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Abstract The kinetics of hydrothermal crystallisation of
sodium zeolites from a natural mixture of halloysite and
amorphous silica with Si/Al = 4 was investigated. The
sample collected at Scarpara (Tuscania, Italy) is the final
product of an intense hydrothermal alteration process
on the pre-existing leucitic tufites. In order to enhance its
reactivity in the NaOH solution, the sample was ther-
mally activated at 600 °C for 1 h. The hydrothermal
crystallisation sequence of zeolites formed in the range
90-150 °C has been followed using real-time synchro-
tron powder diffraction. The reaction kinetics of Na-X,
Na-P and analcime were analysed using a model devel-
oped for the study of the kinetic data from X-ray dif-
fraction experiments. Na-X and Na-P cocrystallize with
an autocatalytic nucleation at lower isothermal tem-
peratures and with a heterogeneous nucleation at higher
isothermal temperatures. Na-X tends to dissolve before
Na-P, which in turn transforms into analcime. This
work is part of a general project on the kinetics of for-
mation of zeolites from clay precursors which is
important for either engineering and production of
valuable industrial materials and for the interpretation
of poorly understood processes of formation of zeolites
in natural hydrothermal environments.
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Introduction

Understanding the nucleation and growth processes of
aluminosilicate zeolites (Barrer 1982; Rollman 1984) is
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of primary importance for either the interpretation of
poorly understood processes of formation of zeolites in
natural hydrothermal environments or the production of
industrial materials. Clay minerals are good precursors
for the synthesis. They are generally thermally activated
before synthesis to increase their reactivity in solution.
Given its chemical composition, kaolinite [Al,(OH)y-
Si,05] has been widely used with this aim in the past
(Barrer et al. 1968, 1972; Madani et al. 1990).

Recently (Gualtieri et al. 1997a, b; Gualtieri and
Norby 1998), we investigated the mechanism of crys-
tallisation of zeolites formed from natural kaolinites
showing a different degree of structure disorder. Samples
were thermally activated at 600 and 800 °C, respectively,
and used as precursors for hydrothermal synthesis using
either NaOH and LiOH solutions. We found that zeolite
Na-A and hydroxysodalite form using the NaOH solu-
tion in the range 70-130 °C while Li-ABW [LizAl,
Si40;64H,0] forms in the same temperature range using
the LiOH solution. An autocatalytic mechanism is ob-
served for the crystallisation of these zeolites which is
independent of the degree of structural disorder of the
starting kaolinite and strongly dependent on the thermal
history. In fact, the crystallisation reactions are pro-
moted by metakaolinite, the precursor activated at
600 °C. Metastable zeolite Na-A transforms into stable
hydroxysodalite by an Ostwald’s ripening process. In
earlier experiments, the nature of the cation in solution
(Na or Li) was varied while the Si:Al ratio (1:1) of the
precursor was kept fixed. It is now interesting to assess
the influence of a different Si:Al ratio. To form zeolites
with a Si0,/Al,05 ratio >2, additional silica must be
added to metakaolin. For example, to produce zeolite
Na-X, a typical reaction mixture may have a composi-
tion of 4Na,0-Al,05'4S10,-160H,0. The additional sil-
ica may be added in the form of sodium silicate or other
sources such as colloidal silica (Breck 1974). Among the
many available, a natural precursor was selected with
this aim. The sample is a natural interdispersed mixture
of halloysite [Al,(OH)4Si,05nH,O] and amorphous
silica [SiO,nH,0] with Si/Al = 4. Although the basic
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structure of halloysite and kaolinite is the same (a
Si-tetrahedral sheet joined to an Al-octahedral sheet by
sharing a plane of oxygens: (Costanzo and Giese 1985;
Bailey 1988), halloysite is hydrated (halloysite-10 A) and
thus differs from kaolinite by the presence of water in
the interlayer spaces. Halloysite-10 A is unstable under
ambient conditions and rapidly dehydrates (to the
so-called halloysite-7 A) if not kept in water.

In this work, the crystallisation kinetics in hydro-
thermal environment (NaOH solution) of the zeolites
formed from halloysite thermally activated at 600 °C
were analysed.

