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1. Introduction

It is well known that natural zeolites consist of aluminia and silica tetrahedra which, bound
in a definite way, include crystal structure vacancies, channels and pores 2. About 40
natural zeolites have been identified during the past 200 years; the most widespread are
analcime, chabazite, clinoptilolite, erionite, ferrierite, heulandite, laumontite, mordenite, and
phillipsite. More than 150 zeolites have been synthesized; the most common are zeolites A,
X, Y, and ZMS-5. Clinoptilolite has the structural formula (Na,K)s(AleSizO72). 20H20,
characterized by two different rings, which are 8(3,3x4,6 A) T and 10(3,0x7,6 A) T on the ab-
plane, and channels with rings of 8(2,6x4,7 A) T on the be-plane. As shown in Figure 1, there
are exchangeable cations of Na*, K*, Ca?* and Mg?* through the channels

Because clinoptilolite has rings of two different dimensions, it is used in retention and
separation of various gases, as an adsorbent, and as a molecular sieve. Because of its
exchangeable cations clinoptilolite, which has the property of ion exchange, is used in producing
biological and water filters, in retention of various heavy metal ions and radio-isotopes, in
production of fillers in animal feeds, and in the horticulture and agriculture as a soil additive.*5 ¢l

Clinoptilolite is a material that is used in both its natural and modified forms. Both forms of
clinoptilolite have widespread application but, apart from their general ion-exchange
properties and the high quantities of exchangeable cations through their channels, their
general properties are different 7. 8l.

2. Materials and methods
2.1. Unheated batch method

Ion-exchanged forms of Na-clinoptilolite from the Bigadic area were produced via the batch
method, using solutions of 0.1N, 0.5N and 1N — with salts of Na*, K*, Ca?*, Cr%, Ag*and 100
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ml of deionized water. Five grams of 300-mesh clinoptilolite were poured into each solution
and stirred gently, and then put in suspension for 72 hours at room temperature.
Subsequently, the clinoptilolite-solution suspension system was filtered. After filtration, the
clinoptilolite was washed eight times with deionized water at 98°C and dried at 110°C
for 16h. 1101

A x=0.22 nm z=0.45 nm
b w=0.60 nm b

M[1] and M[2] Positions

a C

Figure 1. Cation positions in clinoptilolite.l]

2.2. Heated batch methods

Ion exchange is conducted using a heated/cooled back magnetic stirrer system. A 100 ml
solution was prepared by mixing 5 g of 300 mesh clinoptilolite with deionized water kept at
98°C for 2h.
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The clinoptilolite-solution suspension system was then filtered. After filtration, the
clinoptilolite was washed eight times with deionized water at 98°C and then dried at 110°C
for 16 h. (1. 121

2.3. Ion exchange

The process of ion exchange occurs between the AZa cation in solution and B%s* cation in the
zeolite, and can be formulated as follows:

7B AZA + Za BZ8" <> ZB AZA"+ ZABZB

where Za and Zs show the valences of the cations, and A%s" and B%s* show the cations in the
zeolite structure.

Ion-exchange reactions are stoichiometric, graphical representations of equilibrium
concentrations of exchangeable ions in both solutions; the structure of zeolite may be
ascertained from ion-exchange isotherms.

Before an ion-exchange isotherm may be obtained, equilibrium of ion exchange must be
reached. In zeolites A, X, and Y with low framework densities, the equilibrium of exchange
between one valence ions (such as Na* and K*) is obtained in approximately one week. In
zeolite structures with high framework densities, the equilibrium of exchange among high
valence ions is obtained in a few months.

After the time of equilibrium is defined, this procedure could be utilized in order to plot an
isotherm. Zeolites react with a solution containing ions of both AZa and BZ%. Although the
relative amounts of ions A%a and B“ might vary, solutions must have a constant total
normality (N). According to the condition of equinormality, total ionic intensities of any
solution in the system of the zeolite/solution must be constant before and after ion-
exchange reactions.

The ionic intensity of any solution is

1= (1/2)yCiZ?

where Ci are the concentrations of opposing ions in ion-grams per liter, and Zi are the
valences of opposing ions.

Because of the distribution of A% and BZ%s between the phases, the solution and solid phases
in equilibrium must be analyzed. Thus, a plot of the equivalent fraction of ion in solution
(As) versus equivalent fraction of the same ion in zeolite (Az") isotherm may be obtained.

