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The adsorption of barium by Ca-exchanged clinoptilolite and montmorillonite is presented. The kinet-
ics of adsorption of Ba%* were evaluated contacting 1g portion of each adsorber with 100 mL 0.1N
BaCl, for 200 h. Adsorption by Ca-clinoptilolite is defined by second-order kinetics of rate constant K,
8.232x102gmg~' h~! and maximum removal of 71.885mgg". It is a two-stage process initiated by
a rapid uptake of Ba%* followed by more moderate Kinetics. The adsorption isotherms were determined
contacting 0.2 g of each adsorber with 10 mL 0.1-0.005N BaCl, + CaCl, solution, Ba?*/Ca?* ratio 1, for peri-
ods of 7 days for the tuff and 2 days for the clay. The equilibrium adsorption is described by the Langmuir
model, of equilibrium constant K 0.0151 L mg~! and maximum adsorption of 15.29 mgg~'. The adsorp-
tion of Ba%* by Ca-exchanged montmorillonite also follows a second-order reaction of rate constant K,
3.179 x 102 gmg~' h~1, and calculated separation of 36.74 mgg~!; the Langmuir isotherm is defined by
the constant K 0.034Lmg~! and maximum adsorption of 15.29 mgg-'. X-ray diffraction shows that the
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exchange of Ba2* modifies the dyo; of Ca-montmorillonite from 15.4 to 12.4A.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Adsorption has been established as an effective and economical
technology to concentrate and remove contaminants from aque-
ous phases and soils. In the process, contaminants are separated
from the aqueous phase and immobilized in the adsorbent from
which they can safely be disposed or recovered [1-3]. Among the
preferred adsorbers are natural clays and zeolites which are usually
considered by their low cost, ample distribution and preference for
specific contaminants [4-6].

The crystal structure and characteristics of clays and zeolites are
well-established and are not further discussion. As a general com-
ment, both mineral groups are crystalline aluminosilicates formed
by SiO4 and AlO4 tetrahedra and octahedra sharing oxygen atoms
to form three-dimensional structural networks [7,8]. In the zeolite
minerals the structural arrangements develop channels through
which ions pass through or are adsorbed, retained or exchanged
according with the characteristics and dimensions of channels and

Abbreviations: Cln, clinoptilolite tuff; Ca-Cln, Ca-exchanged clinoptilolite tuff;
Ba-Cln, Ba-exchanged clinoptilolite tuff; Mnt, montmorillonite clay; Ca-Mnt, Ca-
exchanged montmorillonite clay; Ba-Mnt, Ba-exchanged montmorillonite clay.
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ions, hence defining the suitability of the zeolite for specific adsorp-
tions [7]. Among the most common zeolites is clinoptilolite, which
has been applied in its natural state or modified by HCI and NaCl
treatments to the removal of Cr3*, Cu?*, Cd?*, HgZ*, Zn?*, Ni%* and
Pb2* [8-16]. In the clay minerals, rings of SiO4 and AlO4 tetrahedra
share oxygen atoms with Al(OH)O4 octahedra to develop layered
structures with internal active surfaces and edges on which ions
are adsorbed. Often, the interlayer spaces of clays could be more
suitable to separate larger and more complex ions than the inter-
nal channels of zeolites [17]. Adsorption and immobilization of
cations by smectites, specifically by montmorillonite, has been ana-
lyzed in recent years by Bhattacharyya and Gupta [3], including the
immobilization of Pb2*, Cd%* and Ni2* on dehydroxylated montmo-
rillonite [2,18], of Cd2*, Co?*, Cu?*, Pb2* and Ni%* by acid-activated
montmorillonite [3,19], and of Cu?*, Pb%* and Zn?* exchanged with
Ca-montmorillonite [20].

