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Changes of the concentrations of aluminium, c,;, and of silicon, cg;,
in the liquid phase as well as of the dimension, L, of the largest
crystals were measured during crystallization of zeolite A from the
amorphous aluminosilicate precursor (1.03 Na,O - Al,04-2.38 SiO,
-1.66 H,0) dispersed in alkaline solutions (1.2 or 1.4 M NaOH so-
lution) containing or not containing dissolved Al,O; and/or SiO, of
appropriate concentrations. Analysis of the relationship between
the concentration factors f(c) = f(cay,cg;) relevant to different growth
models and the growth rate of zeolite A crystals have shown that
the growth is governed by the reaction of monomeric and/or low-
molecular aluminate, silicate and aluminosilicate anions from the
liquid phase on the surfaces of growing zeolite crystals, and hence
that the kinetics of the growth rate of zeolite A crystals may be ex-
pressed as: dL/dt, = k4 [ca; — ca(eq)][cg; — cgi(eq)] = k, f(c), where £, is
the time of crystallization, c,j(eq) and cg(eq) are the aluminium
and silicon concentrations in the liquid phase, corresponding to the
solubility of zeolite A under given crystallization conditions, and &,
is the rate constant of the linear growth of zeolite A crystals.

Key words: zeolite A, crystallization, crystal growth, mechanism,
kinetics.

INTRODUCTION

The crystal growth rate of solids, including zeolites, from supersatura-
ted solutions is commonly expressed as a function of the concentration(s),

* Author to whom correspondence should be addressed. (E-mail: subotic@rudjer.irb.hr)
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4

f(c), of ions or molecules in solution,'™ i.e.,

dL/dt, = ky f(c) (1)

where &, is the growth rate constant. The growth rate may be controlled by
the rate of transport of ions or molecules from the liquid phase to the sur-
faces of the growing crystals, the rate of the reaction of ions or molecules
from the liquid phase on the surfaces of the growing crystals, and/or the ra-
te of incorporation of ions or molecules into crystals.?~”

When transport of ions or molecules from the liquid phase to the sur-
faces of the growing crystals is controlled by their diffusion through the con-
centration gradient formed around the growing crystals (unstirred systems),
the growth rate, R = dr/d¢, of spherical particles having radius r, is directly
proportional to the absolute supersaturation, f(c); = ¢ — c(eq), and inversely
proportional to the particle (crystal) size r,'-6 i.e.,

dr/dt = DV, [c — cleq))/r = k(1)[c — c(eq)Vr = k(1) f(c),/r (2)

where D is the diffusion coefficient of reactive ions or molecules in the solu-
tion, V,, is their ionic (molecular) volume, c is the concentration of the reac-
tive ions or molecules in the solution (the salt solution concentration), c(eq)
is the salt solubility, and k,(1) = DV,,,.

When the concentration gradient around the growing particles is distur-
bed (i.e., during sedimentation in the gravitation and/or centrifugal field, or
in stirring), the diffusion-controlled crystal growth may be expressed as:

dr/d¢t = DV [c — c(eq)]/d (3)

where 6 is the thickness of the stationary diffusion layer (hydrodynamic
boundary layer) around the growing particles, determined by the particle si-
ze, viscosity of the solution, difference between the densities of the solid and
the liquid phases and the relative speed of particles.®

When the system is vigorously stirred, the concentration gradient
around the growing particles may be reduced to a negligible value, and then
the rate of crystal growth is controlled by the rate of transport (e.g., convec-
tion) of ions or molecules from the liquid phase to the surfaces of the grow-
ing crystals, i.e.,

dr/dt = ky(2)c — cleq)] = ky(2) fle) (4)
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where k,(2) is a constant determined by the difference between the densities
of the solid and the liquid phases, and the rate of motion of the solution, but
not by the diffusion coefficient of the reactive ions or molecules. Equation
(4) has been widely used to interpret and predict the crystal growth rate of
many solids,®1? including zeolites.!1-14

