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To save drying time and increase productivity, a novel idea was proposed for freeze-drying of liquid materials by creat-
ing an initially unsaturated frozen structure. An experimental investigation was carried out aiming at verifying the idea
using a multifunctional freeze-drying apparatus. Mannitol was selected as the primary solute in aqueous solution. Liquid
nitrogen ice-cream making method was used to prepare the frozen materials with different initial porosities. Results
show that freeze-drying can be significantly enhanced with the initially unsaturated frozen material, and substantial dry-
ing time can be saved compared with conventional freeze-drying of the initially saturated one. Drying time was found to
decrease with the decrease in the initial saturation. The drying time for the initially unsaturated frozen sample
(So=0.28 or 0.69 of initial porosity) can be at best 32% shorter than that required for the saturated one (So= 1.00 or
zero porosity). This unique technique is easy to implement and improves the freeze-drying performance of liquid materi-
als. © 2015 American Institute of Chemical Engineers AIChE J, 61: 2048-2057, 2015
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Introduction as to reduce the energy consumption and raise productivity

. . . has thus been a worldwide challenge for the past several
Freeze-drying has the advantages of protection against decades.”®

chemical decomposition, minimum loss of activity, good
preservation of solid structure, and easy rehydration of prod-
uct due to the low drying temperature and the normally very
low residual moisture content.' Freeze-drying, therefore,
plays an irreplaceable role in the processing of heat-sensitive
materials such as food, pharmaceuticals, and biological prod-
ucts.”? It has also found applications in the preparation of
new materials.* However, freeze-drying is one of the most
energy-consuming unit operations because not only of the
phase change of moisture but also of the poor overall energy
efficiency of the process.5’6 Reducing freeze-drying time so

There are a few ways on the process development to mini-
mize drying time while maintaining acceptable product qual-
ity. The ordinary or conventional method involved reducing
the chamber pressure in an attempt to improve the driving
force of mass transfer. Ultralow vacuum pressure, however,
resulted in a very poor thermal conductivity of the dried
layer and yielded a large heterogeneity in heat transfer.’
Light gas injection (e.g., He, H,) and pulsed pressure in the
drying chamber were then tested to improve the conductiv-
ity,'” but this remedy is unlikely to be cost-effective and
causes additional operating complexity. In fact, a simple way
from the viewpoint of energy saving is that freeze-drying
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which is limited by the so-called “maximum allowable
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Figure 1. Flow diagram of experimental apparatus: (1) date acquisition card; (2) PC; (3) infrared sensor; (4) loadcell;
(5) sample mold; (6) drying chamber; (7) heating cabinet; (8) heat exchanger; (9) circulator; (10) ring
blower; (11) regulating valve; (12) pressure sensor; (13) vacuum pump; (14) cool trap; (15) three-way valve;

and (16) freezer.

temperature” for a solute that crystallizes during freezing, or
the “glass transition temperature” for a solute that remains
amorphous.'' An alternative and effective approach to
enhancing the process was to apply volumetric heating, for
example, microwave or radio frequency heating. Microwave
heating is recognized to be an advanced heating method in
contrast to the poor heat supply in conventional freeze-
drying conducted and/or radiated from the exterior to the
interior of the material being dried. Characteristics of micro-
wave heating can be beneficial in the drying of materials
containing liquid water through the volumetric dissipation of
dielectric energy. Because ice, unlike water, hardly absorbs
microwave energy, simple combination of freeze-drying with
microwave heating is ineffective. Wang and Chen, therefore,
proposed the “freeze-drying with dielectric-material-assisted
microwave heating.” Their experimental and numerical
results show that using the dielectric material in microwave
freeze-drying can effectively improve the freeze-drying rate.
More than 20% of the drying time can be saved compared
with the conventional process under the examined operating
conditions.'*"?

The dielectric-material-assisted microwave freeze-drying
successfully solved the heat-transfer problem in freeze-
drying. In terms of mass transfer, there are still certain prob-
lems to be addressed. The overall freeze-drying process
involves four usual operations, that is, wet material freezing,
vacuum maintenance, sublimation—desorption, and vapor
condensation. The sublimation—desorption consumes nearly
half of the overall energy required. Both the vacuum mainte-
nance and the vapor condensation require similar amounts of
energy. The remaining 4-5% of the energy consumption is
spent in the freezing stage.'* As a result, reducing sublima-
tion—desorption time, while simultaneously shortening the
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vacuum maintenance and vapor condensation times, plays a
critical role in the process enhancement and economic
improvement. Mass transfer is essential in this part of the
process.

