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CATION-EXCHANGE CAPACITY (CEC) OF ZEOLITIC VOLCANICLASTIC 
MATERIALS: APPLICABILITY OF THE AMMONIUM ACETATE 

SATURATION (AMAS) METHOD 
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Abs t rac t - -The  ammonium acetate saturation (AMAS) method was used to study the cation-exchange 
capacity (CEC) of zeolitic volcaniclastic materials from Santorini and Polyegos Islands, Greece. The 
AMAS method was tested with respect to the time required to saturate the samples of zeolites with 
ammonium (NH4 +) ions, the efficient liberation of NH4 + ions, and the suitability of two widely used 
techniques to measure ammonia (NH3) (Kjeldahl ammonia distillation technique and the ammonia elec- 
trode technique). By using the inductively coupled plasma-mass spectrometry (ICP-MS) technique and 
measuring the number of cations exchanged during ammonium acetate (NH4OAc) saturation, it was found 
that the saturation period for zeolitic materials must be increased to 12-day cycles to ensure effective 
saturation. Following NHaOAc saturation, the AMAS method produces NH4 + solutions, after the NH4 § 
saturated samples of zeolites are washed with 10% NaC1. The amount of the NH4 + ions in solution (i.e., 
exchangeable cations) is a measure of the CEC. The NH4 + ions can not be directly measured and must 
be converted to NH 3. The Kjeldahl ammonia distillation technique and the ammonia electrode technique 
for measuring NH 3 give identical CEC results. However, the ammonia electrode technique, when used 
directly with the NH4 + samples of zeolite without 10% NaC1 treatment, generally gives higher CEC values. 
The amount of NH4 + treated (converted to NH3), when the NH4+-saturated zeolitized samples were used 
directly, was higher than the amount of the NH4 + treated when the NH4 § solutions were obtained after 
washing the NH4+-saturated zeolitized samples with 10% NaC1. Therefore, washing with 10% NaC1 does 
not facilitate the release of all NH4 + initially within the zeolite structure. A modified AMAS technique 
is proposed for measuring the C E C  of zeolitic material. 

Key Words~Ammonium Acetate Saturation (AMAS) Method, Ammonia Electrode, Cation-Exchange Ca- 
pacity (CEC), Cfinoptilolite, Greece, Kjeldahl Ammonia Distillation, Mordenite, Polyegos, Santorini, Zeolites. 

I N T R O D U C T I O N  

The  ca t ion -exchange  capaci ty  (CEC)  is an  impor t an t  
p roper ty  of  zeolites.  C E C resul ts  f rom the  p resence  of  
loose ly  b o u n d  cat ions  of  alkali  and  a lkal ine  ear ths  el- 
ements ,  of ten  ca l led  exchangeab l e  cat ions,  in  the 
s t ructure  of  the zeolites.  These  loose ly  b o u n d  ca t ions  
are easi ly e x c h a n g e d  w h e n  zeol i tes  are in contac t  wi th  
solut ions  o f  " s a t u r a t i n g "  or " i n d e x i n g "  ions.  T he  ex- 
c h a n g e  reac t ion  b e t w e e n  a zeol i te  and  an  ionic solu- 
t ion is descr ibed  as M I ( Z  ) -F M2(S) ~ M2(Z) + Mx(S)  

where  Mx is the exchangeab le  ca t ion  p resen t  in  zeol i te  
Z, and  M2 is the  saturat ing ion  in  so lu t ion  S. 

The  me thods  of  a m m o n i u m  acetate  sa tura t ion  
(AMAS)  (Chapman,  1965; Bain  and Smith, 1987) and 
methylene blue absorption (MBA)  (Nevins and Weintritt, 
1967) are commonly  used to measure the CEC of  finely 
crystalline materials. The M B A  method  is based  on  the 
measurement  of  the m a x i m u m  absorption of  a sample 
for 0.01 N solution of  methylene  blue. Kitsopoulos 
(1997a) suggested, however,  that  the M B A  method is not  
suitable for zeolites because the size and the projected 
plan area of  the methylene-blue molecule are usually 
greater than the size of  the zeolitic channels.  The A M A S  
method  involves the saturation of the zeolites with  am- 
m o n i u m  (NH4 +) ions that replace exchangeable  cations. 

Present address: 16 Aiolou Str., Paleo Faliro, Athens, 175- 
61, Greece. 

Theoretically, the n u m b e r  of  NH4 + ions retained by  the 
zeolite is a measure  of  the CEC. 

The  A M A S  m e t h o d  was in t roduced  by  Schol len-  
be rger  and  Dre ibe lb i s  (1930),  Scho l l enbe rge r  and  Si- 
m o n  (1945),  and  Peech  (1945)  to measu re  the CEC of  
soils. I m p r o v e m e n t s  were  m a d e  by  C h a p m a n  (1965).  
In the A M A S  method,  mater ia l  is sa tura ted  us ing  neu-  
tral  1 N solut ion of  a m m o n i u m  acetate  (NH4OAc).  
NH4OAc is h ighly  buf fe red  and  w h e n  neutra l  1 N 
NHnOAc solut ion is used  to saturate  a soil, the resul-  
tant  solut ion l eached  th rough  the  soil  has  the same pH 
as the or iginal  solut ion (Chapman ,  1965). Ba in  and  
Smi th  (1987)  modi f ied  the  m e t h o d  to be  used  wi th  
clays.  In this  study, we use  the  m e t h o d  of  Ba in  and  
Smi th  (1987),  w h i c h  inc ludes  three  steps: (1) NH4OAc 
saturat ion,  (2) re lease  of  the  sa tura t ing  NH4 § ions and  
genera t ion  of  NH4 + solut ions ,  and  (3) m e a s u r e m e n t  of  
the re leased  NH4 + ions  ( i ,e . ,  the CEC)  by  conver t ing  
NH4 + ions  to N H  3 and  measu r ing  the  resul tant  N H  3. 

