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Recrystallization of Isometric AgBr Microcrystals in a Gelatin Gel
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The investigation of kinetics of recrystallization (Ostwald ripening) of silver bromide microcrystals in gelatin was carried out. A
theoretical model of the process of mass transfer between microcrystals during recrystallization was proposed and experimen-
tally confirmed. Change of size of the crystals was monitored by a turbidimetric method. It was established that the rate of
recrystallization is inversely proportional to distance between crystals in a gel and directly proportional to solubility of the
dispersed phase. It was shown on model systems that the growth rate of large crystals is proportional to difference in size of large
and fine crystals. It was also revealed that during recrystallization there is a change in growth rate of large crystals, which is
caused most probably by change of habit of these crystals. The experimental approach allows study of the driving force and

mechanism of recrystallization processes in more detail.
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Introduction

The photographic emulsions used in the technology of
manufacturing silver halide photographic materials
comprise silver halide microcrystals in the size interval
0of 50-1000 nm, which are dispersed in medium of a pro-
tective colloid (gelatin). Now the most widely used meth-
ods of synthesis of emulsions involve a controlled double
jet crystallization and a physical ripening of the result-
ing fine grain emulsions. There is a common opinion
that during double jet crystallization continuous nucle-
ation of microcrystals of a silver halide takes place; these
nuclei serve a centers for growth of larger crystals.! In
the most perfect techniques of synthesis these two pro-
cesses are divided spatially.?2 Thus the key processes
during mass crystallization is the process of recrystal-
lization, i.e. transformation of finer crystals into larger
in closed (physical ripening) or open (double jet crystal-
lization) systems.

As is known the process of mass transfer between col-
loidal particles of different size in the closed system is
called Ostwald ripening. For the description of kinetics
of this process now the approaches advanced by Lifshitz
and Slezov, and also Wagner often are used (LSW
theory).?# This classical theory is usually used for de-
scription of physical ripening of silver halide microc-
rystals.>® Accordingly it is necessary to pay attention to
the experimental conditions, whereby the surface en-
ergy of a microcrystal depends both on its shape and on
the concentration of halide ions in solution.” In most
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cases the experimental results are in good conformity
with the LSW theory.

Unfortunately not all events occurring during recrys-
tallization can be adequately described within the
framework of LSW theory. It is known, for example, that
during growth of tabular crystals by means of Ostwald
ripening, the size increase of these crystals is accompa-
nied by reduction in concentration of fine crystals in-
stead of the expected reduction in their size® (see Fig.
1). It is difficult enough to explain the changes in mor-
phology of final crystals in case of recrystallization in
gelatin medium.*!® In our opinion, for elucidating the
detailed mechanism of mass transfer during Ostwald
ripening it can be useful to compare results of recrys-
tallization in a solution (melted emulsion) and in a gel.
In turn the revelation of the driving force for recrystal-
lization would allow us to solve a wide range of both
technological and fundamental problems of modern pho-
tographic and colloid chemistry. However until now, as
far as we know, the research on recrystallization in gela-
tin medium (except with respect to transformation of
the gel itself) has not been undertaken in systematic
fashion, and attempts to establish laws of mass trans-
fer under such conditions has not been undertaken.
Therefore the purpose of our work was to understand
the process of recrystallization in medium of a gelatin
gel in the specific case of isometric AgBr microcrystals.

Monitoring the change of particle size during recrys-
tallization represents great technological difficulty. The
method that allows definition of an average diameter of
the growing particles with minimal intervention in the
system is spectral turbidimetry, based on the phenom-
enon of light scattering by colloidal systems.!* The
method of electron microscopy differs owing to its high
labor input and is poorly suitable in this case because
of possible parasitic processes of further recrystalliza-
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Figure 1. Electron microphotographs of carbon replicas of microcrystals formed during physical ripening of a fine grain emul-
sion. The ripening conditions are as follows: T = 60°C; pBr = 1.0; gelatin concentration 30 g/l; initial fine microcrystal concentra-
tion 3.5 x 105 1-1: 0' — initial emulsion (x6000); 30' — 30 minute physical ripening (x6000); 60' — 60 minute physical ripening

(x6000); 90' — 90 minute physical ripening (x4000).

tion at the stage of preparation of replicas of the emul-
sion microcrystals.