Conventional freeze-drying of aqueous solutions is to
freeze liquids into a block of frozen materials without any
initial voids, termed initially “saturated” frozen material.
Sublimation, especially during the primary drying stage,
takes place only at the sublimation interface'® that is more
or less the cross-sectional area of the material-containing
vial.'® Conversely, some naturally formed solid materials
like meat, vegetables, and fruits have their original porous
microstructures.  Such  materials may initially be
“unsaturated,” that is, only partially filled with moisture. The
sublimation interface in such cases can then be all over the
material volume with a much larger surface area.'”'® In their
investigation of the effect of chamber pressure on heat and
mass transfer during freeze-drying, Livesey and Rowe found
that the rate-controlling factor in the initial stage is heat
transfer, but that mass transfer comes to dominate once a
dried layer has formed.'” Mass transfer plays a more impor-
tant role in the overall freeze-drying process. Wolff and
coworkers proposed that water vapor diffusivity in the
porous-dried layer is the major factor affecting the drying
rate based on their experimental data collected from vial
freeze-drying of milk.”® Nail and Gatlin agreed that the
greatest resistance to vapor transport is located at the dried
region,”' depending on the size of the ice crystals formed
during the freezing stage.”> Wang and Chen reached a simi-
lar conclusion based on their theoretical analyses of freeze-
drying.23 Pikal and coworkers more specifically pointed out
that the prevailing transfer resistance in freeze-drying is
from water vapor migration in the dried region.”*
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To reduce the drying time and increase the energy utiliza-
tion efficiency, a novel idea, freeze-drying of an initially
unsaturated porous frozen material, was proposed, aiming at
improving the mass transfer.”> The unique feature of this
innovation is that the solution to be dried is first prepared
into a frozen material with a certain initial porosity (like ice-
cream), and then freeze-dried. This technique is expected to
yield better product quality and faster drying rate with easy
operation. In a preliminary experimental study, two samples,
initially saturated and unsaturated ones with the same sample
mass of 1.2 g, of the same height—diameter ratio and the
same initial moisture content, were tested under the same
operating conditions. The initially unsaturated frozen mate-
rial was dried more than 30% faster.”® This result verified
the previously reported theoretical prediction.18 The main
objective of this study is to further verify the proposed idea
through more precise experiments under various operating
conditions. The results obtained can help ones to elucidate
the mechanism of the process improvement in-depth so as to
guide future implementation of the proposed process. This
new technique would have a significant impact on the tradi-
tional freeze-drying process.

Experimental Apparatus

The laboratory-scale multifunctional experimental appara-
tus of freeze-drying was designed and built as shown in Fig-
ure 1. The apparatus consists of four subsystems: a vacuum
system, a temperature control system, a data acquisition sys-
tem, and a freezing system. It is briefly summarized below.

The vacuum system consists of a drying chamber, a vac-
uum pump, and a vapor condenser. A quartz bell jar (TGP)
was used as the drying chamber with about 2.3 L of volume.
A vacuum pump (RV12, BOC Edwards, UK) was operated
to maintain an ambient pressure level within the drying
chamber under the control of a regulating valve (Swagelok).
The vapor condenser is a home-designed liquid nitrogen cool
trap with a volume of about 1.7 L to prevent water vapor
from entering the pump. This system could develop a vac-
uum of less than 1 Pa in the drying chamber within 2 min
when all the connections were completely sealed.

The temperature control system was designed to maintain
a constant ambient temperature on the surface of the bell jar.
It includes a circulator, a copper—zinc brazed plate heat
exchanger, a ring blower, and a heating cabinet. The circula-
tor (9712, PolyScience) has a wide temperature range from
—40 to 200°C and a high stability of *£0.01°C of the set
point. The air—water heat exchanger (Yalong, Jiangsu, China)
has an area of 0.72 m?, and an operating temperature range
between —160 and 200°C. The blower (Sensen, Zhejiang,
China) has a flow rate of 60 m’/h and a pressure head of
11.8 kPa for air circulation. The heating cabinet was home-
made of plexiglass.

The data acquisition system is comprised of three sensors,
a data acquisition card, and a PC (M7130, Lenovo, China).
An infrared sensor (CI3A, Reytek) was chosen to monitor
the surface temperature of the bell jar. A loadcell (0.3 kg,
NTS, Xiamen, China) was mounted to measure the sample’s
weight loss with time during drying. The loadcell was cali-
brated against an analytical balance (PL403, Mettler, Swit-
zerland). The vacuum pressure sensor used in the system is
an active Pirani gauge (APG100-XLC, BOC Edwards, UK).
The data acquisition card (PCI-6221, NI) digitizes the analog
signals generated by the three sensors. A computer program
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was written based on the LabVIEW software platform for
data display, storage, and analysis.