The  purpose  of  this  s tudy was to inves t iga te  the 
CEC of  zeol i t ized  volcanic las t ic  mater ia l s  f rom San-  
torini  and  Po lyegos  Is lands,  Greece ,  us ing  the A M A S  
method.  However ,  the  lack of  a deta i led  descr ip t ion  of  
the A M A S  m e t h o d  for  use  wi th  zeol i tes  has  led to the  
use  of  this  m e t h o d  as i f  it is appl ied to clays.  In this  
study, the sui tabi l i ty  of  the  A M A S  m e t h o d  was deter- 
m i n e d  at each  stage of  analysis .  Based  on  these  results ,  
modi f ica t ions  are sugges ted  for  the  use  of  the  A M A S  
m e t h o d  w h e n  appl ied  to zeolites.  
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Figure 1. South Aegean Sea Volcanic Arc (dashed line). 1: 
Santorini, 2: Polyegos. 

MATERIALS 

Zeolitized pyroclastic materials from the Santorini 
and Polyegos Islands of the South Aegean Sea Vol- 
canic Arc, Greece (Figure 1) were used in this study. 
At Santorini Island (Figure 2), clinoptilolite and smec- 
tite or illite-smectite have replaced the vitreous matrix 
of the Akrotiri pyroclastics. The clinoptilolite was 
characterized by X-ray diffraction (XRD), thermal 
tests, and electron microprobe analysis. Clinoptilolite 
ranges from 40 to 75%. Tsolis-Katagas and Katagas 
(1989) proposed that the formation of zeolites resulted 
from the activity of interstitial water in the volcani- 
clastic material. According to these authors, the alter- 
ation minerals are not related to vertical or lateral zo- 
nation, and the irregular distribution of the assemblag- 
es is attributed to variations in heat flow, ionic activity 
in interstitial waters, and permeability. Kitsopoulos 
(1997b) suggested that a typical zeolitization model, 
which involves successive stages of alteration of the 
outer parts of glass shards to clays, dissolution of 
glass, and finally precipitation of clinoptilolites in cav- 
ities of the previously dissolved glass shards, may not 
be applied as such. Instead, the clinoptilolites formed 
as a result of reactions between solid and fluid com- 
ponents within the glass shards, which acted as small 
semi-closed subdomains. The composition of the cli- 
noptilolite ranges from (Na2.12K2.56Ca040Mg0.19)(Si29.97 
A16.08 072)'24/-/20 and (Na2.60 Kz28 Ca0.48 Mgo.27 ) (5i29.71 
A16.20072).24H20 to (Na1.56K1.26Cal.19Mg0.58)(Siz9.35A16.71 
O72).24H20 (Kitsopoulos, 1995a, 1995b). 

On Polyegos Island (Figure 3), the authigenic min- 
erals are mainly mordenite and illite, and more rarely 
illite-smectite. Mordenite ranges from 50 to 80%. Cli- 
noptilolite (heulandite type 3) was found within a few 
samples. Kitsopoulos (1997c) suggested that heuland- 
ite-type minerals were the primary precursors for 
mordenite. Mordenite formed as a result of elevated 
temperature and high Na + concentration. In addition 
to mordenite of composition (Cao.68Mg0.49Na4.05K0.52) 
(Si41.06 A16.94 O96)'24H20, a K-rich mordenite occurs 
of composition (Cal.2o~lgo.2oNa2.31K2.39)(Si4o.61A17,41096) 
�9 241-120 (Kitsopoulos, 1995a, Kitsopoulos and Dun- 
ham, 1998). 

METHODS 

The ammonium acetate saturation (AMAS) method 

NH4OAc saturation. Zeolite powders of the <125-1xm 
size fraction were used instead of the <2-1~m size frac- 
tions typically used for clays. Samples were washed 
with deionized water to remove soluble phases which 
may interfere with the measurement of the CEC. Sam- 
ples were dried. About 50-150 mg of each sample were 
weighed accurately and transferred to a centrifuge tube 
where 10 mL of 1 N NH4OAc of pH 7 were added. 
The suspension was well shaken by hand, left over- 
night, and then centrifuged. The clear liquid was dis- 
carded and the NH~OAc-saturation procedure repeated 
four times, adding fresh 10 mL of NHnOAc solution 
each time (Bain and Smith, 1987). Because time may 
be an important variable for NH4OAc saturation, we 
used ten-day cycles, although Mackenzie (1951) used 
overnight saturation and Bain and Smith (1987) used 
five-day cycles for clays. Also, the saturating NH4OAc 
solutions were not discarded after saturation; Na § K +, 
Ca 2+, and Mg 2§ were analyzed by inductively coupled 
plasma-mass spectrometry (ICP-MS). For this purpose, 
saturating NH4OAc solutions of 1 mL were diluted in 
10% HCI and compared to standard solutions of Na +, 
K § and Ca 2+. Solutions of 1 mL of fresh NH~OAc di- 
luted in 10% HC1, were also used to correct for inter- 
ference effects. After the completion of the ten-day cy- 
cles of NH4OAc saturation, the excess NH4OAc was 
washed with 99% isopropyl alcohol. An amount of 10 
mL of alcohol was added to the sample, well shaken 
by hand, and centrifuged. The clear supernatent liquid 
was discarded and the procedure repeated five times. 
Afterwards, the samples were dried thoroughly, but 
without heating. Following the NH4OAc saturation, the 
NH4 + ions are retained by the zeolites, having replaced 
all the exchangeable cations. 