The ion-exchange isotherm indicates the relative preferences of any ion within the zeolite
structure. Besides, the separation factor of ion A within the zeolite structure is

a = (AZ/Bz")(ms/ma)

where Az" ve Bz" are equivalent fractions of ions A and B in zeolite, respectively, and ma and
ms are the concentrations of ions in solutions in mole/liter. The total of the equivalent
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fractions of Az"and Bz must equal 1. On the basis of ion selectivity, if a >Za/Zs , the zeolite
prefers AZa ions; if a=Za/Zs, the zeolite has no preference; and if o < Za/Zs , the zeolite
prefers BZs ions. [13 14

2.4. Ion-exchange rate

XRF analyses were conducted on 0.IN-, 0.5N- and 1N-modified forms of solid-phase Na-
clinoptilolite, and especially the values of exchangeable and other cations differed greatly
from values of the natural form (Table 1). The numbers of atoms in the unit cell were
calculated with the knowledge that the unit cell includes 72 oxygen atoms. The numbers of
atoms calculated and the following formula were used:

Xform= []. - (Aform/ Anatural)] x 100

where Xtom = the ion-exchange rate of the forms and the number of atoms in the unit cell of
the same form, and Anatural= the number of atoms in the unit cell of the natural form.

2.5. Rate of ion selectivity

The rate of ion selectivity, as termed by us, is different from the “ion selectivity” of the ion-
exchanged forms; this rate is calculated from the percentages of ions in the structure, and
thus is similar to the rate of ion exchange. For Na*, K*, Ca?* and Mg?* (exchangeable cations)
forms, this quantity may be calculated using

Kform = [(Aform/Anatural) —1] x100

and for non-exchangeable cations such as Co*, Cd ¥, Cr3*, Ag* forms using

Otform = Aformx100

where aform is the ion-selectivity rate of the ionic form, and Aform and Anratural are the numbers
of atoms in the unit cells of the ion-exchanged form and the natural form, respectively.

3. Results and discussion
3.1. Rate of ion exchange

The results of chemical analyses and the numbers of atoms in the unit cells of natural and
Na*, K*, Ca?, Mg*, Co?*, Cd?*, Cr3* and Ag* modified forms of clinoptilolite are given in
Tables 1 and 2. As shown in the chemical formula of clinoptilolite, the numbers of atoms in
the unit cell were calculated with the knowledge that the unit cell includes 72 oxygen atoms
(Table 2).

Tables 3 and 4 were derived from data given in Table 2. Ion-exchange rates and the ordering
of ion-exchange rate for unheated and heated methods applied to Na-clinoptilolite from
Bigadig¢-Balikesir (Turkey) are given in Tables 3 and 4.
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Ion- Ion- Molecules

Exchange Exchange

Method Forms SiO2 AlOs Fe203 CaO MgO K20 Na:0 Co203 CdO Cr203 Ag:O H: O X

Natural 69.81 11.92 0.78 3.32 133 1.65 049 - - - - 10.70 100.00

0.IN Na* 68.45 11.72 0.86 2.72 124 219 0.81 - - - - 11.98 99.97

UHBM 0.5N Na* 68.44 11.69 0.76 1.80 1.06 4.28 1.13 - - - - 10.85100.10
IN Na* 69.05 11.79 0.83 1.53 096 4.22 1.66 8 - < - 9.96 100.00

0.IN Na* 68.21 11.63 0.83 3.14 158 192 094 - - - - 11.75 100.00

HBM 05N Nat* 69.40 11.78 0.85 3.04 147 179 1.02 - - - - 10.63 100.00
IN Na* 68.69 11.67 0.89 192 114 163 3.18 - - - - 10.89 100.01

0.INK* 6894 11.77 085 271 123 272 042 - - - - 11.37 100.01

UHBM 05NK+ 6748 11.51 0.70 1.60 097 5.82 0.10 - - - - 11.80 99.88
INK+ 6786 11.60 0.69 147 096 6.64 0.13 - - - - 10.67 100.02

0.INK+ 6891 11.75 0.82 3.57 125 1.62 046 - - - - 11.63 100.01

HBM 05N K+ 68.26 11.61 0.81 239 135 4.11 0.17 - - - - 11.31 100.01
INK+ 6757 11.54 0.61 058 055 854 0.12 - - - - 10.49 100.00

