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Equilibrium Studies of Sodium-Ammonium,
Potassium-Ammonium, and Calcium-Ammonium
Exchanges on Clinoptilolite Zeolite

M. A. JAMA and H. YOCEL"

CHEMICAL ENGINEERING DEPARTMENT
MIDDLE EAST TECHNICAL UNIVERSITY
ANKARA 06531, TURKEY

Abstract

Forward and reverse ion-exchange isotherms for the binary sodium-
ammonium, potassium~ammonium, and calcium-ammonium systems on clin-
optilolite have been measured in aqueous solutions at a total concentration of 0.1
equiv/dm> and at 298 K. Prior to exchange experiments it was attempted to pre-
pare homoionic forms of the zeolite by exhaustive treatments with appropriate salt
solutions of cations. With no binary exchanges, full replacement of the cation by
the ammonium ion is observed, which conflicts with some earlier work on clinop-
tilolite. Despite the observed partial exchange levels, clinoptilolite shows a very
high preference for ammonium ion over sodium and calcium but not over
potassium. Thermodynamic values for the exchanges were calculated and com-
pared with data in the literature. Both the selectivity and thermodynamic affinity
sequence, in agreement with previous work reported in the literature, are Kt >
NHj} > Na* > Ca?*.

INTRODUCTION

It has been generally accepted that the presence of ammonia and am-
monium ions in wastewaters which subsequently pass into freshwaters
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may cause a serious water pollution problem. This is mainly due to the
facts that ammonia is a toxic hazard to fish and some other forms of
aquatic life and, along with phosphate, it promotes algae growth. As a
consequence of these concerns it is usually desirable to reduce the am-
monia concentrations in wastewaters to a level less than 1 ppm (J).

Processes for the removal of ammonium ions from wastewaters include
nitrification-denitrification, air stripping, break-point chlorination, and
selective ion exchange. The ion-exchange process has several advantages
over other methods of ammonia removal including higher efficiency at
temperatures below 15°C (I, 2).

Among the several ion-exchange materials tested for ammonia re-
moval, a natural zeolite, clinoptilolite, has received much attention
because of its favorable selectivity for the ammonium ion in the presence
of most of the other cations commonly found in wastewaters and its
potential low cost. Clinoptilolite is a silica-rich natural zeolite which oc-
curs in relatively large minable sedimentary deposits of sufficient high
purity in many parts of the world (3).

Equilibria and kinetic aspects of ammonia exchange on clinoptilolite
have been widely studied both in batch and column work (2, 4-13).
However, there appear to be some conflicting results in the literature
about the ammonium exchange capacity and exchange behavior of
cations orginally present in the clinoptilolite samples. Some of these dis-
crepancies, such as the difference in exchange capacities, may be partly
explained by the inevitable presence of some impurities in these minerals
which are difficult to estimate quantitatively. Another complicating factor
is the fact that these minerals contain cations: usually Na*, K*, Ca?*, and
Mg?* in different proportions depending on the mineral’s origin, and
there is some evidence in the literature that these cations occupy different
crystallographic sites (I4). In a recent study (15, 16) it was shown that a
clinoptilolite sample that had been maximally exchanged with sodium
exhibited partial exchange with ammonium ion, indicating that the es-
timated theoretical exchange cannot be attained with ammonium ion,
contradicting some earlier work. It appears that more information is re-
quired on the ion-exchange behavior of clinoptilolite, preferably with
parent clinoptilolites of different cationic compositions, to elucidate the
factors that influence ammonia exchange on this zeolite.
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EXPERIMENTAL
Materials and Pretreatment

The clinoptilolite sample used in the study was from a sedimentary
deposit in Western Anatolia. The clinoptilolite was characterized by x-ray
diffraction, chemical analysis, DTA and TGA, and adsorption capacities
for carbon dioxide, etc. in a previous study, and the details were published
elsewhere (17).

