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RELATION TO THEIR 2:1 PHYLLOSILICATE CONTENT 
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Abstract-Measurements of the differential heats of K-Ca exchange are used to show that 6 groups of sites 
(ranging from - 13 .8 to -5.1 kJ/eq and with as many as 4 in anyone sample) exist in kaolins that range 
from 0 to 15% in their 2: 1 phyUosillicate content. These heat values , coupled with entropies of exchange, 
suggest that 0.1-10% vermiculitic, micaceous, and smectitic layers are present, presumably interstratified 
with kaolinitic layers which are assumed to have no permanent charge. Changes in the activity coefficients 
of adsorbed K with K saturation confirm these conclusions qualitatively. Thus, fK values at x ~ 0 correlate 
inversely (r2 = 0.655) with the content of vermiculite + partially expanding micas, and x values at maxi­
mumfKindicatethecontentofvermiculite + nonexpandingmica + partiallyexpandingmicas(r2 = 0.732). 

Key Words-Cation exchange, Enthalpy, Heat, Kaolin, Smectite, Surface charge. 

INTRODUCTION 

From measurements of the pH dependence of posi­
tive and negative charges in eight kaolin species, Scho­
field and Samson (1953, 1954) deduced that in suspen­
sions, these minerals can be deflocculated by adding 
stoichiometric amounts of NaOH, defiocculating an­
ions, Na-montmorillonite, or Na-illite. More impor­
tantly, they suggested a method for determining the point 
of net zero charge and for detecting the presence of very 
small amounts of 2: 1 phyllosilicates that contribute to 
the permanent negative charge (i.e., pH-independent 
charge) in these kaolins. Subsequently, Bolland et al. 
(1976) and Mashali and Greenland (1976) used similar 
methods to determine the charge characteristics of hy­
drous oxides and kaolinite. These workers, Jepson et 
al. (1976), and Jepson and Rowse (1975), using adsorp­
tion isotherms and electron microscopy, concluded that 
many kaolins have a small permanent charge, indepen­
dent of pH. Schofield and Samson's measurements 
showed that a kaolin of unknown origin supplied by 
Merck did not have a permanent charge. 

In view of the importance of the presence of 2: 1 phyl­
losilicates in kaolins for certain ceramic applications and 
as fillers for natural rubbers (Yvon et al., 1980), at­
tempts have been made to identify such contamination 
by other physical means , but quantitative estimation has 
proved difficult. Schofield and Samson (1953, 1954) 
suggested that an ionic substitution of AI for Si of 
- 0.25% in the ideal structural formula, Al4Si40 lO(OH)s, 
would account for the pH-dependent charge in some 
kaolinites. To investigate this possibility, Jepson and 
Rowse (1975) used microprobe analysis to measure AU 
Si ratios in individual clay crystals . Georgia kaolinite, 
with an AUSi ratio of 0.997 ± 0.018 was shown to be 
free of Al-for-Si substitution, unlike BIackpool kaolin­
ite from St. Austell which had an Al/Si ratio of 0.967 ± 
0.018 (sample A, Table 1). These authors suggested that 
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kaolinites with AUSi ratios < 0.%7 contain separate 
mineral phases. High-resolution electron microscopy 
(Lee et al., 1975) showed the random occurrence of" lO­
A layer" (mica) ellipsoids in a Georgia kaolinite and 
"IO-A" and "14-A layer" (vermiculite) ellipsoids in 
Frantex B kaolinite, a 'fireclay' type from France. 

In the present study, heat ~easurements of K-Ca ex­
change, as described by Goulding and Talibudeen (1980) 
have been performed on six kaolins for the quantitative 
determination of such impurities. 