The freezing unit is an ultralow temperature freezer
(148 L, Aucma, China) outside the drying chamber. It was
used for further freezing of the ice-cream-like frozen materi-
als for hardening.

Materials and Facilities

Mannitol (Analytical Grade, Aladdin, China) was selected
as the primary solute in aqueous solution because it is a
commonly used pharmaceutical excipient which can retain a
porous structure and reduce the chance of collapse during
and after freeze-drying.”?’ Deionized water was used as the
solvent. Liquid nitrogen was purchased from the Dalian
Institute of Chemical Physics of the Chinese Academy of
Sciences.

A draught drying cabinet (DHG-9070A, Yiheng, China), a
moisture analyzer (HR83-P, Mettler, Switzerland), and a
scanning electronic microscope (SEM) (Quanta450, FEI)
were also used.

Experimental Method
Sample preparation

The aqueous solution of mannitol was prepared by dis-
solving 20 g of mannitol powder and 2.3 g of an emulsion
stabilizer with 100 g of deionized water in a beaker of
250 mL. The emulsion stabilizer was a mixture of 2.0 g of
skim milk powder and 0.3 g of sodium carboxymethylcellu-
lose (CMC). The skim milk is a typical emulsifier, and the
CMC is widely used as an emulsifier in food processing.28
The initial moisture content, Xy, was 4.48 kg/kg on a dry
basis, corresponding to 81.77 wt % on a wet basis.

The liquid nitrogen ice-cream making method was used in
this experiment instead of the traditional method to prepare
the frozen material with a certain initial porosity. A tradi-
tional ice-cream making process usually includes mixing,
homogenizing, ripening, initial freezing, and further freez-
ing.?’ During the first stage of freezing, a certain amount of
air needs to be mixed into the material through agitation as a
separate step.’’ The liquid nitrogen ice-cream making
method incorporates the initial freezing with gas mixing into
one step. This method was adopted because it is convenient
for laboratory experimentation. The unsaturated frozen mate-
rial made with this instant method is expected to have con-
tinuous solid matrix and pore space as seen in the following
section.

The liquid nitrogen was added slowly into the aqueous
solution in an insulated barrel while stirring at about
400 rpm. Gasification of the liquid nitrogen absorbed a large
amount of heat resulting in quick freezing of the solution. At
the same time, a certain amount of nitrogen gas was incorpo-
rated into the solution through the rapid agitation. The solu-
tion being processed thus expanded into a frozen mousse
with an initial porosity which depended on the amount of
liquid nitrogen added with good operational skills. Such a
premade material was then molded in several cylindrical
containers with supporting pad at bottom, and quickly placed
into the freezer for further freezing and hardening for at least
4 h to reach —26°C. The molding allowed forming the
samples of equal mass. The molding and hardening opera-
tions were almost the same as the further freezing stage in
the traditional ice-cream making method.?® Thereafter, the
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Figure 2. Sample mold.

completely frozen material was fixed onto the supporting
pads to form several sample molds within the containers.

For the saturated frozen materials without initial pores, the
molds were prepared by directly pouring the aqueous solu-
tion into the cylindrical containers and placed into the
freezer until they reached —26°C, the preset temperature.

Four kinds of the sample molds, one for the initially satu-
rated frozen material and the others for the unsaturated ones
with different initial porosities, were prepared with the same
initial mass of 1.8 g and the geometry of 14.8 mm in diame-
ter, as shown in Figure 2.

The initial sample mass, W, (kg), was obtained by weigh-
ing the sample using the analytical balance. The solid vol-
ume, V, (m’), of the frozen sample can thus be obtained
with the following formula

1 W

=— .22 1
ey (1)

where p; (kg/m3) is the solid density.13 With the two vol-
umes, V, (m?) of the initially saturated sample and V', (m%)
of the initially unsaturated one, the initial saturation, Sy, and

the intrinsic porosity, ¢, of the sample can then be deter-
mined, respectively, as

Vo—Vs
So=———+ 2
0=V (@)
8:& 3)

XOps+S0pi

where p; (kg/m’) is the density of pure ice."?

