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Abstract

The purpose of this study was to develop the correlation of cycle parameters between a laboratory and a production freeze-
dryer. With the established correlation, key cycle parameters obtained using a laboratory dryer may be converted to those for
a production dryer with minimal experimental efforts. In order to develop the correlation, it was important to consider the
contributions from the following freeze-drying components: (1) the dryer, (2) the vial, and (3) the formulation. The critical
parameters for the dryer are the shelf heat transfer coefficient and shelf surface radiation emissivity. The critical parameters
for the vial are the vial bottom heat transfer coefficients (the contact parafigteand separation distandg), and vial top
heat transfer coefficient. The critical parameter of the formulation is the dry layer mass transfer coefficient. The above heat and
mass transfer coefficients were determined by freeze-drying experiments in conjunction with mathematical modeling. With the
obtained heat and mass transfer coefficients, the maximum product tempeFatureduring primary drying was simulated
using a primary drying subroutine as a function of the shelf temperature and chamber pressure. The required shelf temperatur
and chamber pressure, in order to perform a successful cycle run without product collapse, were then simulated based on th
resulting values ofymax. The established correlation approach was demonstrated by the primary drying of the model formulation
5% mannitol solution. The cycle runs were performed using a Ly&%taryer as the laboratory dryer and a BOC Edwalds
dryer as the production dryer. The determined normalized dried layer mass transfer resistance for 5% mannitol is expressec
asRpn=0.7313+17.18, wheret is the receding dry layer thickness. After demonstrating the correlation approach using the
model formulation 5% mannitol, a practical comparison study was performed for the actual product, the lactate dehydrogenase
(LDH) formulation. The determined normalized dried layer mass transfer resistance for the LDH formulation is expressed as
Ron=4.344 +10.88. The operational templat@$macand primary drying time were also generated by simulation. The cycle run
for the LDH formulation using the Edwart! production dryer verified that the cycle developed in a laboratory freeze-dryer
was transferable at the production scale.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction sublimated water vapor through the porous dry product
layer.

For a successful scale-up of a freeze-drying pro-
cess, it is important to develop a systematic strat-
egy to correlate the cycle parameters obtained from 2, Correlation approach
small-scale operation to final results obtained from
full-scale production operations under various opera-  In order to develop a strategy of correlation, it is
tional conditions, such as the shelf temperature, cham-important to consider the characteristics of the follow-
ber pressure, type of vial, and solution depth. While ing three areas (correlation components): (1) the dryer,
a recent publication focused on prediction of dif- (2) the vial, and (3) the formulation. The character-
ferences in ice nucleation temperatures as a freeze-istics of the dryer include shelf temperature control
dry process was scaled-uRgmbhatla et al., 2004 capabilities, the level of chamber vacuum, and the
we are unaware of any published studies that cor- efficiency of the condenser. The dryer capability can
related cycles developed in a laboratory size freeze- be quantitatively evaluated by the shelf heat trans-
dryer to cycles used in a production size freeze- fer coefficient, radiation emissivity, shelf-temperature
dryer. This paper describes a correlation between mapping, and condenser efficiency. The characteristics
a 4.6f% laboratory freeze dryer and a 220 fpro- of the vial include the vial heat transfer coefficients.
duction freeze-dryer. Studies combined both theoret- For correlation of the dryers for a specific formula-
ical and practical methods to demonstrate that sub- tion, it is necessary to consider collapse of the prod-
limation rates are similar between these small and uct during primary drying, and the moisture content

large dryers. It is our hypothesis that cycles devel-
oped and/or used in the laboratory dryer will corre-
late to cycles used in the production dryer. Predicting
production freeze dry cycle parameters from labora-
tory experiments has obvious advantages. Small initia
batches conducted in the laboratory dryer will estab-
lish an optimal cycle for a product that may be mod-
estly adjusted to transfer the product to a production
dryer.