Release of  the saturating NH4 § ions and generation of  
NH4 + solutions. The air-dried, NH4+-saturated zeolite 
samples were weighed and transferred to a 15-mL cen- 
trifuge tube. An amount of 10 mL of 10% NaC1 so- 
lution, acidified to 0.005 M in HC1, was added to the 
tube, shaken well by hand, and centrifuged. The clear 
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Figure 2. Geological map of the Akrotiri area of Santorini island (IGME, 1980). 

superna ten t  l iquid was  t ransfer red  to a Teflon bot t le  
and  the p rocedure  repea ted  six t imes.  Then,  the bot t le  
was  filled to 100 m L  wi th  de ion ized  water. Af te r  wash-  
ing the  NH4+-saturated zeoli te  samples  wi th  NaC1, the  
NH4 + ions,  wh ich  were  re ta ined  by  the zeol i tes  af ter  
NHaOAc saturat ion,  were  replaced by  N a  + ions,  and  
NH4 + solut ions  were  obta ined.  The  re leased  NH4 § ions 
is a measure  of  the  CEC of  the  samples .  

Conversion of  NH4 + to NH3 and the determination of  
the CEC. Because  NH4 + ions can  not  be  directly mea-  

sured, they are conver ted  us ing  a strong base  to N H  3, 
which  may  be  analyzed by  Kjeldahl  a m m o n i a  distilla- 
tion, by  us ing an a m m o n i a  electrode (Busenberg  and  
Clemency,  1973), or by  spec t rophotomet ry  (Fraser  and  
Russel,  1969). In this  study, the Kjeldahl  ammo n i a  dis- 
t i l lat ion and the a m m o n i a  electrode techniques  were  
used. 

Kjeldahl ammonia distillation technique 

To conver t  NH4 + to N H  3, 50 m L  of  the  NHa§ - 
t a in ing  solut ions  were  t ransfer red  to a dis t i l la t ion flask 
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Figure 3. Geological map of Polyegos island (Kanaris, 
1989). 

and diluted with 200 mL of NH3-free deionized water. 
One gram of granulated zinc (a few fragments of po- 
rous porcelain are suitable also) was added to the flask 
to promote regular ebullition in the subsequent distil- 
lation. An amount of 100 mL of 0.1 N HC1 was placed 
in the receiver. The flask was adjusted so the end of 
the condenser just dips into the acid. An amount of 
100 mL of 10% NaOH was placed in the funnel above 
the distillation flask. The 10% NaOH was quickly in- 
troduced to the distillation flask; when all the alkali 
passed, the tap was securely closed. The addition of 
the 10% NaOH produced the complete conversion of 
the NH4 + ions to NH 3 by: NH4 + + OH ~ NH 3 + 
H20. The contents of  the flask were boiled gently for 

1 h and all the NH3 passed through to the HC1 of 
the receiver. The tap was opened before switching off 
the heating unit, the top of the condenser disconnected, 
and the receiver lowered and rinsed with deionized 
water. A few drops of  methyl red or a mixture of  meth- 
yl red-bromocresol green was added in the receiver 
flask. The excess of HC1 in the receiver was measured 
by titration using 0.1 N NaOH. The accuracy of the 
distillation experiments was determined by comparing 
to standard 1 M NH4C1 solutions. 

Ammonia electrode technique 

In aqueous solutions, the potential recorded by an 
ammonia electrode is related to the activity of the dis- 
solved NH3. Thus, NH4 + may be ana/yzed as follows. 
The solutions of NH4 + are treated with strong NaOH 
and converted to NH3, which then may be analyzed by 
the ammonia electrode. This technique is much less te- 
dious than distillation. The ammonia electrode is con- 
nected either to a pH meter or to an ion meter/analyzer, 
and a small magnetic stirrer (air-driven stirrers are not 
recommended). For the use of a pH meter, a calibration 

curve of known NH 3 concentrations vs. mV (potential) 
is first determined. The concentration of Ni l  3 is then 
estimated using the calibration curve. An ion meter/ 
analyzer measures directly the concentration of NtI  3. In 
this study, an Orion 95-12 ammonia electrode, and a 
Jenway 3045 pH/mV#C/ion analyzer were used. To 
convert NH4 + to NH3, 50 mL of solution of NH4 § were 
added to a 100-mL Pyrex beaker containing a Teflon 
covered stimng bar. The ammonia electrode was im- 
mersed into the solution and no entrapment of air under 
the concave tip was allowed. Stirring was commenced 
and 0.5 mL of 10 M NaOH was added by syringe. 
Recordings of  the NH 3 content were obtained at 0.5- 
min intervals until a constant level was achieved. The 
electrode was calibrated every 2 h using standard 
NH4C1 solutions of 1, 0.1, 0.01, 0.001, and 0.0001 M. 
The accuracy of the measurements was determined by 
comparing to standard 1 M NH4C1 solutions. 