Experimental methods

Materials

The precursor of the synthesis experiments was a natural finely
interdispersed mixture of 50 wt% halloysite and 50 wt% amor-
phous silica from Scarpara (Tuscania, Italy) (Gualtieri and Berto-
lani 1991a, b) with an Si/Al ratio of 4.23. This assemblage is the
product of an intense hydrothermal alteration process on preex-
isting leucitic tufites with newly formed halloysite-10 A and resid-
ual amorphous silica. The sample was thermally treated at 600 °C
for 1 h and the product was ground in agate mortar, sieved and
soaked in a 4 M NaOH solution with solidus to liquidus ratio of
0.5 in weight for the synthesis experiments.

Kinetic experiments

The solution was syringed into a 0.7-mm ¢ quartz capillary and
mounted in a Swagelock device fitting with a Vespel ferrule which is
set on a standard goniometer head for the data collection. The
sample holder (Norby 1996) allows oscillation of the capillary in
parallel- beam Debye Scherrer transmission geometry. A pressure
of about 10° Nm2 is apphed inside the capillary from an N2 cyl-
inder. The temperature is controlled using a stream of hot air from
a heating gun positioned below the capillary and measured by a
thermocouple positioned at about 1 mm below the capillary. By
heating only part of the reaction mixture, evaporation is suppressed
because of the low temperature of the N -solution boundary
(Norby 1997). The reactions were followed by real-time synchro-
tron powder diffraction at the X7B beam line of the National
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Synchrotron Light Source (Brookhaven National Laboratory,
USA) (Hastings et al. 1990), with a Huber four-circle diffractom-
eter. The heated zone was ca. 5 mm, while the X-ray beam was
2 mm wide and 0.7 mm high. The width of the X-ray beam was
kept much smaller than the heated zone to limit temperature gra-
dients across the beam and to reduce problems with transport of
material by convection or diffusion (Norby 1997). The experiment
was performed using a fixed 4 of 1.00473 A. A 3-mm-wide cross-
section of the diffracted rings was recorded on an image plate (IP)
detector (Amemija 1990), mounted on a translating system called
the translating image plate system (TIPS) (Norby 1996). The image
plate detector is mounted on a slide behind a steel screen with a
vertical 3-mm-wide slit, and the heating rate of the experiments was
synchronized with the speed of the slide in order to record the
continuous change of the diffracted rings with time in the isother-
mal runs. The images stored in the IP were recovered using a Fuji
BAS2000 scanner through an He—Ne laser stimulation. Isothermal
runs were performed at 90, 100, 110, 130, 140 and 150 °C. The
heating rate to take the sample to the isothermal temperature was
100 °C min~" for each run. Raw data, preventively corrected on
site for the intensity decline vs. time of the synchrotron beam, were
corrected for the zero shift error, Lorentz polarization and tilting
angle of the IP. The reaction kinetics were followed by measuring
the growth and development of the zeolite diffraction peaks as a
function of time. Figure 1 reports the 3-D plot relative to the
crystallisation of Na-P and analcime in the run at 140 °C. The
phase identification is performed by comparing the observed
powder patterns with the calculated ones reported in (Treacy et al.
1996). A line integration procedure was utilised for each data col-
lection to obtain integrated areas and FWHMs (full width at half
maximum) vs. time in order to follow the reaction kinetics with a
good statistical meaning. The peaks utilised for the integration
procedure for each zeolite phase are reported in Table 1. Reduced
integrated intensities were normalised to phase fractions (or con-
version factors «, the normalised amount of phase formed) and
plotted as o/time curves for the three different zeolites Na-X, Na-P
and analcime (Fig. 2a, b, ¢, respectively).

The final product of the synthesis at 130 °C with Na-P and
minor analcime was used for a Rietveld structure refinement using
a CuKa monochromatized radiation in a conventional Bragg—
Brentano (BB) parafocusing geometry and the GSAS package
(Larson and Von Dreele 1996). The starting atomic coordinates for
the structural model were taken from (Albert et al. 1998).

SEM

Na-P formed at 130 °C was also investigated with SEM using a
Philips XL40/604. Powders were mounted on an Al specimen
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Table 1 Reflections used in the integration procedure for each
zeolite phase

a

Na-X Na-P Analcime
S.G. Fd 3m and S.G. C2/c S.G. Ia 3d and
= 25.028 A = 14.1324(18); = 1373 A
b = 10.0357(12);
= 10.0649(13) A*
(110 11D+ 10 211
220 (202)+(020)+(200) (220
@311 (1lg)+(111)+(021) (400
22D+@B12)+(311) ~
331 002)+(222)+(220)+402)(332)
(533) 420 431)

@ Refined values

holder with Ag paste, dried using an IR lamp, and coated using a
10-nm gold layer. The instrument was utilized with a vacuum of ca.
107 torr. The frames were collected using a beam size of 5 um and
an intensity of 25 kV. Point analyses collected on C-coated sample
in energy-dispersive mode (EDS) also confirmed the Si/Al ratio and
the Na content.