Cycle parameters for freeze-drying under direct
control of an operator or control system (indepen-
dent variables) include the shelf fluid temperatiiye
and chamber pressui&. Since it is difficult to use
a production dryer to optimize or manipulate these
variables to obtain desirable cycle parameters for
manufacturing, it is preferable to utilize the labora-

and stability of the finished product. The character-

istics of the formulation include the collapse tem-

perature and dry layer mass transfer resistance. The

dry layer mass transfer resistance can be expressed
| by an equation containing one of more mass transfer
coefficients.

The approach proposed in this paper includes
various mathematical modeling and experimental
tasks to encompass the three correlation components
as presented iffable 1 Task 1 was to evaluate and
compare the efficiency of the laboratory and pro-
duction dryers to ensure that the condenser provides
sufficient capability to remove the sublimated water
vapor while at the same time properly controlling the
chamber pressure. The comparison includes features,
such as (1) the ratio of condenser surface area to the

tory dryer to establish these parameters and convertshelf surface area, and (2) the ratio of the shelf surface

results to the production dryer using the developed
correlations.
In order to utilize the modeling and simulation

area to the condenser cross-sectional area. The results
of the comparison iflable 2shows that the capabilities
of the two dryers are similar in terms of the following

approach for correlation, first, it is important to estab- two ratios: (1) ratio of condenser surface area to shelf
lish both heat and mass transfer quantitative relation- surface area, and (2) ratio of shelf area to condenser
ships between a laboratory dryer and a production opening area. The actual efficiency testing was per-
dryer. Heat transfer coefficients were determined for formed using a weight loss experiment of frozen pure
both dryers. Subsequently, dry layer mass transfer coef-water on the fully-loaded shelf. The freeze-drying of
ficients for a given formulation were determined. The the frozen water represents the maximum sublimation
mass transfer mechanisms include the sublimation of rate at the chosen temperature and pressure, due to
ice from the frozen product and the permeation of the the absence of the product mass transfer resistance.
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Table 1
Correlation studies between laboratory and production dryers

Task no. Task Laboratory dryer Production dryer Freeze-drying component

1 Efficiency studies for the Efficiency comparison studies; Efficiency comparison studies; Dryer
laboratory and production weight loss studies of frozen pure weight loss studies of frozen
dryers water pure water

2 Determine the shelf Measure the shelf emissivity Measure the shelf emissivity Dryer
emissivity

3 Vial-top radiation Obtained from the literature Obtained from the literature Vial
emissivity

4 Determine shelf heat Shelf temperature mapping studies  Shelf temperature mapping Dryer
transfer coefficient studies

5 Determine vial-bottom Perform sublimation study of pure Perform sublimation study of ~ Formulation
heat transfer coefficients water; simulation studies pure water

and compare sublimation
rates between dryers
6 Determine mass transfer Perform the primary drying studies Not required Formulation
resistanceR), using the and measure thE, profiles
product temp7y, profiles
and non-linear parameter
estimate algorithm

7 SimulateT}, SimulateT} as a function offsand ~ SimulateTy, as a function of s Dryer, vial and formulation
Pc andPc
8 Determine the operating Not required Run simulation to obtain the  Dryer, vial and formulation
cycle parameters and optimum operating cycle
product tem@d}, for the parameters
production dryer
9 Demonstrate the accuracyNot required Perform a cycle run Dryer, vial and formulation
of the developed cycle
parameters
Table 2
Important information on freeze dryers used in this study
LyoStar™ EdwardsM
Condenser (external)
Capacity 30L 548 L
Surface area 74t(0.65 nf) 3012 (28 )
Temperature —85°C —-80°C
Chamber
Shelf dimensions 11irk 20in. 48in.x 60in.

