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Introduction

Cation exchange capacity (CEC) is one of the most fre-
quently cited properties of natural zeolite, particularly
clinoptilolite-rich natural zeolite. In applications ranging
from water filtration and wastewater treatment to turf
management, agriculture, odor control, and environ-
mental remediation, CEC is often used as a simplified in-
dicator of product performance.

However, published CEC values for natural zeolite vary
widely. Depending on the source, reported values may
range from less than 80 meq/100 g to more than 220
meq/100 g [1,2]. This variation can create con-
fusion when comparing zeolite products or
evaluating performance claims.

Measured CEC values are influenced not only
by mineral chemistry, but also by:

exchange ion,

e extraction chemistry,

e equilibration time,

e particle size,

e pretreatment,

e native cation composition, and

e exchange kinetics [1-4].
In addition, natural zeolite behaves fundamen-
tally differently from swelling clay minerals
such as bentonite. While bentonite often ex-
changes ions rapidly during laboratory testing,
zeolite materials may require substantially longer equili-
bration periods, particularly when potassium-rich ex-
change sites are present within the crystal structure
[3,4].
As a result, standard soil CEC methods may underesti-
mate the effective exchange capacity of potassium-rich
natural zeolite.

This paper explains:
What CEC is,
Why natural zeolite exhibits cation exchange,
Why measured values vary,
Why selectivity and exchange kinetics are important,
and
Why comparing natural zeolites solely by CEC values
can be misleading.

What Is Cation Exchange Capacity?

Cation Exchange Capacity is a measure of the quantity of
positively charged ions (cations) that a material can re-
versibly exchange.
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CEC is commonly expressed as meqg/100 g (milliequiva-
lents per 100 grams) or cmol(+)/kg (centimoles of posi-
tive charge per kilogram).

Materials with high CEC can adsorb and exchange signif-
icant quantities of ammonium, potassium, calcium,
magnesium, sodium, heavy metals, and other positively
charged ions.

In practical applications, high CEC materials may:
e improve nutrient retention,
e reduce nutrient leaching,
e remove ammonium from water,
e adsorb heavy metals,
e reduce odor,
e buffer soil chemistry, and

e improve filtration performance.

Why Natural Zeolites Have Cation Exchange
Capacity

Clinoptilolite-rich natural zeolite is a crystalline alumino-
silicate mineral formed through the alteration of volcanic
ash over geologic time [2].

Its framework consists primarily of silicon, aluminum,
and oxygen.

When aluminum substitutes for silicon within the crystal
framework, a permanent negative charge is created. That
negative charge must be balanced by exchangeable cat-
ions such as sodium, potassium, calcium, magnesium,
or ammonium.

These cations reside within an interconnected system of
microscopic channels and pores throughout the zeolite
structure [1,2].

Because these cations are not rigidly fixed in place, they
may be exchanged with other cations present in sur-
rounding water or soil solutions.

This ion exchange capability is one of the defining func-
tional properties of natural zeolite.

Cation Selectivity in Natural Zeolite
Not all cations are exchanged equally.

Natural zeolite exhibits a selective preference for certain
ions based on:

e jonic size,
e hydration energy,
e charge density, and

e compatibility with the zeolite channel structure
[1 ’4!5]'

A commonly cited ion selectivity sequence for natural ze-
olite is:

Cs*>Pb** >K*>NH,* > Sr** > Na* > Ca’* > Mg**

Where:
e Cs*'=cesium
e Pb*=lead

e K*=potassium

e NH,"=ammonium

e  Sr** =strontium

e Na*=sodium

e Ca’* =calcium

e Mg* =magnesium
This sequence indicates the relative preference that nat-
ural zeolite exhibits for exchanging and retaining different
positively charged ions.

In general, ions toward the left side of the sequence are
retained more strongly, while ions toward the right side
are exchanged more readily.

This behaviorisinfluenced by ionic size, ionic charge, hy-
dration energy, and geometric compatibility with the zeo-
lite channel structure [1,4,5].