The method of specific turbidity was widely used in
modern research into processes of formation and growth
of silver halide microcrystals.'>* However in all these
investigations the size of microcrystals was in the do-
main of applicability of Rayleigh’s law for light scatter-
ing by small particles. It is generally accepted that the
equation of the Rayleigh is satisfied when the size of the
light scattering particles does not exceed 0.1 A, the length
of a light wave.!* Thus limiting size of crystals for re-
search in the visible regime should not exceed 70 nm. On
the other hand, the size of real emulsion microcrystals
lies in the interval of 50-1000 nm for isometric microc-
rystals and 300—3000 nm for tabular microcrystals, i.e.,
mostly outside of regime of the Rayleigh equation.

Meanwhile following the more common laws of light
scattering allows us to use a turbidimetric method for
characterization of silver halide particles of large size.
For example, Meehans and Beattie'® used this method
for study of processes of formation of microparticles of
a silver halide sol. Pruss and co-workers'¢-'® carried out
detailed research of the phenomenon of light scattering
by large silver halide microcrystals in a dry gelatin layer.
However as the literature and calculated data frequently
contradict each other, we found it necessary to carry out
our own research into light scattering by silver bromide
microcrystals.

Experimental

Emulsions containing AgBr microcrystals of various
sizes and habit were made by standard methods of con-
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trolled double jet crystallization.?® Recrystallization in
a gelatin gel was carried out as follows. The emulsions
containing microcrystals of different sizes were mixed.
If necessary a water—gelatin solution was added to es-
tablish the required AgBr concentration. Then 1 M po-
tassium bromide solution was added to the mix to
provide the required pBr value. The sample was placed
in a sealed container and quickly cooled in water to 10°C
for gelation to occur. The resulting samples was stored
at room temperature, 18 + 1°C. After certain intervals
of time a sample of an emulsion was melted at 40°C and
the required amount thereof was placed in a volumetric
flask and diluted with warm distilled water (35°C). Then
turbidimetric characterization of the sample was car-
ried out using either a Shimadzu UV-2100 spectropho-
tometer or PEC-56M photoelectrocolorimeter. The
wavelength dispersion of the characteristic turbidity of
the system was accordingly recorded. This experimen-
tal dependence was then compared with the theoreti-
cal, predicted on the basis of the mathematical model
described below. On the basis of this comparison the
estimation of the degree of conversion of the fine micro-
crystals and of the current size of the large microcrys-
tals in the system was carried out.

Results and Discussion

Theoretical Model of Recrystallization Process
At the first stage we investigated light scattering by
real AgBr microcrystals in the size intervals of inter-
est. For this purpose a series of monodisperse emulsions
was made. The microcrystal size was determined by
scanning electron microscopy (SEM). The dependencies
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Figure 2. Dependence of the characteristic turbidity of the AgBr
monodisperse emulsion on the wavelength of light. The digits
in the legend correspond to the AgBr microcrystal size (nm).

of characteristic turbidity on the microcrystal size for
different wavelengths were recorded. Representative
experimental curves are presented in Fig. 2. On the basis
of these data it was possible to account for change of
turbidity during a recrystallization in a gel. The follow-
ing theoretical model of process of recrystallization was
used.

In the typical system there are two types of microc-
rystals of different size—large and fine. By definition
the size of large microcrystals during recrystallization
increases. The increase of mass of large microcrystals
in the closed system is equal to the loss of mass of fine
microcrystals. For simplicity of account we assume both
emulsions to be monodisperse and their contribution to
light scattering strictly additive. All microcrystals are
also assumed to be perfect spheres.