Opening to condenser

Ratio of condenser surface area to shelf surface areas
7 ft2/4.59 £
301 f2/220f2

Ratio of shelf area to condenser opening area
4.6112/3.14x (0.3125%/4
219.57 f£/3.14x (2.0¥/4

(28cmx 51 cm)

1.53f2 per shelf

3 Shelves =4.59%
3.75in. (9.525cm)

1.525

60.2

(122 cmx 152 cm)
201 per shelf
11 Shelves = 2204t
24in. (60.96 cm)

1.368

69.9
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Task 2 was to measure the radiation emissivity of the detailed mathematical modeling required for Tasks 4-8

shelf surfacees for both laboratory and production
dryer. This was a relatively simple task, requiring only

an infrared pyrometer. Task 3 was to determine the

vial-top radiation emissivity, for both the laboratory
and production dryers. This value is available from the

literature using a sophisticated experimental design

(Pikal et al., 198% Task 4 was to determine the shelf
heat transfer coefficienks of both the laboratory

in Table 1have been presented in the literatupékél,
1985; Kuu et al., 1995, in press
3. Materials and methods

3.1. Weight loss studies of frozen pure water (for
direct comparison of the laboratory and

and production dryers using shelf temperature map- production dryers, Task #1, and for determination
ping data measured for both dryers. Task 5 was to of vial heat transfer coefficients, Task #5)

determine the vial-bottom heat transfer coefficients
Kcs (the contact parameter) ardd (the separation

distance). This was accomplished by a sublimation
study of frozen pure water. Since the vial-bottom heat

In order to compare the efficiency of the LyoStér
and Edward5" dryers under identical operating
parameters for a fixed period of time, weight loss

transfer coefficients are independent of the type of the studies of frozen pure water during primary drying

dryer, the sublimation experiment was performed on
the laboratory dryer. Since the sublimation study is a
relatively simple weight-loss experiment, it was also
performed on the production dryer. The weight-loss
results for the production dryer were used to confirm
the obtained values of the heat transfer parameters

ey, Kcs, anddy. Task 6 was to determine the mass trans-
fer resistanceR), for the formulation of interest, such

were conducted for both dryers using the same cycle
and at a high shelf temperature of AD. A full shelf

of 10 mL/20 mm tubing vials (Schott Pharmaceutical
Inc.) was filled with 6.7 mL of 0.22 filtered Milli-

Q water in each vial, and partially stoppered with
20mm lyo stoppers. Selected vials were weighed,
and then the following cycle was run: (1) ramp from
20 to —25°C in 30 min (1.8C/min)— (2) dwell at

as 5% mannitol solution and a lactate dehydrogenase—25°C for 4 h— (3) turn on vacuum and wait until

(LDH) formulation (50.78 mcg/mL LDH, 32.5 mg/mL
glycine, 17.5 mg/mL sucrose, QS with water to 2 mL,
pH 7.12), using the product temperature profifgs
and Powell’s optimization algorithmPpwell, 1965;
Himmelblau, 1972; Kuester and Mize, 1973; Kuu et al.,
1992, 1995, in pre3sThis unigue method permitted a
rapid determination of the mass transfer coefficients.

100 milliTorr (mT or microns) is reacheé (4) ramp
to 10°C in 30 min (1.2C/min)— (5) dwell at 10°C,
100 mT, for 8 h.

Vials were fully stoppered, and when the contents
reached room temperature, the selected vials were
again weighed. The amount of water lost during sub-
limation was calculated and compared per equivalent

Since the mass transfer coefficients are independentposition in each dryer.

of the type of dryer used, only the laboratory dryer
was used to obtain th&, profiles during primary
drying.

In addition to the efficiency comparison of the two
dryers, the results of the weight loss studies were also
used for determination of the vial-bottom heat trans-