An advantage of the ammonia electrode technique 
is that NHa+-saturated samples may be used without 
prior washing with 10% NaC1. The measurement of 
CEC is both simple and rapid. In this study, NH4 + ions 
of the zeolites were analyzed also, but without wash- 
ing the samples of the NH4+-saturated zeolites with 
10% NaC1. An amount of  50-150 mg of  the samples 
of NH4 + saturated zeolites was placed in a 100-mL 
Pyrex beaker containing a Teflon covered stirring bar, 
Deionized water (50 mL) was added and the solution 
stirred to suspend the sample. The electrode was im- 
mersed into the suspension taking care to prevent en- 
trapment of air under the concave tip. An amount of 
0.5 mL of 10 M NaOH was added by syringe and 
analyses of NH3 were taken at 0.5-min intervals until 
a constant level was achieved. The electrode was cal- 
ibrated every 2 h using NH4C1 solutions of 1, 0.1, 
0.01, 0.001, and 0.0001 M. The accuracy of the mea- 
surements was determined by comparing to standard 
1 M NH4C1 solutions. 

RESULTS AND DISCUSSION 

Exchangeable cations measured by ICP-MS after 
each saturation cycle are given in Table 1. The 8-d 
saturation period was sufficient to exchange Ca and 
Mg from the zeolites; the analyses for Ca and Mg after 
9 d were extremely low. The results from the Santorini 
samples are consistent with the mineralogy where the 
tuffs are dominated by Na, K-rich clinoptilolites and 
Ca and Mg are lower in amount. The results show that 
Na and K account for 70-95% of the total exchange- 
able cations in the Santorini samples. 

For the Polyegos samples, Na and K also dominate. 
They account for 84 to 91% of the total exchangeable 
cations, whereas Ca and Mg account for only 9-16% 
of the exchangeable cations in samples P5, P8, P10, 
P13, and P21. The release of low amounts of Ca and 
Mg suggests that most of Ca and Mg may be fixed in 
mordenite or fixed relative to NH4 § The high amount 
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Table 1. Na, K, Ca, and Mg analyses (ppm) by ICP-MS for different periods of ammonium acetate saturation of zeolitized 
volcaniclastics from Santorini (S) and Polyegos (P) Islands, Greece. 

Days 

Sample  Cat ions 1 2 3 4 5 6 7 8 9 10 

Santonnilsland 
S108 Na 876 78 20 10 1 20 7 4 18 8 

K 652 140 40 18 6 18 23 20 25 13 
Ca 88 22 9 9 6 5 7 4 5 4 
Mg 41 9 4 3 3 4 4 2 2 3 

Sl17 Na 643 110 31 6 28 26 t2 30 31 8 
K 84 47 29 3 19 19 7 18 12 15 
Ca 83 29 10 11 7 5 4 3 1 3 
Mg 8 4 3 0 1 1 0 1 1 1 

S126 Na 1092 90 13 5 16 6 6 4 18 13 
K 555 128 37 11 16 1 18 24 23 9 
Ca 148 32 12 9 6 5 6 4 4 4 
Mg 27 8 5 4 4 3 3 2 4 2 

S130 Na 1288 144 26 21 6 23 23 28 29 7 
K 385 124 40 21 5 17 18 21 18 12 
Ca 194 28 12 9 4 3 3 2 3 2 
Mg 16 7 7 4 1 2 2 2 1 2 

S140 Na 709 57 8 10 6 19 21 7 16 9 
K 251 54 13 16 6 20 18 22 16 5 
Ca 293 48 14 13 9 8 10 7 4 5 
Mg 55 10 4 3 2 3 2 2 3 3 

Polyegos Island 
P5 Na 614 45 9 15 26 25 3 2 24 18 

K 337 72 20 14 25 25 19 19 21 19 
Ca 165 21 5 8 3 3 3 2 3 3 
Mg 20 3 2 2 2 2 0 0 2 1 

P8 Na 993 77 27 21 17 21 31 45 36 21 
K 234 60 32 24 11 15 23 31 19 22 
Ca 184 34 14 14 10 12 12 7 5 7 
Mg 16 3 1 l 0 1 1 1 0 1 

P10 Na 864 80 34 21 28 37 5 4 23 11 
K 360 93 42 21 31 38 24 22 32 28 
Ca 62 11 4 3 3 4 5 4 4 3 
Mg 46 9 5 3 4 2 3 2 2 2 

P13 Na 937 115 31 29 32 30 7 11 19 17 
K 516 132 43 26 23 23 3 7 13 12 
Ca 145 53 16 14 14 13 14 10 9 7 
Mg 27 9 3 2 3 3 2 2 1 2 

P21 Na 307 38 7 - 3  12 38 1 1 8 3 
K 94 30 4 - 7  10 35 25 23 21 8 
Ca 15 3 0 0 1 1 1 1 0 1 
Mg 24 6 3 2 2 3 2 1 2 2 

of  K is related to except ional ly  K-r ich mordeni te  (Kit- 

sopoulos and Dunham,  1998) and also to clinopti loli te 
(heulandite  type 3) (Kitsopoulos,  1997c). 

The bulk of  cation exchange  occurred within 2 d. 

Na  and K exchanged  slightly faster f rom clinopti lol i te  
than f rom mordeni te .  The Santorini  samples  re leased 
85 -95% of  the exchangeable  cat ions in the first three 
days, whereas  the Polyegos  sample  re leased 7 5 - 9 0 %  
in the same time. Na and K in the Santorini  samples  
decreased  be tween  4 - 6  d. However,  after this de- 
crease,  2 0 - 3 0  p p m  Na, K were  re leased be tween  6 - 9  
d. For  the Polyegos  samples,  K was re leased again 
fo l lowing the initial release,  be tween  6 -8  d, and some 
samples  showed  addit ional release o f  Na  be tween  8 -  

10 d. In conclusion,  there is an active release of  cat- 

ions in zeoli tes even  after 5 d, the m a x i m u m  saturation 
per iod for clays. 