In Fig. 3 the theoretical circuit of interaction of large
(L) and fine (F) crystals in gel medium is presented.
The mass transfer in the system occurs through diffu-
sion of the soluble substance. The driving force for mass
transfer is the difference in concentration of the dis-
solved substance at the surface of large and fine mi-
crocrystals, which is determined by the Gibbs—Thomson

equation!!:
av,
C, =C, exp%@ 1)

where C, is the solubility of a particle with radius r, C,,
is the solubility of macro particles, o is the specific sur-
face free energy, R is the universal gas constant, and T
is absolute temperature. According to this equation the
concentration of the dissolved substance near the sur-
face of fine crystals is higher than near the surface of
large ones. The presence of a concentration gradient
results in a diffusive flow, according to Fick’s first law'":

dC
J=-D—
l (2)

where J is the amount of the dissolved substance which
passes through a unit of surface in a unit of time, D is
the diffusion coefficient for the dissolved substance and
dC/dx is the concentration gradient of the dissolved
substance.
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L <l

Ji>J;

Figure 3. Schematic model of the mass transfer process be-
tween large (L) and fine (F) AgBr microcrystals in a gel, where
J represents the rate of mass transport (Eq. 2), 1 represents
the spatial separation of the microcrystals, and C is the con-
centration of soluble substance, i.e., AgBr, immediately above
the microcrystal surface (Eq. 1).

As all particles in a gel are motionless, the mass trans-
fer can take place only between adjacent crystals. How-
ever mass transfer between the adjacent crystals of
identical size is impossible owing to absence of a con-
centration gradient. If the neighbors are the large and
fine crystals, the diffusive flow of the dissolved sub-
stance must be from Eq. 2 inversely proportional to dis-
tance between them (see Fig. 3). Therefore in the case
where the limiting step is the diffusion of components
of the dissolved substance, the growth rate of large crys-
tals will be inversely proportional to distance up to the
nearest fine crystal.

On the basis of this model we expect that during re-
crystallization the growth of large crystals will be ac-
companied by reduction of concentration of fine crystals,
but that the size of small crystals will change insignifi-
cantly. Insofar as the size of crystals does not change, it
is possible simply to use the initial values of a charac-
teristic turbidity and to scale them to obtain the current
[AgBrl; concentration. In turn the current concentra-
tion at a given moment in time is equal to the initial
concentration minus that corresponding to the loss of
mass spent for growth of the large microcrystals. This
loss can be designated as A[AgBr]. It is obvious, that
the mass of large microcrystals increase by the same
value A[AgBr].

The size of the growing, larger microcrystals can then
be expressed through this increase. However for this
purpose it is necessary to know the initial concentra-
tion of large microcrystals, which can be calculated us-
ing the formula:

_V(AgHal),
L VMK),

_ 6lAgHall,
il d AgHal) 3

where V(AgHal), is the total silver halide volume in
large microcrystals, V(IMK), is the average volume of
one large microcrystal, [AgHal]; is the concentration of
silver halide in large microcrystals (g/l), d; is the initial
diameter of the large crystals (cm), and p(AgHal) is the
density of a silver halide (g/cm?). The value of N, is a
constant, insofar as the number of large microcrystals
does not vary during recrystallization. Therefore the
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Figure 4. The experimental dependence of characteristic tur-
bidity (A = 490 nm) on time of recrystallization of a fine emul-
sion in a gel. The size of the fine crystals is 65 nm, pBr = 1.0,
gelatin concentration = 4 % wt. The line labels correspond to
the silver concentration in the system (g/1).

average diameter of large microcrystals at the any mo-
ment of a recrystallization can be calculated according
to expression:

. - [60AgHal], +AlAgHal)
g N, p(AgHal) 4)

Given an average diameter and calibration of specific
turbidity for average size of the particles, it is possible
to calculate the contribution of large microcrystals to
the total turbidity of the system. Thus, it is possible to
determine a theoretical turbidity of system for any de-
gree of conversion of fine microcrystals. By comparing
theoretical dependence of turbidity with the experimen-
tal results, it is possible to estimate the current degree
of conversion in the system and consequently, the aver-
age diameter of large microcrystals. From a series of
experimental points the dependence of the average size
of large microcrystals on time, i.e., kinetic curve, can,
in turn, be estimated.