After the heat and mass transfer coefficients were fer coefficientsKcs (the contact parameter) and

obtained from Tasks 2 to 6, various simulation stud-
ies were performed using primary drying subroutine
PDRYS Kuu et al., 1995, in preysTask 7 was to sim-
ulate Ty, as a function of the shelf fluid temperature
T; and the chamber pressuPg. Task 8 was to per-
form simulations to obtain the optimum operating cycle

parameters. Finally, in order to demonstrate the accu-

(the separation distancelifu et al., 1995, in pre3s
The vial-bottom heat transfer coefficient is indepen-
dent of formulation, depending only on the vial and
the dryer to be used. In order to separate the effect of
the pressure and temperature ramping up period from
the actual sublimation phase, a separate run was per-
formed from time zero to the time when the target shelf

racy of the obtained heat and mass transfer coefficientstemperature and chamber pressure was reached. The
and developed cycle parameters, actual cycle runs wereresulting amount of sublimation is used as the base-

performed for the formulation of interest using the pro-
duction dryer (Task 9). The theoretical background and

line to be excluded from the actual primary drying
runs.
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3.2. Measurements of radiation emissivities and cients were determined using temperature profiles
determination of shelf heat transfer coefficients generated by the laboratory dryer of the center vials.
(Tasks #2—4) The proposed approach of using product temperature

profiles Ty in conjunction with Powell’'s optimization

The values of the shelf surface emissivity for both algorithm provides a quick and simple approaki
the LyoStafM and Edward5" dryers were measured  etal., in press The dry layer mass transfer coefficients
using the Omega OS205 Infrared Pyrometer (Omega depend onthe formulation only, independent of the type
Engineering Inc., Omega.com). Shelf surface emissiv- of vial and the dryer to be used.
ity is constant for a particular dryer at a particular point Freeze drying was accomplished by filling 3 mL
in time, independent of the formulation or vial type of 5% mannitol into a 10mL Schott tubing
used. For measurements, thermocouples were placedvial, and running the following cycle: (1) pre-
at various locations of the shelf surface, so that actual cool shelves to 5C — (2) freeze shelves te-40°C
temperatures of the shelf surface could be measured.(0.5°C/min)— (3) hold at—40°C for 9 h— (4) adjust
The sensor of the pyrometer was then aimed at the chamber pressure to 100 m¥ (5) increase shelf tem-
location of shelf surface adjacent to each thermocou- perature to-15°C (0.42°C/min)— (6) maintain shelf
ple. The emissivity of the pyrometer was adjusted until temperature of15°C for 26.5 h— (7) increase shelf
the temperature reading on the pyrometer was the sameemperature to +45C (1.33°C/min) (8) maintain at
asthe temperature measured by the thermocouple at ther45°C for 2 h— (9) neutralize chamber, stopper vials.
particular location. _

For determination of the vial-top radiation emissiv- 5-# Ramping of shelf temperature

lty, ey, Pikal et al. (1985) proposed a novel approach The cycle runs for 5% mannitol and the LDH formu-

for its measurement. In this papey,was generated by . )
. . . i lations were performed using shelf temperature ramp-
using the single vial procedure and adjusting the shelf .

temperature so that the shelf surface temperdtyie ing, rather than Jump_ed dlrecyly, from the freezing
temperature to the primary drying shelf temperature.

equal to the product temperature at the bottom of the . : .

. o For 5% mannitol, the ramping was 0.42/min from
vial Tp. Under these conditions, the heat transfer was o~ . :

o . —40 to—15°C with a duration of 60 min. For the LDH

due to the top radiation term only. The resultingvas formulations. the ramping was 0.4&/min from —40
determined to be approximately 0.84 and independent ' hing X

i X . to —20°C with a duration of 45 min. The sublimation
of the types and sizes of vials tested. Since the exper- of ice during ramping depends on the ramoing rate and
iment requires a highly modified laboratory dryer, it 9 ping dep ping

was very difficult (or impossible) to be performed in may not be negligible. Therefore,_m the primary drying
X . subroutine PDRYS, the shelf fluid temperature needs
the dryers available to us. Therefore, this value was

. . S ... to be varied over time, rather than using a fixed value.
used for the simulation studies in this paper. As with o . . .
o . e This is especially important for the LDH formulation,
the surface emissivity, the vial-top emissivity is inde-

pendent of formulation or type of vial, depending only as shqwn |rF|g: 6where Fhe ramping period lasts for
on the dryer to be used. 120 min to avoid collapsing of the product. The shelf

temperature is the most important factor affecting the
product temperature. In order to ensure the accuracy
of computation during ramping, the time interval of
integration was set at 1 min. It is clear that during the
simulation process, the shelf temperature varies over
time, but was not treated as a dependent variable. It
was controlled directly by the software of the freeze
dryer.