Equations (4) to (6) are valid for simple monomolecular compounds,! but
the diffusion-controlled growth of electrolytes of the AB type, or double
salts, is described by a more complex equation,! i.e.,

dr/dt = DV, {cs + cg — [(cy — cp)? + 4K JV2}/2r =

= ky(3){ca + cp — [(cp — cp)® + 4K V2 = ky(3) fle)y/r (5)

where D = D, (diffusion coefficients of ion A) = Dy (diffusion coefficients of
ion B), K, is the solubility product, £,(3) = DV, /2 and f(c)y = {cp + cg —[(cp —
cp)? + 4K V2.

Finally, the equation,
dL/dt = k[c — c(eq)]” (6)

has been frequently used to describe the rate of surface-reaction-controlled
crystal growth of the A B, type of solids.!>1® The relationship between the
crystal growth rate, dL./d¢, and the concentration dependence in Eq. (6) may
be explained by the Davies and Jones model of dissolution and growth,!?1°
which predicts formation of a monolayer of solvated ions with a constant
composition at the surface of the growing/dissolving crystals. According to
this model, the rate of crystal growth of a solid A,B, is proportional to the
product of fluxes of the ions (molecules) participating in the surface reac-
tion, i.e.,

dL/dt = kyes — caleq)]*eg — cpleq)]® =
ks(A) (b/a)?[cp — caleq)]**? = ky(B) (a/b)V[cy — cpeq)]**? =
ky(A)lcy — cale@T" = ky(B)[cg — cpleq)]” ("N

where k (A) = k3(A) (b/a)'® and k,(B) = ky(B) (a/b)V'* are factors proportional
to the growth rate constant k,, and n =a + .

Although there is abundant evidence that the crystal growth of zeolites
is a function of concentrations of both silicon and aluminium in the liquid
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phase,>420-25 the question of the mechanism of the crystal growth of zeo-
lites, and hence of the relationship between the crystal growth rate, dL/dt,,
and the concentrations, of aluminium, c,;, and of silicon, cg;, in the liquid
phase is still open.

Hence, our intention is: (i) to analyze the kinetics of the crystal growth
of zeolite A crystallized under different conditions according to the different
growth models described below, in order to define the mechanism of the
crystal growth of zeolite A, and (ii) to find out the relationship between the
crystal growth rate and the concentrations of silicon and aluminium in the
liquid phase. The kinetic models expressed by Eqgs. (2), (4), (5) and (7) are
used for the analysis of the kinetics of the crystal growth of zeolite A crystal-
lized under different conditions (see Experimental).

EXPERIMENTAL

Aqueous aluminosilicate gel having the oxide molar composition: 2.97 Na,O -
Al,04-1.93 SiO,-127.96 H,0 was prepared by pipetting 100 ml of sodium silicate so-
lution of appropriate concentration with respect to Na,O and SiO, into a plastic bea-
ker containing 100 ml of propeller stirred sodium aluminate solution of appropriate
concentration with respect to Na,O and Al,O5. Sodium aluminate solution (0.7576 M
in Al,O4) was prepared by dissolving anhydrous NaAlO, (41% Na,O and 54% Al,Os;
mass fractions, w) in distilled water and sodium silicate solution was prepared by
dissolving anhydrous Na,SiO; (51% Na,O and 48% SiO,) in distilled water. The solu-
tions were thermostated to 25 °C before being mixed together. The gel prepared as
described above was centrifuged to separate the solid from the liquid phase. The
clear liquid phase (supernatant) above the sediment (amorphous aluminosilicate
precipitated during the gel preparation) was carefully removed without disturbing
the solid phase (sediment). After removal of the supernatant, the solid phase was re-
dispersed in distilled water and centrifuged repeatedly. The procedure was repeated
until the pH value of the liquid phase above the sediment was 9.