Recrystallization of Individual Monodisperse
Emulsions

It was experimentally shown that the recrystalliza-
tion of a monodisperse emulsion containing large (~300
nm) AgBr microcrystals does not result in a change of
its dispersion characteristics. The spectral dispersion
of light scattering for this system remains constant over
a long period of time. By electron microscopic analysis
we find that there is a change of a shape of the crys-
tals from cubic to octahedral, however, even though
their size does not vary. It was also shown earlier that,
as a result of recrystallization of a fine emulsion in a
gel, either tabular crystals or mix of tabular and iso-
metric crystals, could be formed depending on the con-
centration of the microcrystals.'® The theoretical
account of the change of turbidity in a given system is
complicated, as the exact number of nuclei (centers of
growth) is not known. However, for a usual fine emul-
sion it is generally not too great. We find a linear de-
pendence of turbidity on the degree of conversion of
microcrystals of a fine emulsion (even in the initial
stage of recrystallization) can in this case be observed.
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Figure 6. Dependences of the slopes of the kinetic lines (tg(Ql))

and the solubility of silver bromide (mol/l) on the KBr concen-
tration in system.

Therefore as a kinetic curve it is possible to use the
dependence of turbidity on time for an appropriately
chosen wavelength. In Fig. 4 the similar dependencies
for a number of systems at various AgBr concentra-
tions are presented. It is possible to see that the rate
of the process of recrystallization depends on the con-
centration of microcrystals in the system. The change
of rate of recrystallization is in good conformity with
our expectations based on the change of distance be-
tween microcrystals (see Fig. 5).

A series of experiments with variation in concentra-
tion of excess potassium bromide was carried out also.
The results are presented in Fig. 6. In this case the
change of rate of recrystallization is in good conformity
with the change of solubility of silver bromide.

Recrystallization of Mixtures of Microcrystals
with Large Difference in Size

In this case, because of the essential difference in
solubility during recrystallization, there is a growth
of large microcrystals and dissolution fine ones. The
theoretical account is facilitated by the circumstance

Larichev, et al.
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Figure 7. The increase of large crystal size during recrystalli-
zation. The mass ratio of large and fine crystals is 1:2, pBr =
1.0, total silver concentration in system = 1.7 g/l, size of fine
crystals = 65 nm, gelatin concentration = 4 % by wt. The digits
in the legends correspond to the initial large crystal size (nm).
The 160 nm crystals initiallly had octahedral habit; all other
crystals initially had cubic habit.

that the concentration of large crystals in system is
constant. We investigated the recrystallization of sys-
tems containing microcrystals of a fine emulsion along
with larger microcrystals of cubic or octahedral habit.
In Fig. 7 the comparative data on change of the size of
large microcrystals during recrystallization for cases
of the different initial size of these crystals are pre-
sented. It is possible to see that the speed of a recrys-
tallization is proportional to the difference in a size
between the fine and large microcrystals.

On the basis of our theoretical model the mixed sys-
tem of two monodisperse emulsions with a large dif-
ference in size may be described as follows. The number
of small microcrystals in our case greatly exceeds the
number of large isometric ones. In the case of uniform,
stochastic distribution in a gel these small microcrys-
tals form a three-dimensional network with more-or-
less equidistant points, in which large microcrystals
periodically appear. On the other hand, large microc-
rystals principally have fine microcrystals as their
nearest neighbors, whereas the fine crystals can have
both large, and fine particles as nearest neighbors.
Mass transfer between neighboring fine microcrystals
proceeds with a slow rate because the concentration of
dissolved substance near the surface of these microc-
rystals is essentially uniform from crystal to crystal.
Thus, the concentration of the dissolved substance is
constant at any point of space between the fine micro-
crystals.

Fast mass transfer occurs only where large and fine
microcrystals are neighbors. The flow of the dissolved
substance can then be described on the basis of Fick’s
law (Eq. 2). In the event that the growth rate of a crys-
tal is limited by diffusion, the rate of mass transfer
will be directly proportional to difference in solubility
of the microcrystals and is inversely proportional to
distance between these interacting crystals. If, how-
ever, the limiting step is surface reaction then the
growth rate will be not dependent on the distance be-
tween microcrystals.