The original material contained calcium, potassium, magnesium, and
sodium as exchangeable cations, and it was attempted to convert the sam-
ple into homoionic forms prior to study of the binary exchanges NH; =
Na*, NH; = K*, and 2NH, = Ca?**. For this purpose, 25 g of the crushed
samples (50-100 mesh size fraction) were treated with 400 cm® of 1.0
mol/dm? solutions of appropriate salts of cations at about 90°C in a stirred
vessel for about 2 weeks. This treatment was repeated twice in order to
force the clinoptolite into the respective homoionic forms as far as pos-
sible. The samples thus treated were washed with deionized water, oven
dried at 50°C, and then kept over saturated ammonium chloride solution
to provide a constant moisture content prior to chemical analysis and ex-
change experiments.

lon Exchange Isotherms

Binary exchange isotherms for Na* = NHJ, Na* = K*, and Ca’* =
2NH/{ exchanges were determined at 298 K and a total solution concen-
tration of 0.1 equiv/dm®. The forward points of the isotherm were obtained
by equilibrating accurately weighed amounts of the near homoionic
forms of clinoptilolite in a series of solutions containing the two compet-
ing ions in different concentration ratios but at a constant normality of 0.1
equiv/dm’. The solutions were shaken in a thermostated shaker for 2
weeks to ensure equilibrium. Kinetic experiments showed that equilib-
rium was reached at much shorter times. After equilibrium has been es-
tablished, the mixtures were centrifuged, filtered, and the solutions were
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analyzed for the cations Na*, K*, NH, Ca**, and Mg®*, as explained
below.

The exchange levels were calculated by using the initial and final con-
centrations during exchange and from the volume of solution with in-
itially known compositions.

The reverse isotherm points were measured in a similar way by using
the ammonium form of the clinoptilolite sample as the starting ma-
terial.

Chemical Analyses of Solid and Solution Phases

The original and near homoionic forms of samples were analyzed after
Na,CO; fusion for Si0,, Al1,0,, and Fe,0, by wet chemical methods (18).
Alkali and alkaline earths were determined after volatilization of SiO,
with HF, + H,S0, evaporation by atomic absorption spectroscopy and
flame photometry. The water content of the sample was determined by
vacuum thermogravimetry.

The exchange solutions were analyzed for ammonium ion content by
using an ammonia selective electrode (Russel Model 95-5129) and an ion
meter (Orion Model 720). Na* and K* were determined on a Lange 6M
flame photometer. Ca’* and Mg?* were analyzed on a Perkin-Elmer
Model 2380 atomic absorption spectrophotometer. The instruments were
calibrated by using the appropriate standard solutions according to the
instrument used and the cation analyzed.

THEORETICAL

The ion-exchange theory of zeolites has been treated in several referen-
ces (19-25).
A binary ion-exchange reaction in zeolites may be represented by

Z,BZ + Z A%k = 7 ,B% + Z A% (1)

where Z, and Zj are the charges of exchanging cations A and B, and the
subscripts z and s refer to the zeolite and solution phases, respectively.

The equivalent fraction of the exchanging cation in the solution and
zeolite phases are defined respectively by
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Zm
M. = ATt A5
A ZAmA‘_, + ZBmB‘s (2)
_ number of equivalents of exchanging cation A
N, = 3)

total equivalents of cations in the zeolite

where m, ; and my, are the molalities of ions A and B, respectively, in the
equilibrium solution. Also N, + Ny = 1 and M, + My = 1. The ion-
exchange isotherm is a plot of N,, as a function of M, at a given total con-
centration and at constant temperature.

The preference of the ion exchanger for one of two counterions may be
expressed by a practically important quantity called the separation factor
and defined by

A o NAMB
B =

N M, 4)

Ifion A is preferred by the zeolite, aj is greater than unity. The separation
factor depends on the total concentration of solution, the temperature,
and the solution composition.

The thermodynamic equilibrium constant, K,, for the binary exchange
reaction defined in Eq. (1) is given by

Zp A2 z
- aalash _ o fiP

a Zp A Z <,z
axBagh JoA

(%)

where

78 A Z T Z z
- Nibagh _ NiPmgh | vt
ZAZ Zan Z Z
NgAai®  NgAmiB  YxB

K, (6)

K, is commonly called the corrected selectivity coefficient since it includes
a correction for the activity coefficients of the ions in the equilibrium solu-
tion. In these expressions y and fdenote the activity coefficient in the solu-
tion and in the zeolite phases, respectively. a denotes the activity. The first
subscript on g indicates the type of ion and the second subscript indicates
the solution or zeolite phases. m,, and mg, are related to the total nor-
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mality N in equiv/dm’® and the equivalent cation fractions M, and Mj in
the dilute solutions by

NM, _ NM,

7 (7

my =

since molality and molarity are essentially equal in the dilute solu-
tions.