A small part of the washed solid phase was dried overnight at 105 °C and cooled
in a desiccator over silicagel. To determine the content of water, part of the sample
was weighed and then calcined at 800 °C for 2 h. A certain amount of the calcined
(waterless) sample was dissolved in a 1:1 HCI solution. The solution was diluted
with distilled water to the concentration ranges suitable for measuring the concen-
trations of sodium, aluminium and silicon by atomic absorption spectroscopy. The
rest of the washed solid phase (amorphous aluminosilicate having the chemical com-
position: 1.03 Na,O - Al,04-2.38 SiO,-1.66 H,0) was redispersed in distilled water,
so that the prepared suspension contained 16% (w) of the solid phase. 100 ml of the
suspension was poured into a stainless-steel reaction vessel and then warmed up at
80 °C. The reaction vessel was provided with a thermostated jacket and fitted with a
water-cooled reflux condenser and thermometer. When the suspension was thermo-
stated at the reaction temperature (80 °C), 100 ml of the solution containing 2.4 mol
dm=3 NaOH (system I), 2.8 mol dm=3 NaOH + 0.034 mol dm=3 SiO,, (system II), and
2.8 mol dm=3 NaOH + 0.09 mol dm— Al,O, (system III) thermostated at 80 °C was
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quickly added to the suspension. Thus prepared reaction mixtures contained 8% (w)
of the solid phase (1.03 Na,O - Al,04-2.38 SiO,-1.66 H,0) dispersed in the appropri-
ate liquid phase. The reaction mixtures were heated at 80 °C under stirring with a
Teflon-coated magnetic bar driven by a magnetic stirrer. At various times, ¢, after
the beginning of the crystallization process, aliquots of the reaction mixture were
drawn off to prepare samples for analysis. The moment when the NaOH solution
was added to the previously prepared suspension was taken as zero time of the crys-
tallization process.

Aliquots of the reaction mixture drawn off at given crystallization times, ¢,, were
poured into cuvettes and centrifuged to stop the crystallization process and to sepa-
rate the solid from the liquid phase. Part of the clear liquid phase (supernatant) was
diluted with distilled water to the concentration ranges suitable for measuring the
concentrations of aluminium and silicon by atomic absorption spectroscopy. The rest
of the supernatant was carefully removed without disturbing the solid phase (sedi-
ment). After removal of the supernatant, the solid phase was redispersed in distilled
water and centrifuged repeatedly. The procedure was repeated until the pH value of
the liquid phase above the sediment was 9. The wet washed solids were dried over-
night at 105 °C, then cooled in a desiccator with silicagel and then pulverized in an
agate mortar. The powdered solids were used to determine the fraction of zeolite A,
wys, and to measure the size of the largest crystals, L,,.

The X-ray spectra of the samples were taken by a Philips diffractometer (Cu-Ka
radiation) in the corresponding region of Bragg’s angles. The mass fractions of crys-
talline and amorphous phases were calculated by a mixed method,?® using the inte-
gral value of the broad amorphous peak (20 = 17-39°) and the corresponding sharp
peaks of crystalline phase.

Concentrations of sodium, aluminium and silicon in the solutions obtained by
dissolving the calcined samples and in those obtained by the dilution of the liquid
phases separated from the reaction mixtures at various crystallization times, ¢,
were measured using the Perkin-Elmer 3030B atomic absorption spectrometer.

The size of the largest crystals in the solid samples drawn off the reaction mix-
ture at various crystallization times, ¢, were determined by the method proposed by
Zhdanov,?! using optical microscopy.

