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Freeze-drying (lyophilization) is a drying process which is used to remove water from heat sensitive products,
usually for the purpose of preservation. By removing water, the product becomes more stable at room
temperature. This is a common process in the pharmaceutical industry but not only. The goal of this study is to
present the freeze-drying (lyophilization) process and its basic principles.

INTRODUCTION

Freeze-Drying or “lyophilization” is a drying process where the solution, normally aqueous, is first
frozen, thereby converting most of the water to ice, and the ice is removed by sublimation at low
temperature and low pressure during the primary drying stage of the process. At the end of the primary
drying stage, all ice has been removed. A significant quantity of water remains associated with the solute
phase and does not freeze. This unfrozen water is removed by desorption in the secondary drying stage of
the process, usually employing temperatures above ambient until the residual water content decreases to
the desired moisture content. '’ In reality, some sorbet water is removed in the primary drying stage.
Thus the two stages occur concurrently. The resulting product is in a stable form and can be re-dissolved
rapidly in water; the material displays what is called lyophilic behavior, which made the term
lyophilization describe the process of freeze-drying.

Thomas Jennings and Henry Duan’ define the lyophilization process as a stabilizing process, in
which a quantity of amount water is reduced to values that will no longer support biological growth or
chemical reactions; in other words, it is a process that slows down the kinetic clock. The kinetic clock is
the rate at which a substance undergoes change.”

Freeze-drying is a common process in the pharmaceutical, food and biomedical industries. It is
employed soon after production for injectable pharmaceuticals that exhibit poor stability in solution,
preventing their deactivation over a period of time and preserving their bioactivity. Many microorganisms
and proteins survive lyophilization well, and it is a favored method of drying vaccines, blood fractions,
and diagnostics. Some special food products are also lyophilized. They rehydrate easily and quickly
because of the porous structure left after the ice has sublimed.

As lyophilization is the most complex and expensive form of drying, its use is usually restricted to
delicate, heat-sensitive materials of high value. Substances that are not damaged by freezing can usually
be lyophilized so that refrigerated storage is unnecessary. Some other less common applications of
lyophilization are recovery of water-damaged books and manuscripts'' and preservation of archaeological
specimens, tissue for spare-parts surgery, and museum specimens for display such as plants and animals,
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and vegetable matter for research programs. Occasionally, materials are lyophilized to achieve a porous,
friable structure rather than for preservation. Lyophilizers are sometimes used for concentration of
delicate materials. Thus, the principle advantages of lyophilization as a drying process are:

— minimum damage and loss of activity in delicate heat-liable materials,

— speed and completeness of rehydration,

— possibility of accurate, clean dosing into final product containers,

— porous, friable structure.

The principle disadvantages of lyophilization are:

— high capital cost of equipment (about three times more than other methods),

— high energy costs (2-3 times more than other methods),

— long process time (typically 24 hour drying cycle).

Reduction of the overall cost of freeze-drying is the motivation behind much of the freeze-drying
research that has been done. In any industrial freeze-drying process there are two major concerns:
processing cost and final product quality. The processing cost is directly related to the time and energy
required to complete the drying stages. The product quality is determined by all the stages of freeze-
drying, which include, for pharmaceuticals, formulation.

Although the basic concepts of freeze-drying are known, the details are not well understood.
Fundamental knowledge in some areas concerning the physical processes of freeze-drying is not complete.
Optimum parameter settings are usually found by trial and error, a lengthy and expensive procedure.” Some
manufacturers will even suggest that a product be stored in a freezer after it has been freeze-dried when the
goal is to make products that are stable at room temperature.'’ A better understanding of the fundamental
phenomena involved is necessary to allow efficient process optimisation.

2. FREEZE DRYING PROCESS

Freeze-drying is a multiple operation which involves the following three stages:
1. the freezing stage,

2. the primary drying stage (sublimation), and

3. the secondary drying stage (desorption).

A simplified freeze dryer system is presented in Fig. 1.’

1
\

Fig. 1 — Simplified freeze-dryer.
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The plant consists particularly of a drying chamber (1), temperature controlled shelves (2), a
condenser (3) and a vacuum pump (4). The major purposes of the shelves are either to cool and freeze or
to supply heat to the product. This is supported by the shelf heater and refrigerator system (5). On those
shelves the vials or the trays are placed. In this figure all the vials are represented by one vial (10). The
chamber can be isolated from the condenser by a valve (6). Some freeze dryers possess a mechanism for
sterilizing the interior (7). The vacuum system is placed after the condenser. After a freeze drying process
is completed, the condenser will be heated by means of the condenser heater and refrigerator system (8)
in order to remove all the frozen ice at the condenser walls. The water is then drained (9).