0.IN Caz 69.49 11.86 0.84 3.38 1.29 1.62 0.57 - - - - 10.95 100.00

UHBM 05N Ca?* 70.26 12.02 0.83 3.52 131 1.61 047 - - - - 9.98 100.00
IN Ca?* 69.02 11.69 055 4.01 151 172 0.16 - - - - 11.04 99.70

0.IN Caz 70.46 12.00 0.73 3.56 1.22 1.80 0.22 - - - - 10.04 100.03

HBM 0.5N Ca? 69.49 11.81 0.74 3.67 141 179 0.18 - - - - 10.91 100.00
IN Ca?* 69.49 11.87 0.77 3.85 124 177 0.15 - - - - 10.85 99.99

0.IN Mgz 69.71 11.87 091 3.15 135 1.61 0.52 - - - - 10.88 100.00

UHBM 0.5N Mg? 68.84 11.74 0.86 3.01 145 1.61 0.58 - - - - 11.91 100.00
IN Mg?* 68.32 11.66 094 292 156 158 0.62 - - - - 12.38 99.98

0.IN Mg? 67.54 1142 0.76 3.13 127 180 0.22 - - - - 13.89 100.03

HBM 0.5N Mg? 69.62 11.84 0.79 3.15 1.79 1.80 0.22 . - - - 10.79 100.00
IN Mg?* 67.98 11.56 0.74 296 226 172 0.27 . - - - 12,52 100.01

0.IN Co* 68.51 11.71 0.85 264 120 283 032 019 - - - 11.18 100.00

UHBM 0.5N Co®* 67.63 11.56 0.84 255 1.15 267 037 1.69 - - - 11.52 99.98
IN Co* 66.75 11.36 0.81 2.57 1.14 267 036 237 - - - 11.97 100.00

0.IN Co® 66.93 1141 055 044 045 9.09 011 072 - - - 10.32 100.01

HBM 0.5N Co’* 64.75 1099 0.75 3.15 133 169 019 595 - - - 11.19 99.99
IN Co* 63.74 10.82 0.68 281 116 167 020 725 - - - 11.68 100.07

0.IN Cd# 68.66 11.69 0.76 2.61 1.19 273 0.39 - 013 - - 11.84 100.00

UHBM 0.5N Cd# 67.29 11.47 0.73 247 114 279 0.39 - 218 - - 11.54 100.00

1IN Cd** 65.44 11.10 0.66 243 1.07 2.87 0.30 - 366 - - 12.47 100.00
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Ion- Ion-
Exchange Exchange

Molecules

Method  Forms 5i02 AlOs Fe203 CaO MgO KoO Na2O Co0203 CdO Cr20s Ag2O H2O &
0.IN Cd? 69.21 1190 0.83 2.87 2.06 178 0.19 - 061 - - 10.66 100.11
HBM 0.5N Cd? 67.65 11.51 0.65 2.85 1.33 191 0.20 - 230 - - 11.59 99.99
IN Cd> 64.45 1092 052 2.33 1.11 2.08 0.18 - 561 - - 12.81 100.01
0.1N Cr3+ 68.39 11.65 0.88 3.28 1.27 1.65 0.56 - - 065 - 11.67 100.00
UHBM 0.5N Cr3* 68.76 11.74 0.79 3.00 1.25 1.66 0.55 - - 098 - 11.26 99.99
IN Cr3* 68.70 11.70 0.85 2.81 1.18 2.33 0.33 - - 087 - 11.23100.00
0.1IN Cr3+ 69.47 11.88 0.81 292 134 1.80 0.31 - - 066 - 10.81 100.00
HBM 0.5N Cr3 67.79 11.58 0.63 2.77 133 3.13 0.19 - - 176 - 10.83 100.01
INCr* 61.92 1039 0.27 0.70 047 836 0.10 - - 564 - 12.15100.00
0.1IN Ag* 69.44 11.86 0.74 2.62 120 2.82 032 - - - 0.22 10.79 100.01
UHBM 05N Ag+ 66.25 11.25 055 1.85 1.02 246 0.33 - - - 436 11.90 100.00
IN Ag+ 63.17 10.69 042 157 086 227 0.23 - - - 10.57 10.22 100.00
0.1IN Ag* 68.04 11.51 047 249 126 225 0.20 - - - 0.36 13.42 100.00
HBM 05N Ag+ 67.63 11.39 059 235 135 1.67 0.17 - - - 193 1291 99.99
IN Ag+ 6221 1051 0.16 0.84 052 134 0.12 - - - 10.98 13.31 99.99

