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Abstract- A study of the mineralogical changes taking place during the loss of interlayer water in an 
halloysite has been carried out in order to clarify the relationship between the most hydrated and least 
hydrated states of the mineral. A number of samples of halloysite which together exhibit a variety of 
average interlayer water capacities were obtained by the conditioning of a largely hydrated sample with 
different atmospheres of known relative humidities. Profiles were obtained of X-ray peaks which char
acterize the interlayer water capacities of halloysite samples. An attempt has been made to analyse 
these profiles into a sum of peaks attributable to the fully hydrated and dehydrated states of the mineral. 
Such an analysis does not satisfactorily explain the profile shapes. A mechanism of interstratification 
of hydrated and dehydrated kaolin layers in which there is a tendency towards the segregation of these 
layer types gives a more satisfactory explanation of these profile shapes. It is concluded that dehydra
tion takes place through an interstratification in which there is a partial segregation of the two basic 
layer types. This conclusion implies that halloysites with all average interlayer water contents between 
o and 2 molecules per unit cell may exist and that fully hydrated halloysite and dehydrated halloysite 
are the end members of a continuous series of hydration states. 

INTRODUCTION 
THE MINERALOGICAL changes taking place during 
the loss of the interlayer water in a New Zealand 
halloysite have been studied. 

The study was an attempt to clarify the relation
ship between the fully hydrated state of halloysite 
and the dehydrated state of the mineral. Uncer
tainty over the nature of this relationship has led to 
debates about the nomenclature of halloysites. 
Mehmel (1935), Hendricks (1938) and Alexander 
et al. (1943), on the one hand, viewed these hydra
tion states as separate mineral phases. MacEwan 
(1947), on the other hand, suggested that the hy
drated and non-hydrated states of halloysite are 
members of a series which vary in their degree of 
hydration, and could be regarded as two forms of a 
single substance. He drew an analogy between 
halloysite and montmorillonite, another layered 
silicate with irregular stacking and interlayer water. 

Several workers have investigated the dehydra
tion of hydrated halloysites. One of the principal 
methods which has been used in these investiga
tions is X-ray diffraction. This method was used in 
this particular type of study by Brindley and Good
year (1948), Harrison and Greenberg (1962) and 
Hughes (1966). 
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Brindley and Goodyear claimed that their data 
indicated that one form of halloysite ("hydrated 
halloysite") which exhibited basal spacings in the 
range 9,5-10'1 A, gave rise to just one other form 
("metahalloysite") which showed basal spacings 
of7· 5-7·9 A. They interpreted the variations in the 
spacings of the two phases to mean that there is a 
small range of basal spacings at either end of the 
dehydration series over which interstratification of 
the alumino silicate layers with water may take 
place. It was concluded that there were no forms of 
halloysite with basal spacings, and therefore, inter
layer water content, intermediate between those 
attributable to the hydrated phase, on the one hand, 
and the metahalloysite phase, on the other. 

Hughes obtained diffraction curves for an halloy
site during dehydration which were similar in shape 
to those of Brindley and Goodyear and he assumed 
that Brindley and Goodyear's interpretation was 
correct. 

Most of Harrison and Greenberg's traces for 
partially hydrated halloysites were similar in shape 
to those of Brindley and Goodyear. In addition, 
these workers obtained traces from some partially 
hydrated halloysites which showed no peaks at 
either end of the basal spacing range. Such traces 
contained a broad band between 7·2 and 10·1 A. 
They interpreted this result to mean that many 
crystallites in these particular samples had some 
of their interlayer positions filled with water while 
the other interlayer positions were empty. The pos-

https://doi.org/10.1346/CCMN.1972.0200409 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1972.0200409


242 G. J. CHURCHMAN, L. P. ALDRIDGE and R. M. CARR 

sibility of hydration states of halloysites with an 
average interlayer water content between that of 
the most hydrated and the dehydrated states of the 
mineral was thus suggested. 

MATERIAL 

The particular halloysite which was studied was 
obtained from the same deposit as that studied by 
Hughes (1966). This occurs near Te Puke, New 
Zealand. The deposit is secondary and was prob
ably formed by weathering and/or hydrothermal 
action on rhyolite and andesite. 

