 76.60
C b
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presence in the zeolitic tuffs of variable amounts of quartz and
LI-2 105.36 0.79 15.98 2.19 124.32 157.50

a CECbases = � [Na+] + [K+] + [Ca2+] + [Mg2+].
b Conditioned CLI-1, size range 0.25–1.00 mm.

ere decanted in a 100-mL volumetric flask. This process was
epeated twice by the reason stated above, and the mother liquors
ere diluted to 100 mL with the potassium chloride solution. The

mount of NH4
+ ions that left the zeolite phase was determined

y visible spectroscopy using the Nessler reagent [18] (� = 420 nm)
n a PerkinElmer Lambda-3 spectrophotometer. The CECbases and
ECammonium are summarized in Table 4.

.4. Breakthrough curves

Breakthrough studies were performed using 30 cm long × 2 cm
utside diameter glass columns at ambient temperature. Each col-
mn was loosely packed with about 35 g of zeolitic tuff (of grain
ize in the range 0.25–1.00 mm) yielding bed depths of about 10 cm.
ctual bed depths of each column were measured and used to cal-
ulate bed volumes (BV). Columns were operated under flooded
onditions, charging the cation loading solution at the top of the
olumn. The bottom outlet of the column was fitted with a control
alve to regulate the flow rate of the effluent to around 1.4 BV h−1

1 mL min−1) (10 BV h−1 in the case of NH4
+). Each column was

oaded with a 0.01-M single cation solution using the following
alts: lead nitrate, zinc sulphate monohydrate and copper sul-
hate pentahydrate, and a 0.0028 M solution of ammonium acetate
50 mg L−1 of NH4

+). A 0.01 M solution of sulphuric acid was used
n the H+ breakthrough studies. The volume and pH of the column
ffluent were measured, and the effluent was analyzed for Na+ and
or the cation studied by AAS (for Pb2+, Cu2+, Zn2+) and by visible
pectroscopy for NH4

+.

.5. Conditioning of the zeolites with NaCl 2 M

Conditioning involved treating 10 g of the zeolites (of a grain
ize in the range 0.25–1.00 mm) with 100 mL of tap water to which
0 mg L−1 of Na+ (as sodium chloride) and 100 mg L−1 of Ca2+ (as cal-
ium chloride) were added [19]. The suspension was continuously
ixed for a period of 24 h using a mechanical shaker equipped with

ariable speed engine. The suspension was left to settle and the liq-
id drained. The zeolites were mixed using 100 mL of a 2-M sodium
hloride solution for 24 h after which most of the zeolites should be
onverted to the sodium form. Finally the solids were thoroughly
ashed with distilled water until all traces of Cl− were removed,
ried at 105 ◦C to constant weight and sieved to the desired size
ange. The mineralogical and bulk chemical compositions of the
onditioned zeolites are given in Tables 1 and 2, and their BET
urfaces areas and CEC’s in Tables 3 and 4.

. Theory and calculations
The ion exchange reaction is a stoichiometric process where one
quivalent of an ion in the solid phase is replaced by one equivalent
f an ion from solution. For binary ion exchange involving a mono-
alent cation (such as Na+) and divalent cations M2+ (such as Pb2+,
Materials 166 (2009) 619–627 621

Cu2+ and Zn2+) the equilibrium reaction may be written as:

2Naz
+ + Ms

2+ ↔ 2Nas
+ + Mz

2+

where the subscripts z and s refer to the zeolite and solution phases,
respectively. For the determination of the experimental CEC of the
zeolites, we have followed a well established and accepted method
[19], that is, measuring the uptake of ammonium cation at room
temperature when equilibrium conditions have been attained in
the presence of 1 M ammonium salt solution. Of course, the theo-
retical CEC is much higher [20]. In the experiments with the zeolite
columns, as the breakthrough test progressed, the test cation con-
centration in the effluent (C) abruptly increased and approached
that of the loading solution (C0) with a simultaneous drop in Na+

concentration, demonstrating cessation of ion exchange. The point
at which the test cation concentration in the effluent reached the
5% of the cation concentration in the loading solution (C = 0.05·C0)
was considered the “breakthrough point”. This breakthrough point
could be expressed in terms of breakthrough time, dividing the
accumulated volume (mL) of 0.01 M cation test solution at break-
through point by the flow rate (mL min−1), or in terms of effective
CEC (mequiv. g−1), dividing the milliequivalents (mequiv.) of test
cation determined from the accumulated volume of 0.01 M solution
at the breakthrough point by the number of grams of zeolitic tuff
in the column. The graphical plot of C/C0 vs. time (or mequiv. g−1)
is called the breakthrough curve.