Al though clays can be  adequately saturated in short  
per iods  (Mackenzie ,  1951; Bain and Smith,  1987), ze- 
olites require  longer  per iods  for  saturation. Noda  

(1980), for example ,  used a saturation per iod of  - 4  
wk  for clinoptilolite,  a l though such per iods  are incon-  
venient.  Cat ions will  probably  be cont inuously  re- 
leased even  after an extensive  saturation period. The 
main  objective,  however,  is to provide  near comple te  
NH4OAc saturation within a reasonable  period.  There-  
fore, the results presented  here suggest  a NH4OAc sat- 
uration per iod  for zeoli tes  o f  12 days. 

The CEC values in Table 2 were  obta ined by Kjel-  

dahl anmaonia dist i l lat ion of  NH4 + solutions obta ined 
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Table 2. CEC values (meq/100 g) of zeolitized volcaniclas- 
tics from Santorini (S) and Polyegos (P) Islands, Greece. The 
CEC values were obtained using the Kjeldahl ammonia dis- 
tillation technique with the NH4 + solutions obtained by wash- 
ing the NH4+-saturated samples of zeolites with 10% NaC1. 

sample x Y Mean [(Y X)/2] 

SantofiniIsland 

S103 184.44 184.83 184.63 0.20 
S104 117.11 117.11 117.11 0.00 
S105 109.57 109.86 109.71 0.15 
S106 161.57 162.17 161.87 0.30 
S108 130.54 130.91 130.72 0.19 
S l l 0  183.42 184.43 183.92 0.51 
Sl13 119.47 119.47 119.47 0.00 
Sl15 120.39 120.87 120.63 0.24 
Sl16 170.92 171.15 171.03 0.12 
Sl17 111.46 111.66 111.56 0.10 
Sl19 145.25 145.39 145.32 0.07 
S120 151.45 152.08 151.76 0.32 
S121 175.18 175.60 175.39 0.21 
$124 199.98 200.77 200.37 0.40 
S126 168.65 169.79 169.22 0.57 
S130 188.92 189.29 189.10 0.19 
S132 126.20 126.45 126.19 0.13 
S137 182.14 182.42 182.28 0.14 
S139 142.77 143.48 143.12 0.35 
S140 142.34 142.58 142.46 0.12 
S141 187.55 187.55 187.55 0.00 
S142 163.00 163.19 163.09 0.09 
S145 146.97 148.06 147.51 0.55 
S146 117.63 118.15 117.89 0.26 

XMean 0.22 

Polyegos Island 

P2 109.22 110.13 109.67 0.45 
P4 142.10 142.74 142.42 0.32 
P5 132.43 133.63 133.03 0.60 
P6 86.85 87.84 87.34 0.50 
P8 128.33 128.52 128.43 0.09 
P10 102.71 103.29 103.00 0.29 
P l l  132.32 133.22 132.77 0.45 
P13 157.21 157.30 157.25 0.05 
P14 118.00 118.34 118.17 0.17 
P17 154.61 155.78 155.19 0.58 
P19 109.70 109.91 109.80 0.10 
P21 18.04 18.15 18.09 0.05 
P23 1.67 1.76 1.71 0.05 
P27 2.31 2.47 2.39 0.08 
P30 2.27 2.37 2.33 0.06 
P34 146.43 147.23 146.83 0.40 

2Mean 0.27 

1 Standard deviation: 0.16. 
2 Standard deviation: 0.21. 

Table 3. CEC values (meq/100 g) of zeolitized volcaniclas- 
tics from Santorini (S) and Polyegos (P) Islands, Greece. The 
CEC values were obtained using the ammonia electrode tech- 
nique with the NH4 § solutions obtained by washing the NH4 +- 
saturated samples of zeolites with 10% NaC1. 

sample X Y Mean [(Y - X)/2] 

Santofini Island 

S103 185.04 185.04 185.04 0.00 
S104 117.21 117.28 117.24 0.04 
S105 111.24 111.44 111.35 0.10 
S106 164.01 164.24 164.13 0.12 
S108 133.75 133.89 133.82 0.07 
$110 184.99 185.18 185.09 0.09 
Sl13 120.06 120.10 120.08 0.02 
Sl15 122.22 122.22 122.22 0.00 
Sl16 171.14 171.14 171.14 0.00 
Sl17 112.52 112.81 112.67 0.15 
Sl19 147.67 147.89 147.78 0.11 
S120 154.06 154.11 154.08 0.03 
S121 176.82 176.83 176.82 0.01 
S124 201.90 202.10 202.01 0.10 
S126 169.19 169.57 169.38 0.19 
S130 189.92 190.01 189.97 0.05 
S132 129.68 130.00 129.84 0.16 
S137 182.46 182.56 182.51 0.05 
S139 145.83 145.97 145.90 0.07 
S140 144.79 145.12 144.98 0.16 
$141 188.55 188.61 188.58 0.03 
S142 163.42 163.43 163.42 0.01 
S145 150.33 150.35 150.33 0.01 
S146 118.18 118.51 118.33 0.16 

tMean 0.07 

Polyegos Island 

P2 113.01 113.36 113.18 0.17 
P4 143.62 143.71 143.66 0.05 
P5 134.27 134.62 134.44 0.17 
P6 89.34 89.45 89.44 0.05 
P8 128.02 128.39 128.20 0.18 
P10 103.38 103.39 103.38 0.01 
P l l  133.88 133.88 133.88 0.00 
P13 159.61 159.75 159.68 0.07 
P14 119.72 120.01 119.86 0.15 
P17 157.12 157.17 157.14 0.02 
P19 112.08 112.08 112.08 0.00 
P21 18.76 18.89 18.82 0.06 
P23 1.67 1.74 1.70 0.04 
P27 2.38 2.46 2.42 0.04 
P30 2.36 2.37 2.36 0.01 
P34 148.33 148.75 148.54 0.21 