UHBM: unheated batch method; HBM: heated batch method

Table 1. Chemical analyses of natural and Na*, K+, Ca2", Mg?*, Co%, Cd?*, Cr3*, Ag* modified forms of

clinoptilolite.
Ion- Ion- Atoms
Exchange Exchange _ _
Method  Forms Si Al Fe Ca Mg K Na Co Cd Cr Ag H Si/Al
Natural 2460 495 021 125 070 075 033 - - - - 2515 497
0.IN Na* 2398 4.84 023 1.02 064 098 055 - - - - 28.00 4.95
UHBM 05N Na* 2440 492 021 069 056 195 078 - - - - 2580 4.96
IN Na+ 2480 4.99 022 059 051 193 116 - - - - 2386 497
0.IN Na* 23.82 479 022 1.18 082 086 064 - - - - 2819 497
HBM 05N Na* 2454 491 023 116 078 0.81 070 - - - - 25.07 5.00
IN Na+ 2433 488 024 073 060 074 218 - - - - 2574 499
0.INK+ 2428 488 022 102 065 122 029 - - - - 2671 498
UHBM 05NK+ 2400 483 019 061 051 264 007 - - - - 28.00 497
INK+ 2373 471 0.18 054 049 292 009 - - - - 2453 5.04
0INK+ 2415 485 022 134 065 078 031 - - - - 2719 498
HBM  05NK+ 2420 485 022 091 071 186 012 - - - - 2675 499
INK+ 2454 494 0.17 022 030 396 008 - - - - 2542 497
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0.IN Ca?* 2446 492 022 128 062 073 039 - - - - 2571 497

UHBM 0.5N Caz 2489 5.02 022 134 0.69 073 032 - - - - 2359 496
IN Caz» 2433 485 022 151 079 078 0.11 - - - - 2596 5.02

0.IN Caz 2494 5.01 020 135 064 081 015 - - - - 2370 497

HBM 05N Caz 2448 490 0.19 138 074 080 0.12 - - - - 2563 5.00
IN Caz» 2449 493 020 145 065 080 0.10 - - - - 2551 497

0.INMg>» 2453 492 024 119 071 072 036 - - - - 2553 499

UHBM 05N Mg 24.05 483 023 113 076 072 039 - - - - 2775 498
IN Mgz 2380 479 025 1.09 081 070 042 - - - - 2877 497
0.INMg>» 2326 464 020 115 065 079 014 - - - - 3191 5.01

HBM 05N Mg* 2452 491 021 119 094 081 015 - - - - 2535 493
IN Mg 2367 475 019 110 117 077 018 - - - - 29.09 4.98

0.IN Co® 2393 482 022 099 0.63 126 022 019 - - - 2605 497

UHBM 05N Co® 2394 482 023 097 0.61 120 026 043 - - - 2720 497
IN Co% 23.62 474 022 097 060 120 025 0.61 - - - 2825 498

0.IN Co® 2448 492 0.15 017 025 424 0.07 019 - - - 2518 498

HBM 05N Co* 2329 466 020 121 0.71 077 013 233 - - - 2685 5.00
IN Co* 2292 459 0.19 108 062 084 0.14 18 - - - 28.02 499

0.IN Cdz 24.03 487 020 099 063 123 027 - 002 - - 2791 493

UHBM 0.5NCd> 24.02 4.83 020 094 061 127 027 - 037 - - 2748 497
INCd» 2346 463 018 093 057 131 021 - 061 - - 2982 5.07

0.IN Cd> 2446 496 022 109 109 080 013 - 010 - - 2513 493

HBM 05N Cd*»> 24.04 482 0.18 1.09 070 087 014 - 038 - - 2748 499
INCd>» 2322 464 014 09 060 1.00 013 - 095 - - 30.78 5.00

0.IN Cr3+ 24.01 482 023 123 066 073 038 - - 018 - 2733 4098

UHBM 05N Cr3+ 2420 487 021 113 066 074 038 - - 027 - 2644 497
IN Cr3+ 2432 488 022 1.07 0.62 1.05 023 - - 008 - 2652 4098

