MICROWAVE FREEZE-DRYING OF AQUEOUS SOLUTIONS
By

James P. Dolan
THESIS

Submitted to
Virginia Polytechnic Institute & State University
in fulfillment of the requirements
for the degree of
MASTER OF SCIENCE
in

Department of Mechanical Engineering

APPROVED:

Onane P et

Elaine P. Scott, Chairperson

Logs R s Ay bl C-Jlipman

J James R. Thomas William C. Thomas

September 20, 1994
Blacksburg, Virginia






MICROWAVE FREEZE-DRYING OF AQUEOUS SOLUTIONS
by
James P. Dolan

Committee Chairperson: Elaine P. Scott
Mechanical Engineering

(ABSTRACT)

The freeze-drying process has been plagued with problems, such as long drying
times and inefficiency. Microwave freeze-drying has proven its potential as way of
reducing long drying times associated with freeze-drying, and as a result, there has been
a considerable amount of work done to increase its use in industrial applications.
However, it is not widely utilized for drying of pharmaceuticals, which appear to be better
suited to microwave freeze-drying than foods.

This paper discusses the results of applying microwave freeze-drying to an
aqueous solution, as well as how various freezing rates affect freeze-drying characteristics.
Results show that microwave freeze-drying can greatly reduce the time required to freeze-
dry an aqueous solution while maintaining a high product quality. The investigation into
the effects of different freezing conditions shows that different physical characteristics in

the dried product can be achieved through varying the freezing rate.
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Chapter 1

Introduction

Freeze-drying (lyophilization) is a process which removes water from a moisture
laden product, usually for the purpose of preservation. By removing the water, the
product becomes more stable at room temperature. The final product is light and porous
and maintains its original shape. The process consists of three stages: freezing, primary
drying and secondary drying. During the primary drying stage, frozen water is
sublimated. This stage is the most time consuming part of the process. The secondary
drying stage is the desorption of bound water. Bound water is attached to the dried
material by electrostatic forces or hydrogen bonds and removed by evaporation after the
ice has been sublimated.

Freeze-drying is a common process in both the food and pharmaceutical industries.
In the pharmaceutical industry, the production of biochemicals involves many processing
steps including extraction, precipitation, fractionation, and purification. The end result
is an aqueous solution that is usually very dilute. The water must then be removed from

solution leaving the dried product to be further processed or packaged. A common



application in the food industry is freeze-dried coffee. Freeze-drying of coffee greatly
extends its shelf life and preserves flavor and aroma. Another common and important use
of freeze-drying is in the preservation of biomedical material, such as blood plasma. In
fact, since freeze-drying stops the growth of microorganisms, it is generally considered
that freeze-dried blood plasma is superior to stored liquid plasma (Mellor, 1978).

The advantages to freeze-drying are: the product is protected against chemical
decomposition, the distribution of components in the dried product remains unchanged,
processing temperatures are low, and the moisture content can be reduced to very low
levels. Generally, the lower the moisture content, the more stable the material. In most
cases, the final product is stored at room temperature, thus eliminating the high energy
costs associated with storage of products in freezers. However, the cost of freeze-drying
is very high compared to other drying processes because of high equipment costs and
long drying times (Pikal, 1983). Reduction of the high cost of freeze-drying is the
motivation behind much of the freeze-drying research that has been done in the past.

Another advantage to freeze-drying, particularly pertaining to foods, is that the
process maintains the structural integrity of the material. This allows the material to be
rehydrated and returned to nearly its original state at a later time. Thus, freeze-drying can
not only aid in preservation of food, but also facilitate its transportation by reducing is
weight.

Although the basic concepts of freeze-drying are known, the details are far from
being well understood. Fundamental knowledge in some areas concerning the physical

processes of freeze-drying are not complete. As a result, freeze-drying equipment often
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lacks the ability to produce high quality dried products for a range of product types. The
optimum parameter settings are usually found by trial and error, and some manufacturers
will even suggest that a product be stored in a freezer after it has been freeze-dried!

There have been many attempts to improve the efficiency of the freeze-drying
process. It has been determined that the processing time can be decreased by improving
the transfer of heat to the sublimation front in the material. Experiments with pulsing
pressure and various mechanical devices for improving heat transfer have been semi-
successful, but the most promising method of improving heat transfer is by the use of
microwave energy to supply heat directly to the material.