For example, cesium ions possess relatively low hydra-
tion energy and ionic dimensions that interact favorably
with portions of the zeolite structure. Potassium ions
also exhibit strong selectivity because their ionic dimen-
sions closely match important exchange regions within
the framework.

In contrast, highly hydrated ions such as magnesium
generally exchange less favorably because additional
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energy is required to remove associated hydration water
prior to exchange.

This selective ion exchange behavior is one reason natu-
ral zeolite has been widely used in:

e ammonium removal systems,

e heavy metal remediation,

e radioactive cesium and strontium removal,

e wastewater treatment, and

e agricultural nutrient management.

Likewise, the exceptionally strong selectivity of
natural clinoptilolite for cesium contributed to
its use following the Chernobyl disaster and the
Fukushima Daiichi nuclear disaster. Natural cli-
noptilolite was also used extensively in the Sel-
lafield SIXEP radioactive waste remediation pro-
gram developed by British Nuclear Fuels Limited
for the selective removal of radioactive cesium
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and strontium from aqueous nuclear waste
streams [9].

However, selectivity alone does not determine real-world
performance. Exchange kinetics are also critically im-
portant.

Selectivity Versus Exchange Kinetics

A common misunderstanding is that high selectivity au-
tomatically means rapid exchange.

Selectivity and exchange rate are different.

Natural zeolite may strongly prefer a particular ion while
exchanging that ion relatively slowly.

This occurs because zeolite is arigid crystalline material
with internal microporous channels. lons must diffuse
through these channels to reach exchange sites located
within the crystal structure [1,3,4].

As aresult:
e exchange may be diffusion-limited,
e equilibrium may require substantial time, and

e measured CEC may depend heavily on testing
conditions.

Bentonite (Swelling Clay)

This effect is particularly important for potassium-rich
natural zeolite.

Potassium ions fit well within portions of the zeolite
channel structure and may exchange relatively slowly
during standard laboratory extraction procedures [3,4].
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Why Standard Soil CEC Methods May Under-
estimate Natural Zeolite

Many standard soil testing methods use ammonium ac-
etate extraction to estimate CEC [6].

These procedures work reasonably well for many soil
minerals because the exchange equilibrium is reached
relatively quickly. However, zeolite materials behave dif-
ferently from most soil clays.

Standard ammonium acetate methods underestimate
the exchange capacity of potassium-rich natural zeolite
because:
e potassium exchange can occur slowly,
e diffusionthrough zeolite channels requires time,
and
e full equilibrium may not be achieved during the
extraction period [3,4].

Factors influencing measured CEC include:
e extractiontime,
e particle size,
e pretreatment chemistry,
e temperature,
e exchange ion concentration, and
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e native cation composition.

For example, sodium-form zeolite may exhibit substan-
tially higher measured ammonium exchange capacity
than potassium-form material because sodium ions ex-
change more readily [7].

Importantly, these considerations apply broadly to the
evaluation of natural zeolite materials, including prod-
ucts marketed by ZEO, Inc. The purpose of this discus-
sion is not to diminish the value of CEC measurements,
but to encourage more technically complete evaluation
of zeolite materials under actual application conditions.

Natural Zeolite Versus Bentonite

Bentonite and natural zeolite are often compared be-
cause both possess relatively high cation exchange ca-
pacities.

However, they behave very differently.

Property Bentonite Natural Zeolite
Structure Swelling clay Rigid structure
Swelling High none
Exchange kinetics Rapid Slower

lon selectivity Moderate High

Structural stability = Lower High

Potassium retention Lower Higher
Hydraulic stability Lower High

Bentonite swells in water and rapidly exposes internal ex-
change surfaces. As a result, ion exchange often occurs
quickly and equilibrium is reached relatively rapidly dur-
ing laboratory testing [6].

Natural zeolite does not swell. Instead, ions diffuse
through fixed microporous channels within the crystal
structure [1,3,4].

Consequently, bentonite often exhibits faster exchange
kinetics, while natural zeolite often exhibits greater se-
lectivity and longer-term ion retention.