3.3. Determination of mass transfer coefficients
for the model formulation 5% mannitol (Task #6)

Mass transfer resistance of the dry layer during pri-
mary drying is one of the most important factors affect-
ing the maximum product temperature and drying time.
Since the mass transfer coefficients are highly depen-
dent on the type of formulation and concentrations of 3.5, Simulations for 5% mannitol (Tasks #7 and 8)
ingredients, it is necessary to determine them for each
formulation. Thus, a simple, rapid and efficient method After obtaining the heat and mass transfer coeffi-
is preferable. Thus, dry product mass transfer coeffi- cients, the simulation program developed based on the
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primary drying subroutineuu et al., 1995, in pre$s
can be used to simulate the product temperafiyre

61

4. Results and discussion

at various experimental conditions, such as the shelf 4.7. Weight loss studies of frozen pure water to

fluid temperaturel; and chamber pressum®.. The

determine the contact parameter k.s and

operating cycle parameters and product temperatureseparation distance £,, Tasks #1 and 5)

Ty, for the production dryer can then be determined.
With the results obtained from mannitol vial freeze dry-

ing experiments, the optimum operating cycle param-
eters can be determined to maximize the efficiency
of the cycle run without causing collapse of the

product.

3.6. Practical comparison study for the actual
product, the LDH formulation (Task #6-9)

After demonstrating the correlation approach
using the model formulation 5% mannitol, a prac-
tical comparison study was performed using the
actual product, the lactate dehydrogenase (LDH)
formulation. The cycle development was performed
using the LyoStd™ dryer, where 60 Wheaton
10 mL tubing vials were filled with 2mL of LDH
formulation. The following cycle was run: (1) pre-
cool shelves to 20C — (2) freeze shelves te-40°C
(0.5°C/min)— (3) hold at—40°C for 4 h— (4) adjust
chamber pressure to 100 m¥ (5) increase shelf tem-
perature to OC (0.31°C/min)— (6) maintain shelf
temperature of OC for 12h— (7) increase shelf
temperature to +25C (1.67°C/min)— (8) maintain
at +25°C for 4h— (9) increase shelf temperature
to 40°C (1°C/min)— (10) maintain at +40C for
4h)— (11) decrease shelf temperature to +€5
(0.5°C/min)— (12) neutralize chamber, stopper
vials.

The above cycle yielded a final product with a cake
moisture content less than 1% by Karl Fischer. The
same lyophilization cycle developed in the laboratory
was used in the production dryer, with water filled
placebo vials used to completely fill all shelves of
the production dryer with the LDH containing vials

interspersed among the placebo vials on all shelves.

The enzymatic assay run for LDH was quite variable
in both laboratory and production experiments with
acceptance limits being 80—-120% of initial assay. The

Fig. 1summarizes the comparison of percent weight
loss of water in vials located at different parts of a
middle shelf in the laboratory dryer compared to the
same locations in the production dryer. The results
of weight loss studies of frozen pure water indi-
cate that, for the time period measured, sublima-
tion rates obtained in a lab dryer fell into a range
of 91-103% that of the production dryer when both
dryers were run under identical conditions, regard-
less of location. The average weight loss of the cen-
ter vials for the LyoStd™ and Edward&” dryers
are 3.0912£ 0.1379 g and 3.0614 0.08976 g, respec-
tively. Itis interesting to note the close values for these

Back
‘ 92 102 91
91 101 103
102 99
95
Front

mO'Sture Contem_ ofthe dry cakes was m_ea_sured by Karl Fig. 1. Correlation of sublimation rates at different locations on a
Fischer and achieved the acceptance limit of less than sheif (middle) with data showing laboratory dryer weight loss as