RESULTS AND DISCUSSION

Figures 1-3 show changes in the fraction of zeolite A, wy, (A), concentra-
tions ¢ = c,; and ¢ = cg; (B) as well as the size of the largest crystals of zeolite A,
L., (C), during zeolite A crystallization from the systems I (Figure 1), II (Fig-
ure 2) and IIT (Figure 3). Concentration c,; of aluminium in the liquid phase
is approximately constant or decreases slowly during the main part of the
crystallization process, then it drops suddenly at the end of the crystalliza-
tion process and gradually decreases until the equilibrium concentration
ca) = ca(eq) is reached. On the other hand, the concentration cg; of silicon in
the liquid phase is approximately constant during the »induction period« of
the crystallization process, and then it increases in the course of crystalliza-
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Figure 1. Changes in A) fraction of zeolite A, wy,; B) concentrations cf, = cp; (O, solid
curve) and cp, = cg; (®, dashed curve); and C) size of the largest crystals, L, of zeo-
lite A during its crystallization in system I. ¢ is the time of crystallization.
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Figure 2. Changes in A) fraction of zeolite A, wy,; B) concentrations cf, = cp; (O, solid

curve) and cy, = cg; (®, dashed curve); and C) size of the largest crystals, L,,, of zeo-
lite A during its crystallization in system II. ¢, is the time of crystallization.
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Figure 3. Changes in A) fraction of zeolite A, wy,; B) concentrations cf, = cp; (O, solid
curve) and cp, = cg; (®, dashed curve); and C) size of the largest crystals, L, of zeo-
lite A during its crystallization in system III. ¢, is the time of crystallization.

tion (system I), or increases during the period of increased crystallization
rate, reaches a maximum value at the end of the crystallization process, and
then drops suddenly to any constant value (systems II and III). The increase
in cg; during the period of increased crystallization rate is caused by the lo-
wer Si/Al ratio (Si/Al = 1) in the crystallized zeolite A than in the starting
amorphous aluminosilicate precursor (Si/Al = 1.19). Since more than 90% of
Si and Al is contained in the solid phase (aluminosilicate precursor), the dif-
ferences in the change of cg; as well as in the final concentration of silicon in
the liquid phase of different systems are probably caused by small varia-
tions of the Si/Al ratio in the precursors and the content of the precursor in
the systems, respectively.

The linear relationship between the time of crystallization, ¢., and the
size, L., of the largest zeolite crystals (Figures 1C to 3C) for small varia-
tions in flc) (see Figure 4) indicates that the growth of zeolite crystals is size
independent,?1-27-30 j ¢, »that not only during the period of constant linear
growth rate, but also during the final decay period crystals of all sizes grew
at the same but declining linear rate«.?” Such postulation may be justified
by a linear growth of the seed crystal of zeolite Y added to hydrogel31:32 as
well as by the linear growth of monodisperse crystals of different types of zeo-
lites during their crystallization from clear aluminosilicate solutions.33-44
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Figure 4. Changes in concentration functions f(c); (A), f(c)g (B), and f(c)3 (C), during
crystallization of zeolite A in systems I (0), IT (O), and III (A). ¢, is the time of crys-
tallization.

The same conclusion was drawn on the basis of a direct measurement of the
growth rate of zeolite ZSM-5 monocrystals.*> Based on this postulation, and
taking into consideration the chemical composition of zeolites, i.e., Na,O-
Al;05-x8i05-y Hy,O, (the aluminosilicate cage may be formally considered
as a compound of AB, type, where A = Al, B = Si, and b = x Si0,/Al,05) inte-
gration of Egs. (2), (4), (5), and (7) from 0 to ¢, gives:

t, t,
r? = (Ly)? = 2k (D[e, — c,(eq)]dt, = 2k, (D[ fle)ydt, = k(1T (8)
0 0

t, te
r=Ly = ky@)|le, - c(eq]d, = ky(2)[ fe)ds, = ky(2)], 9)
0 0
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tC
r? = (Ly)* = Zkg(3)I{CA1 +cgi — [(ca) = cg)® + deqi(eqlegi(eq)]V?de, =
0

tc
2k(3)[f(0)gdt, = k(3T (10)
0
¢, L
Ly = k(@ [lear — eailedlcs; — esi(eq)]’dt, = ky(4)[f(c)sde, = ky(4VT5 (11)
0 0