Kinetic analysis

A model to study the reaction kinetics of zeolite nucleation and
growth by real-time X-ray powder diffraction has been elaborated.
Some basic assumptions have been considered:

1. The crystal growth is not constant. It is constant at con-
stant supersaturation and decreases at the end of the crystalliza-
tion process as a consequence of the decrease in supersaturation
due to the increase in the consumption of reactive species from
the liquid phase (increase in mass and surface area of the crys-
talline phase) and simultaneous decrease in their formation by
dissolution of precursor (decrease in the mass and surface area of
the precursor).

2. The crystal growth may take place in n dimensions (n = 1,
monodimensional; n = 2, bidimensional; n = 3, 3-dimensional)
(Bamford and Tipper 1980).

3. The growth symmetry is inferred from the SEM images
(crystal morphology) and imposed by crystal symmetry restraints.

4. Nucleation can be homogeneous, heterogeneous or autocat-
alytic in clear solutions. It can be heterogeneous or autocatalytic in
dense solutions.

A general kinetic equation should consider either the nucleation
and growth mechanisms in order to fit the sigmoidal o/time plots
fromt=0to =00
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where F, = growth expression, F, = nucleation expression. If we
consider an expression for nucleation which effectively takes into
account the probability that a number N of nuclei develop at time ¢,
the expression is:

_ Xp{_

The simple Gaussian distribution of probability described in Eq. (2)
accomplishes @ = position of the top of the Gaussian peak which is
in terms of nucleation, the maximum rate of nucleation; b = the
variance of the peak which defines the distribution of the proba-
bility of nucleation with time (fundamental to assess the nucleation
mechanism). Narrow probability peaks correspond to heteroge-
neous reactions, large peaks correspond to autocatalytic reactions
[the nucleation rate increases during the crystallisation process
(Suboti¢ and Graovac 1985)].
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Fig. 2a— o/time curves for the crystallisation of Na-X (a), Na-P (b)

and analcime (c), respectively

A simplified form of Eq. (1) which considers the mass my or
fraction « of crystalline phase formed in any crystallisation time 7,
may be expressed as (Randolph and Larson 1971):

a=GX0oX (,t.)]

"(dN/dL)dL

[

3)
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where L(t,1.) is crystal size which depends on the time 7 in which
the nucleus is formed and time of crystalline 7., dN/dL is particle
(crystal) size distribution in time #., G is geometrical factor of
crystal shape, o is density of the crystallized solid phase, and n = 1
for one-dimensional growth (needles, rods), n = 2 for two-dimen-
sional growth (plates) and n =3 for three-dimensional growth
(most common case for the growth of zeolites). Assuming a three-
dimensional crystal growth (n = 3), a combination of Egs. (2) and
(3) gives:

2=Gx 0 x /[L(T,zc)f exp{(’%f)z}dr . (4)

0

The normal (cumulative) expression of the probability function
actually yields the total number of nuclei N. Such an expression (of
course, sigmoidal) is:

1
RSO

The rate constant of nucleation is k,, = 1/a. Equation (5) represents
the number of nuclei invisible to diffraction. In fact, diffraction can
only monitor «, the convolution of the nucleation (N) and crystal
growth x. The simple Gaussian expression may be substituted by a
more complex function such as a pseudo-Voigt, a Pearson VII or
others to empirically reproduce the non-asymmetrical component
of the nucleation probability profile. The asymmetry component in
the nucleation curves, which is more or less always there, may stem
from secondary or multiple nucleation, i.e. a convolution of
a number of Gaussian nucleation peaks. For the sake of simplicity,
a Gaussian expression integrated with a growth expression is
assumed. A valid expression for the growth process is:

x=1—exp[—(kgt)"] , (6)

with k, = rate constant for growth, which is derived from the
Kholmogorov equation (Katovic et al. 1989a; Lechert 1996):