1.0%.

percent of production dryer.
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two dryers. We calculated the condenser surface area4.2. Measurements of radiation emissivities and
the shelf surface area and condenser opening area fodetermination of shelf heat transfer coefficient
the two dryersTable 2. We then calculated the ratios  (Tasks #2-4)
of condenser and shelf surface areas shelf area to con-
denser opening area for both dryefalfle 3. For such The measured shelf surface emissivity using an
alarge difference in the shelf capacity of the two dryers Omeg® infrared pyrometer, both for the LyoStAt
(production dryer is 48 times the size of the labora- and Edward&¥ dryers, is approximately 0.6. This
tory dryer), these ratios were surprisingly close. The value is very close to the values reported in the lit-
ratio of condenser surface area to shelf surface areaerature for polished 316 stainless steel. Thus, this is a
for the laboratory dryer (1.525) is only 10% higher very simple measure contributing to the correlation of
than that for the production dryer (1.368) while the lab and production dryers.
ratio of the shelf area to condenser opening area for  As discussed in Sectio8, the resultinge, deter-
the laboratory dryer (60.2) is only 14% less than that mined by Pikal et al. (1985) was approximately 0.84
for the production dryer (69.9). The relative close- and independent of the types and sizes of vials tested.
ness of these values suggests similar capabilities of To measure the shelf surface temperature, thermocou-
the condenser openings to handle the ice vapor dur- ples (copper and constantan, Type T, Omega Engineer-
ing primary drying for the two dryers that may, in ing Inc.) were placed at various locations of the empty
part, explain why the weight loss data are so simi- shelf surface and the gas space of the LydStairyer.
lar. The weight loss studies indicated that both dry- The shelf fluid temperature and chamber pressure were
ers are capable of performing the subsequent tasks ofset at 40C and 500 mT, respectively. The detailed
correlation. procedure for determination & is presented in the

In addition to the efficiency comparison studies for literature Kuu et al., in press The obtained value is
both dryers, based on the sublimation rates of the cen-approximately 0.013 cats cm—2°C~1. The effect of
ter vials, we can conclude that the shelf heat transfer the accuracy oKs on the overall heat and mass trans-
coefficientKs in the center area is approximately the fer processes is insignificant. For example, for ke
same for both dryers. In addition, it is reasonable to values of 0.003, 0.01, and 0.03, the simulated corre-
assume that the shelf heat transfer property is uniform sponding values of the maximum product temperature
for the entire shelf surface. Thmax for 3 mL of 5% mannitol in the 10 mL of tubing

In our introduction we indicated that results of sub- vial, are—27.68,—27.32, and-27.21°C, respectively.
limation studies were used to directly compare subli- Likewise, for the sam&s values, the simulated corre-
mation rates between lab and production dryers oper- sponding values of the primary drying time are 18.82,
ating under the same conditions for a fixed period 17.76, and 17.45 h, respectively.
of time, and draw conclusions about how closely the
lab dryer compared to the production dryer. Previ- 4.3. Determination of mass transfer coefficients
ous discussion has demonstrated the comparability offor 5% mannitol (Task #6)
the two dryers. We also indicated that these subli-
mation data would be used to obtain values of the ~ The measured product temperatdigprofiles for
vial heat transfer parameteks (the contact parame- mannitol of the center vials for the entire cycle run
ter) and the separation distan6e(Kuu et al., 1995,  using the LyoStd™ dryer are shown irFig. 2 The
in pres3. This is similar to Sectior.3 described normalized dry layer mass transfer resistance for man-
later with the following conditions: (1) The depen- nNitol can be expressed agikal, 1983
dent variable is the amount of water sublimated dur-
ing primary drying; (2) Since the frozen water has Ron = Ro + Axt @)
no mass transfer resistance, the valueskRgf Aq, where Rg and A1 are constants (the dry layer mass
and A, are set to zero. The obtained contact param- transfer coefficients) and is the receding thickness
eter Kcs and separation distancg for the 10 mL of the dry layer. The best-fit values of the parameters
tubing vial are: ¢, =0.0421cm, Kcs=1.32x 1074 were obtained by minimizing the following sum of the
(calsTecm=2°C™). squares, SSQ
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-45 #T1=-25C  xTi=-20C OTi=-15C A Ti=-10C
Primary drying time, hr WTf= -50 OTi= oC