MATERIALS AND METHODS 

The 6 kaolins were selected and supplied, at the re­
quest of the authors, by Dr. W. B. Jepson, English Clays 
Lovering Pochin & Co. Ltd., Cornwall, England, to give 
a range of 2: 1 phyllosilicate impurities determined by 
X-ray powder diffraction (XRD). The kaolins have been 
arranged in Tables 1 to 4 in order of increasing impurity 
content. As reported by W. B. Jepson and P. D. Salt 
(private communication) the samples were pretreated 
and their mineral composition determined by XRD as 
follows: 

Separation and pretreatment 

Three thousand kilograms of clay from a well-kaolin­
ized stope in a pit was slurried with water and then ag­
itated with an air stream. Unwanted coarse material was 
separated from finer particles by passing the slurry 
through a 200 mesh British Standard Sieve screen and 
then a multistage hydrocyclone to yield clay of <5-t-tm 
particles . After filtration, the clay was dried at 50°C to 
0.1% weight of water. 

X-ray powder diffraction analysis 

Powder analysis. A sample holder was filled with dry 
powder, tapped 30 times , and loaded into a goniometer. 
Scans were made with divergence and scatter slits set 
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to cover the 2(J ranges for (1) kaolinite, mica, and tour­
maline, (2) quartz, feldspar, and quartz, and (3) quartz. 
The tourmaline, quartz, and feldspar concentrations 
Were calculated from peak heights, and the kaolinite and 
mica concentrations from peak areas. 

Smear analysis. Kaolinite, mica, and montmorillonite 
concentrations were determined from peak heights in 
an XRD trace of a flat smear which was prepared from 
a smooth paste of the dry powder with a 20% aqueous 
solution of glycerol. (XRD powder analysis data were 
used to calculate the concentrations of tourmaline, 
quartz, and feldspar.) Mica and kaolinite concentra­
tions agreed well with those determined by XRD pow­
der analysis. 

Experimental procedure 

The clays were calcium saturated before the heats of 
the K-Ca exchange reaction and the exchange iso­
therms were determined (Goulding and Talibudeen, 
1980). The methods for determining changes in the dif­
ferential heat of exchange, ~d(dHJ/dx, with fractional 
K saturation, x, and for relating sites with constant dif­
ferential heats to specific 2: 1 phyllosilicates were de­
scribed by Goulding and Talibudeen (1980) and Tali­
budeen and Goulding (983). 

Briefly, the calcium-saturated solid was reacted with 
increasing amounts of KCI solution in the calorimeter 
and the heat output after each KCI increment was re­
corded. The plot of the successive summation, dHx, of 
these differential heats against x was extrapolated to 
x = I to give dH'~ l' the integral heat of the reaction. 
This was shown to be the same as dHo, the standard 
enthalpy of the reaction. An analysis of the dHx:x re­
lationship by a Maximum Likelihood Computer Pro­
gram (Ross, 1978) confirmed the visual prognosis that, 
f?r samples in which more than one different groups of 
SItes occurred, the relationship did not change contin­
uously but consisted of up to 4 linear parts in anyone 
sample. The slopes of these parts denoted groups of sites 
with constant differential heats of K-Ca exchange which 
were identified with specific 2: 1 phyllosilicates. 'Pure' 
mica and montmorillonite layers were considered as end 
members of these phyllosilicates on a scale which was 
proposed to be related to interlayer expansion by eth­
ylene glycol or glycerol. 'Pure' vermiculite and hydrous 
mica layers were suggested to be intermediate mem­
bers. The weight percentage of each 'pure' phyllosili­
cate in a sample was obtained by relating the x value 
for that component to its total layer charge per unit 
weight. 

RESULTS AND DISCUSSION 

Composition 

The data in Table 1 show that the mineralogical com­
position and the other characteristics of the kaolins dif­
fer to various extents. The <2-pm fraction is the main 

component of these samples, especially samples A and 
B which, by XRD analysis, are apparently free of 2: 1 
phyllosilicates, a conclusion not confirmed by the mea­
surements described in this paper. Sample F contains 
more than twice the amount of the <0.2-JLm fraction 
than the other samples and its cation-exchange capacity 
(CEC) and surface area are much greater. When heated 
to 110°C, the residual weights of samples A to E were 
the same, 0.9953 ± 0.0027 gig (referred to the original 
sample at ambient temperature and humidity), but that 
of sample F was appreciably less. These differences are 
attributed to the montmorillonite impurity in sample F. 
Ignition to constant weight at 900°C gave residues of 
very similar weight for all samples, 0.8601 ± 0.0054 
gig. Surface charge densities increase with the concen­
tration of the 2: 1 phyllosiIicates; however, none of these 
properties indicate precisely the exact nature and 
amounts of the '2: 1 layer' mineral impurities in these 
samples. 

