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Abstract Freeze drying of an aqueous solution would result in the non-uniform distribution of solute concentration.
Because ice is almost transparent to microwave, therefore such a non-uniform distribution may affect the microwave
assisted freeze drying. The direct observation of the ice crystals formed under microscope reveals that the ice crystal
sizes formed from de-ionized water depend on the cooling rate with fast cooling rate giving smaller ice crystals as
expected. Once there is a sufficient amount of solute mixed with the de-ionized water, for example the reactive red,
the size and its distribution are not very much dependent on either cooling rate or the final temperature provided
there is sufficient time of cooling and the final temperature is not too low. The size of ice crystals formed within
the solution of reactive red is usually below 100 um with a freezing rate of 1°C-min~?! for a droplet of the size of less
than 1 mm. A simplified simulation indicates that such a small ice crystal would not cause a significant non-uniform
distribution of temperature for microwave assisted freeze drying. When the ice crystal size is larger than 5 mm, heat

conduction from the solute concentrated region to the ice region may need to be considered.
Keywords cooling rate, ice morphology, microscopical observation, temperature

1 INTRODUCTION

Ice crystals formation has been investigated by sev-
eral researchers theoretically or experimentally(1=¢l.
For frozen product, the desired product characteris-
tics, i.e. texture and storage stability, can be obtained
by precise control of the crystalline structurel™®. The
characteristics of the ice crystals would also affect the
quality of freeze-dried food. The influence of freezing
rate on the size of the ice crystal is well known quali-
tatively. Quick freezing results in smaller crystals and
reduces the freeze concentration, but may also lead to
incomplete crystallization. In contrast, slow freezing
produces larger crystals and allows higher sublima-
tion speed”). As it is known that freeze drying is a
time consuming process due to the limited heat sup-
ply from either the dried layer by radiation and con-
duction or from the frozen layer by conduction only.
Recently, microwave assisted drying has attracted sig-
nificant attention because of its unique feature of volu-
metric heating that can significantly reduce the drying
time(10—14],

For microwave assisted freeze-drying, the enhanced
drying rate was also reported!®). Because ice is al-
most transparent to microwave heating, the energy
absorbed by the frozen product has to be transferred
from the solid matrix to ice crystal surface where sub-
limation may take place. In the case of producing
powder from freeze-drying such as freeze-dried coffee
or pharmaceutical products, the freezing condition is
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expected to affect the distribution of solids within the
frozen product. This inevitable fact may affect the
quality of freeze-drying not only through the size of
crystals but also through the mal-distribution of tem-
peratures within the product under drying. Such an
analysis has not been found in literature. Hence it be-
comes the objective of the present study. In this pa-
per, we show the results of ice crystal size and solute
distributions by observing the frozen sample under a
microscope. Different freezing conditions were tested.
Reactive red dye was used in order to have a clear
image of the samples.

2 EXPERIMENTAL SETUP

The schematic diagram of the cooling system is
shown in Fig. 1. The LNP cooling system can be used
to cool a sample down to below —194°C. The continu-
ous supply of liquid nitrogen was provided by employ-
ing a large capacity cylinder. The two litre desktop
dewar flask with the fitted pipe (D2L) was used when
a fast cooling rate was desired. The device works by
drawing liquid nitrogen from the flask through a very
small bore tube via a filter, so as to prevent the block-
age from ice particles, then the nitrogen gas is vapor-
ized and passed into a valve allowing manual control of
the flow rate. A small quantity of gas was also drawn
through the window gas tube to prevent condensation
on the top surface of the lid window.

A droplet of the sample to freeze was supplied from
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a syringe. It was placed on the glass cover. The in-
side of the metal vessel was purged before the intro-
duction of the sample. The droplet was cooled from
room temperature (about 23 °C) to final temperature
(—40°C) at desired cooling rates. The samples were
observed directly through the window attached to the
vessel with the help of an Olympus Microscope BX50
(Olympus Optical Co., Japan). A high resolution op-
tical camera recorded the images for analysis.

3 RESULTS AND DISCUSSION
3.1 Typical crystal morphology in de-ionized
water

Fig. 2(a)—Fig. 2(c) show the typical morphologies
of ice crystals formed from de-ionized water at a cool-
ing rate of 1 °C-min~!. It is obvious that the center of
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the droplet does not give a clear picture of the crystal
geometries. The small bean like particles on top of the
bulk may be the result of the concentrated impurities.
The large scale shade differences of the image may
reflect the roughness of the surface rather than the
crystal sizes because there are not solute added in the
de-ionized water. It is interesting but not essential for
drying to observe that there are always some clusters
of crystals formed away from the main droplet. That
is, the freezing of the droplet tends to contract from its
original size because the glass surface is hydrophilic.
Because of the interfacial interaction between water
and glass, some water cannot move with the surface
contraction rate. Hence the formation of orphaned ice
crystals was observed. Obviously, the size of this type
of ice crystals depends on the cooling rate and also
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Figure 1 Schematic diagram of the cooling and imaging system
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Figure 2 Morphology changes of the ice crystals formed from cooling de-ionized water
(cooling rate: 1°C:min~!, end temperature: —40°C)
(a) upper left—image at center; (b) upper-middle—image outside the bulk; (c) upper-right—image of individual ice crystals;
(d) lower-left—image at the edge; (e) lower-middle—image at the edge with cooling rate of 3°C-min=1; ’
(f) lower-right—image at the edge with cooling rate of 5°C-min—2
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the property of the glass surface. It has a wide range
of distribution, Fig. 2(b). It may be of help to see that
the shape of the crystals found outside the main ice
can be of the image as shown in Fig.2(c). The ice
crystals were formed without the presence of air. The
image of the edge of the droplet, Fig.2(d), may show
some insight of the crystal sizes. It can be seen that
most of the crystals there have a size below 50 um at
a cooling rate of 1°C-min~!. An increase in cooling
rate results in the formation of small crystals as shown
in Figs. 2(d)—(f).