For the systems having an »excess« of silicon in the liquid phase (sys-
tems I and II; see Figures 1B and 2B), concentrations ¢, (concentration of
zeolite dissolved in the liquid phase during crystallization) and c,(eq) (solu-
bility of zeolite under given synthesis conditions) are determined by the cor-
responding concentrations of ¢, and cy(eq) (Figures 1-3), and hence f(c); =
[ca; — cal(eq)] For the same reason, for the systems having an »excess« of alu-
minium in the liquid phase (system III; see Figure 3B), f(c); = [cg; — csi(eq)]
Here, c,) and cg; are concentrations of aluminium and silicon in the liquid
phase during crystallization while cy(eq) and cgi(eq) are concentrations of
aluminium and silicon in the liquid phase which correspond to the solubility
of zeolite under given crystallization conditions. Hence, k(1) = 2 £’k (1),
kg(Z)’ = k’kg(2), and kg(3)’ =2 kg(3), where %’ represents the amounts of alu-
minium or silicon (n,), ng;) in 1 mole of zeolite (£’= 2 for zeolite A; Na,O-
Al,04-28Si0,-4.5H,0).

Values of concentration functions f(c); = ¢y — c5(eq) (for systems I and
I, flc); =cg — cgleq) (for system IID), f(c)y=cp +cg — [(cy — cg)? + 4
caleq)eg(eq)]V2, and f(c)g = [cp — ca(eq)][cs; — csi(eq)]’ (b = 1 for zeolite A) we-
re calculated by the corresponding values of aluminium and silicon concen-
trations in the liquid phase (Figures 1B—3B), and represented as functions
of the crystallization time ¢, in Figure 4. Values of integrals

t. ¢, ¢,
Iy = [fle)dt,, Iy = [f(e)ydt,, and I = [fle)s
0 0 0

were calculated by numerical (graphical) integration of the corresponding
concentration functions in Figures 4A-4C. Using the values of integrals I;
(Figure 5A), I, (Figure 5B), and I (Figure 5C), relevant to different crystal-
lization times ¢, during crystallization of zeolite A in systems I to III, and
the corresponding values of L,, (Figures 1C-3C), the values of k,(1)" in Eg.
(8), kg(2)’ in Eq. (9), kg(3)’ in Eq. (10), and kg(4)’ in Eq. (11) were, for different
crystallization times ¢,, calculated as:

tc
ky1) = (Ly)?/ [f(e)ydt, = (LI, (12)
0
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Figure 5. Changes in the values of integrals: I; of the concentration function f(c),
(A); I of the concentration function f(c)y (B); and I3 of the concentration function
f(c)3 (C); during crystallization of zeolite A in systems I (solid curves), II (dashed cur-
ves), and III (dotted curves). Fig. D shows size of the largest crystals, L., of zeolite A
during its crystallization in systems I ([J), IT (O) and III (A). Curves in Fig. D repre-
sent the L vs. ¢, functions calculated by Eq. (16) using the average value of kg (Ta-
ble IV) and the corresponding values of I3 (Fig. 5C)

tc
ky(2) = Ly, / [F(e)ydt, = Ly /I, (13)
0
tc
ko(3) = (L) [f(e)ydt, = (L /Iy (14)
0

tc
ky(4) = Lyy/ [£(€)3dt, = Lyy /I (15)
0
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Values of kg(l)’, kg(2)’, kg(S)’ and kg(4)’, calculated by Egs. (12) to (15) for
different crystallization times ¢, are listed in Tables I-IV.