This difference is one reason standard soil tests may
more closely reflect the total accessible CEC of benton-
ite than zeolite materials.

Natural Zeolite in Rad Waste Remediation

One of the best-known industrial applications of natural
zeolite ion exchange technology has been the treatment
of radioactive aqueous waste streams at the Sellafield
nuclear reprocessing facility in the United Kingdom.

At the Sellafield Site lon Exchange Effluent Plant (SIXEP),
columns of natural zeolite were used extensively to se-
lectively remove radioactive cesium and strontium from
alkaline nuclear waste streams [7].

The zeolite demonstrated:

high selectivity for cesium and strontium,
e strong resistance to high sodium backgrounds,

e compatibility with continuous operation, and

long-term hydraulic stability.

Published work from the SIXEP program also demon-
strated the importance of competingions such as potas-
sium, calcium, and magnesium for breakthrough behav-
ior and exchange performance. Researchers further
noted that zeolite exchange behavior is influenced not
only by equilibrium selectivity, but also by exchange ki-
netics and diffusion limitations within the structure [7].

During development of the SIXEP program, multiple nat-
ural zeolite deposits from several geographic regions
were evaluated for ion-exchange performance, selectiv-
ity, hydraulic behavior, and competing-ion effects before
the final material source was selected.

This evaluation process demonstrated that natural zeo-
lite deposits can exhibit substantially different ion ex-
change behavior depending on mineral composition, pu-
rity, exchangeable cation chemistry, and geologic origin.

Zeolite CEC Values Can Vary Widely

Published natural zeolite CEC values often vary dramati-
cally.
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This variation does not necessarily indicate analytical er-
ror or poor material quality. Instead, it reflects:

e different test methods,

e different equilibration conditions,

e different pretreatments, and

e differences in mineral composition [1-4,6,7].

Variables that may influence measured CEC include:

e sodium versus potassium form,

e particle size,

e extraction duration,

e exchange ion concentration,

e degree of purification, and

e mineral deposit characteristics.
Consequently, a single published CEC value should not
be viewed as an absolute measure of real-world perfor-
mance.

Two materials with similar measured CEC values may
perform very differently in:

e ammonium removal,

e potassium retention,

e heavy metal adsorption, or

e hydraulic filtration systems.

Practical Implications

Understanding selectivity and exchange kinetics is im-
portant because the performance of natural zeolites is
highly dependent on application conditions.

Factors such as:
e competing ion concentrations,
e contacttime,
e particle size,
e flowrate,
e pH,and
e pretreatment chemistry
can significantly influence performance.

Water Treatment Applications

In water treatment systems, natural zeolite is commonly
used for ammonium removal, heavy metal adsorption,
and specialty ion exchange applications.

Because zeolite exhibits relatively high selectivity for am-
monium, potassium, cesium, and certain heavy metals,

it may continue functioning effectively even in the pres-
ence of substantial sodium concentrations [7,8].

However, competing ions such as calcium and potas-
sium may significantly influence exchange efficiency and
breakthrough behavior.

Turf and Agricultural Systems

In turf and soil applications, natural zeolite is frequently
used to:

e improve nutrient retention,

e reduce ammonium and potassium leaching,

e increase nutrient residence time within the root

zone, and

e improve water management characteristics.
Because natural zeolite may preferentially retain potas-
sium and ammonium ions, it can function as a nutrient-
buffering material rather than simply aninert soilamend-
ment.

Wastewater and Environmental Applications

In wastewater and environmental systems, natural zeo-
lite is frequently evaluated for:

e ammonium control,

e heavy metal removal,

e radioactive ion removal, and

e remediation technologies.
Under these conditions, selectivity, hydraulic stability,
and long-term exchange behavior may become more im-
portant than maximum laboratory CEC values alone.

Recommended Evaluation Criteria for Natu-
ral Zeolite

When evaluating natural zeolite for commercial or envi-
ronmental applications, reliance on a single published
CEC value may be insufficient.