2Mean 0.08 

1 Standard deviation: 0.06. 
2 Standard deviation: 0.07. 

by  t r ea tment  wi th  10% NaC1. Two va lues  were  deter- 

m i n e d  for each  sample ,  wi th  the  lower  va lue  g iven  as 

X and  the h ighe r  va lue  as Y. The  m e a n  va lues  o f  C E C  

range  f ro m  109.71 to 200.37 m e q / 1 0 0  g for the San-  

torini  s amples ,  and  f rom 1.71 to 157.25 m e q / 1 0 0  g for 

Po lyegos .  T h e s e  va lues  are larger  than  the var ia t ion  

(0.22 --- 0 .16 and  0.27 _ 0.21) be tween  the pair  o f  

m e a s u r e m e n t s .  T h e  three Po lyegos  s amp le s  (P23, P27,  

and  P30),  wh ich  s h o w e d  ve ry  low C E C  va lues  ( 1 . 7 -  

2.5 m e q / 1 0 0  g), con ta in  kaolini te ,  hal loysi te ,  alunite,  

and  a m o r p h o u s  si l ica in var iable  a moun t s ,  bu t  no  ze- 

olite minera ls .  S a m p l e  P21 f r o m  Po lyegos ,  wi th  a C E C  

of  - 1 8  m e q / 1 0 0  g, is a kaol ini te  sample ,  bu t  s o m e  

morden i t e  w a s  p resen t  also. Therefore ,  the  low C E C  

va lues  for these  four  s amples ,  re la t ive to the other  

samples ,  are cons i s t en t  wi th  minera logy .  The  resul ts  

ob ta ined  u s ing  the s tandard  1 M NH4C1 so lu t ions  were  

ve ry  sa t i s fac tory  ( m e a n  v a l u e  0.997,  s.d. 0.028).  

The  C E C  va lues  in Table 3 were  ob ta ined  wi th  an 

a m m o n i a  e lect rode and  the NH4 + so lu t ions  ob ta ined  
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Figure 4. CEC values (meq/100 g) obtained using the am- 
monia electrode technique with the NH~ + solutions obtained 
by washing the NH4+-saturated samples of zeolites with 10% 
NaC1 vs. CEC values (meq/100 g) obtained using the Kjeldahl 
ammonia distillation technique with the same NH4 + solutions. 
The correlation coefficient is 0.999 for the regression analy- 
sis. 

by t r ea tment  wi th  10% NaC1. T he  resul ts  are p resen ted  
in the  same way as for  Table 2. The  m e a n  values  of  
CEC range  f rom 111.35 to 202.01 m e q / 1 0 0  g for  the  
Santor in i  samples ,  and  f rom 1.70 to 159.68 m e q / 1 0 0  
g for  Polyegos ;  va lues  all m u c h  larger  than  the  vari-  
a t ion (0.07 • 0 .06 and  0.08 • 0.07) be t w een  the  pai r  
of  measurement s .  The  resul ts  ob ta ined  us ing  the stan- 
dard  1 M NH4C1 solut ions  were  ve ry  sa t is factory  
(mean  va lue  0.999, s.d. 0.019).  F igure  4 shows  the  
data  of  Tables  2 and  3 and  indicates  tha t  the two tech-  
n iques  g ive  s imilar  results.  However ,  the a m m o n i a  
e lec t rode  t echn ique  can  dramat ica l ly  r educe  the  t ime  
of  pe r fo rming  a CEC measu remen t ,  

The  CEC values  in  Table  4 were  ob ta ined  wi th  an  
a m m o n i a  e lec t rode  direct ly  wi th  the  NH4+-saturated 
samples ,  bu t  the  samples  were  not  t reated wi th  10% 
NaC1. The  resul ts  are presen ted  fo l lowing  the fo rmat  
of  Table  2. The  m e a n  values  of  CE C  range  f rom 
126.58 to 221.60  m e q / 1 0 0  g for the  San tor in i  samples ,  
and  f rom 1.71 to 188.00 m e q / 1 0 0  g for  the  Po lyegos  
samples ;  va lues  all m u c h  larger  than  the var ia t ion  
(0.06 • 0.05 and  0.05 • 0.05) be t w een  the  pair  o f  
measurement s .  The  resul ts  ob ta ined  us ing  the  s tandard  
1 M NHaC1 solut ions  were  ve ry  sa t is factory  (mean  
va lue  1.000, s.d. 0.017).  

The  resul ts  s h o w n  in  Tables 3 and  4 indica te  tha t  
the  CEC values  ob ta ined  f rom the  NH4+-saturated 
samples  were  genera l ly  h igher  than  those  ob ta ined  
f rom the  NH4 + solut ions  ob ta ined  af ter  wash ing  wi th  
10% NaC1. Di f fe rences  to 72.36 m e q / 1 0 0  g were  re- 
corded  for  the Santor in i  samples  and  to 59.27 m e q /  

Table 4. CEC values (meq/100 g) of zeolitized volcaniclas- 
tics from Santorini (S) and Polyegos (P) Islands, Greece. The 
CEC values were obtained using the ammonia electrode tech- 
nique directly with the NH4+-saturated samples of zeolites (no 
prior washing with 10% NaC1). 