Barium is a contaminant that has been largely ignored, espe-
cially regarding its adsorption by zeolites and clays. Its adsorption
from aqueous solutions by Na-clinoptilolite was considered by
Blanchard et al. [21] and Faghihian et al. [22], who found it to
be of the same order than lead; more recent studies on Italian
zeolites indicated that barium is only successfully exchanged by
Na-phillipsite and Na-chabazite [1,23]. The adsorption of BaZ* by
montmorillonite was studied by Eylem et al. [24] and by Na-
montmorillonite by several authors [25-27]. No further work has
been published on the adsorption of barium by zeolite minerals,
specifically clinoptilolite, or by clay minerals of the montmoril-
lonite or smectite types.
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Contamination by Ba2* is associated with natural and indus-
trial sources, including waste from oil paint pigments like barium
chloride [28], nuclear waste [29,30], drilling oil and gas industry
[31], and barite mining [30,32-34]; barium is often associated with
arsenic in ground waters [35]. It has been employed as a Ra2* ana-
log (ion radii Ba2* 1.34, Ra?* 1.43) in the study of interactions of
nuclear contaminants [26]. Barium sulfate usually used for contrast
radiography of the digestive tract is an extremely insoluble salt of
low toxicity but the concentration of Ba2* in hospital waste and
sewage sludge from some treatment plants has been found as high
as 1.58mgg~! [36]. In México, abnormal Ba2* concentrations of
0.0073-0.0101 mg g~ have been recognized in mining areas in the
vicinity of Avalos, Chihuahua, M. Benavides, Nuevo Casas Grandes
and Ojinaga [32], and in old painted roofs and building interiors
in Sonora [37]. Some barium compounds dissolve easily and are
found in lakes, rivers and streams. The toxicity of barium is related
to its solubility and for insoluble salts increases with decreasing
pH. The EPA (US Environmental Protection Agency) [38] allows a
maximum of 0.002mgg~! of Ba in drinking water. The harmful
effects of ingesting low levels of Ba2* over long periods has not
been established [33,36]; however, soluble salts of barium have
proved to be harmful to animals, plants and humans [39-42]. High
concentrations of Ba2* have been associated with multiple sclerosis
and neurodegenerative diseases [39]. Generally speaking, accumu-
lation of heavy metals in the environment represents serious threat
to human health, living resources and ecological systems [9,14].

Our present interest is on the adsorption of barium by clinop-
tilolite tuff and by montmorillonite clay in their calcium exchanged
forms. The Ca-saturated minerals were selected because of the pre-
ferred accumulation of CaZ* in some soils and waters and even in
waste dumps; by incorporating Ca2* to the systems we attempt to
approximate natural environmental conditions where Ca2* rather
than Na* is predominant, hence departing from adsorption studies
performed on pure or Na-exchanged mineral zeolites and clays.

2. Experimental
2.1. Materials

Clinoptilolite is found in extensive deposits of volcanoclas-
tics in southern México, where occurs associated with heulandite
and mordenite [43,44]. Also located are suitable deposits of ben-
tonite and smectite [45,46]. The clinoptilolite tuff (CIn) used in
the following studies was from Laollaga, Oaxaca, in southern
México [47,48]. The geology of the area and mineralogy of the
tuff had been described [43,44,48,49]. The tuff is constituted by
clinoptilolite-heulandite and mordenite with minor plagioclase,
feldspar, cristobalite, quartz and glass; its cation exchange capacity
is of 1.2 mequiv. g1, and clinoptilolite represents ~60% of the tuff.
The montmorillonite clay (Mnt) is from Cuencamé, Durango, con-
tains ~85% montmorillonite associated with plagioclase, feldspar,
glass, opal and calcite, and has a cation exchange capacity of
0.64 mequiv. g~ [45,46]. It was selected essentially for its purity
in preference to less pure comparable clays occurring in locations
closer to Laollaga, Oaxaca [50].