—[In(1 =)= ket , (7)

where x = number of diffraction visible crystals, formed from the
diffraction invisible nuclei. Here, the parameter n represents the
dimension of the growth =1, 2, 3 and k = k,. Thus, the final ki-
netic equation monitored by XRD, which includes the nucleation
and the growth term (x = N - x), is:

1 n
)}'{lfeXp[’(kgt) 1} (8)

e {5

(5)

Fitting a kinetic curve with this expression yields the parametri-
zation of a, b, k, (growth rate constant) and indirectly the nucle-
ation rate constant, k, = 1/a. a and b in turn can be used to
calculate Py. It is possible to compare the b values with the ¢ values
obtained using the approximation (Katovi¢ et al. 1989a, b):

o= kt? . )

According to this simple equation, when ¢ = 3, the nucleation is
heterogeneous, when g =4, the nucleation is homogeneous and
when ¢ > 4, the nucleation is autocatalytic. A set of ¢ values
ranging from 3.9 to 5.5 taken from Gualtieri et al. (1997a) de-
scribing the reaction of crystallisation of Na-A zeolite from meta-
kaolinite were considered. Experimental curves originally fitted
using Eq. (9) have been refitted using Eq. (8). A linear relationship
exists between the kinetic order of the mechanism ¢ and b (Fig. 3)
indicating that when b < 15, the nucleation is heterogeneous, when
b = 20, the nucleation is homogeneous, and when b > 20, the
nucleation is autocatalytic. The fit of the kinetic curves was possible
using the program SigmaPlot for Windows version 4.01.

The growth expression is similar to the Avrami—Erofeev equa-
tion, a general empirical expression which originates from the
Avrami—-Mehl-Johnson equation developed for solid-state trans-
formations,

35

30
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Fig. 3 Linear relationship between the kinetic order of the mecha-
nism ¢ and b calculated using a set of ¢ values ranging from 3.9 to 5.5
for the reaction of crystallisation of Na-A from metakaolinite fitted
using equation o=k¢? and refitted here using Eq. (8) (see text for
details)

dmg/dt = ky x (m0 —my) % [ke x (te = 7)] (10)

and hence,

oy = ms/my =1 —exp PK X (tc)4] (11)
Here, m, is the mass of the crystalline phase (e.g. zeolite) formed at
time 7., m{ is the mass of precursor (e.g. amorphous gel or unstable
type of zeolite), k, and k, are rate constants of ‘““homogeneous”
nucleation and crystal growth, respectively, and K = [k, X (kg)3} /4.
It is evident that the rate of nucleation, R, =k, x (md — my)is
proportional to the amount (m? — mj) of untransformed precursor,
and that both nucleation and linear, time-independent crystal
growth occur inside the precursor particles (solid-state mechanism).
For a heterogeneous nucleation (growth of a constant number of
nuclei present in the precursor), the power in Eq. (10) is 3. On the
other hand, it is well known that zeolite crystals cannot grow inside
the gel matrix, but only in full contact with the liquid phase, where,

dL/d[c = kg X [CAI — CAl(eq)][Csi — Cgi(eq)]" = kg ><f(C) (12)

where Cu; and Cg; are concentrations of aluminium and silicon in
the liquid phase at crystallisation time #., Cai(eq) and Cs;(eq) are
concentrations of aluminium and silicon which correspond to sol-
ubility of zeolite at given crystallisation conditions, n is a factor
related to the Si/Al ratio in the crystallized zeolite, and f(C) =
[Cal — Cai(eq)][Csi — Csi(eq)]" is the concentration factor (Bosnar
and Suboti¢ 1999; Bosnar et al. 1999). Hence,

L= [ f(C)dt . (13)
/

Although valid only for solid-state reactions and not for solution-
mediated processes, the Avrami expression has been used in the
past with some success for the description of growth kinetics of
zeolites (Norby 1997; Di Renzo et al. 1991; Mintova et al. 1992).
The main concern in its application to solution-mediated processes
is the physical meaning of the parameter n, which empirically refers
to nucleation and growth mechanisms valid for solid-state reac-
tions. Here, n has a strict meaning as it refers to the growth
dimension (1, 2, 3) rigorously restrained by the crystal symmetry
(a needle-like fibrous morphology indicates a mono-dimensional
growth, a platelet-like morphology indicates a two-dimensional
growth, and a cube-like or an isotropic morphology addresses a
three-dimensional growth).