S a m p l e  X Y M e a n  [(Y - X)/2]  

SantofiniIsland 
$103 186.05 186.14 186.09 0.04 
S104 131.62 131.86 131.74 0.12 
S105 126.52 126.65 126.58 0.07 
S106 192.92 193.12 193.02 0.10 
S108 132.27 132.27 132.27 0.00 
S l l 0  165.64 165.79 185.71 0.08 
Sl13 131.11 131.11 131.11 0.00 
Sl15 137.87 138.14 138.00 0.13 
Sl16 197.71 197.73 197.72 0.01 
$117 151.60 151.92 151.76 0.16 
Sl19 217.57 217.80 217.68 0.12 
$120 189.81 189.95 189.88 0.07 
$121 178.81 179.07 178.94 0.13 
S124 214.59 214.78 214.68 0.09 
S126 197.56 197.56 197.56 0.00 
$130 221.60 221.60 221.60 0.00 
S132 130.34 130.50 130.42 0.08 
S137 180.48 180.49 180.48 0.01 
S139 182.40 182.52 182.46 0.06 
S140 153.21 153.24 153.22 0.02 
S141 186.82 186.82 186.82 0,00 
S142 183.02 183.22 183.12 0.10 
$145 161.44 161.49 161.44 0.03 
$146 134.41 134.42 134.41 0.00 

tMean 0.06 

Polyegos Island 
P2 113.01 113.16 113.08 0.07 
P4 170.03 170.33 170.18 0.15 
P5 139.58 139.70 139.64 0.06 
P6 114.89 114.90 114.89 0.01 
P8 148.63 148.70 148.66 0.03 
P10 116.07 116.11 116.09 0.02 
P l l  187.90 188.11 188.00 0.11 
P13 161.73 161.75 161.74 0.01 
P14 150.92 151.15 151.04 0.12 
P17 179.59 179.59 179.59 0.00 
P19 169.01 169.14 169.07 0.06 
P21 33.29 33.39 33.34 0.05 
P23 1.66 1.76 1.71 0.05 
P27 2.46 2.46 2.46 0.00 
P30 2.38 2.39 2.38 0.01 
P34 160.02 160.02 160.02 0.00 

ZMean 0.05 

Standard deviation: 0.05. 
2 Standard deviation: 0.05. 

100 g for  the Po lyegos  samples .  F igure  5 is the  plot  
of  Table  4 vs. Table 3. 

It is unl ike ly  that  these  d i f fe rences  in  the CEC are 
re la ted  to l abora to ry  or exper imen ta l  condi t ions  or in- 
t e r fe rence  p rob lems  f rom the  electrode.  Care  was tak- 
en that  a) the start ing samples  were  wel l  homogen i zed ,  
b) dupl ica te  m e a s u r e m e n t s  were  r andomly  t aken  for  
all samples ,  c) NH4 § was t reated by  a s t rong alkal i  to 
ensure  comple te  c o n v e r s i o n  to N H  3, and  d) the accu-  
racy of  the  exper imen t s  was  de t e rmined  by  us ing  stan- 
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Figure 5. CEC values (meq/100 g) obtained using the am- 
monia electrode technique with the NH4 + solutions obtained 
by washing the NH4+-saturated samples of zeolites with 10% 
NaCI vs. CEC values (meq/100 g) obtained using the am- 
monia electrode technique directly with the NH4+-saturated 
samples of zeolites (no prior washing with 10% NaC1). The 
correlation coefficient is 0.948 (including all samples from 
Santorini and Polyegos) for the regression analysis. If the 
three kaolinite samples P23, P27, and P30 from Polyegos, 
which exhibit minimal differences in their CEC values, are 
omitted, then, the correlation coefficient value is 0.884. If P21 
is omitted also the correlation coefficient value is 0.823. 

dard 1 M NH4C1 solutions. Although ion selective 
electrodes may suffer in accuracy when ions of similar 
valency are present (Busenberg and Clemency, 1973), 
the ammonia electrode is not an ion selective elec- 
trode. The ammonia electrode is a gas-detecting elec- 
trode sensitive to dissolved ammonia (not ammonium). 
The electrode has a hydrophobic membrane permeable 
to ammonia, but not to any ionic species. Busenberg 
and Clemency (1973) used the electrode successfully 
with NH4+-saturated clays, and they found that the am- 
monia electrode has virtually no interferences, in con- 
trast to most other electrodes. 

Thus, the differences in CEC are not related to ex- 
perimental or laboratory conditions, or ion interference. 
Apparently, the NH3 obtained from the NHn+-saturated 
samples was higher than the NH3 produced by the NH4 + 
solutions obtained by washing the NH4+-saturated sam- 
pies with 10% NaC1. Presumably, the release of the 
saturating NH4 + ions, after the NHn+-saturated samples 
were washed with 10% NaC1, was not complete for the 
majority of samples used here and some NH4 + ions re- 
main trapped in the zeolite minerals. 