2.2. Methodology

Clinoptilolite tuff and montmorillonite clay were analyzed prior
to and after the adsorption experiments by X-ray diffraction (XRD),
thermal differential and thermogravimetric analysis (DTA, TGA)
and by infrared spectroscopy (IR). The diffraction studies were
performed on a SIEMENS D5000 diffractometer using Ni-filtered
CuKa radiation, range 2-60°26, step size 0.02°26, counting time
3s. Thermal DTA and TGA were carried in a TGA/SDTA Met-

tler Toledo 851E analyzer, air flow, heating rate 10°C/min, range
25-800°C. IR spectroscopy was performed in a Bruker Vector
22 FTIR, range 4000-400cm~!, samples pressed at 350 kg/cm?
into KBr disks. Chemical analysis of Ba2* and Ca?* was deter-
mined by atomic absorption spectrometry (AAS) using a Varian
Espectra A220 unit, acetylene-nitrous oxide flame, BaZ* absorp-
tion wavelength 553.6 nm, capillary flow 5mLmin~!, and 0.01% of
20,000 ppm KCI solution was added as ionization suppressor.

Reagent exchange solutions were prepared from analytical-
grade BaCl,-2H,0 and CaCl,-2H,0 dissolved in deionized water.
Ca-saturated clinoptilolite tuff (Ca-Cln) and montmorillonite clay
(Ca-Mnt) were prepared by grinding to 0.075 mm particle size and
reacting 10 g portions with 450 mL 1N CaCl,, 24 h, decanting thrice
in succession, and finally washing with deionized water until total
removal of Cl~ as detected by AgNOs. Both adsorbers were after-
wards kept at 60 °C for 3 days before final light crushing to pass the
1 mm screen and be retained on the 0.075 mm screen.

The kinetics of adsorption of BaZ* by Ca-exchanged clinoptilolite
and Ca-exchanged montmorillonite clay were evaluated by con-
tacting 1g portion of each adsorber with 100 mL 0.1N BaCl, for
200 h, taking 0.25 mL aliquots after 1, 2, 3, 4, 5, 10, 20, 60, 120, 180
and 200 h contact time and analyzing them by BaZ*. Aliquots taken
from the clay required centrifuging at 3400 rpm for 5 min to sep-
arate suspended material. The solid residues after reaction were
washed until CI~ free (AgNOs test) and analyzed by XRD, IR and
DTA.

The adsorption isotherms or time to establish steady-state con-
ditions were determined by contacting 0.2 g of each Ca-exchanged
adsorber with 10 mL BaCl, + CaCl, solution of variable concentra-
tion 0.1, 0.05, 0.025, 0.020, 0.015, 0.010 and 0.005N, BaZ*/Ca?* ratio
1, for periods of 7 days for the tuff and 2 days for the clay. After reac-
tion, the decanted or centrifuged liquids were analyzed for Ba2* and
Ca2* by AAS. By using dual BaZ* + CaZ* solutions it was intended to
evaluate the adsorption behavior of Ba2* from Ca-rich liquids and
any resultant mutual interference on the sorption process.

2.3. Adsorption model

The kinetics of adsorption was calculated from the second-order
reaction [51] (Eq. (1))
S Klge — a7 (1)
where K, (gmg~1h~1) is the second-order rate constant of adsorp-
tion, e (mg g~1) the amount of Ba2* adsorbed at equilibrium and gq;
(mgg~1)the Ba%* on the adsorbent at any time t. At boundary condi-
tions tvaries between O-tand q; between 0—q, hence the integrated
equation takes the form of Eq. (2) where K,q? is the initial adsorp-
tion rate. The linear variation of t/q; vs. t allowed calculation of g,
and K. The validity of the assumed order of reaction and calculated
equation was tested by comparison of calculated and experimental
ge [2].

t 1 1

PR + —
a K,z e

(2)

The Ba2* adsorbed by the mineral was calculated from mass-
balance equation (3)

QeM = V(Co — Ce) 3)

where Qe is the final concentration of Ba* in the adsorber (mgg~1),
Cp the initial concentration of Ba%* (mgL-1), C. the final concen-
tration of Ba2* in solution (mgL~1), M the adsorber mass (g) and V
the volume of liquid (L). The adsorption equilibrium is described by
the isotherm equation whose parameters correspond to the surface
properties and affinity of the adsorbent; it is usually the Langmuir
isotherm which assumes that cation uptake on the homogeneous
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Table 1
Chemical composition of clinoptilolite tuff and montmorillonite clay?.