0.INCr3+ 2449 493 022 110 070 081 021 - - 018 - 2542 497

HBM 05N Cr3+ 2415 486 0.17 1.06 071 142 013 - - 050 - 2574 497
IN Cr3+ 22,68 4.48 0.07 028 026 390 0.07 - - 163 - 2968 5.06

0.IN Agr 2458 495 020 099 063 127 022 - - - 004 2548 497

UHBM 05N Ag- 2394 479 015 072 055 1.13 023 - - - 083 28.69 5.00
IN Ag- 2430 485 012 0.65 049 111 017 - - - 211 2623 5.01

0.IN Agr 2355 470 012 092 065 099 013 - - - 007 3099 5.01

HBM 05N Ag- 2370 471 017 088 071 075 011 - - - 035 30.18 5.03
IN Agr 2320 4.62 005 034 029 064 0.09 - - - 213 33.12 5.02

Table 2. Numbers of atoms in the unit cells of natural and Na*, K*, Ca?*, Mg?, Co%, Cd?, Cr¥, Ag*
modified forms of clinoptilolite.
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Ion-Exchange  Ion-Exchange lons
Method Forms Na* K* Ca* Mg? Fe¥
0.IN Na* - - 18.40 8.57 -
UHBM 0.5N Na* - - 44.80 20.00 -
1IN Na* - - 52.80 27.14 -
0.IN Na* - - 5.60 - -
HBM 0.5N Na* - - 7.20 - -
1IN Na* - 1.33 41.60 14.29 -
0.IN K* 12.12 - 18.40 7.14 -
UHBM 0.5N K* 78.79 - 51.20 27.14 9.52
IN K~ 72.72 - 56.80 30.00 14.29
0.IN K* 6.06 - - 7.14 -
HBM 0.5N K* 63.63 - 27.20 - -
IN K~ 75.76 - 82.40 57.14 19.05
0.IN Ca? - 2.67 - 2.67 -
UHBM 0.5N Ca? 3.03 2.67 - 1.43 -
1IN Ca? 66.67 - - - -
0.IN Ca? 54.55 - - 8.57 4.76
HBM 0.5N Ca? 63.64 - - - 9.52
1IN Ca? 69.70 - - 7.14 4.76
0.IN Mg? - 4.00 4.80 - -
UHBM 0.5N Mg? - 4.00 9.60 - -
1IN Mg - 6.67 12.80 - -
0.IN Mg? 57.58 - 8.00 - 4.76
HBM 0.5N Mg? 54.55 - 4.80 - -
1IN Mg 45.45 - 12.00 - 9.52
0.IN Co?* 33.33 - 20.08 10.00 -
UHBM 0.5N Co* 21.21 - 22.40 12.85 -
1IN Co** 24.24 - 22.40 14.29 -
0.IN Co®* 78.79 - 86.40 64.29 28.57
HBM 0.5N Co* 60.61 - 3.20 - 4.76
1IN Co®* 57.57 - 13.60 11.43 9.52
0.IN Cd> 18.18 - 20.80 10.00 4.76
UHBM 0.5N Cd? 18.18 - 24.80 12.85 4.76
IN Cd* 36.36 - 25.60 18.57 14.29
0.IN Cd* 60.61 - 12.80 - -
HBM 0.5N Cd?* 57.58 - 12.80 - 14.29
1IN Cd* 60.61 - 28.00 14.29 33.33
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Ion-Exchange  Ion-Exchange lons
Method Forms Na* K+ Ca? Mg? Fe¥*
0.1IN Cr3* - 2.67 1.60 5.71 -
UHBM 0.5N Cr® - 1.33 9.60 5.71 -
1N Cr3 30.30 - 14.40 11.43 -
0.1IN Cr® 36.36 - 12.00 - -
HBM 0.5N Cr3* 60.61 - 15.20 = 19.05
1IN Cr¥* 78.79 - 77.60 62.86 66.67
0.1IN Ag* 33.33 - 20.80 10.00 4.76
UHBM 0.5N Ag* 30.30 - 42.40 21.43 28.57
IN Ag* 48.48 - 48.00 30.00 42.86
0.IN Ag* 60.61 - 26.40 7.14 42.86
HBM 0.5N Ag* 66.67 - 29.60 - 19.05
IN Ag* 72.73 14.67 72.80 58.57 76.19

Table 3. Ion-exchange rates for Na*, K+, Ca2t, Mg?, Co3*, Cd?, Cr3*, Ag+* modified forms compared to
natural clinoptilolite.