2.1. Freezing stage

The first step in the lyophilization of a product is to convert it into a frozen state. The material system
is cooled down to a temperature that is always below the solidification temperature of the material system
and depends on the nature of the product. The freezing drying stage will be referenced to the collapse
temperature.'™ It is important that during the freezing process the solvent (water) be crystallized. At the end
of the freezing step there is already a separation between the water to be removed (ice crystals) and the
solute. The shape of the pores, the pore size distribution, and pore connectivity of the porous network of the
dried layer formed by sublimation of frozen water during the primary stage depend on the ice crystals that
formed during the freezing stage.'''* This dependence is very important because the parameters that
characterize the mass and heat transfer rates in the dried layer are influenced by the porous structure of the
dried layer and the performance of the overall drying process depends significantly on this stage.

2.2. Primary drying stage

After the freezing stage, the chamber pressure is reduced to a value that would allow the sublimation
of the ice. Sublimation is a phenomenon whereby a molecule of water seemingly spontaneously arises
from the ice and becomes a molecule of gas. As the bulk of molecules performs such feat, the ice disappears.
Non-crystalline, amorphous, or glass portions of the frozen mixture do not sublime, but rather remain adsorbed
to the solids at the end of sublimation. For sublimation, the applied heat may come from the warmed fluid
flowing through the shelves or walls of the chamber, or from the microwave energy, or any conceivable
source. The amount of heat that can be supplied is limited because there are some conditions that have to be
satisfied during the primary stage regarding the product temperature. The maximum allowable temperature
that the frozen layer could tolerate, without loss of product property or stability, is denoted by convention the
melting temperature of the sublimation interface of the frozen layer (T,,).>*

The water vapor produced by sublimation travels by diffusion and convection in the porous
structure of the dried layer and enters the drying chamber of the freeze dryer. The water vapor must be
continuously removed from the drying chamber in order to maintain non-equilibrium conditions for the
drying process in the system. The time at which there is no more frozen layer is taken to represent the end
of the primary stage.

2.3. Secondary drying stage

The secondary drying stage starts when all the ice has been removed by sublimation. In the
secondary stage the water that did not freeze (bound water) is removed. The bound water is due to
physical adsorption, chemical adsorption and water of crystallization. Since the amount of the non-frozen
water is about 10-35% of the total moisture contents, its effect on the drying rate and overall drying time
is very significant. The bound water is removed by desorption which takes place by heating the product
under vacuum. Moisture may move by vapor diffusion through the solid under a vapor pressure gradient.

In the case of the secondary drying stage, certain constraints have to be satisfied regarding to the
moisture content and temperature of the product. These variables influence the structural stability and
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product stability. The moisture content in the dried material at the end of the secondary drying stage, as
well as the temperature at which the material dried is kept in storage, are critical factors in determining
the product stability during its storage life.”*'>'°

3. THEORETICAL ANALYSIS OF THE FREEZE-DRYING

It is important to understand the basic physical processes that take place during freeze-dying.
Understanding these processes individually is the first step to understanding their complex interdependences
present in freeze-drying. The important physical processes in freeze-drying are:

— sublimation during the primary drying stage,

— desorption during the secondary stage,

— diffusional and viscous flow within the porous material, and

— heat conduction, within both the porous and frozen material.

If the heat is supplied volumetrically, as with microwaves, then the mechanisms of dielectric
heating and dielectric properties of the materials involved are also important.

3.1. Theory of sublimation

The basis of the freeze-drying process is sublimation. Sublimation is the process by which a
substance, which is usually water in freeze-drying, goes directly from solid to vapor without melting.
Water must first be frozen and then subjected to low total pressure or very low vapor pressure. As the
mass of ice present in the formulation matrix generally exceeds the mass of the interstitial region, the
temperature of the frozen matrix during primary drying will be governed by the temperature of the ice
crystals at the gas-solid interface.
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Fig. 2 — Equilibrium phase diagram for water.
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To determine the conditions for sublimation, the faze diagram for water is useful (Fig. 2). An
equilibrium phase diagram shows the pressures and temperatures for which different phases of a single
component system are in equilibrium. This type of diagram is used to determine the range pressure and
temperature required for sublimation. Fig. 2 shows pressure-temperature dependence diagram for a substance
that expands upon freezing. This figure shows the various types of phase changes that can occur.