The use of microwave energy to facilitate the freeze-drying process has been
studied by many previous investigators (Copson, 1957; Hoover et al., 1966; Ma and
Peltre, 1975; Ang et al., 1977). It has been demonstrated that microwave energy has a
great advantage over conventional types of heating. Microwaves have the ability to
generate heat volumetrically throughout the sample, overcoming heat transfer resistanceg
associated with the conventional process (Copson, 1958; Hoover et al., 1966). Previous
studies have focused on the application of multimode microwave cavities to freeze-dried
bulky foods and the development of mathematical models (Ma and Peltre, 1973, 1975a
and 1975b; Ang et al. 1975).

One accomplishment of previous research is the development of a combined
radiant and microwave freeze-drying system by Ma and Chang (1985). A similar system
is currently being used in an industrial application to freeze-dry coffee (Owusu-Ansah,

1991). However, in the case of food, there are often problems associated with the
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nonhomogeneous material and odd geometric shapes that can cause uneven heating.
Since aqueous solutions are more uniform and frozen in cylindrical vials, they are easily
adaptable to microwave freeze-drying, suggesting that microwave freeze-drying could be
more suitable to the pharmaceutical industry. However, there is little evidence that there
has been any significant research activity into this application of microwave freeze-drying.
The goals of this research are to apply microwave freeze-drying to aqueous
solutions typical of those encountered in the pharmaceutical industry and to demonstrate
how this technology can be used as a fundamental research tool. The specific goals of
this project are to:
1. Develép an experimental microwave freeze-drying apparatus and procedures,
2. Study the feasibility of applying microwave freeze-drying to aqueous
solutions, and
3. Study the effects of freezing rates on the freeze-drying characteristics of
pharmaceuticals.
Once an apparatus capable of producing the required conditions for freeze-drying has been
developed, experiments are needed. The results of these experiments will help produce
a more detailed description of the heat and mass transfer present in the process. This
fundamental knowledge can then aid in the design of improved freeze-drying equipment

and better procedures for determining the optimum operating conditions of the equipment.



Chapter 2

Literature Review

Many previous studies have been performed that pertain to microwave freeze-
drying. However, there appears to be no published research into the application of
microwave freeze-drying to aqueous solutions. On the other hand, there are many studies
on freezing and conventional freeze-drying of aqueous solutions. Freezing is a dominant
factor in determining the physical characteristics of the dried product. This chapter
contains a review of work relevant to: freezing of aqueous, conventional freeze-drying of

aqueous solutions and microwave freeze-drying of foods.

2.1 The Effects of Freezing Rates

The freezing rate can be an important parameter in the freeze-drying process.
However, many freeze-drying studies, especially microwave freeze-drying studies, do not
include investigations into freezing rates. However, there have been studies dealing with
the physical chemistry of freezing and how the physical changes caused by varying the

freezing rate can affect freeze-drying characteristics.



One study on the influence of the freezing rate on product quality was made by
Thijssen and Rulkens (1969). Specifically, the study focused on the effect of the freezing
rate on the rate of sublimation and flavor retention in freeze-dried dextrin solutions.
Using dextrin solutions with concentrations between ten and forty percent by weight, it
was found that with a decrease in the freezing rate, the mean pore size increased in the
dried material. The increase in pore size resulted in an increase in wall thickness between
the pores and an increase in the drying rate. The recommendation of Thijssen and
Rulkens is that the freezing rate should be kept as low as possible for the best aroma
retention.

An overview of the basic principles of freeze-drying was made by Franks (1989).
Here, Franks discusses the importance of understanding the freezing process. He also
explains how the quality of the final product can often be improved by simple changes
in the formulation or the freezing and drying conditions.

Kochs et al. (1993) studied the influence of the freezing process on vapor transport
during sublimation in vacuum freeze-drying of macroscopic samples. The vapor transport
properties varied with local differences in the freezing conditions. It was found that there
could be large differences in the local diffusion coefficients for a single macroscopic
drying sample. Also, it was noted that a decrease in the freezing rate lead to a significant
shift in diffusion coefficients to higher values and a corresponding decrease in drying

times.