Ion-Exchange

Ion-Exchange Forms

Ordering of Ion-Exchange Rate

Method
UHBM Na* Car>Mg?
HBM Na* Ca?>Mg?*
UHBM K* Na*> Ca?>Mg?* > Fe>*
HBM K+ Na*> Ca?> Mg?* > Fe3*
UHBM Ca? Na>K>>Mg?*
HBM Ca? Na*>Mg?>Fe3*
UHBM Mg?* Ca*>K*
HBM Mg? Na*>Ca?*>Fe¥
UHBM Co? Na*> Ca?*>Mg?*
HBM Co? Na*> Ca?*>Mg?*>Fe3*
UHBM Cd» Ca*>Na*> Mg*>Fe*
HBM Cd* Na*> Ca?>Mg?*>Fe¥*
UHBM Cr¥ Na*> Ca?*>Mg?>> K*
HBM Cr3* Na*> Ca?> Fe¥*>Mg?*
UHBM Ag? Na*> Ca?> Fe¥>Mg?
HBM Ag? Na*> Ca?> Fe¥*>Mg?> K*

Table 4. Ordering of ion-exchange rate for unheated and heated methods for Na-clinoptilolite from
Bigadic¢-Balikesir (Turkey)

323
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The order of ion-exchange rate of Na* and K* forms is constant under both unheated and
heated conditions. On the other hand, high ion-exchange rates occur under the effects of
heating. The ion-exchange rate order of Ca?*, Mg?, Co*, Cd%, Cr* and Ag* forms changes
upon heating, plus Fe* is leached from the structure. Although iron occurs as Fe3* in the
general order, Fe?* was depleted instead of Fe3 because Fe* cannot be depleted from the
structure of clinoptilolite. Generally speaking, the ion-exchange process acts more on the
surface of clinoptilolite than on its inner sites.[!%!

Generally, the ion-exchange rate of the cations increases with increase in normality via
application of both unheated and heated batch methods. Ion-exchange rates increase via the
heating method compared to the unheated one. Forced-ion exchange occurs using the
heated batch method as compared to natural ion exhange via the unheated method. The ion
exchange of cations is controlled by cation valence, cation radius, ionization potential and
the location of cations within pores.

The weak connection of the +1 valence of the Na* cation to the structure of 10T is related to
its low ionization potential, resulting in leaching -with a high ion-exchange rate- from its
structure (Figure 1). The Mg?* cation exhibits low depletion due to its having symmetrical
binding to the structure of 8T, despite having the lowest ionization potential. Ca?* is more
depleted than Mg?* because of the unsymmetrical binding of Ca?* to the structure, although
the ionization potential of Ca?* is higher than that of Mg?". The K* cation is strongly bound
between the 8T and 10T structures; therefore, it is only slightly depleted.

Exchangeable Cations Tonic Radii (A) Ionization Potential (eV)

Na* 0.99 513

K+ 1.37 4.34
Ca? 1.00 6.11
Mg? 0.57 7.64
Cr¥ 0.62 6.77
Ag* 0.79 7.57
Co? 0.55 7.88
Cd* 0.78 8.99
Fe? 0.63 7.90
Fe3* 0.49 7.90

Table 5. Ionic radii and ionization potentials of exchangeable cations. [16]
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Ion-
Exchange
Method

Ion-
Exchange
Forms

Tons

K+

Caz

Mg2+

CO3+

C d2+

Cr3+

Ag*

UHBM

HBM

0.IN Na*
0.5N Na*
1IN Na*
0.IN Na*
0.5N Na*
1IN Na*

UHBM

HBM

0.IN K*
0.5N K*
IN K*
0.IN K*
0.5N K*
1IN K*

UHBM

HBM

0.1N Ca?*
0.5N Ca?*
1IN Ca%
0.1N Ca?*
0.5N Ca?*
1IN Ca?

UHBM

HBM

0.1IN Mg?*
0.5N Mg?*
1N Mg?
0.IN Mg?*
0.5N Mg?*
1N Mg?