For the freeze-drying process, only sublimation and deposition are of importance and this saturation
line is plotted in Fig. 3.

As can be seen, the ice sublimation takes place below the triple point temperature, 273.16 K and
vapor pressure below 4.58 torr (0.61 kPa). This is an equilibrium phase diagram.* For the sublimation
process to be continuous, the ice and gas at sublimation interface should not be in an equilibrium state.
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Fig. 3 — Equilibrium phase diagram for sublimation — deposition in freeze-drying.

In a system that consists of two phases, the phases are in equilibrium for a given temperature and
pressure when the Gibbs energy of one phase equals the Gibbs energy of the other phase. The Gibbs
energy, G, is given by

G=H-TS (1)

where H is the enthalpy, T is the temperature and S is the entropy. In the case of sublimation, the phase
change stops when the G of the ice is equal to the G of the gas. This equilibrium condition is marked by
the line in Fig. 3. When the differences between the Gibbs energy, 4G, of the two phases is not zero, one
of the phases will disappear. For sublimation to take place, the Gibbs energy of the ice must be higher
than the Gibbs energy of the vapor. This can be achieved by moving away from equilibrium by increasing
the temperature of the ice and/or decreasing the pressure of the gas.

When sublimation occurs near equilibrium conditions, the relationship between temperature and
pressure can be described by the Clausius-Clapeyron equation:

1nlé_:f¥1mz 11 ’ )
p R \T, T,

where p; and p, are saturated vapor pressure associated with the temperature 7; and 75, and 4H,,, is the
latent heat of sublimation over the interval from state 1 to state 2. This equation can be used to determine
the vapor pressure at the sublimation interface, for a given ice temperature at the interface. However,
since the latent heat is a function of temperature, it is usually more convenient to determine a function
that represents the line in Fig. 3 over the temperature range of interest and use that function in place of the
Clausius-Clapeyron equation. This can be like:

_AH\'ub
p=Ae FT 3)
where p is the saturated vapor pressure, A is a constant which can be derived in any desired pressure units,
i.e., A=2.71 x 10" torr, AH,, = 51102 J/mol.

From Dalton’s Law of partial pressure, the total pressure of a gas is the sum of the partial pressure
of all the different gas species. In Fig. 3, the only gas over the ice is water vapor. Pressure is nothing more

than a way of expressing gas concentration as a function of temperature: p-V =n-R-T, or p = nRT _but
Vv

Conc. = n/V moles/liter and p = Conc.-R-T, by substitution Conc.(p, T) = p/RT.
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When there is substantial N, or air from a bleed source used to control pressure, then, the ice
temperature will not be the one shown, but rather corresponding to the partial pressure of the water
vapor.* Consequently, in the situation where there is excess N, to make the total pressure, the ice
temperature will correspond more to the partial pressure due to water than the total pressure. It is not the
pressure in the lyophilizer that determines the ice temperature, but rather the partial pressure of the water
vapor in the lyophilizer that determines the ice temperature. Further, during primary drying, so much
water is coming off so fast that most of the chamber pressure is due to water vapor. Indeed, there are
instances when the vacuum pumps cannot keep up and the chamber pressure during primary drying
exceeds the vacuum pomp set point. From the phase diagram of water, it is clear that sublimation will not
occur when the partial pressure of water vapor is above 4.58 torr. However, Dalton’s law clearly shows
that the total pressure could be atmospheric (760 torr) and sublimation still occur if the partial pressure of
water were less than 4.58 torr. Hence snow will sublime under atmospheric conditions.

3.2. The rate of sublimation

Thermodynamics provides some insight into the conditions required for sublimation, but it not does
provide a way to determine the actual rate of sublimation given the non-equilibrium conditions. To obtain
this information the kinetic theory is important.

In the kinetic theory, the state of a substance is described at a molecular level and is determined by
intermolecular forces and kinetic energies of the molecules. The molecules of a system all have different
kinetic energies and thus, there exists a kinetic energy distribution. A system can be described by kinetic
energy distribution and the resulting average kinetic energy of the molecules.

In a solid, the average kinetic energy of the molecules is less than the energy associated with the
intermolecular forces that bind the molecules together. However, on the surface of a subliming solid the
kinetic energy distribution shows that some small percentage of molecules has enough energy to
overcome those intermolecular forces and break free from the surface. The percentage of molecules that
have enough energy to break free from the surface increases with the increasing temperature of the solid.

The rate at which molecules in the gas return to the subliming surface of the solid, is determined by
the pressure of the gas. The pressure of the gas is determined by the number of molecules in the gas, the
volume occupied by the gas and the temperature of the gas. At higher pressure, the rate of molecules
returning to the solid is greater.