Integral thermodynamic functions 

With the exception of sample E, the dGo values in­
crease (i.e., become mare positive) with increasing 2: 1 
phyllosilicate content (Table 2). The dSo values show 
that replacing Ca by K on exchange sites introduces the 
highest degree of order in samples D and F which have 
appreciable amounts of hydrous micas, with vermicu­
lite and with montmorillonite, respectively. Sample B 
has smaller amounts of these minerals, hence a less 
negative dSo value, than samples D and F. Notably, 
sample E exhibits a positive entropy change of3.3 J/K! 
eq, a property observed for pure muscovite mica 
(Goulding and Talibudeen, 1980). Samples A, B, and 
C, of low 2: 1 layer mineral content, give similar values 
for these standard functions. 

The dGo and AHo values observed for these kaolins 
are more negative than those for the smectites reported 
earlier (Talibudeen and Goulding, 1983), especially the 
dGo values. Also, the dSo values are more positive for 
the kaolins than for the smectites, which may signify 
that the entropic contribution of the mica component 
of the kaolins (reported for muscovite mica by Goulding 
and Talibudeen in 1980) is dominant. The random and 
uncommon interstratification of single 2: 1 layers be­
tween kaolinite layers could also contribute to this dif­
ference. 

Differential heats ofCa ~ K exchange 

Six main groups of sites, as defined by exothermic 
differential heats [cd(dH,/dx)] were noted, ranging from 
13.6 to 5.1 kJ!eq (Table 3). As in previous work (Gould· 
ing and Talibudeen, 1980; Talibudeen and Goulding, 
1983), these groups can be assigned to vermiculite (13.6 
kJ/eq), true mica (10.9 kJ/eq), hydrous micas (9.4 and 
8.2 kJ/eq), and montmorillonite (7.2 and 5.1 kJ/eq) on 
the assumption that kaolinite layers have no permanent 
negative charge. The amounts of these 2: 1 phyllosili-
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Table I . Physical and mineralogical composition of six kaolins . 

Particle size Cation exchange Surface 
fraction in /Lffi Dry weight at capacity area of Surface 

2: I phyllo- Ca-clay by charge 
silicate cOntent EO vapor density 

by XRD' < 0.2 0.2-2.0 > 10 100' C 900'C K-clay Ca-clay sorption of Ca-clay 
Sample Source l (%) (%) (gig of Ca-clay) (p.eqlg) (rn'/g) (p.eq/m') 

A 'Blackpool' 0 2 80 0 0 .9968 0.8578 17 17 42 0.405 
St. Austell 

Batch 2 
B 'Jordan' m ". trace 5 75 0.9901 0.8530 25 25 48 0.521 

Georgia, USA 
Batch 2 

C 'Blackpool' m".3 < 10 /Lm = 99% 0.9957 0.8611 15 30 50 0.600 
St. Austell 

Batch 3 
D 'Lee Moor' m = 5 4 66 0.9975 0.8673 25 30 46 0.552 

Devon 
Batch 1 

E 'Blackpool' m = 11 3 70 0.9963 0.8664 15 30 48 0.625 
St. Austell 

Batch 4 
F 'Cholwich town ' m = 10 10 60 0.9385 0.8540 60 145 150 0.967 

Devon mm =5 
Batch 1 

t Courtesy of W. B. Jepson, English Clays Lovering Pochin and Co. Ltd . Batch numbers in Column 2 indicate different 
sampling times . In Column 3, m = mica; mm = montmorillonite; v = vermiculite. 