UHBM

HBM

0.1N Co?
0.5N Co3
1N Co?**
0.1N Co?®
0.5N Co3%
IN Co?*

UHBM

HBM

0.IN Cd*
0.5N Cd*
1IN Cd*
0.1IN Cd?
0.5N Cd*
1IN Cd?*

UHBM

0.IN Cr¥*
0.5N Cr®
1IN Cr¥*
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Ion- Ion- Ions

Do By o Mg o o oo A
0.1IN Cr3 - - - - - - 18 -

HBM 0.5N Cr - - - - - - 50 -
IN Cr3 - . - - - - 163 -
0.IN Ag" - - ‘ - - - 5 4

UHBM 0.5N Ag* - - - 1 - - - 83
IN Ag* - L \ - - - - 211
0.IN Ag" - - - - - - - 7

HBM 0.5N Ag* - - - - - - - 35
IN Ag* - - - - - - - 213

Table 6. The ion-selectivity rates of Na*, K+, Ca2t, Mg?, Co3*, Cd?", Cr3* and Ag* modified forms of
clinoptilolite compared to natural clinoptilolite.

3.2. Rate of ion selectivity

Table 6 shows the ion-selectivity rates of Na*, K*, Ca?, Mg?, Co%*, Cd*, Cr* and Ag*
modified forms compared to natural clinoptilolite. Entrance of the cation into the structure
depends on the ion-selectivity rate, that is, the ion-selectivity coefficient of cations. The rate
of ion selectivity is controlled by cation valence, cation radius, ionization potential, pore size
and location of the cation within the pore. Entrance of the cation into the structure increases
with increasing normality and heating (Table 6). Monovalent cations such as K*, Na* and
Ag* predominantly enter the structure of Na-clinoptilolite; these cations have relatively low
ionization potentials. These cations are followed by other cations, such as Ca?, Mg?, Co¥,

Cd?* and Cr*.
Selectivity Order References
PbZ*>NH4*>Ba?>Cu?>Zn?>Cd?*>Co?* [19]
Pb?>Cd?*>Cs?>Cu?>Co?*>Cr*>Zn?>>Ni**>Hg?" [20]
Pb>>Ag>Cd?>Zn?*>Cu*>Na* [21]
Pb2>Cu?>Cd?*>Zn?>Cr3*>Co?>Ni? [22]

Table 7. Global experimental ion-selectivity order for modified clinoptilolite.

The ordering of ion-selectivity rates via application of unheated and heated methods is as
follows:

Unheated: K*>Na*>Ag>Co**>Cd?*>Cr*>Ca*>Mg?*

Heated: Na*>K* Co*>Ag*> Cr¥>Cd?> Mg?*>Ca?"

The ordering rate obtained via the unheated batch method is consistent with the results
given in the global literature; conversely, this order changes upon heating via application of
the heated batch method.
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Moreover, the order of the ion-selectivity rates, namely

Na*> Ag*> K*~ NH4*> Cd?> Ca?*>Cr®> Mg*™2>Co3

was also determined for the Gérdes Na-clinoptilolite.l'” 181, Other results are given in Table 7.

4. Conclusions

1. Rates of ion exchange and ion selectivity increase with increase in normality via
application of both unheated and heated methods.

2. Entrance of heavy metals into and depletion of exchangeable cations from the zeolite
structure is controlled by cation valence, cation radius, ionization potential, pore size
and location of the cation within the pore.

3. The rates of ion exchange and ion selectivity are higher in application of the heated
batch method than in the unheated one.

4. Forced ion exchange occurs via application of the heated batch method as compared to
natural ion exchange via the unheated method due to the rates of ion exchange and ion
selectivity.

5. The order of ion-selectivity rate for the modified forms, except for the exchangeable
cations, is Ag*> Cd? > Cr3 > Co¥; this finding is consistent with Ag*, Cd?", Cr* and Co*
cation adsorption from wastewater, as determined worldwide.

6. Na-clinoptilolite adsorbs cations such as Na*, K*, Ca%, Mg?, Co*, Cd*, Cr* and Ag".
Ion-exchangeable cations such as Na*, K*, Ca?, Mg?, 8T and 10T structures and
negative structure also exhibit adsorptive capacity with respect to other cations.

7. Heavy-metal cation retention in large volumes of water (such as in rivers) requires
application of the unheated batch method. In contrast, heavy-metal cation retention in
small volumes of water (such as in the laboratory) over shorter time periods requires
application of the heated batch method.
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