Growth curves vs. time were calculated from the real-time data
for each zeolite phase since the observed FWHM can be empirically
correlated to the size of coherent domains D(A) throughout the
Scherrer equation D = K - /(B cos 0) (Jenkins 1989). The FWHM
should be corrected for the instrumental broadening to obtain
absolute values of ffs. Since for the correlation curves, absolute
values are not required, the instrumental correction was not per-
formed and FWHM vs. time was extracted for the (1 1 1) reflection
of Na-X, (002) and (30 1) reflections of Na-P and (4 00)
reflection of analcime, respectively.

Results

Na-X [Nagg(Si104A1880384)'220H20, SI/AI = 1.18 from
the chemical analysis] and Na-P  [Na;45(Sij72
Al7480354)'171.7TH,0, Si/Al = 1.57 as calculated from
the structure refinement] co-crystallise in the tempera-
ture range 90-130 °C. At higher temperatures and for
longer times, Na-X is unstable and transforms into Na-P
(Fig. 4a) in the range 130-150 °C. Na-P, in turn,
transforms (Fig. 4b) into analcime [Na4(SizpAljg
Og6)' 16H,0, Si/Al=2] at 140 and 150 °C. Figure 5

Fig. 4 Selected three-dimen-

sional plot, 26-intensity time of
the Na-X (X) and Na-P (V)

cocrystallisation at the isother-
mal run at 130 °C and Na-P (N)
to analcime (A) transformation
in the isothermal run at 140 °C
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shows the co-crystallisation curves and relative conver-
sions of Na-X to Na-P at 90 °C (Fig. 5a) and 130 °C
(Fig. 5b) and Na-P to analcime at 150 °C (Fig. 5¢),
respectively. The formation of Na-X and Na-P are
competitive processes: Na-X seems to have a much
faster crystallisation than Na-P which, in turn, does not
form at the expense of Na-X but directly from the dense
solution. In fact, when metastable Na-X starts to dis-
solve, Na-P is more or less completely crystallised. The
scenario changes for the Na-P to analcime conversion
because analcime clearly forms at the expense of Na-P.

The refined structure of Na-P was not reported here,
since it is basically identical to that of Albert et al.
(1998) with space group C2/c and refined cell reported in
Table 1. The structure details and full dataset are

available upon request from the author.

Figure 6 reports an example of the crystallisation
curves with relative curve fit using Eq. (7), and calcu-
lated nucleation curves using Eq. (2), of the zeolite Na-X
at 100 °C. The extracted values of the nucleation and
growth-rate constants (k, and k,, respectively), the
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Fig. 5a— Selected two-dimensional cocrystallisation curves of Na-X
to Na-P at 90 °C (a) and 130 °C (b) and of Na-P to analcime at
150 °C (c)

coefficient of distribution of the probability of nucle-
ation b, and the coefficient indicating the maximum rate
of nucleation «a, are reported in Table 2. For Na-X and
Na-P it was possible to calculate the apparent activation
energy for the nucleation (£,,) and growth (E,,) and

(] 50 100 150 200 250

time (min)

Fig. 6 Examples of crystallisation curves with relative curve fit using
Eq. (8) (full dots and thin line) and calculated nucleation curves (thick
line) using Eq. (2), of the zeolite Na-X at 100 °C

relative frequency factors using the Arrhenius equation
k = A exp(—E/RT) in the logarithmic form In(k) vs. 1/T.
Energies are calculated from the slope of the linear plot
while the preexponential frequency factors are calculat-
ed from the constant term (Fig. 7). The results of the
kinetic analysis are also reported in Table 2. The re-
gression coefficients R? were close to 0.990. Only the R’
of the Arrhenius plot of the Na-P nucleation and growth
were 0.97 and 0.93, respectively.

Examples of plots of FWHMs (°26) vs. time are re-
ported in Fig. 8a, b, ¢ for the three zeolite phases. They
all are linear, indicating that the crystal growth rate is
constant in the early stages of the crystallisation reaction.

The SEM pictures of the Na-P zeolite formed at
130 °C show that at lower magnification (Fig. 9a) the
shape of the crystals is apparently spherulitic (as already
described in Katovi¢ et al. 1989a, b). Spherulites have a
diameter of about 1 pum and are actually aggregates of
platelets or platy crystals (Fig. 9b), indicating the pres-
ence of twinning and that the symmetry of Na-P is
obviously lower than cubic.