The results that can be obtained from each breakthrough curve
are:

- The breakthrough time, tb in hours.
- The weight of test cation exchanged per gram of zeolite until the

breakthrough time, Wb (mg cation/g zeolite) [21].

Wb =
FA

∫ tb
0

(1 − (C/C0)) dt

d · h
(1)

where d = apparent density of the zeolite (g cm−3), h = length of the
zeolite bed (cm), FA = test cation feed rate per square centimeter of
column section (g cm−2 h−1) [21].

FA = Q · C0

1000 · S
(2)

Q is the flow volume of the test cation solution (cm3 h−1), C0 is the
concentration of the test cation in the loading solution (g cm−3),
S is the breakthrough column section (cm2),

∫ tb
0

(1 − C/C0) dt =
area limited by the breakthrough curve, the abscissa in time units
(h) and the ordinate C/C0 = 1. The upper limit of integration is the
breakthrough time, tb.

The Figs. 1–5 show the breakthrough curves of Pb2+, Cu2+, Zn2+,
H+ and NH4

+ for the four zeolitic tuffs tested, and the Na+ concen-
tration in the effluent of the CLI-1 column.

4. Results and discussion

4.1. Results of the characterization of the zeolitic tuffs

The family of zeolites containing the heulandite or HEU topol-
ogy is the most abundant of the zeolites found in nature [1,2]. These
natural minerals are found with Si/Al ratios ranging between 3 and
5. The higher silica member of this family is identified as clinop-
tilolite, with a Si/Al ratio greater than 4. Heulandites are defined
as those minerals with Si/Al ratio below 4. In our samples, the
feldspar somewhat makes difficult to apply these classification cri-
teria. However, CLI-1 is the sample with the highest Si/Al ratio (5.05)
with lower Si/Al ratios for HEU-2 (3.63) and HEU-1 (4.60). The key
difference between natural heulandite and clinoptilolite is their



622 B. Calvo et al. / Journal of Hazardous Materials 166 (2009) 619–627

F cond
z n in th
c

t
i
b
t
u
a
h
b
S
r
a
o
g

f
o
s
i
t
a
c
c
e
a

4.2. Discussion of results of the breakthrough studies

Table 5 summarizes the parameters tb and Wb (see Section 3) for
the test cations Pb2+, Cu2+, Zn2+, H+ and NH4

+ on the four zeolitic

Table 5
Breakthrough values for the zeolitic tuffs.

Ionic species HEU1 HEU-2 CLI-1 STI-2 CLI-2a

Breakthrough time, tb (h)
Pb2+ 2.42 12.00 11.11 5.70 28.67
Cu2+ 1.93 6.50 0.75 3.40 21.20
Zn2+ 1.16 2.00 0.70 3.40 6.00
H+ 15.17 50.00 19.56 6.70 13.99
NH4

+ 0.33 8.00 15.00 10.40 n.d.

Cation exchange capacitiy, Wb (mg g−1)
Pb2+ 8.60 20.40 40.40 8.76 73.40
ig. 1. Breakthrough curves for Pb2+ on the four natural zeolitic tuffs and on the CLI-1
eolite for easier comparison). The bottom right curve shows the Na+ concentratio
olor in this figure legend, the reader is referred to the web version of the article.)

hermal stability. Clinoptilolite is thermally stable to temperatures
n excess of 500 ◦C, while heulandite undergoes structural collapse
y 350 ◦C [22]. Thus, we have heated the clinoptilolite–heulandite
uffs at 450 ◦C for 12 h; the CLI-1 sample keeps the crystallinity
nchanged showing its clinoptilolite nature, whereas the HEU-1
nd HEU-2 samples collapse totally under heating, resulting to be
eulandites (see Table 1 and Fig. 6). The zeolitic tuff from Brazil has
een unequivocally identified as stilbite by XRD. The theoretical
i/Al ratio for stilbite is 3.00; the sample STI-2 has exactly this Si/Al
atio (3.01) although its XRD pattern shows the presence of minor
mounts of quartz and clay. The sample STI-1 has a higher Si/Al ratio
f 5.15 due to the presence of a large amount of quartz, and on this
round it was discarded for the breakthrough experiments.