Thus, there are two convenient variables that can be controlled to maximize the sublimation rate of
ice: the pressure of the water vapor above the subliming surface of the ice and the temperature of the ice.
Increasing the temperature results in a larger number of molecules leaving the surface, while decreasing
the pressure removes molecules from the gas above at the sublimating interface. This situation results in a
net flux of molecules away from the sublimation interface.

It can be seen from the kinetic theory that a higher ice temperature combined with a lower pressure
increases the rate of sublimation. Knudsen derived an equation for the absolute rate of sublimation of ice,
Gy, from the Kinetic theory:17

1/2
M
G,=k-p | ——| ,0<xk<l, 4
sub psat(zﬂRTJ ( )

where « is the coefficient of evaporation, p,,, is the saturated vapor pressure of ice, M is the molecular
weight of water vapor, R is the gas constant, and 7 is the absolute temperature of the ice. Many researchers'’
have attempted to determine x for ice in various temperatures ranges usually arriving at values ranging
from 0.6 to 1.

A plot of the Equation 4 using data from the sublimation line of a p - T diagram for water'® shows
that higher ice temperatures result in higher sublimation rates (Fig. 4).
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Fig. 4 — Knudsen’s absolute sublimation rate, G, versus temperature for ice, using k = 1.

Thus, it is expected that in freeze-drying the ideal temperature is the maximum allowable temperature
given the temperature constraints imposed by the product."

In a real system, there will not only be water molecules leaving the surface of the ice, but also
returning to the ice. Thus, the partial pressure of water vapor has an effect on the sublimating rate. A
condenser can be used in a vacuum system to keep the vapor pressure low. The effect of a condenser in
the vacuum system can be represented as '’

M 172
G, =% (P -1.) (ﬁ) , I>M.F.P. (5)

where p. is the pressure outside the condenser, [ is the distance from the sublimation interface to the
condenser and M.F.P. is the mean free path of the vapor molecules.

Initially, the ice and water vapor are assumed in equilibrium. To start the process of sublimation on
the one side of chamber and deposition on the on the other side, one can increase the temperature of the
ice by heating the surface on the left to start the sublimation and decrease the temperature by cooling the
surface on the right. By causing deposition to occur, the effect is lowering of the chamber pressure below
the equilibrium vapor for the given temperature at / (Fig. 5).
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Fig. 5 — Illustration of a simple sublimation process
where mass transfer is driven by a concentration
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Ice subjected to a lower pressure will sublime when the water vapor pressure of the gas in the drying
chamber is lower than the saturated vapor pressure of the ice. Since the saturated vapor pressure of the ice
increases with the increasing temperature, simply heating the ice can raise its Gibbs energy above the Gibbs
energy of the water vapor in the chamber. The vapor pressure in the chamber is kept low by continuous
pumping of the chamber using a condenser. Both will remove water vapor from the drying chamber as it is
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generated by sublimation occurring at the surface of the ice. The condenser provides a surface that is cold
enough to allow deposition of water from the phase to the solid phase on a cold surface.

Applying a thermodynamic analysis to this situation, if it is assumed that nearly equilibrium
conditions are present, then the sublimation rate, W, is determined by

q
AH

W =

(6)

sub

where ¢ is the rate of heat input. From this analysis, it is obvious that the sublimation rate will increase as
the rate of heat input is increased.

Since the transport of gases involves primary and secondary drying process, it is essential that one
have a basic understanding of the nature of gases. As gases by their very nature are in constant motion,
their properties have been generally defined as what is known as the Kinetic Theory of Gases.

3.4. Kinetic Theory of Gases

The kinetic theory of gases is based on two postulates:*

1. Matter is composed of small particles, i.e., atoms or molecules, and these can be grouped
according to chemical composition, configuration, and mass. For molecules one must take into
account their chemical structure.

2. Gas molecules are in constant motion, and the motion is related to the temperature of the gas.
For the atomic gases, such as helium and argon, the temperature of the gas will be directly
related to their kinetic energy (1/2 mv’), where m is the mass of the atom and v is its velocity
(distance per unit time). The total energy of molecules such as ethyl ether or ethyl alcohol will
be defined not only by their kinetic energy but also by the rotational and vibrational energy
associated with the chemical bonds.