Kinetics of crystal growth, described by Eqs. (2), (4), and (5), implicitly
include that reactive species (molecules) in the liquid phase, determined by
their concentrations ¢ and c(eq), have the same chemical composition and/or
structure as the growing crystals of the solid phase. Such reactive species
may reach the surface of the growing crystals by diffusion through the con-
centration gradient (Eq. 2), by diffusion through the hydrodynamic bound-
ary layer (Eq. 3), or by convection (Eq. 4). Some authors assume formation
of »structured« aluminosilicate blocks (S-species,!46 unit cells*”?1) in the
liquid phase and their transport from the solution onto the surfaces of the
growing crystals. Such a model is close to those described by Eqgs. (2) to (4)
(c is the concentration of »structured« aluminosilicate blocks in the liquid
phase during crystallization and c(eq) is the concentration of »structured«
aluminosilicate blocks in the liquid phase, which correspond to the solubili-
ty of crystallized zeolite), and it assumes a convection controlled and/or dif-
fusion controlled growth. On the other hand, there is no evidence for the ex-
istence of complex silicate and aluminosilicate structures in the liquid phase
of crystallizing systems. Spectroscopic analyses of the liquid phase during
crystallization of different types of zeolites®>-5* have shown that the liquid
phase contains AI(OH),~ monomers and different low-molecular silicate and
aluminosilicate anions. Furthermore, according to Barrer,?” a growth mecha-
nism governed by diffusional control can be ruled out because of the high ac-
tivation energy obtained by measuring the linear growth rates of zeolites A
(47.3 kJ mol1),2° X (62.6 kJ mol1),21 Y (49-65 kJ mol1),3132 and silicalite-1
(42 kJ mol1),3% whereas a diffusional mechanism would be expected to yield
an activation energy of 12—-17 kJ mol!. In this context, variability of the
values of kg(l)’, and kg(3)’ (see Tables I and III) was expected. On the other
hand, constancy of the k,(2) value during a certain period of crystallization
(Table II) is caused rather by a linear change of both L, (see Figures 1C—
3C) and I, (see Figure 5A) during the same period of crystallization than by
the relevance of the convection-controlled transport of reactive silicate and
aluminate species to the crystal growth kinetics. Deviations from the con-
stancy of the kg(2)’ values, which coincide with deviations from the linearity
of the L, vs. ¢, (Figures 1C-3C) and I, vs. ¢, (Figure 5A) functions, corrobo-
rate this conclusion. These results indicate that the crystal growth of zeolite
A is not controlled by the simple transport of reactive silicate and aluminate
species from the liquid phase on the surfaces of growing zeolite crystals
(e.g., diffusion or convection; see Egs. (2), (4), and (5)). On the other hand,
constancy of the value of £,(4) = k, during the entire process of zeolite A cry-
stallization under different conditions (see Table IV) strongly indicates that
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TABLE I

Dependence of the value of factor k4(1)’ on the crystallization time z.,
during crystallization of zeolite A in systems I, II, and III

k (17/pm® min~" mol ' dm’

t./min
system I system II system III

10 - - 0.40
15 - 0.17 -
20 0.12 - 0.95
30 - 0.35 -
40 0.26 - 2.30
45 - 0.69 -
60 0.41 0.71 3.65
75 - 0.93 -
80 0.57 - 5.00
90 - 1.10 -

100 0.74 - 6.32

105 - 1.29 -

110 - - 6.75

120 0.89 1.47 7.00

130 - - 7.15

135 - 1.65 -

140 1.06 - 7.25

150 - 1.84 7.30

160 1.22 - 7.30

165 - 2.06

180 1.41 2.26

195 - 2.47

200 1.58 -

210 - 2.73

220 1.75 -

225 - 2.98

240 1.91 3.14

255 — 3.22

260 2.09 -

270 - 3.28

280 2.24 -

285 - 3.30

300 2.34

320 2.39
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TABLE II

Dependence of the value of factor k£4(2)’ on the crystallization time z.,
during crystallization of zeolite A in systems I, II, and III

) . 1 -1 3.3
ky(2)/pm min™ mol ™ dm

t./min
system I system II system III

10 - - 1.43
15 - 0.61 -
20 0.37 - 1.71
30 - 0.63 -
40 0.43 - 1.93
45 - 0.60 -
60 0.47 0.65 2.00
75 - 0.67 -
80 0.48 - 2.05
90 - 0.66 -