Discussion

The environment of formation of the zeolites is a dense
solution of NaOH, water and a gel precursor that can be
considered a non-homogeneous monophasic gel with a
three-dimensional random network of SiO, and Al,O3
coordination polyhedra (dehydroxylated halloysite =
DH) intermixed at an atomic scale with islands of
SiO,-rich regions (amorphous silica = AS). At lower
isothermal temperatures Na-X and Na-P cocrystallize
(Fig. 5a). Na-X tends to dissolve earlier than Na-P
(Fig. 5b) which, in turn, transforms into analcime
(Fig. 5¢). For both zeolites, the coefficient b of Eq. (7)
indicates an autocatalytic nucleation (Table 2) at lower
isothermal temperatures and a heterogeneous nucleation



Table 2 Results of the kinetic analysis
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Isotherms a (min) b k, ke E,, E,q . "
(°0) (kcal mol™") (kcal mol™) (min™h) (min~")
Na-X
90 120 (50) 24 (3) 0.0083 (2)  0.0029 (1)
100 72 (25) 32 (9) 0.0139 (2)  0.0067 (1)
110 59 (3) 6.6 (5) 0.0169 (4)  0.0153 (3)
130 33 (1) 28 (1) 0.0303(2)  0.08 (1)
9(2) 24 (1) 1.0(1) x 10°  1.5(1) x 10'°
Na-P
90 350 24) 24 (4) 0.0028 (3)  0.0028 (1)
100 188 (11) 15 (2) 0.0053 (3)  0.0073 (2)
110 95 (20) 47(9)  0.010 (9) 0.0157 (5)
130 62 (2) 22(2) 0.016 (1) 0.0440 (9)
150 20 (2) 1.53) 0.05() 0.059 (6)
13 (1) 16 (1) 6.0 (1) x 10° 3.0 (2) x 10°
Analcime
140 373 (58)  27(8) 0.0019 3)  0.08 (1)
150 15 (1) 21 (5) 0.069 (1) 0.025 (3) - — - -
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Fig. 7 Arrhenius plots for the calculation of the apparent activation
energy for the nucleation (E,,) and growth (E,.) reactions and
relative frequency factors of Na-X (a) and Na-P (b) zeolites

at higher isothermal temperatures with a constant crys-
tal growth (Fig. 8a, b) in 3-D for Na-X and 2-D growth
for Na-P, respectively. Random autocatalytic nucleation
occurs within the gel regions or at the interface gel-
solution at an explosive rate. It is possible to speculate
that most aluminous Na-X nucleates mainly within the
DH regions and most siliceous Na-P nucleates mainly at
the interface between the DH and the AS regions. Since
k, > kg, the rate-limiting step must be the crystal
growth. At isothermal temperatures higher than 100 °C
for Na-P and 110 °C for Na-X, respectively, b drops,
indicating that nucleation becomes heterogeneous and
takes place only at the interface gel-solution. The rate-
limiting step is then the nucleation itself, since k,, < k.
The fast crystal growth (the solution is supersaturated)
determines a fast consumption of all possible sites for
nucleation and prevents autocatalysis. The point at
150 °C for Na-P is anomalous, since k,, > k,.

The autocatalytic model for Na-P is in agreement
with the early observation reported in of Katovi¢ et al.
(1989a, b), indicating an increasing crystallisation rate of
Na-P(7) as a consequence of autocatalytic nucleation
and linear, time-independent growth.