The dependence of grain size on time in the case of a
large difference in size between interacting crystals can
conditionally be broken into two steps (see Fig. 8). In
the first stage the fast growth rate of the large crystals
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Figure 8. The increase of large crystals size during recrystal-
lization. The mass ratio of large and fine crystals is 1:2, pBr =
1.0; the initial size of large crystals — 290 nm, size of fine crys-
tals — 65 nm, gelatin concentration — 4 % wt. The digits in legend
correspond to total concentration of silver in system (g/1).

390
370 1
350 A
330 A
310 A
290 1

270

250 T T T T
0:00:00 48:00:00 96:00:00 144:00:00 192:00:00

Time, h
—— 65 —m—100

Figure 9. The increase of large crystal size during recrystalli-
zation. The mass ratio of large and fine crystals is 1:2, pBr =
1.0, the total silver concentration in system — 1.7 g/l, initial
size of large crystals — 280 nm, gelatin concentration — 4 % wt.
The digits in legend correspond to fine crystals size (nm).

depends on the concentration of fine microcrystals, i.e.,
is inversely proportional to the distance between small
microcrystals. In the second stage the slower growth rate
does not depend on distance between microcrystals and
is proportional only to difference in size between large
and fine crystals. In turn the difference in size between
large and fine microcrystals also influences the rate of
recrystallization. This situation is illustrated in Fig. 9.
As expected, with a decrease in the size difference (solu-
bility distinction) the rate of the recrystallization pro-
cess is reduced too.

We propose to explain the presence of two stages by
probable morphological changes occurring to large crys-
tals. During the first stage the growth rate of large
crystals seems to be limited by a diffusion of the dis-
solved substance, and, hence, depends on the path-
length of diffusion. This process proceeds until, as a
result of growth, the (100) surfaces of the large crys-
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tals will be replaced with (111). After that the growth
rate of the large crystals becomes limited by surface
reaction,” and becomes independent of distance be-
tween interacting crystals. The increase in mass of
crystals corresponding to this transition depends on
the relative ratio of (100) and (111) surfaces in the ini-
tial crystal. In other words, it depends on amount of a
silver halide necessary for transformation of a prima-
rily cubic crystal into a correct octahedron. For large
cubic microcrystals the ratio of (100) surfaces to (111)
is great, therefore the distinction between the first and
second stages of growth is clearly expressed. On the
contrary for cubes of the small size this ratio is close
to unity; therefore in this case kinetics of growth of
cubic (140 nm) and octahedral (160 nm) crystals ap-
pear practically identical (see Fig. 7).

Summing up, it is possible to demonstrate that the
method of recrystallization in a gel provides very rich
opportunities for research on the mechanism of growth
of silver halide microcrystals of various forms, size and
shape under different conditions. Further research in
this area could help us to understand many until now
unclear details of the process of mass crystallization.

Conclusions

The investigation of the recrystallization processes for
silver bromide microcrystals in a medium of gelatin gel
was carried out. The theoretical model of interaction of
adjacent microcrystals in gel suggests dependence of the
rate of recrystallization on interparticle distance, which
we found experimentally. Deceleration with distance in-
crease is conditioned most likely on the decrease of dif-
fusion between neighboring crystals with increasing
separation. Observable increase of recrystallization rate
with the increase of bromide ion concentration in a sys-
tem reflects an increase in silver bromide solubility. It
was also shown on model systems that the growth rate
of large crystals is proportional to the difference in sizes
of the large and fine crystals. It was revealed that dur-
ing the course of recrystallization there is a change of
growth kinetics for large crystals, related most likely to
a change in habit of these crystals.