The CEC of zeolites should reflect the amount of a 
saturating ion (principally NH4 +) adsorbed at a specific 
pH when the zeolite samples come in contact with a 
relevant solution. Problems may occur in the measure- 
ment of the CEC of zeolites using methods that may 
be applicable to other minerals. For example, the in- 
sufficient exchange of NH4 + ions as described above 
is a serious drawback in applying AMAS to zeolites 
if the procedures of Bain and Smith (1987) for clays 
are followed. Other factors influencing the CEC may 

include improper grinding procedures (i.e., reducing 
size), the application of heat, the change of composi- 
tion of the zeolite to a single cationic form (e.g., Na 
exchange), or the change in nature and concentration 
of the saturating ion. The simultaneous application of 
more than one of  these treatments in all their possible 
combinations may further change the apparent CEC. 
By applying the various physical and chemical treat- 
ments we may obtain the highest possible CEC value 
for a zeolite sample. However, comparable CEC val- 
ues for zeolites may be difficult to obtain. Instead, a 
technique that provides a common approach and com- 
parable CEC values for zeolites is most valuable. 

SUGGESTED TECHNIQUE FOR MEASURING 
THE CEC OF ZEOLITES 

The technique proposed here consists of three major 
parts: (1) sample preparation, (2) saturation of the sample 
with NH4OAc and exchange, and (3) conversion of NH4 + 
ions to NH 3 and measurement of the NH 3 produced. 

Sample preparation 

Fine powders (<125 p,m) are required for the pro- 
posed technique. To produce the <125-1xm powders, 
representative large blocks of a zeolite sample are 
crushed to 2-3 mm by use of a "fly-press" or similar 
grinding technique. Select a few of the 2-3-ram size 
samples representative of the zeolite, and grind very 
gently by hand in a mortar and pestle. Generally, 
grinding mills should be avoided because of contam- 
ination. Also, when mills are used, excessive grinding 
(by hand as well) should be avoided to prevent struc- 
tural deterioration of the mineral. After grinding, the 
material is passed through a 125-txm aperture sieve. 
Nylon mesh sieves are recommended. The use of dry 
and wet grinding or ultrasonic bath techniques are not 
recommended because they may produce material that 
is too fine. Note, during grinding and sieving, no frac- 
tion of the sample is discarded; any pieces that remain 
in the sieve are ground and sieved again. 

The <125-~m powders are then washed with NH3- 
free deionized water to remove any soluble phases 
present, which could interfere with the measurement 
of CEC. Note that NH3-free deionized water should be 
used at all stages. NH3-free deionized water can be 
prepared easily by passing deionized water through a 
column of an ordinary commercial ion-exchange resin. 
This will reduce the concentration of NH3 below the 
detection limit of  the electrode. The washed powders 
are then left to dry thoroughly without heating. 

NH4OAc saturation 

The NHaOAc saturation follows the guidelines de- 
scribed above in Methods: "The ammonium acetate 
saturation (AMAS) method--NH4OAc saturation." 
The major difference is that the NH4OAc saturation 
should occur during a period of 12-day cycles. Over- 



696 Kitsopoulos Clays and Clay Minerals 

nigh t  sa tura t ion  should  occur  in  a t ight ly  sealed cen-  
t r i fuge tube  p laced  s ideways  on  a st irr ing plate  to en- 
sure a we l l -mixed  sa tura t ing NH4OAc solu t ion  and  
sample.  The  samples  of  NH4+-saturated zeol i tes  are 
then  left  to d ry  tho rough ly  wi thou t  heat ing.  I f  the  
NHa+-saturated samples  are dr ied in an  oven,  the  tem-  
pera ture  should  not  exceed  40 -50~  Do  not  store or 
open  a m m o n i a  reagent  bot t les  in  the  s ame  lab where  
the  C E C  exper imen t s  are processed.  

Convers ion  o f  the NH4 + ions to N H  3 a n d  
m e a s u r e m e n t  o f  the N H  3 p r o d u c e d  

The  samples  of  NH4+-saturated zeol i tes  are no t  
w a s h e d  wi th  any salt  solut ion,  bu t  these  samples  are 
used directly.  Kje ldahl  a m m o n i a  dis t i l la t ion or the  am-  
m o n i a  e lec t rode  are two sa t is factory  t echn iques  rec-  
o m m e n d e d  for  measu r ing  NH3. 

The  Kjeldahl  a m m o n i a  dist i l lat ion procedure  is ap-  
pried as descr ibed above  (see Methods:  Kje ldahl  am- 
monia dist i l lat ion technique). Instead of  NH4 + solutions,  
5 0 - 1 5 0  m g  of  the dried, NH4+-saturated samples  of  ze- 
orites are weighed  and  t ransferred to a dist i l lat ion flask 
and  the Kjeldahl  a m m o n i a  dist i l lat ion procedure  is fol- 
lowed.  The  C E C  can  be  ca lcu la ted  as CE C  = 

{ [(Vncl)(NHcl) - (V~aoH)(NNaOH)]/(W) } 100, where  CEC 
is expressed in meq /100  g, (VHc0 is the vo lume  (in m L)  
of  the HC1, (Nnci) is the normal i ty  of  the HC1, (V~oH) 
is the vo lume  (in mL)  o f  the N a O H  used in the titration, 
(NNaoa) is the normal i ty  of  the NaOH,  and (w) is the 
weight  of  the sample  in  g. Note  that  NH3 m ay  normal ly  
be  disti l led wi th in  a per iod of  1 h. However,  care mus t  
be  taken by  rout inely de te rmining  the pH. 

The  a m m o n i a  electrode is used directly wi th  the 
NH4+-saturated samples  of  zeolites as descr ibed above  
(see Methods:  A m m o n i a  electrode technique). The  CEC 
is obta ined f rom CEC = [(C)(V)/(w)]100,  where  CEC 
is expressed in meq /100  g, (C) is the concent ra t ion  of  
a m m o n i a  in moles/L,  (V) is the vo lume  (in L)  of  water  
added, and  (w) is the weight  of  the sample  in g. 
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