It should be mentioned that when the frozen sample is
fully saturated with ice crystals without initial pores, the sat-
uration value is equal to 1. When the sample has initial
voids, the saturation value is less than 1. For example, the
sample with the initial saturation, Sy of 0.28 has the intrinsic
porosity, ¢ of 0.96 (when all moisture is removed) and the
initial porosity, &(1-Sg) of 0.69 (when no moisture is
removed). Table 1 gives these values for the three kinds of
the initially unsaturated frozen samples and those for the sat-
urated one.
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Table 1. Values of Sy, ¢, and &(1-S) of Different Frozen

Samples
So € &(1-Sp)
1.00 0.88 0
0.65 0.92 0.32
0.43 0.94 0.54
0.28 0.96 0.69

To investigate temperature evolutions inside the samples
during drying, three thermocouples were buried inside two
samples, one for the unsaturated frozen sample with the ini-
tial saturation of 0.28 as a representative and the other for
the saturated one, at different locations. As shown in Figure
2, the sample dimension is supposed to be L in height and R
in radius with z =0 at the top surface of the pad. Test points
1, 2, and 3 were, respectively, located at (r, z) of (R/2, L/2),
(0, L/2), and (0, 1 mm).

Experimental procedures

Before freeze-drying, the contained sample mold was first
moved out of the freezer temporarily to remove the con-
tainer. This was achieved by allowing it to stand at room
temperature for a while or holding it in hand for a moment.
The mold without the container was then placed back into
the freezer for about 30 min to ensure a uniform initial tem-
perature. Thus, the well prepared sample mold was ready to
be freeze-dried.

To avoid an undesirable increase in sample temperature
prior to the start of the experiments, the sample mold was
moved into the drying chamber as quickly as possible, and
the chamber was evacuated immediately. The heat needed
for drying came solely from radiation of the quartz bell jar
toward the sample surface, and the jar surface was at the
ambient temperature of the drying chamber. The data acqui-
sition system displayed and recorded the sample mass, W,
(kg), the ambient temperature and the ambient pressure auto-
matically at a given frequency.

The detailed experimental procedures were executed as
follows:

1. Turn on the circulator (9 in Figure 1, the same below)
and the blower (10) to preheat the drying chamber (6) to the
desired temperature. Check the cool trap (14) to make sure
that liquid nitrogen is being supplied.

2. Switch off the regulating valve (11) and adjust the
three-way valve (15) to connect the drying chamber to the
vacuum system. Turn on the vacuum pump (13) and adjust
the regulating valve to achieve the preselected ultimate
chamber pressure.

3. Adjust the three-way valve to isolate the drying cham-
ber from the vacuum system. Move the sample mold (5)
from the freezer (16) quickly into the drying chamber after
weighing, and cover the bell jar and reconnect the drying
chamber to the vacuum system.

4. Start the data acquisition system recording variations of
the sample weight, W,, the ambient temperature and the
ambient pressure with time.

5. Observe the mass variation with time until there is no
significant change displayed on the computer screen.

6. Stop the data acquisition system. Switch off the vac-
uum pump and adjust the three-way valve for venting.

7. Turn off the circulator and the blower. Remove the
dried product from the chamber and measure its residual
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Figure 3. Freeze-drying curves of samples with differ-
ent initial saturations.

15000

moisture content using the drying cabinet and the moisture
analyzer, respectively.

The dry-based moisture content of the sample during dry-
ing is

X=—"2 “4)

where W (kg) is the solid mass of the sample obtained from
Eq. 1. The moisture content can also be expressed in terms
of ice saturation using the following formula

ep;

As freeze-drying was normally operated below 50°C of
temperature and in the range of 4-40 Pa of pressure,'
30°C of the ambient temperature and 22 Pa of the ambient
pressure were selected as the typical operating conditions in
the present tests. The experimental data were acquired at a
frequency of 0.5 Hz, which was sufficient to obtain a reliable
data set for the drying process. To smooth out electronic
noise, the data were averaged arithmetically over a certain
time period to generate each data point. Because plenty of
data were collected, the subsequent drying figures only dis-
play those within about 500 s of a time interval.

Results and Discussion
Effect of initially unsaturated materials on freeze-drying

By keeping the same sample mass, the same initial mois-
ture content and also the same drying conditions, the experi-
mentally measured drying curves are shown in Figure 3. It is
worth noting that triplicate tests were conducted for the satu-
rated frozen samples and the unsaturated ones with 0.28 of
the initial saturation to quantify the repeatability of the
experimental data. The results all demonstrated excellent
reproducibility with 0.013 and 0.0041 of the maximum
standard deviation of all data points on their respective dry-
ing curves as plotted in Figure 3. Replicate tests were con-
ducted for the other two cases of different initial saturations.
Excellent agreements were also achieved for each pair of the
drying curves. All the data presented in Figure 3 are the
average values of the replicate or triplicate tests. It is
expected to find that the smaller the initial saturation of fro-
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zen materials, the shorter the drying time. The initially
unsaturated frozen material can indeed enhance the freeze-
drying of liquid materials, and the proposed technique can
be feasible and quite effective. The greatest improvement
clearly occurred for the sample with S, being 0.28 taking
12,750 s of drying time compared with 18,750 s for its satu-
rated counterpart, indicating 32% beneficial effect under the
current operating conditions. With the sample configuration
tested, sublimated vapor would migrate along both the axial
and radial directions during drying. Because of the same
radius, the sample with smaller initial saturation was taller.
The taller the cylindrical sample, the larger the share of
mass transfer in the radial direction.