The activity ration I' = yZA/y4B can be evaluated from the mean activity
coefficients of salts AY,, and BY;, in the mixed electrolyte of ionic
strength I by

Z Y_'_z,,+1 Zp
L {YJ,;AZJ% ®)

AYZA

Mean activity coefficients y+ can be found from the mean molal activity
coefficient of each pure salt at the same ionic strength as the mixed elec-
trolyte by Gluekauf’s method (26). The values of T serve to determine the
quotient K.

By using the Gaines and Thomas approach (27),plots of In X, vs N, can
be used to obtain fZB, fZ4 and K, from the relations

1
InK,=Zy— Z, + j In K dN, )
0
1
InfZ = (Zy — ZON; — InK. + N, InK, + | 1n KdN, (10)
Na
N,
InfjA = —(Zg — ZIN, + N InK, —[ " 1n Kan, an

The standard free energy of exchange per gram equivalent of exchanger is
given by

RT

AG" = -7z,

In K, (12)
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This particular thermodynamic formulation is valid under conditions
where imbibition of neutral electrolyte is negligible. A second condition is
that the overall contributions made by water activity changes in the zeolite
are negligible.

RESULTS AND DISCUSSION

Near Homoionic Forms of Clinoptilolite

Chemical analyses of the parent clinoptilolite and near homoionic Na*,
K*, Ca?*, and NH*, forms of the clinoptilolite are given in Table 1. It
should be noted that despite the stringent conditions used to force the
clinoptilolite into its respective homoionic forms, it was not possible to
achieve complete exchange in all cases. Some investigators in previous
studies (28-32) working with clinoptilolites of different origins also noted
partial exchange in similar treatments. The cations mostly involved in
the exchange process are Na and Ca. K present in the parent material does
not exchange significantly with other cations Na and Ca and thus Na-
and Ca-exchanged clinoptilolites contained most of the original K. This
behavior of K indicates a low mobility of K in the clinoptilolite structure
as compared to the other cations. According to Koyama and Takeuchi’s
(14) proposed structure of clinoptilolite, K is located at a specific site M(3)
which is situated in an 8-membered ring and has the highest coordination
among all the cation sites in the unit cell. K is coordinated with six
framework oxygens and three water molecules in this site. In contrast, the
M(1) site, which is occupied by Na and Ca, is coordinated by two
framework oxygen atoms and five molecules. M(2), also occupied by Ca
and Na, is coordinated by three oxygen and five water molecules. Site
M(4), which is occupied by Mg, is coordinated only by six water mo-
lecules.

The poor ion-exchange ability of K might be attributed to the strong
bonding of K at the M(3) site as noted by previous investigators (28—
32).
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Isotherms

Equilibrium data for the forward and reverse Na* = NH}, K* = NH},
and Ca** = 2NHj exchanges are given in Figs. 1-3. The experimental
isotherms for NH; = Na* and 2NH{ = Ca’* conform to type d and the
isotherm for NH, = K* conforms to type ¢ in Breck’s classification (/9)
with partial maximum levels of exchange. As inferred from the isotherms,
clinoptilolite is selective for ammonium ion over Na* and Ca?* but not
selective for NH} over K*.

08

0 1 1

0 0.2 0.4 0.6 08 .0
M. .+
NH4
FIiG. 1. Experimental isotherm for Na* = NH{ exchange. Forward isotherm point, NH} ex-

changed into zeolite (®); reverse point, Na* exchanged into zeolite (O); K*, Ca?*, and Mg?*
found in solution in forward exchange (A).
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08

NH

FIG. 2. Experimental isotherm for K* = NH{ exchange. Forward isotherm point, NH{ ex-
changed into zeolite (@); reverse point, K* exchanged into zeolite (O); Na*, Ca?*, and Mg?*
found in solution in forward exchange (A).

Exchange capacities were estimated by calculations on the basis of
aluminum content as found by chemical analysis. Because of the presence
of some impurities, this value may give an exchange capacity which is
somewhat higher than the actual value. However, because of the difficulty
of estimating quantitatively the amounts of impurities, any other method
might be more arbitrary.