A sample from this deposit was air dried and 
lightly ground. A size fractionation of the aggregate 
and the subsequent selection of a particle size frac
tion which gave an X-ray pattern showing little or 
no evidence of minerals other than halloysite (viz. 
the 0·75-1·7 JLm e.s.d. fraction) produced a suitable 
material for study. Size fractionation was effected 
using a method described by Jackson (1956). A 
sample of this fraction was kept under water in 
order to prevent the loss of interlayer water which 
takes place when halloysites are exposed to the 
atmosphere for long periods of time. 

APPARATUS 

An enclosed sample holder was designed so that 
an halloysite sample could be equilibrated at various 
relative humidities and examined by X-ray diffrac
tion with CuKa radiation while at a constant humid
ity. The cylindrical cover around the sample holder 
was made of brass but also contained windows cov
ered with Mylar film through which X-rays passed 
into and out of the sample in the holder. It was con
nected by rubber and glass tubing to a flask contain
ing a humidity controlling sulphuric acid solution. 

The apparatus consisting of both sample holder 
and flask was maintained at a pressure of 20-25 mm 
Hg throughout the process of conditioning the 
sample at a constant relative humidity (R.H.) value 
and during the determination of the X-ray diffrac
tion plots. The apparatus was kept at a tempera
ture of 20° ± 1°C during the equilibration of the 
sample with the constant humidity atmosphere. It 
was found that the maximum variation in the den
sity of the sulphuric acid solutions was equivalent 
to a maximum humidity variation of ± 1 % R.H. 

By comparing the shapes of the (00l) peak pro
files in charts recorded from samples SUbjected to 
successively longer times of treatment with an 
atmosphere at a particular R.H. value, it was de
cided that 3t days was the minimum time for the 
attainment of equilibrium between the sample and 
the atmosphere in this apparatus. 

METHOD OF RECORDING PROFILES 

The procedure for obtaining a line profile con-

sisted of recording the counts received by a Geiger
MUller tube over constant periods of time at angu
lar intervals of 0·05° 28 over the range from 5·5° 28 
to 14° 28. Since the standard deviation in the num
ber of X-ray counts is equal to the square root of 
the total number of counts (Peiser et al., 1960, p. 
222), it was desirable to have as large a number of 
counts as practicable. 

After a complete profile had been recorded, the 
sulphuric acid solution was replaced by one corre
sponding to another relative humidity value and 
conditioning was carried out for a further 3t days 
or more. Diffraction traces were obtained from time 
to time in order to follow changes during con
ditioning. 

All of the recorded counts were corrected for 
coincidence losses caused by the finite resolving 
time of the Geiger counter (Klug and Alexander, 
1954). The shapes of peaks of different intensities 
could be compared after these corrections had 
been made. 

RESULTS 

The resulting series of profiles showed that the 
intensities of the reflections at low angles decrease 
relative to those at higher angles as dehydration of 
halloysite proceeds. The reflections at one or the 
other or both ends of the profiles were more intense 
than the reflections in the intermediate angular 
range (from 9·4 to 11·3° 28) in all of the profiles. 

Trials at interpretation based on physical mix
tures of two discrete phases (the fully hydrated and 
fully dehydrated phases) could not account for the 
observed profiles for halloysites with intermediate 
water contents. This result led to the consideration 
of interstratification. 

DISCUSSION 
Calculation of profiles from interstratification 
theory 

A computer program was written to calculate 
basal peak profiles from interstratifications of non
hydrated kaolin layers of 7·2 A spacing (type A 
layers) with hydrated kaolin layers of 10·1 A spac
ing (type B layers) by means of the method of 
MacEwan et al. (1961). Where PA is the proportion 
of type A layers and P AA is the probability that a 
type A layer follows another layer of the same type 
on travelling through the structure in one specified 
direction, plots were calculated for PA = 0'1,0'2, 
0·3, ... ,0·9, and, for each of these values of PA, 
for PAA = 0, 0'1, 0'2, 0'3, ... ,1'0. The Lorentz
polarisation factor for random powers was used in 
these calculations. The structure factor was derived 
from the kaolin layer structure (as described by 
Pauling, 1930). 