2.2 Conventional Freeze-Drying of Pharmaceuticals

Vial freeze-drying of aqueous solutions is a common processing step in the
pharmaceutical industry. Here, freeze-drying usually involves vials of a solution placed
on a tray which is then placed on a shelf in a freeze-drier. The shelf provides both
cooling to freeze the liquid and heating to sublimate the ice. There has been significant
research on this type of freeze-drying. Like freeze-drying of foods, freeze-drying of
pharmaceuticals is slow and expensive. A better understanding of the heat and mass
transfer that takes place during the drying process can lead to the design of improved

equipment and economical processing costs.

2.2.1 Heat and Mass Transfer

In an attempt to gain a better understanding of the physical chemistry of freeze-
drying, Pikal et al. (1983) measured sublimation rates for freeze-drying of aqueous
solutions. In this study, an attempt was made to determine the relation between mass
transfer resistance and the thickness of the dried product. It was found that there were
two basic type of curves; one showed a generally linear relationship between mass
transfer resistance and thickness and the other was concave toward the thickness axis.
For each of these two basic types of curves there were two variations:

A) linear

Type I) linearly increasing for the entire drying process
‘Type II) initial sharp decrease in resistance from a high value to a low value

and then a constant positive slope for the rest of the drying process
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©® Curve for 5% povidone, - 26°
O Curve for 22.8% povidone, — 26°
25— O Curve for §% KCI, - 30*
T A& Curve tor 10%, XCI, - 20*

Normalized Product Ruhunco,ﬁp {fcm2 Torrhr g~ 1)

Thickness of Dried Product, 4 {em)

Figure 2.1 Product resistance vs. dried product thickness

B) concave toward the thickness axis
Type III) gradual curve
Type IV) sharp curve
Figure 2.1 shows the four types of curves found by Pikal et al. These results do not
confirm the notion that resistance is independent of temperature and directly proportional
to the thickness. However, the sample was very small compared to typical vial samples.
Subsequent work focused on heat and mass transfer in vial freeze-drying using
slightly modified conventional vials (Pikal et al., 1984). This experimental study
evaluated the mass transfer coefficients for several different semi-stoppered vials, the

mass transfer resistance of the chamber-to-condenser pathway in a laboratory freeze-drier
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and vial heat transfer coefficient as a function of chamber pressure for several types of
vials. It was determined that the temperature distribution in the frozen product is
adequately described by a constant temperature gradient in the vertical direction and the
thermal conductivity of ice.

The previous studies focused on the primary drying stage. Pikal et al. (1990)
studied the secondary drying stage, particularly the investigation focused on the
dependance of the drying rate on temperature and pressure. It was found, for the
materials used, that the drying rate during the secondary drying stage did not depend on
pressure, but on temperature. In fact, it was recommended that the common practice of
using pressures as low as possible during secondary drying not be used because of the

possibility of transferring stopper components to the product.

2.2.2 Process Control

Control of the freeze-drying process requires knowing how the product will behave
with respect to pressure, temperature and product size. Temperature is often limited by
a eutectic or glass transition temperature and pressure can be limited by the allowable
degree of solid entrainment. However, pressure and temperature are coupled, and it is
difficult to predict how one will react to a change in the other. As a result, determining
the optimum operating conditions is often a trial and error procedure.

Pikal (1985) described the use of laboratory data in freeze-drying process design.
A computer program was written that would use certain experimental data to determine

the optimum control strategy for a given product. Sublimation rates, temperatures and
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pressures as a function of time are predicted for trial processes not studied experimentally.
An attempt to clarify some ambiguities on the subject of chamber pressure was
made by Livesey and Rowe (1987). In their discussion, they argue that the reduced
drying times observed when system pressure is increased in vial freeze-drying are a
consequence of improved heatflow between the shelf and vial base. When the process
is heat transfer limited, a higher pressure can improve heat flow to the frozen product.
When the dried layer thickness becomes large, the process becomes limited by mass
transfer and lower pressures can improve the rate of vapor flux leaving the material.
Roy and Pikal (1989) investigated the use of an electronic moisture sensor to
determine the end point of sublimation in vial freeze-drying of aqueous solutions. It was
found that the moisture sensor has the sensitivity and the precision to provide an
unambiguous criterion for the end of primary drying. The moisture sensor is useful since
the common method of endpoint determination is by the use of temperature sensors and
often the vials with the temperature sensors will dry faster than the vials without
temperature sensors. Removal of vials that still contain ice will result in product loss and

will lower the efficiency of the equipment.