At higher temperatures, Na-P is more stable than
Na-X as the latter is dissolved much faster. Usually, the
transformation of the metastable zeolite into a more
stable phase takes place according to the Ostwald rule of
successive transformations and the nucleation and
crystallisation of the new phase occur in the supersatu-
rated solution throughout the dissolution of the former
phase. Since Al---Al interaction energy of the faujasite-
like structures is considerably higher than Al---Al in-
teraction energy of zeolite P (Shuije et al. 1985), Na-X is
the unstable phase with respect to zeolite Na-P, and the
transformation of amorphous gel into Na-X and the
transformation of X into zeolite Na-P are spontaneous
processes (Katovi¢ et al. 1989a, b). The most porous
zeolites such as Na-X with pore volumes in the range
0.45-0.53 cm™ of crystal do not form at temperatures
above 100 °C. A consequence of the decrease in intra-
crystalline porosity is the change in the Si/Al ratio of the
zeolite formed at higher temperature. In fact, we observe
that the Si/Al ratio increases from NaX to analcime
(from 1.18 to 2) with temperature/time. A large Si/Al
ratio requires a lower number of extraframework ca-
tions, and consequently the framework density increases
as revealed by a linear relationship (R> = 0.999) between
Si/Al and framework density (7' 1000 A™%) of the
forming zeolites (12.7 vs. 1.18, 15.4 vs. 1.57 and 18.6 vs.
2.00). A similar result was described by Drag et al.
(1985) for Na-X and Na-Y. Moreover, the activation
energy of crystallisation is also a function of the Si/Al
ratio: the more silicious the zeolite, the larger the acti-
vation energy (Kacirek and Lechert 1976). Barrer (1982)
observed that for zeolite Na-Y, the larger the Si/Al ratio
in the crystals formed, the larger the activation energy
(from Si/Al=1.53 and E,= 11.8 kcal mol™" to Si/
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Fig. 8a— Examples of plots of D (A) vs. time for Na-X (a), Na-P (b)
and analcime (c), indicating a constant crystal growth rate

Al =2.54 and E, = 15.6 kcal mol™"). The process in-
volves the formation of T-O-Si bonds (T = Al or Si):

=T-O Nat+H-0-Si===T-0-Si = +NaOH

=T-OH+HO-Si===T-0-8i = +H,0

S

T

Fig. 9a, b SEM pictures of the Na-P zeolite formed at 130 °C at low
magnification (a) and at high magnification (b)

and the elimination of water or NaOH occurs with a
lower activation energy when T = Al than when T = Si.
In concert, the activation energy of nucleation of Na-X
with Si/Al=1.18 is lower than the activation energy of
nucleation of Na-P with Si/Al = 1.57 (Table 2). Unfor-
tunately, it is not possible to calculate any activation
energy for analcime using two isotherms.

Regarding the structure of the Na-P zeolite, it is
confirmed here that the symmetry is monoclinic C2/c, as
already proposed by Albert et al. (1998).

At T > 140 °C Na-P is unstable and transforms into
analcime. There are many possible transformation
mechanisms for zeolites, as quoted in Norby (1997): (1)
internal structural transformation; (2) gel-mediated
transformation; (3) solution-mediated transformation;
(4) surface-mediated transformation; (5) structural sim-
ilarity enhanced transformation or epitaxial crystallisa-
tion.

Figure 10 is a high-magnification SEM image of the
reacting phases during the run at 150 °C. Analcime
crystals form on the aggregates of dissolving Na-P



Forming analcime
crystals

=== =1um

Fig. 10 SEM image of the phases in the system during the run at
150 °C

platelets, indicating that no surface-mediated (4) or
epitaxial transformation (5) occur, and that a solution-
mediated transformation is very likely. Na-P dissolves in
solution which is, in turn, readily supersaturated and
precipitates analcime. On the other hand, both mecha-
nisms (2) and (3) generally take place through partial or
complete transformation of the starting material into an
amorphous phase and seem to be ruled out here for the
Na-P to analcime transformation since the crystallisa-
tion curve of analcime and the degradation curve for
Na-P cross close to 50% conversion. In fact, if the
starting material had been partly or completely dissolved
into amorphous material, the conversion curves would
cross below 50% crystallinity. A possible explanation is
that all the dissolved phase from Na-P zeolite more or
less instantaneously transforms into crystalline analcime
phase, i.e. a mass balance of dissolved Na-P and formed
analcime is established.

Conclusions

The hydrothermal crystallisation sequence of zeolites
formed in the 7' range 90—150 °C in NaOH solution from
an halloysite sample preventively activated at 600 °C
shows that at lower isothermal temperatures Na-X and
Na-P co-crystallize. Na-X tends to dissolve prior to Na-P
which, in turn, is converted into analcime. For both Na-
X and Na-P zeolites, an autocatalytic nucleation is found
at lower isothermal temperatures and an heterogeneous
nucleation at higher isothermal temperatures with a
constant crystal growth. The structure of the synthesized
Na-P has a monoclinic symmetry. At T > 140 °C Na-P
is unstable and transforms into analcime probably
throughout a solution-mediated transformation.

Finally, it should be remarked that natural halloysite
can be a very good precursor for the synthesis of zeolites
and especially Na-P zeolite at temperatures around
130 °C.
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