When clinoptilolite samples which had already been exhaustively ex-
changed for a particular cation were contacted with the mixed cation/
ammonium ion solutions in order to construct the binary isotherm, other
cations were also detected in solution after equilibration. For example,
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1.0

o8

NHq

F1G. 3. Experimental isotherm for Ca* = 2NHJ exchange. Forward isotherm point, NH} ex-
changed into zeolite (®); reverse point, Ca>* exchanged into zeolite (O); Na*, K*, and Mg?*
found in solution in forward exchange (A).

when Na-exchanged clinoptilolite was contacted with NH/Na* sol-
utions, some K*, Ca?*, and Mg** were also found in solution (see Figs. 1-
3). These cations amounted, in equivalent terms, to less than about 5% of
the total solution concentration. Generally, the quantity of ammonium
ion exchanged into the zeolite balanced closely the cations found subse-
quently in solution, indicating that only exchangeable cations rather than
ions arising from the dissolution of impurities such as calcite were in-
volved in the process.

Apparently some cations which were not replaced during exhaustive
ion exchange in the preparation of homoionic forms were accessible to
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ammonium ions. As a support of this hypothesis, in the reverse Naj— Na;
exchange the amounts of K*, Ca?*, and Mg** found in the solution
equilibrated were much less than in the forward exchange. In the reverse
exchange the starting material was the ammonium form of zeolite which
had been prepared by exhaustive exchange of parent clinoptilolite by am-
monium chloride solutions. As a result, the forward exchanges were not
strictly binary exchanges because of the presence of other cations, and the
reverse exchanges approached the binary exchange. However, the reason-
able agreement, within experimental accuracy, found between the forward
and reverse isotherm points suggests that binary exchange isotherms were
not significantly affected by the presence of the other cations under the ex-
perimental conditions. This is an expected result if the cations occupy dif-
ferent sites, resulting in little interactions between them. Ames (9), too, ob-
served during his study of the selective removal of ammonium ions from
agricultural wastewaters that the equilibrium for each cation pair is in-
dependent of the other cations.

For the exchanges Na* = NHJ, K* = NH}, and Ca?* = 2NH} studied,
full replacement of all cations by NH{ could not be achieved at the max-
imum level of exchange. The maximum levels of exchange by ammonium
ions were 50% for K-clinoptilolite, 64% for Ca-clinoptilolite, and 68% for
Na-clinoptilolite. Limits to exchange within zeolites are frequently ex-
plained in terms of ion sieving (34-36) when ions are larger than the chan-
nel windows so they cannot pass through windows, or in terms of the
volume steric effect (37), not because they cannot pass through the win-
dows, but because they fill all the intracrystalline voids before 100% ex-
change is achieved. Occasionally the ion sieve and volume steric effects
appear to operate together (38).

Another factor that may influence the maximum exchange levels is the
ratio of the total available cation sites to charges on the zeolite lattice and
the strength of interaction between exchanging cations (39). The partial
exchange levels observed for ammonia exchange on clinoptilolite suggest
that one or more of these factors is operating.

Selectivity Coefficients and Thermodynamic Values

Before any thermodynamic quantity was calculated, the isotherms were
normalized (25) by dividing all the experimental equivalent fractions by
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the maximum equivalent fraction of ammonium ion found by extrapola-
tion of the experimental isotherm to Myy; =1.

The separation factors aj defined by Eq. (4) were calculated from the ex-
perimental isotherms for the exchanges Na* = NH{, K* = NH}, and Ca®*
= 2NH{, and they are presented in Fig. 4. It is observed that the separation
factors for the exchanges studied decrease as the equivalent fraction of
ammonia in the zeolite increases.

The activity ratio I’ = Y54/¥2E, the solution nonideality correction factor,
calculated from Eq. (8), is presented in Fig. 5. It is noted that the solution
nonideality correction factor, I, is invariant with solution composition
and is close to unity for these dilute solutions (0.1 equiv/dm’) for the uni-
univalent exchanges Na* = NH{ and K* = NH{ However, it increases
with increasing concentration of NH{ in solution, and varies significantly
for the univalent-divalent exchange Ca** = 2NH;.

Logarithms of the corrected selectivity coefficients K, against the
equivalent fraction of ammonia in the zeolite phase, usually called
Kielland plots (33), are presented in Figs. 6-8. The Kielland plots are
nearly linear for the exchanges studied. The scatter at the end points of the
isotherm is due to poor experimental accuracy at these extrema at which
calculations involve the difference between two nearly equal concentra-
tion values.

Corrected selectivity coefficients decrease as the equivalent fraction of
ammonium ion in zeolite increases for all the exchanges studied.