2.3 Microwave Freeze-Drying

The primary reason for use of microwave energy in freeze-drying is that the
removal of the heat transfer limitation by using microwave heating is superior to
conventional accelerating methods (Peltre et al., 1977). With radiant or conductive heat

transfer, heat transfer is dependant on the temperature gradient between the phase front
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and the heat source. Since the material is usually heat sensitive, high temperatures can
not be tolerated and thus temperature gradients are small and the process is rate limited
by heat transfer. Microwave heating eliminates problems associated with heat transfer
and the process becomes one limited by mass transfer. However, this is a result that has
been determined primarily through experimentation with microwave freeze-drying of food.
This section discusses previous microwave freeze-drying research based on experiments
with food.

Arsem and Ma (1980) published a brief review of microwave freeze drying. This
review covers experimental, mathematical and economical studies. Sunderland (1982a)
also presented a review of microwave freeze-drying. This review included an evaluation
of past work and recommendations for future work. In addition, Peltre et al. (1977) and
Sunderland (1982b) published economic studies of microwave freeze-drying and made a
comparison to conventional freeze-drying. The results show that the use of microwave

energy offers a significant cost reduction over a conventional process.

2.3.1 Analytical Studies

This section discusses analytical studies of microwave freeze-drying. It starts from
early attempts to analytically predict temperature gradients and drying times for
microwave freeze-drying of certain foods, primarily beef. Models have been developed
based on pseudo-steady state and transient conditions. Also, some computer simulations
have produced data that compares well with experimental data (Arsem and Ma, 1990).

Ma and Peltre (1973) presented a mathematical model to describe the freeze-
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drying process with volumetric heating. This model is derived from a one-dimensional
unsteady state analysis. The calculations made were for beef. Comparisons were made
between two different microwave power inputs, two initial temperatures and two values
of diffusivity in the dried layer. They plotted typical temperature and moisture
concentration profiles and determined that drying times could be reduced by four times
over conventional freeze-drying. Later, this model was improved by allowing for the
transport and dielectric properties to vary with both time and location in the sample as
a function of temperature and pressure (Ma and Peltre, 1975b). This study was the first
detailed theoretical study of microwave freeze drying accompanied by an experimental
investigation (Ma and Peltre, 1975¢).

Ang et al. (1977) also conducted a theoretical and experimental investigation into
microwave freeze-drying of beef. The model presented by Ang differs from the one
developed by Ma and Peltre (1975b). Ang’s model is a two dimensional model that takes
into account the directionality of conduction in the meat due to the grain structure. It was
found that anisotropy has a strong influence on the quality of the freeze-dried beef. The
temperature profiles found by Ang et al. (1977a) are very similar to those found by Ma
and Peltre (1975b).

A computer simulation of the freeze-drying of beef was presented by Ma and
Arsem (1982). This simulation involved a freeze-drying system that combined both
radiant heating and microwave heating. The new model included multicomponent
sublimation in order to account for solids entrained in the vapor flux. Good agreement

was found between the simulation and experimental data when solid entrainment was
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included in the model.

A review of mathematical models of freeze-drying, as well as a mathematical
analysis of a combined microwave and radiant freeze-drying was presented by Arsem and
Ma (1990). They compared three drying curves. One was experimental data, one was
a prediction without entrainment and one with entrainment, for three different conditions
for drying beef. In all three cases, the prediction with entrainment gave much better
agreement with the experimental data.

In another analytical study, Scott (1994) produced an exact one dimensional
solution to a problem involving sublimation with volumetric heating within a semi-infinite

porus medium. A sensitivity study was also performed.

2.3.2 Experimental Investigations

In 1957, Copson and Decareau demonstrated that the heat of sublimation can be
provided by microwave energy. This effort demonstrated that the use of microwave
energy at 2450 MHz permits the rapid dehydration of some foods not easily handled by
conventional freeze-drying. Also, it was noted that the application of microwave energy
seemed to be limited by mass transfer and not heat transfer. Copson (1958) examined
some of the operating parameters of microwave freeze-drying. This research involved an
explanation of dielectric properties and an attempt to describe microwave heating during
the freeze-drying process in terms of the dielectric properties. The results show a 75
percent reduction in drying time for beef compared to the same product dried by

conventional freeze-drying.
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