3.2 Ice crystals formed from solution of reac-
tive red HE-3B

When some solids are mixed with the de-ionized
water, the ice growing history becomes very differ-
ent as seen from Fig.3. The six images were taken
along with the decrease of the freezing temperature
with about four minutes apart from adjacent pictures
except the last one which was taken after holding the
frozen sample for 10 min at —40°C. The growth of the
ice crystal size is clearly observed. Compared with the
picture seen in Fig. 2(d)—(f), the sizes of the crystals
are much smaller for the solution with reactive red HE-
3B introduced. This is reasonable because the solute
in the solution provides more nuclei for ice crystals to
grow. The similar shapes between Fig.3(c) and (d)
show that when the temperature reached —35°C, the
freezing of the sample was almost completed. Holding
the ice at a low temperature for a short while does not
change the shape of the crystals formed.

With the introduction of reactive red, it is now
possible to observe the ice crystals in the center of
the frozen droplet as shown in Fig. 4 where the effects
of freezing rate and final temperature were displayed.
It can be seen clearly that the solute was pushed to-
ward and concentrated at the conjunction surfaces of

adjacent ice crystals. This results in a non-uniform
distribution of the solute within the frozen droplet.
The cooling rate gives only minor effect on the size of
the crystals. The final cooling temperature does not
show significant influence either except one condition
with the largest cooling rate and the lowest cooling
temperature. The similarities among Fig. 4 (al)—(c3)
may be explained by the fact that —30°C is probably
sufficient cold for the freezing of the solution even at
the rate of 5°C-min~!. The smaller size of the ice
crystals shown in Fig.4 (c4) demonstrates that when
the freezing rate is 10°C-min~?, one only has slightly
longer than 2min to cool the sample to the freezing
point. The rate of heat transfer may limit the for-
mation of ice at a temperature higher than —70°C.
In other words, the formed ice crystals may be ob-
tained at a temperature other than that indicated by
the temperature measured inside the cooling cham-
ber. Anyhow, it is seen that fast cooling with low
final temperature gives a more uniform solute concen-
tration distribution with typical ice crystal size being
50 um. For the mild cooling conditions, the size of
the ice crystals is seldom larger than 100 yum. Even
if the solute concentration is reduced to a quarter of
that shown in Fig. 4, the ice crystal sizes are not very
much different as seen in Fig. 5. The only difference
is that the amount of solute at the edges of adjacent
crystals is smaller for the low concentration solution.
The results shown in Figs. 4 & 5 imply that the size of
the ice crystals do not depend on the number of nuclei
once there are sufficient amount exists.

3.3 Implication of the non-uniform solute dis-
tribution on MW freeze-drying
As discussed in the introduction section, the non-

() 40T
after 10min|

Figure 3 The growth of ice crystals in 1.0 g-L~! reactive red HE-3B aqueous solution
[the sample was frozen at —22.3°C at a cooling rate of 1°C-min~! and end temperature of —40°C.
the temperatures inside the images indicate the value when the picture was taken except for 43|
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Figure 4 The change of ice crystals in 1.6 g L~! reactive red HE-3B aqueous solution
end temperature, °C: (a) left column —30; (b) middle column —50; (c) right column —70
cooling rate, °C-min~—!: (1) first row 1; (2) second row 3; (3) third row 5; (4) forth row 10

uniform distribution of the solute in the frozen prod-
uct will affect the adsorption of microwave energy and
also the temperature distribution within the frozen
material. In order to have a quantitative analysis of
such an effect, a simulation was carried out as follows,
A sphere of ice with different radius with an initial
temperature of —20°C was suddenly heated to —5°C at
its surface. The time that the center of the ice reaches
—6°C was calculated. It is noted that for a sphere of
100 pm in diameter, it requires only 0.0005s to have
the temperature at the center reach —6°C. Only 1ms
is required for the temperature at the center to reach
—5.05°C. Hence it can be concluded that for the tem-
perature range and cooling rate investigated in the
present study, it is valid to assume that it is valid to
assume that the temperature within the frozen prod-
uct is uniform for a microwave assisted freeze drying.
If the ice crystal is large, say larger than 5 mm in diam-
eter, the heat conduction from the solute concentrated
region to the ice region may be considered in order to
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have a meaningful understanding of the microwave as-
sisted freeze drying.

4 CONCLUSIONS

The observation of the images obtained from freez-
ing droplets of de-ionized water reveals that the size
of ice crystals depends on the freezing rate. The pro-
gressive growth of ice crystals within a solution of de-
ionized water with reactive red dye was recorded. The
size of the ice crystals within the solution do not vary
very much with the freezing rate or final freezing tem-
perature except when the freezing rate is 10 °C-min™!
and the end temperature is —70°C. The sizes of the
ice crystals formed are mostly under 100 pum. The
freezing process created a non-uniform distribution of
solute with the solute concentrated at the edges of ad-
jacent ice crystals. Simplified simulation results show
that such a non-uniform distribution does not cause
a significant non-uniform distribution of temperature
for the conditions investigated in the present study.
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Figure 5 The change of ice crystals in 0.4g-L~! reactive red HE-3B aqueous solution
end temperature, °C: (a) left column —30; (b) middle coluran —50; (c) right column —70
cooling rate, °C:min~': (1} first row 1; (2) second row 3; (3) third row 5; (4) forth row 10

Only when the ice crystals are larger than 5mm in
diameter then the heat conduction from the solute to
the ice has to be considered.
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