2 See text for description of technique. 

cates, calculated on this basis (Table 4), suggest that, 
despite the XRD evidence (Table 1), all the kaolins con­
tain small amounts of phyllosilicates . If an ideal kaolin­
ite has no ionic substitution of Al for Si in the tetrahe­
drallayer, or of Mg for Al in the octahedral layer (and 
hence no permanent negative charge), none of the ka­
olins described in this paper can be classed as ideal ka­
olinites. 

The predicted expansion by ethylene glycol treat­
ment from 'none' to 'full,' given in the headings to col­
umns 2 to 7 (Table 4), relate to the -d(dHJ/dx values 
ascribed to six groups of sites in smectites by Talibu­
deen and Goulding (1983) when the differential heats of 
K-Ca exchange sites are related to the expandability of 
interlayer space by adsorption of water and ethylene 
glycol. The ' 10.9 kJ/eq' sites were assigned to non-ex­
panding, 'true' mica layers , the ' 9.4 kJ/eq' and '8.7 kJ/ 
eq ' sites to partially expanding, hydrous mica layers , 
and the '7.5,' '6.6,'and ' 5.7 kJ/eq ' sites to fully ex­
panding, ' true' montmorillonite layers. 

These results generally agree with the approximate 
2: I phyllosilicate composition given in column 3 of Ta­
ble I, but they quantify the compositions in a manner 
that has not been possible hitherto by other methods at 
such low levels. Thus, sample A is the purest in ka­
olinite content, although it contains vermiculite, mica, 
and hydrous mica layers totalling 0.9% (w/w). Sample 
D also contains 0.4% vermiculite layers , but the mica 
contents of samples C to F are much smaller than those 
given by XRD suggesting that the XRD results are un-

reliable. On the other hand, sample F appears to be the 
most impure sample by both XRD and differential en­
thalpy measurements, although its mica content seems 
to be overestimated by XRD also. It is pertinent to point 
out that samples A and B are considered not to contain 
any 2: I layer minerals, based on viscosity measure­
ments of aqueous suspensions to which small amounts 
of 2: 1 layer minerals had been added (private commu­
nication: W. B. Jepson). 

Activity coefficient of adsorbed potassium 

Changes in the activity coefficient, fK' of adsorbed K 
with K saturation of the negative charge, XK. are reli­
able though qualitative indicators of mineralogical 
composition (Talibudeen, 1971; Goulding and Talibu-

Table 2. Standard free energy , enthalpy and entropy of the 
reaction: Ca-(claY)2 + 2K+ -'> 2K-clay + Ca2+. 

- aG, - .::\Hoi - as, 
Sample (kJ/eq) (kJ/eq) (J/K/eq) 

A 8.0 10.1 6.9 
B 6.7 8.0 4.3 
C 7.4 9.3 6.3 
D 5.3 10.0 15.5 
E 9.0 8.0 -3.3 
F 3.9 7.0 10.2 

St. Austell 4.4 9.1 14.2 

1 ~Ho = ~Hx~" extrapolated value by calorimetry. 

https://doi.org/10.1346/CCMN.1983.0310208 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1983.0310208


140 Talibudeen and Goulding Clays and Clay Minerals 

Table 3. Groups of sites with constant differential heats of Ca -)0 K exchange and the amount of CEC apportioned to each 
group. 

Residual mean squares (kJ/eq)' x 10' 
CEC of (degrees of freedom) 
Ca·form -d(AH,)/dx (kJ/eq) 

Line Curve Sample (p.eq/g) (K exchange in CEC (p.eq/g» 

A 17 13.7 10.8 
(3.3) (3.9) 

B 25 9.4 
(9.0) 

C 30 11.0 
(12.3) 

D 30 13.4 9.4 
(9.7) (6.0) 

E 30 9.1 
(7.1) 

F 145 9.6 
(14.9) 

Mean 13.6 10.9 9.4 
Standard 

error of 
mean ±O.2 ±O.2 ±0.2 

deen, 1980). Thus, in the fK:x relationships (Figure 1), 
the x value when fK is at a maximum corresponds with 
sites having the highest -d(AHx)/dx values. These 
comprise non-expanding mica, and partially expanding 
vermiculite + hydrous mica. The XK value for the 
maximum fK correlates significantly with the total 
content of the mica, vermiculite, and '~ expansion' 
hydrous mica (r2 = 0.732; DF = 5). 