The mixing functions were calculated for 14 
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layer thick particles. A calculation which was made 
using the Scherrer equation (Klug and Alexander, 
1954, p. 491), and, as a standard, the breadth of a 
peak at 11.1 0 20 from a complex of nickel (NiN4-

CSHlO·C205·3H20) in which all particles are 
> 70 A and therefore too large to produce peak 
broadening. This calculation, which was approxi
mate, showed that the sample of halloysite which 
was studied consisted of particles with an average 
thickness of about 20 layers. Fourteen layers was 
a practical maximum for the program which was 
used, however. MacEwan et al. (1961) showed 
that, while variations in the assumed thicknesses 
of particles had only a minor effect on the shapes of 
profiles which were calculated, the assumption of 
a smaller than actual average layer thickness leads 
to an underestimate of peak heights and an over
estimate of the intensity and angular spread of the 
background underneath the peaks. 

Comparison of experimental and calculated 
profiles 

The most significant features of the partially 
hydrated halloysite peak profiles are, (1) the spread 
of intensity over the entire basal spacing range in 
all profiles other than those from the more dehy
drated samples, and (2) the appearance of maxima 
in only two narrow ranges at either ends of the pro
files. Profiles calculated for cases of either complete 
or partial alternation of layers and for completely 
random interstratifications all show one maximum 
which varies in position throughout the range of 
basal spacings as PAis varied. Furthermore, plots 
calculated for the case of the complete segregation 
of layers all show two sharp peaks which are invari
ant in both position and breadth as PAis varied from 
0·1 to 0·9. None of these types of interstratification 
is therefore able to account for the series of experi
mental plots. Only those plots which were calcu
lated for interstratifications in which there is a 
partial segregation of layers (i.e. those cases for 
which P A < P AA < 1·0) reproduce those charac
teristic features ofthe group of experimental curves 
which are noted above. 

The right hand series of curves in Fig. 1 have 
been calculated for interstratifications of this kind 
for successively higher values of PA. At each value 
of P A, a P AA value was chosen which gives the plot 
with essential features such as peak position and 
angular spread of intensity above background most 
similar to those in the experimental plots. It was 
observed that only changes of ;;;. 0·1 in P AA re
flected significant changes in the shapes of these 
curves and in the positions of the maxima when P A 

was low. Thus, the effect of change in P AA by incre
ments of only 0·1 were tested for P A ~ 0·5 while 
the effect of changes in P AA of < 0·1 were observed 

for PA > 0·5. Plots were also calculated for PA = 
0·95 in order to try to reproduce the form of the 
experimental curves for the most dehydrated 
samples. 

This series of calculated curves is compared with 
the series of experimental plots on the left hand 
side of Fig. 1. Individual experimental and calcu
lated curves may not be compared on the basis 
of a common ratio of dehydrated layers to· hydrated 
layers as the starting material was partly dehy
drated to an undetermined extent. Consequently, 
the degree of hydration of the samples used to ob
tain the experimental plots is not known. 

The characteristic features of the experimental 
curves which have been mentioned above are shared 
by this series of calculated curves. All of these 
calculated plots show a spread of intensity above 
background over the whole range of basal spacings. 
In addition, the series of plots which is presented 
on the right hand side of Fig. 1 shows maxima in 
only two narrow ranges at either ends of the pro
files. 

The probability coefficients which gave rise to 
these curves were chosen by a trial-and-error pro
cess. It was observed in the course of this process 
that the values of P AA which gave the curves with 
essential features which were most similar to those 
of the experimental plots changed throughout the 
series in such a way that (P AA - P A) decreased as 
P A increased. It was then discovered that the sets 
of probability factors throughout the series were 
related to each other by closely similar values for 
the "degree of segregation" as defined by Cesari 
et al. (1965). "Degree of segregation" S is given 
by 

Each value of P AA which gave a curve with a "best 
fit" to the characteristics of the group of experi
mental curves was related to its associated P A value 
by an S value of between 0·2 and 0·3. Table 1 gives 
values of P AA at each value of P A which are pre
dicted when S = 0·2 and S = 0·3, together with the 
value which is selected for the "best fit" by the 
trial-and-error method. Those values of P AA closest 
to the selected values at each P A which were tested 
and then rejected because they gave a less satis
factory fit to the group of experimental plots are 
also given in Table 1. 