Clinoptilolite tuff Montmorillonite clay

SiO; 68.30 60.96
TiO, 0.21 0.07
Al 03 11.79 14.49
FeO 1.83 1.34
MgO 0.05 5.28
Cao 1.68 0.74
Na,0 3.22 1.62
K;0 2.39 0.55
H,0~ 8.77
H,0* 5.87
LOI? 10.48 8.77
Clinoptilolite 60
Montmorillonite 85
Opal 10
Plagioclase 7 5
Quartz 5
K-feldspar 3 3
Glass 20
Glass, calcite 2
CEC? 120 64
Na 61 7
Ca 36 32
Mg 3 24
K 20 1

2 Analysis in wt%, LOI loss of ignition, CEC cation exchange capacity in
mequiv./100 g.

surface of the adsorber is by sorption of monolayers without inter-
action between adsorbate and adsorber, on uniformly distributed
adsorption sites. The linear form of the Langmuir isotherm is rep-
resented by Eq. (4)
1 1 1

o~ bt oKG @
where Q. is the Ba?* adsorbed at equilibrium (mgg-1), C. the
equilibrium concentration of adsorbate (mgL-1), K(Lmg~1) and b
(mgg~1) the Langmuir constants related to adsorption energy and
maximum adsorption capacity. The slope and intercept to the ori-
gin of plotting 1/Q. vs. 1/C, represent the Langmuir parameters of
Eq. (4) [52].

3. Results and discussion
3.1. Materials characterization

The composition and cation exchange characteristics of the tuff
and clay are presented in Table 1. X-ray diffraction profiles of
clinoptilolite tuff and montmorillonite clay in their natural, Ca- and
Ba-exchanged forms indicate that the zeolite fraction of the tuff is
composed of major clinoptilolite-heulandite and minor mordenite
(Fig. 1). Exchanging the tuff with calcium and barium to produce
Ca-Cln and Ba-Cln does not displace the 02 0 clinoptilolite reflec-
tion from its characteristic 8.95 A spacing. The diffraction profiles
of montmorillonite show that calcium and barium exchange mod-
ify the hydration state of montmorillonite and the dyg spacing
(Fig. 2); in the process, 14.6 A natural montmorillonite changes
to 15.4A montmorillonite when exchanged with CaZ* (Ca-Mnt)
which in turn transforms to 12.4 A montmorillonite when Ca2* is
exchanged by Ba2* (Ba-Mnt); Cases et al. [53] have shown that
homoionic montmorillonite develops two-layer hydrates when
exchanged with Ca%*, MgZ* and Sr2* and one-layer hydrate when
Ba?* is the adsorbate.

Thermal characterization by DTA and TGA in the range from
room temperature to 350 °C (Fig. 3, Table 2) shows that both nat-
ural tuff and clay dehydrate at 100-105 °C with losses of 4.84 and

10.01

A

w——wi . _ Ba-Cln

;J\and) '
‘A\rﬂ.—'\.—

6 8 10 12
Degrees 20

Pmwtrne Ca-Cln

Fig. 1. X-ray diffraction profiles in the 6-12°260 range of (a) clinoptilolite tuff, (b)
Ca-exchanged tuff, and (c) Ba-exchanged tuff. The clinoptilolite dy,¢ reflection at
10.01 A changes intensity with Ca2* and Ba2* exchange.

Mnt-Ca
15.40

Mnt-Ba
12.40
3 4 5 6 7S 8 ]

Degrees 26

Fig. 2. X-ray diffraction profile in the 3-9°26 range of (a) montmorillonite clay,
(b) Ca-exchanged clay, and (c) Ba-exchanged clay. Variations in dg 1o correspond to
different stages of hydration resulting from cation adsorption and displacement.