Important evaluation criteria may include:
e exchange selectivity,
e exchange kinetics,
e particle size distribution,
e hydraulic characteristics,
e  attrition resistance,
e competing ion effects,
e pretreatment chemistry, and
e intended application environment.
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The relative importance of these factors varies substan-
tially by application.

Conclusion

Cation exchange capacity is one of the most important
functional properties of natural zeolite, but measured
CEC values alone do not fully describe real-world perfor-
mance.

Natural zeolite exhibits:
e highion selectivity,
e strong retention of specific cations,
e  structural stability, and
e unique exchange behavior that differs funda-
mentally from swelling clay minerals such as
bentonite.
Because zeolite exchange behavior is influenced by ion
selectivity, exchange kinetics, diffusion limitations, pre-
treatment chemistry, particle size, and competing ions,
standard laboratory methods may not always predict ac-
tual field or process performance.

Consequently, when evaluating natural zeolite for com-
mercial or environmental applications, it is important to
consider more than a single published CEC value.

A more complete understanding of these factors pro-
vides a more accurate basis for evaluating natural zeolite
performance in real-world systems.

Author’s Note

The author was actively involved in the technical advo-
cacy, commercial development, and support of the nat-
ural zeolite ultimately used in the Sellafield SIXEP radio-
active waste remediation program developed by British
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Suggested Citation

Bunger, F. L. “Understanding Cation Exchange Capacity
in Natural Zeolite: Why CEC Values Vary, Why Test

Methods Matter, and Why Selectivity and Exchange Ki-
netics Influence Real-World Performance.” ZEO, Inc.,
McKinney, Texas, USA, 2026.

References

1. Pabalan, R. T.; Bertetti, F. P. “Cation-Exchange Properties of
Natural Zeolites.” Reviews in Mineralogy and Geochemistry,
2001, 45, 453-518. DOI:10.2138/rmg.2001.45.14.

2. Bish, D. L.; Ming, D. W., Eds. Natural Zeolites: Occurrence,
Properties, Applications. Reviews in Mineralogy and Geochem-
istry, Vol. 45. Mineralogical Society of America, 2001.

3. Kithome, M.; Paul, J. W.; Lavkulich, L. M.; Bomke, A. A. “Kinet-
ics of Ammonium Adsorption and Desorption by the Natural Ze-
olite Clinoptilolite.” Soil Science Society of America Journal,
1998, 62, 622-629.

4. Howery, D. G.; Thomas, H. C. “lon Exchange on the Mineral
Clinoptilolite.” Journal of Physical Chemistry, 1965, 69, 531-
537.

5. Ames, L. L. “The Cation Sieve Properties of Clinoptilolite.”
American Mineralogist, 1960, 45, 689-700.

6. Kahr, G.; Madsen, F. T. “Determination of the Cation Ex-
change Capacity and the Surface Area of Bentonite, Illite and
Kaolinite by Methylene Blue Adsorption.” Applied Clay Science,
1995, 9, 327-336.

7. Dyer, A.; Hriljac, J.; Evans, N.; et al. “The Use of Columns of
the Zeolite Clinoptilolite in the Remediation of Aqueous Nu-
clear Waste Streams.” Journal of Radioanalytical and Nuclear
Chemistry, 2018, 318, 2473-2491. DOI:10.1007/s10967-018-
6329-8.

8. Kalld, D. “Applications of Natural Zeolites in Water and
Wastewater Treatment.” Reviews in Mineralogy and Geochem-
istry, 2001, 45, 519-550.

9. Wasielewski, S.; Rott, E.; Minke, R.; Steinmetz, H. “Evaluation
of Different Clinoptilolite Zeolites as Adsorbent for Ammonium
Removal from Highly Concentrated Synthetic Wastewater.” Wa-
ter, 2018, 10, 584.

© 2026 ZEO, Inc. All rights reserved. No portion of this publica-
tion may be reproduced, distributed, or transmitted in any form
or by any means without prior written permission from ZEO, Inc.

Page 6 of 6