Meanwhile, there was no collapse of the structure judged
from the drying curves, and no crack or deformation from
the dried products appeared during and after freeze-drying as
seen in the next section.

It is interesting to note in Figure 3 that besides the shorter
drying time, the sample of smaller initial saturation had
lower residual moisture content in the dried product. Table 2
lists the drying times and the average values of the wet-
based residual moisture contents of the different products.
The frozen material with smaller initial saturation had a
larger pore size for sublimated vapor to pass through. Mean-
while, the smaller initial saturation also produced a more
tenuous solid matrix, which promotes desorption of bound
moisture, resulting in a lower moisture content in the dried
product.

Figure 4 shows normalized drying rate curves for the four
samples with different initial saturations based on the data
shown in Figure 3. For the sake of convenient analysis, the
relative saturation, f, defined as the ratio of the real-time sat-
uration to the initial saturation (S/Sy), is used in the presenta-
tion. In the early stage of drying, the drying rate of the
initially unsaturated samples was obviously higher than that
of the saturated one, and the smaller the initial saturation,
the faster the drying rate. In the latter stage of drying, when
the residual moisture content was already low (around
f=0.1), the drying rates dropped rapidly, and the differences
among the drying rates for the samples with different initial
saturations was no longer significant. In the end of drying,
the superiority of small mass-transfer resistance by the ini-
tially unsaturated materials was insignificant, and heat trans-
fer consequently became the major rate-controlling factor in
the process for all cases.

It can be estimated that for the initially unsaturated frozen
material with the same sample mass and the same initial
moisture content, lower initial saturation gave a larger inter-
nal surface area in the porous matrix. The moisture would
exist largely in the form of the bound moisture absorbed in
the internal surface, and the share of the free moisture would
be correspondingly lower for this type of the frozen material.
The freezing-drying mechanism for the unsaturated frozen
material is, therefore, likely to be different from that of the

Table 2. Drying Times and Residual Moisture Contents of
Different Samples

So Drying Time (s) Residual Moisture Content (%)
1.00 18,750 4.01
0.65 17,250 2.29
0.43 15,250 1.83
0.28 12,750 0.61
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Figure 4. Drying rate curves of samples with different
initial saturations.

saturated one. Most probably, the primary drying time can
be saved due to the initially prebuilt pore space and the rela-
tively large surface area inside the material. The overall
result is that the freeze-drying of aqueous solutions can be
significantly enhanced using the unsaturated frozen material
with initial pores.

Morphological characterization of freeze-dried products

To inspect the pore structure and the connectivity of the
dried solid matrixes, two kinds of the dried products from

the initially saturated (So = 1.00) and unsaturated (S = 0.28)
frozen samples were characterized with a scanning electronic
microscope (SEM). The SEM allows direct observation of
the surface features of a specimen in contrast with indirect
methods such as adsorption and mercury porosimetry, due to
its huge magnifications and impressive resolutions at the
micron and submicron levels.*” It has been widely used in
many areas of science and industry, particularly in the mate-
rial engineering and the biological and medical sciences. The
SEM process is briefly described as follows. A specimen of
the dried product was first mounted onto a specimen stub
and then sputter-coated with an ultrathin layer of gold to
give it electrical conductivity. Afterwards, it was inserted to
the stub holder within the SEM chamber for scanning and
imaging at 20 kV of voltage, 4.0 of spot size, and either
16.8 or 18.8 mm of working distance. Figure 5 shows some
of the SEM images, in which Figures 5a—c are for the
freeze-dried product obtained from the saturated frozen sam-
ple and Figures 5d—f are for the product from the initially
unsaturated one.