Table 2
Thermal behavior of clinoptilolite tuff and montmorillonite clay.
Dehydration Weight loss
temperature
Clinoptilolite tuff 105 4.84
Ca-exchanged clinoptilolite 113 58 6.12
Ba-exchanged clinoptilolite 117 60 6.65
Montmorillonite clay 100 1.87
Ca-exchanged montmorillonite 150 86 5.55
Ba-exchanged montmorillonite 125 80 5.10

Dehydration temperature in °C, weight loss in wt%.
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Fig. 3. Thermal profiles of clinoptilolite tuff and montmorillonite clay in the room temperature - 350 °C range. The tuff adsorbs more water than the clay; cation adsorption

increases dehydration temperatures and adsorbed water.

1.87 wt% water. Adsorption of calcium by the tuff develops a sec-
ond endotherm at 58°C owing to weakly bound H,O molecules,
displaces the intense dehydration caused by more strongly held
H,0 molecules to 113°C and increases the overall zeolite water
to 6.12 wt%. Exchange of calcium by barium moves reactions to 60
and 117 °Cwhile raising the zeolitic water to 6.65 wt%. In the mont-
morillonite clay, adsorption of calcium results in an endothermic
reaction at 86 °C equally caused by weakly bound H,0 molecules,
movement of the second reaction to 150°C and increases of over-
all water to 5.55 wt%; exchange by barium moves the dehydration
temperatures to 80 and 125°C and the water to 5.10 wt%. Hence,
adsorption of cations forms hydrates of low-interaction energy and
weakly bound H,0 molecules and hydrates of greater thermal sta-
bility bound to non-framework cations possibly located on less
accessible sites [54].

Infrared absorption profiles show similar spectra for Ca-Cln
and Ca-Mnt (Fig. 4, Table 3). There are only minor differences in
the absorbance of the ~3624 cm~! band owing to surface hydrox-
yls Si-OH-Si and Al-OH-Al which are higher in montmorillonite
and Ba-exchanged montmorillonite, in the octahedral AlAI(OH)
918 cm~! band from the clay and the T-0 bonds of both minerals.

3.2. Adsorption kinetics and equilibrium

3.2.1. Kinetics

Adsorption of Ba2* by Ca-Cln and by Ca-Mnt is in both cases
a two-stage process comprising an initial fast intake of BaZ* last-
ing nearly 60 min followed by a much slower adsorption that is
essentially completed and attains equilibrium after 10 h of contact.
The Ca-exchanged clinoptilolite tuff adsorbs Ba2* with 83.53% effi-
ciency after 60 min contact, which rises to 95.13% efficiency after
10h (Fig. 5) there remaining a neglected 4.87%. The Ca-exchanged
montmorillonite clay adsorbs Ba2* with an efficiency of 23.33% after
60 min which increases to 94.33% after 10h (Fig. 5). Hence, Ca-
clinoptilolite is in short runs a faster and more efficient barium
adsorber than Ca-montmorillonite.

1631
3621 3440 & 1640' -
496 36243436 1426
1080~ 519
CaCln ™\ V™V
3620 100 V el
3434
1098
1 f 1630 ﬂ\l Ba-Mnt
3622V3436
471
109541041

4000 3000 2000 1000
Wavelength (cm-1)

Clinoptilolite

4000 3000 2000 1000
Wavelength (cm-1)

Montmorillonite

Fig. 4. Infrared absorption profiles of clinoptilolite tuff and montmorillonite clay.
Main differences reside in the octahedral AIAI(OH) bond showed by the clay and the
tetrahedral T-O bond shown by both minerals.