Gas Pressure

The second postulate indicated that the translational or kinetic energy of gas particles is directly
related to the temperature of the gas. In fact, a measure of the translation energy of the gas will define its
temperature. When confined to a closed cubic box with each side having the dimension s, the gas particles
will strike the wall chamber. If we assume that there is no interaction between the walls of the chamber
and the particles, such collisions with the surface can be considered perfectly elastic in nature. When a
gas particle strikes a wall of the vessel, it will impart momentum (mv). If the collisions are perfectly
elastic, the change in momentum of the particle upon striking the wall will be 2mlvl. The term lvl denotes
the absolute velocity of the particle. For N particles striking a surface area per unit time, the force per unit
area exerted by particles will be defined as:

p = 2Nmy (7
where p is the pressure.

Mean Free Path

The pressure of a system was defined by Equation 7 in terms of the force exerted by gas-wall elastic
collisions, but gas particles can also undergo gas-gas collisions. In the freeze-drying, it is important to
know if the number of the gas-wall collisions >> the number of gas-gas collisions or if the number of gas-
gas collisions >> the number of gas-wall collisions. The following will describe a means for determining
the gas-gas collisions from knowledge of the mean free path (M.F.P.).
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The mean free path (M.F.P.) of a water molecule is the average distance traveled by the molecule
before it collides with another molecule:

RT

M.F.P =
\/Eﬂdzng

®)

where:
R =8,31451 J/(mol-K)
d=3,85x10""m
T — absolute temperature, K
p — pressure (Pa)
M.F.P. — mean free path, m
N, = 6,023 x 10” mol
In a typical commercial lyophilizer, a water molecule must travel about 3 meters before adhering to
a condenser surface, or being pulled into a vacuum exit. At a typical chamber pressure of 13 Pa, and 0°C
the M.F.P. for a molecule will be 440 pum.

Gas flow

Gas flow at subatmospheric pressure will fall within three general categories: viscous, transition
and molecular. The category for the gas flow will depend on the Knudsen number (K.N.). The K.N. for
gas flow is defined as®
_M.F.P.

r

K.N. , 1/ collisions 9)

where r is the radius of the system. When K.N. is < 0.01, i.e., when r >> M.F.P., the nature of the gas
flow will be considered viscous in nature (i.e., the number of gas-gas collisions >> the number of gas-wall
collisions). When the M.F.P. > r, then K.N. >1, and the flow will be molecular in nature. Molecular gas
flow will occur when the number of gas-wall collisions far exceed the number of gas-gas collisions. Gas
flow in the transition range will occur when 1 > K.N. > 0.01 (Fig. 6).”'
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Fig. 6 — Types of diffusion gases in small capillary tubes:
(a) Knudsen diffusion, (b) molecular or Flick’s gas diffusion, (c) transition diffusion.

In each flow regime, there is more than one mechanism by which mass transport can take place. The
flow regimes and several mass transport mechanisms along with driving potentials are listed in Table 1.

Table 1

Flow regimes

Flow regime Mechanisms Driving potential
Knudsen Knudsen diffusion concentration gradient
transition slip flow (Knudsen + viscous) concentration gradient, pressure gradient

pressure gradient, concentration, temperature
continuum flow viscous flow, binary diffusion gradient
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The following five principles have been derived from the simple kinetic theory:

— Dalton’s law of partial pressure py = p; + p, + p;, etc. The total pressure of a gas is the sum of
the partial pressure of all the different gas species.

— Energy distribution among molecules.

— Number of collisions per second. One can calculate the number of collisions that will occur in a
three or two dimensional box and even though every molecule is started at a random place and a
random speed and random direction, the calculation is still within a fraction 1% of the actual
number of collisions counted by a computer simulation.

— Knudsen numbers and effusion of gas from a small orifice. This concept may play an important
role in the secondary stage related to the theory of how a gas molecule escapes from fibers.

— Viscosity of a gas, diffusion, and thermal conductivity.

CONCLUSIONS

Freeze-drying (Lyophilization) is a convenient method for drying those decomposable products that
cannot be stabilized in any other way or show markedly improved quality for a rather high average cost.
The freeze-drying can be suitable for high value products with specific biological and/or physicochemical
properties.

The process is composed of three events: freezing, primary drying (sublimation) and secondary
drying (desorption).

Sublimation and desorption are mathematically described from the kinetic theory. The kinetic
theory and the rate of sublimation are also presented in this study.

Future studies will focus on the influence of the freezing stage on transport properties and drying
process, effects of processing factors on the freeze-drying process, effects of structural parameters on
transport properties, heat and mass transfer and other important aspects of this very complex process —
freeze-drying (lyophilization).
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