The morphology as seen in Figure 5a typically exhibits a
platelet-shaped structure where the platelet edges appear in
white and light gray colors and pore areas in dark gray color.
This is consistent with the previously published observa-
tion.”* It is well accepted that solutions would experience a
cool concentration during freezing. The solid phase probably
precipitated first because the mannitol reached its solubility
limit. As the solution was cooled further, more liquid water
converted into ice and remaining interstitial fluid became
more and more concentrated until crystallizing or

@

(e) [§3]

Figure 5. SEM images of dried products with two freezing methods at different magnifications; (a)-(c) for the ini-
tially saturated sample; (d)-(f) for the initially unsaturated one.
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transforming into an amorphous solid ultimately.>' The
growth of ice crystals pushed the solid in their vicinity into
a sheet structure. However, careful observation of Figures
5b, c reveals that the solid skeleton is composed of crystal-
line bars adhering to each other. Although the interstitial
fluid in this case solidified in the crystalline form, the skele-
ton walls look more compact and almost closed. It is con-
ceivable from Figures 5a—c that the shape of the ice crystals
is irregular, which agrees well with results obtained using
the optical microscopy.34

The morphology of the dried skeleton from the initially
unsaturated sample is dramatically different from that of the
saturated one. A notable feature of Figures 5d—f is that the
freeze-dried product appears to have a fine net structure that
is loose and regular. The compacting of the dried solids into
the skeleton is not as tight as that for the conventionally
freeze-dried product, and the skeleton remains much more
porous after drying. It is with this new freezing method that
such a solid structure was eventually established. For this
type of frozen materials, ice crystals have more room to
grow in the prebuilt pores during freezing. As a result, there
was no deformation induced by expansion found during fur-
ther freezing at an ultralow temperature. It is seen in Figures
5d, e that the solid skeleton with the new method is more
tenuous and uniform than that with the conventional method.
More importantly, the unsaturated frozen material made by
the liquid nitrogen ice-cream making method has continuous
pore space and pierced solid skeleton. It is also seen in Fig-
ures Se, f that the skeleton is composed of slender crystalline
belts, looking like a mesh and allowing vapor molecules to
pass through. Such a loose structure would offer less mass-
transfer resistance so that sublimated vapor could escape
more easily during drying, leading to a higher drying rate.
That is most likely the reason why freeze-drying time can be
saved with this freezing protocol and the process can be
enhanced using the frozen material with initial pores.

It should be pointed out that the surface morphologies
reveal no clear evidence of collapse for both kinds of the
products. Furthermore, a computer image analysis of the
SEM images was performed using ImageJ]—a Java-based
software to evaluate the area porosity of the dried products.3 >
Area-based porosities of 0.87 and 0.96 were obtained for the
products from the initially saturated and unsaturated samples,
respectively. The two values compare well with the volume-
based experimental measurements as shown in Table 1.

Temperature variations at different locations within
materials

Figure 6 displays the temperature variations recorded at
different locations within the two kinds of sample as used in
the above subsection, where the filled markers represent the
saturated frozen sample and the open markers the initially
unsaturated one. Test points 1, 2, and 3 are indicated in
Figure 2. At the very beginning of drying, there was a sud-
den drop in temperature for both samples. This is the conse-
quence of the dynamic balance between the heat and mass
transfers. The stable temperature after the initial drop would
establish when the heat-transfer driving force supplies the
heat required for the subsequent sublimation of the ice.

The temperatures at points 1, 2, and 3 in the initially satu-
rated sample gradually increased after the sudden drop until
about 8,000 s, and then slowly decreased before increasing
again. For such a sample without initial pores, sublimation is
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Figure 6. Temperature variations of two different sam-
ples during drying.

known to occur only at the sublimation interface.'' In the
early stage of drying before 8,000 s, heat transported from
the surroundings was more than needed due to the relatively
low sublimation intensity. Excess heat absorbed caused a
slight increase in the sample temperature. With the progress-
ing of the drying process, a porous semidried layer with a
certain thickness gradually developed which hindered heat
transfer between the sample and the surroundings. To main-
tain a similar sublimation rate at the interface, a slightly
large temperature driving force was required resulting in a
slightly reduced temperature at the interface. The tempera-
ture at point 1 began to increase fast after about 10,500 s.
This implies the end of the primary drying stage and the
start of the secondary drying stage.’®*” As point 1 is closer
to the side surface of the sample, the sublimation interface
receded to that location first. Points 2 and 3 entered the
desorption drying stage at about 15,000 and 18,000 s, respec-
tively. Comparison of the temperatures between points 1 and
2 reveals that they were almost the same within the initial
10,000 s of drying. Afterwards, the two points started experi-
encing desorption successively. This indicates that there was
an evident sublimation interface existing in the conventional
freeze-drying of the initially saturated frozen material. Com-
parison of point 2 with point 3 shows that the temperature at
point 3 was higher than that of point 2 at the sublimation
drying stage. This can be explained by heat conduction from
the supporting pad resulting in an axial temperature gradient
because point 3 is closer to the supporting pad. Although the
temperature at point 3 was higher than that of point 2, the
sublimation interface reached point 3 later. This implies that
there was a frozen region always within the sample at the
sublimation drying stage, and sublimated vapor could not
pass through that region moving out of the sample. There-
fore, except at the very beginning, the predominant rate-
controlling factor for the initially saturated frozen material is
mass transfer during the long period after a dried layer had
formed. This is consistent with previously published find-
ings.19’20 In the end of drying, the temperatures at all three
points had almost the same values at about 27°C.