The kinetics of adsorption was examined as first-order and
second-order kinetic models. A satisfactory fit between calculated
and experimental data indicated that the exchange of Ba2* by Ca-
Clnis a second-order reaction kinetics (R? =0.9999) of rate constant
K, 8232 x 102 gmg~! h~! and calculated maximum adsorption g
of 71.885mgg~! (1.047 mequiv.g~!) (Fig. 6, Table 4). The kinetics
of adsorption by Ca-Mnt is similarly described by a second-order
reaction of rate constant K, 3.179 x 10~2 gmg~! h~! and calculated
maximum adsorption of 36.743 mgg~! (0.535 mequiv.g~!) (Fig. 6,
Table 4).

3.2.2. Equilibrium

The equilibrium adsorption of Ba2* by Ca-Cln indicates that
Ba?* enrichment is accompanied by CaZ* depletion and is
described by the Langmuir equation (Eq. (5)) and correspond-
ing isotherm (Fig. 7) of constant K estimated at 0.015Lmg!

Table 3
Infrared absorption spectra of clinoptilolite tuff and montmorillonite clay natural, Ca- and Ba-exchanged.
Clinoptilolite Montmorillonite Band?
3621 - 3670 3624 3620 3622 Si-OH-Si, Al-OH-Al
3440 3428 3440 3436 3434 3436 H-O-H stretching
1631 1642 1642 1640 1632 1630 H-0-H bending
1063 1068 1078 1080 1088 1095 Si-0-Si(Al) stretching
- - - 918 918 918 AlAI-OH
793 797 797 796 796 795 Si-O-Si(Al) stretching
601 591 690 - - - Si-0-Si(Al) bending
496 463 440 469 478 471 T-0 bending

2 Band position in cm~1.



Kinetics and Langmuir parameters for the Ba?* adsorption by Ca-exchanged clinop-
tilolite tuff and montmorillonite clay.

Ca-exchanged

Cln Mnt

Kinetics of adsorption

K, x 1022 8.232 3.179

qe 71.885 36.743

R? 0.9999 0.9999
Adsorption equilibrium

K 0.015 0.034

b 15.29 15.29

R 1 1

2 Units K, (gmg~'h™'), ¢. (mgg'), K(Lmg™'), b (mgg™").

and maximum Ba2* adsorption of 15.29 mgg~! (0.22 mequiv.g~1)
(Table 4).

The equilibrium exchange of BaZ* by Ca-Mnt shows similar cor-
relation between Ba?* enrichment and Ca?* depletion from the
clay. The adsorption data fit a Langmuir isotherm (R=1) of con-
stant K 0.034Lmg~! and maximum adsorption b of 1529 mgg~!

0.2

0.1

1/Qg, (g mg-1)

Ca-clinoptilolite
1 1

0.01 0.02
1/Cga (L mg-1)

0.0
0.00

0.03
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Fig. 5. Variation of the Ba2* adsorbed by Ca-exchanged clinoptilolite tuff and montmorillonite clay.
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Fig. 6. Second-order kinetics for the adsorption of Ba2* by Ca-exchanged clinoptilolite tuff and montmorillonite clay.
Table 4 (0.22 mequiv.g~1) (Fig. 7, Table 4) described by Eq. (6).

1 4.4414
= 0.0654 + 5
% G (5)
1 1.8863

— =0.0654 + 6
% - (6)

Adsorption of BaZ* from BaZ* + Ca2* solutions by Ca-exchanged
clinoptilolite tuff and by Ca-exchanged montmorillonite clay is cou-
pled with displacement of Ca2* from the adsorber to the solution,
described by the reaction

()

In weak solutions, CaZ* is rapidly released but as its concen-
tration in the solution increases the Ca2* retained by the adsorber
tends towards constancy. In the clinoptilolite, inflexion occurred at
a Ca?* concentration of 16.8 mequiv.L~! (336 mgg~!) (Fig. 8) and
in the clay inflexion was at 13.71 mequiv.L~! (274 mgg1) (Fig. 8).