100 0.50 - 2.08

105 - 0.66 -

110 - - 2.06

120 0.50 0.66 1.99

130 - - 1.93

135 - 0.66 -

140 0.51 - 1.86

150 - 0.66 1.85

160 0.52 - 1.84

165 - 0.67

180 0.53 0.67

195 - 0.68

200 0.53 -

210 - 0.70

220 0.54 -

225 - 0.71

240 0.52 0.72

255 - 0.72

260 0.57 -

270 - 0.724

280 0.58 -

285 - 0.725

300 0.59 0.725

320 0.60
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TABLE III

Dependence of the value of factor ky4(3)’ on the crystallization time z.,
during crystallization of zeolite A in systems I, II, and III

k(3)/ pm? min™ mol® dm°®

t./min
system I system II system III
10 - - 0.023
15 - 0.076 -
20 0.035 - 0.21
30 - 0.15 -
40 0.11 - 0.61
45 - 0.23 -
60 0.19 0.30 1.02
75 - 0.39 -
80 0.26 - 1.22
90 - 0.47 -
100 0.34 - 1.88
105 - 0.54 -
110 - - 2.05
120 0.42 0.62 2.18
130 - - 2.27
135 - 0.70 -
140 0.50 - 2.35
150 - 0.78 2.36
160 0.58 - 2.35
165 - 0.88 -
180 0.56 0.96 2.33
195 - 1.05 -
200 0.71 - -
210 - 1.16 -
220 0.78 - -
225 - 1.24
240 0.85 1.31 2.28
255 - 1.32
260 0.91 -
270 - 1.34
280 0.96 -
285 - 1.32
300 1.00

320 0.99
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TABLE IV

Dependence of the value of factor k4(4) = kg on the crystallization time ¢,
during crystallization of zeolite A in systems I, II, and III

k(4) = k,/um min~" mol? dm®

t./min
system 1 system II system IIT

10 - - 34.12
15 - 11.46 -
20 19.12 - 34.43
30 - 11.46 -
40 19.30 - 34.10
45 - 11.46 -
60 19.14 11.46 34.29
75 - 11.54 -
80 19.40 - 34.33
90 - 11.60 -

100 19.23 - 34.26

105 - 11.60 -

110 - - 34.38

120 19.35 11.60 34.29

130 - - 34.33

135 - 11.57 -

140 19.27 - 34.29

150 - 11.56 34.14

160 19.20 - 34.23

165 - 11.63

180 19.29 11.60

195 - 11.62

200 19.28 -

210 - 11.70

220 19.28 -

225 - 11.66

240 19.14 11.60

255 - 11.53

260 19.18 -

270 - 11.56

280 19.19 -

285 - 11.54

301 19.24

320 19.14

average: 19.23 11.57 34.27
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the kinetics of the crystal growth of zeolite A may be described by the adop-
ted Eq. (7), i.e.,

dLm/dtc = kg [CAI — CAl(eq)][CSi — CSi(eq)] = kg f(C)3 (16)

Excellent agreement between the measured values of L, (symbols in Fi-
gure 5D) and the values of L, calculated by Eq. (11) (curves in Figure 5D)
using the average value of k&, (Table IV) and the corresponding values of I3
(Figure 5C) confirms the relevance of Eq. (16) to the description of the kinet-
ics of the crystal growth of zeolite A. Since Eq. (16) was derived on the basis
of the Davies and Jones model of crystal growth and dissolution,'®!? taking
into consideration the particularities of zeolite crystallizing systems, it may
be concluded that the growth of zeolite crystals is governed by a reaction of
monomeric and/or low molecular anions from the liquid phase on the sur-
faces of growing zeolite crystals. Analysis of the backward reaction during
the dissolution of zeolites A,%® X,5 and synthetic mordenite®” in hot alkaline
solutions as well as chronomal analyses of the crystal growth of silicalite-1
from clear solutions3® has confirmed this conclusion. Also, the findings that
the rates of both crystal growth? 420253132 and dissolution®®®7 depend on
the concentrations of both silicon and aluminium in the liquid phase is in
accordance with the thesis that the growth of zeolite crystals is governed by
a reaction of monomeric and/or low molecular anions from the liquid phase
on the surfaces of growing zeolite crystals.227-29,31,32,34,36,45,29