Likewise, fK values at XK ~ 0 indicate crystal lattice 
stability of the K 'fixing' minerals (Talibudeen, 1971), 
high fK values denoting low stability, and low ability to 
'fix' K and vice versa. It is proposed here that expand­
ing 2: 1 phyllosilicates with the highest '-d(AHJ/dx' 
values, i.e., vermiculite and the 'W and '~' expansion 
hydrous micas, are responsible for K fixation. Thus, a 
significant inverse correlation was seen between fK 
(when XK ~ 0) and the summed contents of these min­
erals in Table 4 (r2 = 0.655; DF = 5). 

8.7 0.669 (11) 8.635 (14) 
(9.8) 

7.2 0.538 (12) 1.290 (13) 
(16.0) 

8.2 0.319 (13) 3.854 (14) 
(17.7) 

8.0 0.539 (12) 4.096 (15) 
(14.3) 

8.0 7.2 0.167 (10) 0.654 (13) 
(13.0) (9.9) 

8.2 7.1 5.1 0.278 (13) 2.377 (18) 
(20.2) (66.0) (43.9) 

8.2 7.2 5.1 

±O.2 ±O.2 

CONCLUSIONS 

It is not possible from these measurements of changes 
in the differential heats of K-Ca exchange with K sat­
uration to distinguish between the random occurrence 
of such small amounts of2: 1 phyllosilicates in kaolinite 
as microscopic volumes of separate phases or as 2: 1 
layers interstratified with the 1: 1 kaolinite layers. The 
high resolution electron microscopy evidence of Lee et 
al. (1975) and the electron microscopy microprobe 
analysis work of Jepson and Rowse (1975) suggest that 
both possibilities exist. The predominance of one over 
the other must result from the specific conditions during 
the genesis of each kaolinite, i.e., by the weathering of 
mica or by formation in mixtures poor in silica. How­
ever, these differential enthalpy measurements are 
unique in the precision with which they can assay such 
small amounts of 2: 1 layer minerals in kaolinite, as also 

Table 4. Kaolinite and 2: I phyllosilicate content (%) of kaolin samples.! 

Mineral (predicted expansion by EO treatment) 

Hydrous mica 
Kaolinite Mica Vermiculite Montmorillonite 

Sample no. (None) (None) (Quarter) (Quarter) (Half) (Full) 

A 99.14 0.16 0.13 0.58 
B 98.32 0.45 1.23 
C 98.47 0.49 1.04 
D 97.78 0.39 0.30 0.84 
E 98.12 0 0.36 0.77 0.76 
F 89.62 0 0.75 1.19 8.45 

Theoretical layer 
charge (fLeq/g) 2511 2460 (2000)2 (1700)2 1300 

! Calculated on the basis of the theoretical layer charge by ionic substitution of Al for Si and Mg for Al in 2: 1 phyllosilicates. 
2 Interpolated values. 
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Figure 1. Change in the activity coefficient of adsorbed K, 
fK' with K saturation of the exchangeable layer charge, XK' A­
F = different kaolins as listed in Table I. 