Ba(s)2+ + CB.(C,M)Z_F — Ba(C,M)2+ + Ca(5)2+

3.2.3. Discussion
The adsorption of Ba%* by Ca-Cln is a two-stage process where
variations in the adsorption can be broadly attributed to crystal

f'U)
£
e
@
g
Ca-montmorillonite
0.0 ! e
0.00 0.02 0.04 0.06 0.08

1/Cea (L mg™")

Fig. 7. Langmuir isotherms of the adsorption of Ba2* by Ca-exchanged clinoptilolite tuff and Ca-exchange montmorillonite clay.
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in the tuff or the clay vs. Ba* in the solution.

structure, size and shape of available sites and nature of the adsor-
bate. An applicable hypothesis attributes the initial rapid exchange
of heavy metals by clinoptilolite to accommodation of exchanged
cations in easily accessible sites while continuing slower exchange
is associated with internal micropores of more difficult access [9].

Our dataindicate that adsorption of Ca2* by natural clinoptilolite
tuff develops a low-interaction energy hydrate of H,O molecules
weakly bound to Ca%*, thereby increasing the overall content of
zeolitic water. Replacing Ca%* by Ba2* raises the number of H,0
molecules in a hydrate of nearly equal low-interaction energy,
further augmenting the zeolitic water. Through adsorption, the
second higher energy hydrate that characterizes the tuff increases
its energy slightly while retaining essentially the same amount of
H, 0. The adsorption of Ba2* increases the surface hydroxyl activity,
as indicated by the ~3640cm~! IR absorption band. Hence, ther-
mal and IR data sustain formation of low-energy Ca?* and Ba2*
hydrates weakly bound most probably on external sites where pH-
sensitive protonation reactions proceed. Higher energy hydrates
with non-framework Ca%* and Ba?* would accumulate on sites of
more difficult access.

Barium in aqueous media can be in the forms of BaZ*, Ba(OH),,
BaZ*(H,0), (n=4-7), and [Ba(H,0)s]%*. Barium hydrates average
radius of 4.04 A [55,56]. Clinoptilolite that has channel openings of
3.1 A may adsorb BaZ* but may find it difficult to adsorb hydrous
ions of larger size, hence limiting the adsorption of hydrates
[Ba(H,0),]** to species with n>6 or to those hydrates where
hydroxyls could be partially replaced by oxygens from the zeolite
framework [55]. Montmorillonite can adsorb BaZ* on the crys-
tal edges and interlayer surface possibly at dissimilar rates, in
the forms of low- and high-energy hydrates in outer- and inner-
sphere surface complexes. Zhang et al. [26] concluded from X-ray
absorption fine structure spectroscopy (XAFS) studies that a frac-
tion of Ba2* is adsorbed as inner-sphere surface complexes on the
crystal edges of montmorillonite through sharing oxygens from
de-protonated hydroxyls from aluminum octahedrons; the sepa-
rations between Ba2* and 02~ of the first shell and BaZ* and AI3* of
the second shell are consistent with the geometry of inner-sphere
complexes at the edge sites. Our studies indicate that exchange
of CaZ* by BaZ* in Ca-Cln and Ca-Mnt is not totally accomplished,
leaving residual CaZ* in the adsorbers. In the clinoptilolite, adsorbed
BaZ* amounts to 0.63 mequiv. g~'. In montmorillonite the adsorbed
Ba2* is 0.39 mequiv.g~ 1.

Our results on the equilibrium adsorption of Ba2* by Ca-
exchanged montmorillonite fit a Langmuir isotherm (R=1) of
constant K 0.034mgL~! and maximum adsorption b 15.29mgg~!
(0.22 mequiv.g~1). Eylem et al. [24] indicate parameters of K 0.076
and 1/b 3.51 x 104 for R2=0.65 from the Langmuir model, even
though the authors found that data fitted the Freundlich and
Dubinin-Radushkevich equations better; they consider that the
kinetics of adsorption is defined by two mechanisms of different