Plots of activity coefficients of ions in zeolite according to Egs. (10) and
(11) as a function of the equivalent fraction of NH} in the zeolite phase
show a maxima for Na* and an S-shaped curve for NH{ for Na* = NH}
exchange (Fig. 9) and a maximum for NHand a minima for Ca?* for Ca**
= 2NH{ exchange (Fig. 10).

The thermodynamic equilibrium constants K, were evaluated by using
Eq. (9). The second term of this equation was determined by graphical in-
tegration of the area under the curve In K, vs Ny The free energy of ex-
change, AG®, was calculated by Eq. (12). Values of the thermodynamic
equilibrium constants and the standard free energies thus calculated are
given in Table 2. The free energies of exchanges indicate that the ther-
modynamic affinity sequence for the clinoptilolite zeolite is K* > NH; >
Na* > Ca*.

In Figs. 11 and 12 the normalized selectivity coefficients are given as
functions of competing ammonium/cation ratios in solution for the ex-
changes studied. It is noted that the corrected selectivity coefficients dec-
rease as the ammonium ion/cation ratio in solution increases.
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F1G. 4. Values of separation factors a versus equivalent fraction of ammonium ion in zeolite.
Na* = NH} exchange (®); K* = NH} exchange (O); Ca?* = 2NH{ exchange (A).
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FiG. 5. Values of solution nonideality correction factor I versus equivalent fraction of am-
monium ion in solution. NH4CI-CaCl, (®), NH,CI-KCI (O), NH4CI-NaCl (A).
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FG. 6. Normalized Kielland plot for Na* = NH{ exchange versus equivalent fraction of
NHTin the zeolite phase. Points shown as -@- are not considered in the least-square fit of the
straight line.
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FIG. 7. Normalized Kielland plot for K* = NHJ exchange against equivalent fraction of NH}
in the zeolite phase. Points shown as -®- are not considered in the least-square fit of the
straight line.

TABLE 2
Thermodynamic Data for Exchanges Na* = NHJ, K* = NHJ, and
Ca?t = 2NH} at 298 K

K AG

a
System at 298 K (kJ/equiv)
NH}-Nat 521 ~4.088
NH{-K* 0.85 +0.413

NH{-Ca?* 145.62 ~6.17
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FIG. 8. Normalized Kielland plot for Ca?* = 2NH{ exchange as a function of NHJ in
zeolite phase.



12: 53 25 January 2011

Downl oaded At:

EXCHANGES ON CLINOPTILOLITE ZEOLITE 1411

041

0.2}

0 1 1 l 1
0 0.2 04 , 06 0.8 1.0

N..+
NHg

FiG. 9. Activity coefficients of ions in zeolite versus equivalent fraction of NHY in zeolite for
Nat = NH{ exchange.
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F1G. 10. Activity coefficients of ions in zeolite versus equivalent fraction of NHY, in zeolite for
Ca?* = 2NH*, exchange.

CONCLUSIONS

Despite the observed partial exchange levels, clinoptilolite shows a very
high preference for the ammonium ion over sodium and calcium ions.
The higher selectivity of clinoptilolite for the potassium ion over the am-
monium ion indicates the strong preference of this zeolite for this ion
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F1G. 11. Normalized corrected selectivity coefficient versus ammonium/cation ratio in solu-
tion for Na* = NHY and Kt = NHY exchanges.

since the potassium ion originally present in the clinoptilolite could not
be removed in the preparation of homoionic forms despite the stringent
conditions used.

The thermodynamic affinity sequence for the exchanges studied on
clinoptilolite was determined as K* > NH;} > Na* > Ca?*. This sequence
confirms previous investigations (9, 10).

Thermodynamic data for the Na* = NH} exchange are compared with
some data available in the literature (Table 3). Table 3 shows that the
values obtained in this study agree closely with those of Townsend et al.
(15) which were carried out at the same temperature (298 K). The value of
Barrer et al. (37) which was determined at a higher temperature of 333 K
and the value of Howery et al. (40) at 303 K seem to be a little larger than
the free energy of exchange determined in this work.
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25.
26.
27.

TABLE 3
Comparison of Thermodynamic Data for Na* = NH{ Exchange
Temperature AG®
Work (°K) K, (kJ/equiv)
Townsend et al. (I5) 298 5.12 —-4.03
Barrer et al. (37) 333 79 -5.75
Howery et al. (40) 303 — -5.39
This work 298 5.21 —-4.08
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