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Abstract −− For lyophilization protocols, the shelf 

temperature, chamber total pressure, and process 
time must be selected to maximize equipment 
throughput while maintaining highly reliable prod-
uct characteristics. A general method to estimate 
these operation parameters was devised and applied 
to the production protocols of human cancellous 
chips, cortical struts, and morselized bone to be used 
as osteoconductive allografts. The sample freezing 
point was estimated utilizing thermodynamic princi-
ples and the shelf temperature was set just below this 
value. The total chamber pressure was adjusted ac-
cording to the water vapor pressure above ice, and 
the process time during main and final drying were 
estimated considering both the amount of water to 
be removed from each sample and the rate of heat 
transferred by contact and radiation from the sur-
roundings. The initial pressure-shelf temperature-
time surfaces projected for all the drying stages were 
tuned experimentally to yield optimized freeze-
drying protocols for each type of sample.  
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I. INTRODUCTION 
Cryodessication is the preferred method for drying 
thermally sensitive materials, because the low tempera-
tures involved minimize unwanted reactions that usually 
occur in other drying processes, since frozen samples 
are dried under vacuum by sublimation of the ice pre-
sent (Geankoplis, 1982). In order to maintain suitable 
drying rates, heat must be supplied to the frozen sample 
fast enough to prevent the sample temperature from 
dropping excessively resulting in exceedingly long 
processing times. Depending on the sample chemistry 
and morphology, a final drying period must be added to 
the normal main-drying stage to remove intimately 
combined water. Final drying is carried out at compara-
tively higher temperatures using the highest vacuum at-
tainable by the equipment, in order to remove the last 
fraction of specimen humidity and meet the water activ-
ity required to allow the storage of the products at room 
temperature.  

Despite lyophilization has been currently used in a 
wide variety of applications, little information is avail-

able for a rational approach to the initial estimation of 
freeze-drying start-up parameter values.  

II. FREEZE DRYING CURVE ESTIMATION 
The parameters needed to set a production protocol are 
the shelf temperature (TS), the total chamber pressure 
(PT) and the span of the main and final drying stages (tM 
and tF), if the latter is required.  

The main drying shelf temperature selected must be 
low enough to assure that all the water present in the 
sample is under the form of ice before drying begins. 
Therefore, the freezing point depression of the water 
contained in the specimen must be estimated or meas-
ured, and a reasonable safety margin must be added to 
allow for local fluctuations in the sample characteristics. 
However, the highest possible safe shelf temperature 
should be selected to minimize processing time, since 
the drying process tends to decrease considerably the 
sample temperature and consequently the water mass 
transfer.  

In general, two phenomena cause the depression of 
the freezing point of a pure fluid by decreasing its equi-
librium vapor pressure, i.e., the presence of solutes, as 
well as the confinement of the liquid within a solid with 
surfaces akin to the fluid. Both contributions to the 
freezing point depression add up, and these can be 
measured, estimated from empirical equations, or calcu-
lated from thermodynamic principles. The latter ap-
proach was used in the past to derive Eq. 1, for the case 
of the presence of solutes in water (Atkins, 1980), and 
Eq. 2 for the capillary cryoscopic descent of water con-
fined in solids with hydrophilic surfaces (Kurz and 
Fisher, 1984; Thomson, 1871; Woodruff, 1973):  
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where T is the freezing point (K), T0 is the normal freez-
ing point (K), i is the Moles of ions per mole of solute, 
Kf is the cryoscopic constant (K⋅kg⋅mol-1), m is the solu-
tion molality (mol.kg-1), σLS is the water-ice interface 
excess energy (J/m2), VS is the specific volume of the 
solid phase (m3/kg), κ is the interface average curvature 
radius (m-1) and ΔHfusion is the fusion latent heat (J/kg)  

The cryoscopic descent estimated for a solution five 
times more concentrated than an isotonic NaCl solution, 