first-order rate constants corresponding to adsorption on external
sites and on interlayer crystal surfaces [24]. Kleven and Alstad [25]
from the Ba2* — Na2* exchange on montmorillonite determined
adsorption of 0.17-0.24 mequiv./100 g and mean distribution coef-
ficient of 2.7 calculated from linear isotherms (R=0.999 and 0.960),
far below our calculated maximum adsorption of 0.535 mequiv. g !
on Ca-exchanged montmorillonite clay; Kleven and Alstad [25]
assumed that lattice substitutions in montmorillonite are respon-
sible for ion exchange additional to montmorillonite’s ability to
expand its surface area and change the cation exchange capacity;
montmorillonite had higher affinity for BaZ* than for Ca2*. Zhang
et al. [26] concluded that the adsorption of Ba2* was dependent
on surface protonation/deprotonation reactions affected by pH and
ionic strength of reactant NaNOj5 solution; BaZ* was thought to form
inner- and outer-sphere complexes on negatively charged sites of
the basal surface and on hydroxyl lateral sites of montmorillonite.

The kinetics of adsorption of BaZ* by Ca-exchanged clinoptilo-
lite tuff which we described by second-order kinetics (R% =0.9999)
of rate constant K, 8.232 x 102 gmg~! h~! and maximum adsorp-
tion calculated g, 71.885mgg~! (1.047 mequiv.g~!) is of the same
order that the 1.69 mequiv.g~! (second-order kinetics, K 0.055)
recognized for the absorption of BaZ* by NH4*-clinoptilolite; the
adsorption of Ba?* was second to Pb%* in a series of decreas-
ing efficiency Pb%*>Ba2*>(Cd2* ,Cu?*,Sr2* >Zn2* > Co%* [21]. The
adsorption of Ba2* by Na-clinoptilolite was found below Pb2*,
above Cu?* and of the same order as NH4* in the selectivity
series Pb2* >NH,4*, BaZ*>Cu?*, Zn%*>Cd%* >Co?* [21]. Our indi-
cated maximum adsorption of Ba* 1.047 mequiv.g~! is less
than the adsorption of Ba%* 0.30equiv.dm~3 (300 mequiv.L~1)
by clinoptilolite and 1.0equiv.dm=3 (1000 mequiv.L~!) by Na-
clinoptilolite from 0.1N solutions containing variable concen-
trations of Ba?* and competing cations Cs?*, Sr2*, Pb2*, Ni2*
and Cd?*, within selectivity series Pb2*>(Cd?*>Ba2* >Sr2* >(Cs2*
and Pb2*>Ba?*>(Cd2*>Sr*>Cs*>Ni2* for natural and sodium
exchange clinoptilolites [22]. Caputo and Pepe [1] reviewed
the adsorption studies on Italian zeolites to conclude that Na-
exchanged phillipsite and chabazite but not clinoptilolite can
successfully adsorb Ba2*.

4. Conclusions

Kinetics and equilibrium adsorption of Ba?* by Ca-exchanged
clinoptilolite tuff and Ca-exchanged montmorillonite clay are
first presented. The BaZ* uptake from 0.1N BaCl, solution is
described by second-order kinetics (R2=0.999) of rate con-
stant K, of 8.232x10~2gmg-1h-! and calculated adsorption of
71.885mgg~'. Adsorption comprises an initial stage where Ba2*
is adsorbed at a high rate and a second stage whereby more
moderate adsorption develops. The equilibrium uptake of Ba2*
from BaCl,+ CaCl, solution of variable concentration 0.1 to 0.005N,
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Ba2*/Ca?* ratio 1, is described by a Langmuir adsorption isotherm
(R=1) of maximum Ba2* adsorption 15.29mgg-! and constant
K 0.015Lmg!. The absorption kinetics of Ba%* by Ca-exchanged
montmorillonite is defined by a second-order reaction (R% =0.999)
of constantK;, 3.179 x 10~2 gmg~! h~! and calculated absorption g
36.743 mg g~ . Adsorption follows the Langmuir model defined by
the equilibrium constant K 0.034Lmg~! and a maximum adsorp-
tion of 15.29mgg1.
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