The series of calculated curves shown in Fig. 1 
differs from the adjacent series of experimental 
curves in some respects. The backgrounds are 
much steeper in this series than in that of the ex
perimental plots. The calculation of these plots 
does not take into account the chief factors con-
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F ig. la. Series of partially hydrated halloysite basal peak 
profiles. R. H . values at which profiles were obtained: 
(a) 100%, (b) 75%, (c) 54%, (d) 35%, (e) 18%, (f) 9%, 

(g) 4%, (h) O%. 

Table I. Comparison of probability coefficients for "best 
fits" and calculated coefficients 

PAA 
PAA for PAA PAA 

for rejected calculated calculated 
PA "best fit" plots forS=0'2 forS=0'3 

0·3 0·5 0·4; 0·6 0'36 0·51 
0-4 0·5 0·4; 0·7 0'52 0·58 
0·5 0·6 0'5; 0·7 0'60 0·65 
0·6 0·7 0·68;0·8 0'68 0·70 
0·7 0·77 0·75 ;0·8 0'76 0·79 
0·8 0·85 0·84;0·86 0·84 0·86 
0·9 0·93 0·92;0·95 0'92 0·93 
0·95 0·96 0·97 0'96 0·965 

tributing to the background in the experimental 
cases, viz. incoherent scattering of X-rays, the 
scattering of white radiation, and fluorescence 
(Nuffield, 1965, p. 188). As a result, the back-
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Fig. 1 b . Series of curves which are calculated for the 
values of PA and PAd that are shown. Intensity scale in 

counts per second applies to experimental profiles only. 

grounds which are calculated are much lower than 
actual backgrounds at the higher angles. Further
more, as observed earlier, the assumption that the 
size of the particles is smaller than the actual 
size produces an enhanced background intensity at 
the lower angles, particularly in plots for low values 
of PA • The steep background effects a shift in peaks 
towards lower angles. 

The assumption of a smaller particle size than 
that pertaining to the particular halloysite sample 
being examined also results in considerable broad
ening of the maxima relative to those in the profiles 
obtained experimentally. 

A further difference between the conditions of 
derivation of the series of experimental plots and 
that of the calculated plots arises from the fact that 
the shapes of the former include the effect of broad
ening by instrumental causes and from structural 
disordering while no account is taken of these fac-

https://doi.org/10.1346/CCMN.1972.0200409 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1972.0200409


HYDRATED AND DEHYDRATED STATES OF AN HALLOYSITE 245 

tors in obtaining the latter. Peaks are broadened 
either symmetrically or asymmetrically by these 
factors (Stokes, 1960) but it is unlikely that such 
effects are significant by comparison with the 
particle size broadening of the calculated peaks. 

CONCLUSIONS 

None of the (001) X-ray peak profiles obtained 
from partially hydrated samples of the halloysite 
which was studied resembled those of a mineral 
with a single basal spacing or those of a mixture of 
two mineral phases, each with a different basal 
spacing. Thus the dehydration of this halloysite 
could not be explained either by a single step me
chanism in which a fully hydrated phase gives rise 
to a fully dehydrated phase without the formation 
of intermediates or by a completely random inter
stratification of the two phases in the course of the 
dehydration process. The characteristic features of 
the halloysite peak profiles were shown to be close
ly reproduced throughout the range of possible 
interlayer water contents by profiles calculated 
from interstratification theory for the case of par
tially segregated mixtures of the basic layer types. 
Every interlayer space in a partially hydrated hal
loy site sample is considered to be either complete
ly full of water or completely empty and it is 
concluded that the loss of the interlayer water 
takes place through an interstratification in which 
there is a partial segregation of the component 
hydrated and dehydrated kaolin layers. 