For the initially unsaturated sample, the temperature varia-
tions at all three points were different from those of the satu-
rated one. The three temperatures slowly decreased
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throughout the primary drying stage due to the relatively
high sublimation rate. In contrast to the saturated sample as
stated earlier, heat-transfer resistance for this sample on
average was greater than that of the saturated one due to the
prebuilt porous structure. Because of the higher sublimation
rate than that of the saturated one, a larger temperature driv-
ing force was required for this case leading to the continu-
ously decreased temperature noticed in this stage of drying.
As the unsaturated sample had the initially prebuilt void
space and a pierced solid matrix, sublimation could take
place throughout the entire volume of the sample. Both
points 1 and 2 had the similar temperatures at the primary
drying stage and started desorption at about 7,500 and
11,000 s in sequence. This indicates that there was still a
main sublimation region during freeze-drying of the initially
unsaturated material. The transition time between the two
stages at point 3 was about 7,000 s, which is very close to
that at point 1. The large initial pore space in the unsaturated
frozen material offered less mass-transfer resistance and ice
crystals throughout the frozen region could sublimate simul-
taneously. Different from the saturated sample, the main sub-
limation region went to point 3 earlier at the primary drying
stage for this type of the material because of heat transfer
from the pad, which also explains the slightly higher temper-
ature documented at point 3 with both samples. The delayed
onset of the secondary drying stage at point 2 in the center
of the sample is understandable because of less heat
absorbed from the outside in and long distance migration of
sublimated vapor moved from the inside out. It is impressive
to observe that the three points reached the end of drying
almost simultaneously in this sample. This again demon-
strates that sublimation was proceeding throughout the entire
volume of the material, although at different rates.

Further observation on temperature evolutions of the two
samples reveals that the initially unsaturated sample spent
less time at the primary drying stage. This suggests that the
enhanced freeze-drying performance for the initially unsatu-
rated material arises mainly from the enhanced sublimation
during the primary drying stage, where the free moisture is
removed more quickly. However, the drying time at the sec-
ondary drying stage was very similar for both samples. This
implies that the removal of the bound moisture during the
secondary drying stage is also promoted because of the large
internal surface area, although the share of the bound mois-
ture is increased in this type of the material as stated previ-
ously. Compared with the conventional freeze-drying where
the predominant rate-controlling factor is mass transfer as
reviewed earlier,'”* freeze-drying of the initially unsatu-
rated material is mainly controlled by heat transfer. As a
result, the enhanced heat transfer from a moderately high
driving force is expected to decrease the freeze-drying time
further for the initially unsaturated frozen material.

Effects of operating conditions

Ambient temperature and pressure are considered to be
the two important parameters affecting the freeze-drying pro-
cess. As the pore structure of the initially unsaturated frozen
material is different from that of the conventional one as dis-
cussed earlier, the effects of the operating conditions on the
process might be expected to be different. Consequently,
these two parameters were examined in more details. It has
to be pointed out that no replicate tests were conducted for

AIChE Journal June 2015 Vol. 61, No. 6

Published on behalf of the AIChE

1.0
.ll
09"y X=4.48
0.8 Ebﬂb:ll Ambient pressure: 22Pa
[ |
07 4*2\% i 5,028 §=1.00
05 - 2 i:l o 25°C = 25
N T
' I oF ien a 35°C A 35°C
0.4 F e A%l
L AODD A om
03} Lo A %0
! Py a 0",
0 o “-.-.
02} Aaocwun A o
ao00® 4, %l
aSPa AA ..l
0.1 alonog a, e "
A ~o A
i P Al L i
0.0 | AAO TP o as ®ee g
1 1 " 1 n 1

L 1 n " 1 " n
0 3000 6000 9000 12000 15000 18000 21000

1(s)
Figure 7. Drying curves of two different samples at
three ambient temperatures.

this part of experiments because of the excellent repeatability
of the experimental data proven previously.