CONCLUSIONS

Kinetics of the growth of zeolite A crystals crystallized under different
conditions was analyzed according to different growth models. For this pur-
pose, the concentration factors fic) (see Eqgs. (2), (4), (5), and (7) relevant to
different growth models) were calculated from the concentrations c,; of alu-
minium and cg; of silicon in the liquid phase of the crystallizing systems (see
Figures 1B—3B), and then the flc) vs. ¢, functions were integrated from 0 to ¢,.
Values of the integrals

t, t, t,
Iy = [fendt., I = [ fle)dt, and I3 = [ f(e)dt,
0 0 0

for different crystallization times ¢, were used to calculate factors k,(1),
ky(2), k,(3), and k,(4) = k,. Analyses of the values of the factors k,(1), k,(2),
kg(S)’, and kg, have shown that the values of kg(l)’, kg(Z)’, kg(S)’ varied with
the crystallization time ¢, (see Tables I-III), thus indicating that the crystal
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growth of zeolite A is neither a diffusion-controlled (see Eqs. 2 and 5) nor
convection-controlled (see Eq. 4) process. This conclusion is in accordance
with the findings that (i), there is no evidence for the existence of complex
silicate and aluminosilicate structures in the liquid phase of crystallizing
systems, and (ii) the activation energy of zeolite crystal growth is consider-
ably higher (> 40 kJ mol™!) than the activation energy (12—-17 kJ mol™!) that
would be expected for a diffusional mechanism. On the other hand, constan-
cy of the factor k£, during the entire process of crystallization (see Table IV)
strongly indicates that the rate of crystal growth of zeolite A is proportional
to the product of the fluxes of the aluminate and silicate anions, as defined
by Eq. (16). In this context, it may be concluded that the crystal growth of
zeolite A is governed by the reaction of monomeric and low-molecular alu-
minate, silicate and aluminosilicate anions from the liquid phase on the sur-
face of growing zeolite crystals, in accordance with the Davies and Jones
model for growth and dissolution, which predicts formation of a monolayer
of solvated ions with a constant composition at the surface of growing/dis-
solving crystals. This conclusion is in agreement with results of the previous
analyses of the crystal growth and dissolution of different types of zeolites.

Acknowledgement. — This work was supported by the Ministry of Science and
Technology of the Republic of Croatia.
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SAZETAK

Kineti¢ka analiza rasta kristala zeolita A
Sanja Bosnar i Boris Subotié

Promjene koncentracija, cy;, aluminija i cg;, silicija u tekuéoj fazi kao i dimenzije
najveéih kristala mjerene su tijekom kristalizacije zeolita A iz amorfnog alumosili-
katnog prekursora (Nay0 - Al;053- 2,38 SiO,- 1,66 H,0) dispergiranog u luznatim oto-
pinama (1,2 ili 1,4 M otopina NaOH) koje sadrze (ili ne sadrze) otopljeni Al,Os3 ili
Si0; odredene koncentracije. Analiza meduovisnosti koncentracijskih faktora f(c) =
f(eal, csi) koji odgovaraju razli¢itim modelima rasta i brzine rasta kristala zeolita A
pokazala je da se rast kristala zeolita A odvija reakcijom monomernih i/ili niskomo-
lekulskih aluminatnih, silikatnih i alumosilikatnih aniona iz tekuée faze na povrsini
rastuéih kristala te da se brzina rasta kristala zeolita A moze izraziti kao: dL/d¢, =
kg [ca1 — caileq)][csi — csi(eq)] = kg f(c)s, gdje £ je vrijeme kristalizacije, ca(eq) i csi(eq)
su koncentracije aluminija i silicija u tekuéoj fazi koje odgovaraju topljivosti zeolita
A u danim uvjetima kristalizacije i k, je konstanta linearnog rasta kristala zeolita A.