The experimental data are in good agreement with
the proposed theoretical model. On the other hand the
data on dependence of recrystallization rate on inter-
particle distance contradicts classical LSW theory. It is
possible to suppose that in the case of common Ostwald
ripening the interparticle distance influence is masked
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by constant microcrystal motion due to agitation and
Brownian motion. Our experimental approach allows us
to study the driving force and mechanism of recrystalli-
zation processes in more detail. /)

References

1. C. R. Berry, A New Model for Double-Jet Precipitation, Photogr.
Sci. Eng. 20, 1 (1976).

2. M. G. Antoniades, X. Wen and M. J. Herman, U.S. Patent 5,750,326
(1998).

3. A. S. Kabalnov, A. V. Pertzov and E. D. Shchukin, Ostwald Ripen-
ing in Emulsions. I. Direct Observations of Ostwald Ripening in
Emulsion, J. Colloid Interface Sci. 118, 590 (1987).

4.H. W. Yarranton and J. H. Masliyah, Numerical Simulation of
Ostwald Ripening in Emulsion, J. Colloid Interface Sci. 196, 157
(1997).

5. T. G. Bogg, M. J. Harding and D. N. Skinner, Studies of Ostwald
Ripening of a Model Silver Bromide Emulsion System, J. Photogr.
Sci. 24, 81 (1976).

6.J. S. Wey and M. J. Schad, Ostwald Ripening of AgBr Crystals in
Gelatin Solution, J. Imag. Sci. 30, 193 (1986).

7. T. Sugimoto, Stable Crystal Habits of General Tetradecahedral Mi-
crocrystals and Monodisperse AgBr Particles. I. Equilibrium Form
and Steady Form, J. Colloid and Interface Sci. 91, 51 (1983).

8. T. A. Larichev and E.I. Kagakin, Investigation of Growth of AgX Tabu-
lar Crystals, Microscopy Research and Technique 42, 139 (1998).

9. Yu. A. Breslay, V. V. Peisakhov and L. Y. Kaplun, Synthesis and
Properties of the Silver Halide T-crystals, Advances Sci. Photogr.
(in Russian) 24, 5 (1986).

10. T. A. Larichev, E. I. Kagakin, E. V. Prosvirkina, L. V. Sotnikova,
and B. A. Sechkarev, Comparative Research of Silver Halide Tabu-
lar Crystals Formation Processes During Fine Emulsion Physical
Ripening and During Gel Aging, Proc. IS&T’s PICS Conf., IS&T,
Springfield, VA, 1998, pp. 317-321.

11. E. D. Shchukin, A. V. Pertzov and E. A. Amelina, Colloid Chemis-
try, Moscow University, 1982.

12. A. H. Herz, Chemical Factors for the Control of Silver Halide Re-
crystallization and Growth, J. Imag. Sci. Technol. 39, 40 (1995).

13. M. G. Antoniades and J. S. Wey, Precipitation of Fine AgBr Crys-
tals in a Continuous Reactor: Effect of Gelatin on Agglomeration,
J. Imag. Sci. Technol. 36, 517 (1992).

14. Y. Hosoya and S. Urabe, A Study on the Mechanism of Nucleation
and Growth of Twin Tabular AgBr Crystals, J. Imag. Sci. Technol.
42, 487 (1998).

15. E. J. Meehan and W. H. Beattie, Determination of Particle Size in
Silver Bromide Sols by Light Scattering, J. Phys. Chem. 64, 1006
(1960).

16. I. I. Breydo and P. H. Pruss, Spectral Distribution of Light Scatter-
ing by the Photographic Layers and Influence of Sensitization on
Resolution, J. Technol. Physics (in Russian) 22, 515 (1952).

17. 1. 1. Breydo and P. H. Pruss, Spectral Distribution of Light Scatter-
ing by the Photographic Layers and Influence of Sensitization on
Resolution, Advances Sci. Photogr. (in Russian) 3, 129 (1955).

18. P. H. Pruss, Light Scattering by the Crystals of Photographic Emul-
sions, J. Technol. Physics (in Russian) 24, 50 (1954).

19. P. H. Pruss, Light Scattering in Emulsion Layers and Resolution,
Advances Sci. Photogr. (in Russian) 10, 235 (1962).

20. The Theory of the Photographic Process, 4th ed., T. H. James,
Ed., Macmillan, New York, 1977, Chap. 3.

Larichev, et al.