The effect of temperature was examined using two sam-
ples with the initial saturations of 1 and 0.28. The experi-
ments were carried out at a constant ambient pressure of 22
Pa and three ambient temperatures of 25, 30, and 35°C. The
drying curves are shown in Figure 7.

It is seen that the drying times for both samples decreased
with the increase in temperature. When the ambient tempera-
ture increased from 25 to 35°C under the present operating
conditions, about 18% of the drying time was saved for both
samples. Although the appropriate increase in ambient tem-
perature is accepted as one of the effective approaches to the
enhancement of the freeze-drying process as demonstrated
by vial freeze-drying experiments,9 excessively high ambient
temperature could cause melting of the frozen materials or
collapse of the solid structure, which would ruin the overall
freeze-drying process. Comparing each pair of the drying
curves of both samples under the same operating conditions,
it is clear in Figure 7 that the initially unsaturated samples
(So = 0.28) were dried much faster than the saturated ones
(So = 1.00). This is consistent with those found in Figure 3,
and increasing drying temperature can surely boost the dry-
ing rate as expected.

Similar samples were used to examine the effect of the
chamber pressure on the freeze-drying process. Three ambi-
ent pressures of 11, 22, and 33 Pa were used in these experi-
ments with a constant ambient temperature of 30°C. The
drying curves are shown in Figure 8. It is also seen from the
drying curves in Figure 8 that the beneficial effect of using
the initially unsaturated frozen material was very significant.
The ambient pressure, however, had little effect on the
freeze-drying performance for the conventional sample. This
was the result of the two opposite effects caused by the pres-
sure variation. On the one hand, the decrease in pressure is
well accepted to improve the effective mass diffusivity,
which is conducive to mass transfer for a freeze-drying pro-
cess. Conversely, the ultralow ambient pressure decreases
the effective thermal conductivity, which impairs heat trans-
fer. In the vial freeze-drying process, Brulls and Rasmuson
pointed out that the possible modes of heat exchange are
heat conduction through the gas between the vial and the
surroundings, thermal radiation and heat conduction by
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Figure 8. Drying curves of two different samples at
three ambient pressures.

direct contact between the shelf and the vial. They concluded
that the overall heat-transfer coefficient increases proportion-
ally with increasing chamber pressure.38 Pikal and coworkers
found that under relatively low chamber pressure, the
increase in pressure can be significantly helpful for heat
transfer, but useless for mass transfer.’ Nail observed that
increasing chamber pressure can result in an increase in the
primary drying rate.>® Because of no container or vial in
these experiments, the improvement of heat conduction by
gas contact was not sensitive to the pressure in comparison
with the samples in vial. The effects of the ambient pressure
on both mass transfer and heat transfer apparently counter-
acted each other for the conventional sample.

Careful observation of Figure 8 reveals only an insignifi-
cantly small decrease with pressure in the drying time for
the initially unsaturated frozen sample. This can be
explained by the larger prebuilt pores, where vapor transport
resistance is accordingly small. The effect of higher pres-
sures on the effective heat conductivity may be slightly ben-
eficial. In comparison with the effect of the ambient
temperature on this type of the material, the effect of the
ambient pressure can be neglected.

Conclusions

An initially unsaturated frozen material can be made by
mixing liquid nitrogen with the aqueous solution to be
freeze-dried. The initially unsaturated frozen material has
larger internal surface area, much thinner solid network, and
more uniform continuous pore space than the initially satu-
rated frozen material. This morphology is quite helpful for
increasing sublimation—desorption surface area, facilitating
vapor migration, thus reducing the mass-transfer resistance
and improving the freeze-drying rate.

The experimental results show that the freeze-drying of
liquid materials can be significantly enhanced by inducing
initial pores in the frozen material. The freeze-drying time
was found to decrease with the increase in initial porosity.
For two samples with the same initial mass and the same ini-
tial moisture content, the drying time of the initially unsatu-
rated frozen sample (So = 0.28) was 32% shorter than that of
the initially saturated one (So = 1.00) under the same operat-
ing conditions. Examination of temperature variations inside
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the two kinds of samples during drying reveals that the ini-
tially unsaturated frozen material has much more beneficial
effect on the free moisture removal at the primary drying
stage. Sublimation for this type of the material takes place at
the internal surface throughout the entire volume. This pre-
built porous structure with larger internal surface area also
promotes the bound moisture removal at the secondary dry-
ing stage. The increase in ambient temperature can further
enhance the drying rate while the change in ambient pressure
has insignificant effect.

The idea of using the prebuilt porous frozen material is
easy to implement and highly effective in improving the
freeze-drying performance. Future freeze-drying of high value
products from aqueous solution can benefit from this process.
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