The BET surface of the sample CLI-1 is by far the largest of the
our zeolitic tuffs, as well as its pore volume being at least an order
f magnitude higher than those of the other zeolitic tuffs. The pore
ize of the CLI-1 sample is the smallest in the group (31.5 Ă), and
t does not change with the conditioning process (30.3 Ă) showing
he true zeolitic nature of the tuff. The CEC of the sample CLI-1 is

lso the higher in the group; it is especially noteworthy its high
ontent of exchangeable Na+ (63.56 mequiv./100 g zeolite) when
ompared with the rest of the zeolitic tuffs (Table 4). The differ-
nce between the CECbases (lower in all the cases except for STI-1)
nd the CECammonium could be due to the presence of exchangeable
itioned with 2 M NaCl (in this latter case, the red line shows the curve on the natural
e effluent of the natural CLI-1 zeolitic tuff. (For interpretation of the references to

cations as Fe3+ different from the analyzed cations Na+, K+, Ca2+ and
Mg2+.
Cu2+ 2.10 3.94 0.80 2.05 19.20
Zn2+ 2.00 2.67 1.20 3.03 7.80
H+ 0.52 7.64 0.67 1.01 0.48
NH4

+ 0.14 0.34 6.40 0.44 n.d.

a Conditioned CLI-1, size range 0.10–0.25 mm.
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that of the pore the species will be excluded [19]. By comparison of
the hydrated ion sizes of the metals examined [23,24] (Table 6), the
following selectivity sequence is generated:

H+ > Pb2+ > Cu2+ > Zn2+

Table 6
Radii and hydration energies for metal cations [27].

Cation Hydrated Unhydrated Free energy of hydration
ig. 2. Breakthrough curves for Cu2+ on the four natural zeolitic tuffs and on the CL
atural zeolite for easier comparison). The bottom right curve shows the Na+ conce

uffs tested as received and for the zeolite CLI-1 conditioned with
aCl 2 M. The data from the breakthrough curves were used to
etermine the order of cation affinity of the four zeolitic tuffs for
ations typically found in the AMD from the Iberian pyritic belt.
he curves were developed for each of the test cations with each
f the zeolite samples. The Figs. 1–5 show the breakthrough curves
f Pb2+, Cu2+, Zn2+, H+ and NH4

+ for the four zeolitic tuffs tested,
nd the Na+ concentration in the effluent of the CLI-1 column. The
hape of the Na+ curve is a mirror image of the breakthrough curve
or each added cation, and indicates the equivalent exchange of Na+

or the cation. pH is presented instead of H+ concentration in the
ig. 4 for the H+ breakthrough curve. The apparent breaks in the
urves we attributed to the interruption in the experiments over
he weekends, allowing for equilibration between solution cation
nd ion-exchanged cation to occur.

In single cation solution containing no competing cations, the
reakthrough time tb is a relative measure of the affinity for that
articular cation; the greater the loading prior to breakthrough, the
reater the apparent affinity. Table 5 summarizes the data for the
reakthrough studies that allows to predict the following orders of
ffinity for single cation solutions based in the breakthrough time:
Zeolite HEU-1: H+ > Pb2+ > Cu2+ > Zn2+

Zeolite HEU-2: H+ > Pb2+ > Cu2+ > Zn2+

Zeolite CLI-1: H+ > Pb2+ > Cu2+ = Zn2+

Zeolita STI-2: H+ > Pb2+ > Cu2+ = Zn2+
ditioned with 2 M NaCl (in this latter case, the dashed line shows the curve on the
n in the effluent of the natural CLI-1 zeolitic tuff.

For all the four zeolite samples, the orders of affinity indicate
that H+ and Pb2+, in this order, are preferred over Cu2+ and Zn2+;
for the zeolites HEU-1 and HEU-2 the affinity for Cu2+ is slightly
higher than for Zn2+, but the samples CLI-1 and STI-2 show identical
affinity for these latter cations.

These selectivity series could be the result of various factors
which influence the ion exchange behaviour in zeolites. One fac-
tor is the framework structure of the zeolite itself. The dimensions
of the channel formed by the tetrahedrical units which make up
the zeolite must be large enough to allow the passage of a metal
ion. A common factor that prevents the ion being exchanged by a
zeolite is the size of the ion. If the size of the ion is greater than
radius (Å) radius (Å) (kJ/mol-ion)

Cu2+ 4.19 0.73 −2 021.9
Zn2+ 4.30 0.74 −1 969.2
Pb2+ 4.01 1.32 −1 435.6
H+ 2.80 1.15 −1 063.0
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ig. 3. Breakthrough curves for Zn2+ on the four natural zeolitic tuffs and on the CL
atural zeolite for easier comparison). The bottom right curve shows the Na+ conce

Very similar to the one produced by the experimental tests in
ll the zeolitic tuffs.