The conclusions of this study may be compared 
with those of Brindley and Goodyear's (1948) 
study. Brindley and Goodyear considered that all 
halloysite samples comprise a mixture of some 
zones of largely hydrated layers with other zones 
of largely dehydrated layers and that there is a 
separation between these two types of zones in 
each of these mixtures. By comparison, the pres
ent study concludes that the partially hydrated 
forms of the mineral are comprised oflayers, which, 
while tending to segregate into some zones of hy
drated halloysite and other zones of dehydrated 
halloysite, also show significant randomness in 
their mixing. The slight difference between these 
two interpretations of the mixing of layer types in 
partially hydrated halloysites leads to an important 
difference between the ranges of possible composi
tions of halloysites which are consistent with these 
interpretations. Brindley and Goodyear conclude 
that halloysites may not exhibit average interlayer 
water contents within a certain range of values (i.e. 
between 0·66 and 1·33 H 20 molecules per unit 
cell). In contrast, the mechanism derived from the 
present study implies that halloysites with average 
interlayer water contents encompassing all values 
between 0 and 2 molecules per unit cell are possible. 

The results of this study indicate that the fully 
hydrated and fully dehydrated states of this halloy
site should be considered as the end members of a 
continuous series of hydration states of the mineral. 
Churchman and Carr's (1972) results strongly sug
gest that the different hydration states of this halloy
site corresponding to each of the various average 
interlayer water contents betwen 0 and 2 molecules 
of H20 per unit cell have similar relative stabilities, 
that each one of these hydration states is the unique 
product of hydrothermal treatment at a particular 
temperature and pressure, and that each is stable 
at that temperature and pressure for a significant 
period of time (at least 36 days). 

The X-ray profiles which were obtained during 
the dehydration were similar in shape to those 
which have been obtained for other halloysites by 
different workers (e.g. Brindley and Goodyear, 
Hughes, and Harrison and Greenberg). This sug
gests that the conclusions drawn from this study 
may be applicable to halloysites in general. 
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Resume- Une etude des changements mineralogiques qui apparaissent pendant Ie depart de reau inter
feuillet d'une halloysite a ete effectuee afin de elarifier la relation entre l'etat Ie plus hydrate et l'etat 
Ie moins hydrate de ce mineral. Un certain nombre d'echantillons d'halloysite montrant une grande 
variete de capacites moyennes en eau interfeuillet a ete obtenu en conditionnant un echantillon forte
ment hydrate avec differentes atmospheres d'humidite relative connue. Les profils des pics de rayons 
X obtenus caracterisent les capacites en eau interfeuillet des echantillons d'halloysite. Une tentative a 
ete faite pour analyser ces profils comme une somme de pics attribuables aux etats totalement hydrate 
et deshydrate du mineral. Une telle analyse n'explique pas d'une fal;on satisfaisante la forme des 
profils. Un schema d'interstratification de feuillets de kaolin hydrate et deshydrate dans lequel il y a 
une tendance a la segregation de ces types de feuillet donne une explication plus satisfaisante de la 
forme de ces profils. On en conelut que la deshydratation se fa it par l'intermediaire d'une interstratifi
cation dans laquelle il y a segregation partielle de deux types de feuillets de base. Cette conclusion 
implique que les halloysites avec tous les contenus moyens en eau interfeuillet compris entre 0 et 2 
molecules par maille peuvent exister et que l'halloysite totalement hydratee et l'halloysite totalement 
deshydratee sont les termes extremes d'une serie continue d'etats d 'hydratation. 