those of micaceous minerals in the smectites (Talibu­
deen and Goulding, 1983). 
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Pe3IOMe--McnOJIh30BaJlHCb H3MepeHHjI BeJIHqHH IIH!jJ!jJepeHl\HaJIbHOH TenJIOTbI 06MeHa K-Ca IIJJjI 
nOKa3aHHjI, qTO B KaOJIHHax, COllep)KaIOIl\HX OT 0 110 15% 2: 1 !jJHJIJIOCHJJHKaTOB, HaXOllliTCjl 6 
pa3JJHqHhiX rpynn MeCT (OT - 13,8 110 -5,1 KII)f(!3KB Ii B KOJIHqeCTBe 110 4 B OIlHOM 06pa3l\e). 
3TH BeJJHqHHbl, CBjl3aHHbie c 3HTponHeH 06MeHa, YKa3blBalOT Ha npHcYTcTBHe 0,1 110 10% Bep­
MHKYJIHTOBbIX, CJJlOllOBbIX H CMeKHITOBbIX eJIoeB nepeeJIaHBalOl.QHXCjI, BepOjiTHO, c KaOJIHHHTOBblMH 
CJIOjlMH, KOTophle He HMelOT nOCTOjlHHOrO 3apjllla. M3MeHeHlljI K03!jJ!jJHl\HeHTOB aKTHBHOCTIi aj\cop6H­
poBaHHoro K B 3aBliCHMOCTli OT HachIIl\eHHjI K nOIlTBep:>Kl\alOT KOqeCTBeHHo 3TH BhIBOI\hI. B TaKoM 
CJIyqae, BeJJII~HhI fK npH x -> 0 06paTHO nponOpL\HOHaJlbHhI (r2 = 0,655) cOllep)KaHHIO BepMHKYJIHTa + 
qaCTllqHo-paCffiHpjleMhlx CJIIOII. BeJIHqHHhI x npll MaKCHMaJIbHOM fK YKa3h1BaIOT Ha cOllep)KaHHe 
BepMHKYJIHTa + HepaCWllp$leMhle CJJIOllbl + qaCTHqHo-paCWHpjleMhle CJJlOllhI (r2 = 0,732). [E.C.] 

Resiimee--Messungen der differentiellen Warme des K-Ca-Austausches zeigten gewohnlich, daB 6 Arten 
von Pliitzen (von -13,8 bis -5,1 kJ/Aqu und mit bis zu 4 Arten in einer Probe) in Kaolinen vorkommen, 
die von 0-15% ihres 2:1 Phyllosilikatgehaltes ausmachen. Diese Warmewerte zusammen mit den Aus­
tauschentropien deuten daraufhin, daB 0,1-10% vermiculitische, glimmerartige und smektitische Lagen 
vorhanden sind, wahrscheinlich in Wechsellagerung mit kaolinitischen Lagen, von denen man annimmt, 
daJ3 sie keine permanente Ladung haben. Veranderungen in den Aktivitatskoeffizienten fK von adsorbiertem 
Kalium bei K-Sattigung bestatigen qualitativ diese SchluBfolgerungen. Daher sind die fK-Grenzwerte fiir 
Molenbruch x -> 0 umgekehrt proportional (r2 = 0,655) dem Gehalt an Vermiculit + teilweise expandier­
baren Glimmer, und die x-Werte bei maximalem fK zeigen den Gehalt an Vermiculit + nicht expandier­
barem Glimmer + teilweise expandierbarem Glimmer (r2 = 0,732) an. [U. W.] 
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Resume-Des mesures des cbaleurs differentielles de l'echange K-Ca sont employees pour montrer que 6 
groupes de sites (s'etageant de -13,8 a -5,1 kJ/eq et avec jusqu'a 4 dans un echantilIon donne) existent 
dans des kaolins qui s'etagent de 0 a 15% quant a leur contenu 2: I en phyllosilicate, Ces valeurs de chaleur, 
accouplees avec des entropies d' echange, suggerent que 0,1-10% de couches vermiculitiques, micacees et 
smectitiques sont presentes, que I'on presume etre interstratifiees avec des couches kaolinitiques suposees 
etre sans charge permanente. Des changements dans les coefficients d'activite de K adsorbe avec saturation 
de K confirment qualitivement ces conclusions. Ainsi, les valeurs fK a x ---7 0 sont inversement apparentees 
(r2 ;= 0,655) au contenu en vermiculite + micas a expansion partielIe, et les va1eurs x a fK maximum in­
diquent Ie contenu en vermiculite + mica non-expansible + micas a expansion partielle (r2 = 0,732). [D.J, 1 
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