The other factor influencing ion exchange behaviour in zeolites
s the cation free energy of hydration and their electrostatic bond
nergies. Eisenman [25] has shown that the specificity of a surface
ontaining fixed charges for alkali metal ions can be accounted for in
erms of ion hydration and electrostatic bond energies. Sherry [26]
xtended this model for divalent ions. According to this model, if a
ation exchanger such as a zeolite is placed in a solution containing
ifferent metal salts, the preference of the zeolite for one metal over
nother depends on whether the difference in their hydration free
nergy or Coulombic free energy of interaction with fixed anionic
xchange sites predominates. Since the Si/Al ratio in clinoptilolite
s relatively high, 4.25–5.25, and the volumetric capacity is low,
he ionic field within the zeolite structure is relatively weak, and
he electrostatic interactions are not expected to be as important
s hydration free energy. The cations with the highest (absolute
alue) free energy of hydration should therefore prefer to remain
n the solution phase where their hydration requirements may be

etter satisfied. According to the hydration energies listed in the
able 6 [27], the selectivity series for the cations considered should
e also:

+ > Pb2+ > Zn2+ > Cu2+
ditioned with 2 M NaCl (in this latter case, the dashed line shows the curve on the
n in the effluent of the natural CLI-1 zeolitic tuff.

This hydration energy model does explain the much higher
selectivity of clinoptilolite for H+ and Pb2+, and the similar values
found in the experimental tests for Cu2+ and Zn2+.

The maximum adsorption capacity of the zeolites for cation
removal until breakthrough time (Wb, mg g−1) is also shown in
Table 5. For the removal of Cu2+ and Zn2+ these values are similar to
those reported in the literature for clinoptilolite (3.8 and 2.7 mg g−1

for Cu2+ and Zn2+, respectively); only CLI-1 show both values sur-
prisingly low. For the removal of Pb2+, the zeolites HEU-1 and STI-2
show values similar to the reported ones (6.0 mg g−1), but HEU-2
and CLI-1 show values exceedingly higher, 20.4 and 40.4 mg g−1,
respectively, three and seven times, respectively the literature val-
ues [19,28,29]. Thus, both zeolites and especially CLI-1 would be
very selective for the removal of Pb2+.

After pretreating the as-received CLI-1 sample with a 2 M NaCl
solution (conditioning), the breakthrough time increased from 0.70
to 21.20 h and 6.00 h for Cu2+ and Zn2+, respectively, with a lower
relative increase for Pb2+ from 11.11 to 28.67 h, and a decrease for H+,
demonstrating that measured exchange capacities of as-received

zeolitic tuffs may not accurately reflect their potential exchange
capacities for AMD. This is particularly true for the removal of Cu2+

and Zn2+, where the conditioned CLI-1 sample shows adsorption
capacities (19.9 and 7.80 mg g−1) much higher than those reported
in the literature for clinoptilolite [19,28,29].
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the CL

s
t
o
s

Fig. 4. Breakthrough curves for H+ on the four natural zeolitic tuffs and on
Metal removal efficiency using zeolites could be affected by the
olution pH. However, the solution pH affected to a minimum extent
he removal of Cu2+, Zn2+ and Pb2+ [19]. The elution of a solution
f 0.01 M H2SO4 through the zeolites does not affect its crystalline
tructure (see Table 1, last entry), showing a difference with other

Fig. 5. Breakthrough curves for NH4
+ o
I-1 conditioned with 2 M NaCl (pH is plotted instead of H+ concentration).
zeolites whose crystalline structures collapse after passing acidic
solutions through them.

CLI-1 zeolite showed also a good efficiency for NH4
+ removal,

6.40 mg g−1 at the higher elution rate of 10 BV h−1, followed at a
great distance by STI-2, HEU-2 and HEU-1 (see Table 5). The Fig. 5

n the four natural zeolitic tuffs.
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ig. 6. (a) XRD pattern of CLI-1 zeolitic tuff as received; (b) XRD pattern of CLI-1 ze
RD pattern of HEU-2 zeolitic tuff heated at 450 ◦C for 12 h. In all cases, only the sca

hows the breakthrough curve for NH4
+ over the four zeolitic tuffs.

n ion exchange study of clinoptilolite [30] showed that NH4
+ ion

s preferred over Na+, and that Na+ was preferred over the divalent
ations Zn2+, Cu2+ and Cd2+. This study also showed that although
here was some ion sieving with Pb2+, it was preferred to Na+. As it
an be deduced from the above discussion, our results agree very
ell with this study.

. Conclusions

The order of effective cation-exchange capacity for the zeolitic
uffs studied, as determined from the breakthrough curves and from
able 5, is:

LI − 1 > HEU − 2 > HEU − 1 > STI − 2

This could be considered a general order because it is true for
ost of the cations studied. Thus, the ionic exchange on these

atural zeolites could be an economically affordable, environmen-
ally compatible and highly selective and effective way of removing
ations, usually found in acid mine drainage and municipal and
gricultural wastewaters, in some parts of the world where zeolite
eposits are especially abundant.
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