Kurzreferat- Zur AufkHirung der Beziehungen zwischen den meisthydratisierten und mindesthydra
tisierten Zustanden eines Halloysite wurde eine Untersuchung der mineralogischen Veranderungen, 
die im Laufe des Verlustes von Zwischenschichtwasser in dem Mineral stattfinden, durchgefUhrt. 
Durch Konditionierung einer weitgehend hydratisierten Probe mit verschiedenen Atmospharen bekan
nter relativer Feuchtigkeiten wurde eine Reihe von Halloysitproben erhalten, die gemeinsam eine 
Vielzahl von durchschnittlichen Zwischenschichtwasservermogen aufweisen. Es wurden Profile von 
Rontgenspitzen erhalten, die die Zwischenschichtwasservermogen von Halloysitproben kennzeichnen. 
Es wurde versucht diese Profile in eine Anzahl von Spitzen entsprechend den voll hydratisierten und 
dehydratisierten Zustanden des Minerals auszuwerten. Eine derartige Auswertung stelit keine 
befriedigende Erkiarung der Profilformen dar. Ein Mechanismus der Zwischenlagerung von hydratis
ierten und dehydratisierten Kaolinschichten, bei welchem eine Neigung zur Absonderung dieser 
Schichtarten herrscht, gibt eine befriedigendere Erklarung dieser Profilformen. Es wird geschlossen, 
dass Dehdratisierung durch eine Zwischenlagerung stattfindet bei welcher eine teilweise Absonderung 
der beiden grundlegenden Schichtarten erfolgt. Dieser Schluss bedeutet, dass Halloysite mit allen 
durchschnittlichen Zwischenschichtwassergehalten zwischen 0 und 2 Molekiilen pro Einheitszelle 
existieren konnen, und dass voll hydratisierter Halloysit und dehydratisierter Halloysit die Endglieder 
einer kontinuierlichen Reihe von Hydrationszustaoden darsteUen. 

Pe310Me - I1cCJIeAOBaJIHCb M){HepaJIOrH'leCKHe H3MeHeH){1I rrpOIlCXOAlIll.(He B raJIJIya3HTe BO BpeMli rrOTepH 
MelKCJIOeBOll BOAbI AJIlI BblllCHeHHlI COOTHOllieHllll MelKAY CllJIbHO rllApaTllpoBaHHbIM ){ cJIa60 rHApaTHpo
BaHHbIM COCTOllHHeM MHHepaJIa. IIOJIY'lHJIH HeCKOJIbKO 06pa31.\OB raJIJIya3HTa c pa3JIH'lHoll: cpeAHell 
MelKCJIOllHOll BJIarOMepHocTblO rrYTeM KOHAHl.\HOHHpOBaHHlI KpyrrHora6apHTHoro rllApaTHpoBaHHoro 
06pa31.\a B pa3JIH'lHbIX aTMoc<pepax rrpH H3BecTHoll OTHOCHTeJIbHolt BJIalKHOCTH. IIporrycKaHHeM peHTreHOB
CKHX JIY'lell rrOJIY'lHJIH MaKCHMaJIbHble rrpO<pHJIIl, XapaKTePll31lPYlOII!Ile MelKCJIOllHYIO BJIarOMepHocTb 
06pa31.\OB raJIJIya3HTa. IIblTaJIllCb aHaJIIl3HpOBaTb 3TH rrpo<pIlJIIl. AHaJIH3 He Aan YAOBJIeTBOpHTeJIbHOrO 
06'bllCHeHHl! <popMaM rrpo<pIlJIelt MexaHH3M BrrJIaCTOBaHHl! rll)J.paTHpoBaHHoro H lJ.emlJ.paTHpOBaHHoro 
CJIOeB KaOJIHHa y KOTOPblX HMeeTCll TeHAeHuHlI 06oco6JIeHlHl CJIOeB 3HlX nmoB, 06'bllCHl!eT 60JIee YAOBJIe
TBOpHTeJIbHO npo<pIlJIH 3Toro THrra. B JaKJIIO'leHHe peWHJIIl, 'ITO raJIJIya3HThl, c 061I1,HM cpe)J.HlIM cO)J.ep
lKaHHeM MelKCJIOeBoll BOAbl MelKAY 0 H 2 MOJIeKYJI Ha 3JIeMeHTapHYlO lI'lellKY, MorYT CYIl!eCTBOBaTb, H'lTO 
rrOJIHOCTblO rHApaTHpOBaHHblij: ranJIya3HT H AerHTpaTHpOBaHHbllt ranJIYa3HT lIBJIlIlOTCll KOHe'lHblMH 
'lJIeHaMH HerrpepbIBHoro COCTOllHHlI rHApauHH. 
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