Fig. 2. The experimental and simulated product temperature vs. Primary drying time, hr

time profiles of 5% mannitol in 10 mL tubing vial during primary ) ) ) )

drying Ron=0.7313 +17.18. The shelf temperature ramping rate Fig. 3 Simulated prodgct temperature profiles fqr 5% maqmto_l asa
is 0.4°C/min. Constants and parameters used for the simulation are function of the shelf fluid temperature and the primary drying time.
listed below (detailed explanations for other symbols can be found The constants and parameters are the same as thésg. & The

in the literature Pikal, 1985. Large values of KTC and KTP were  Shelf temperature ramping rate is 0@&/min.

chosen to simulate the primary drying without using trajs= 4.43,
Ap=3.58, Rg=0.7313, A1 =17.19, KTC=100.0, KTP=100.0,
KTD=1.0, KC=2.64x10"% KD=3.64, Kp=3.32x1073,
K1 =0.0059, Ks=0.013, Sp=4.8, $1=169.0, Kcs=1.32x 1074,
es=0.60,ey =0.84,0 =1.35x 10712, . =4.29x 1075, ¢, =0.0421.

4.4. Simulation results for the production dryer
for 5% mannitol (Tasks #7 and 8)

The simulated typical product temperature versus
time profiles for 5% mannitol in the 10 mL tubing vial,
at the chamber pressure of 100 mT and at various shelf
fluid temperatureg;, are presented iRig. 3. The pro-
files show that that the shelf fluid temperature has avery

minimize (SSQ)= minimize <zn:[(Tb(t) — Tp)]?

i=1

(2 profound effect on the primary drying rate and time.
_ _ The end point of each profile indicates the completion
wheren is the number of data point§}, (r) and 7, of primary drying, and the corresponding product tem-

are the theoretically and experimentally determined perature is termed the maximum product temperature
product temperature, respectively. The most signifi- 73,..... In order to develop operation templates for cycle
cant advantage of using the product temperature pro- parameters, first it is necessary to simulate numerous
files Tp to determine the mass transfer coefficients product temperature profiles, similar to thos€ig. 3,

is that the temperature can be continuously moni- to encompass the entire range of these parameters. The
tored and recorded during primary drying, without resulting values offymax and the corresponding pri-
interruption of the chamber or the shelf. Determina- mary drying times are then determined and presented in
tion of mass transfer coefficients of mannitol using F|gs 4 and 5The purposes of the Operation temp|ates
Tp was done Rowell, 1965; Kuester and Mize, 1973; are to optimize the cycle parameters by controlling
Kuu et al., 1992, 1995, in presm conjunction with  the product temperature below the collapse tempera-

the primary drying subroutine described earlier. The tyre during the entire course of primary drying and to
resulting normalized dry layer mass transfer resis- minimize the primary drying time.

tanceRpn in Eq. (1) is expressed by the following Fig. 4 shows thatTpmax proportionally increases

equation with T5. The values ofTpmax for all profiles range
between-28.5and-14.7°C. The glasstransition tem-

Rpn = 0.7313+ 17.19¢ () perature for 5% mannitol was determined using DSC as

approximately—29.22°C. If one uses this glass transi-
The obtained mass transfer resistance allows simu- tion temperature as the criterion to determine the cycle
lation studies to predict the product temperature pro- parameters frorfig. 4, none of the shelf temperatures
files at various values of chamber pressure and shelf nor the chamber pressures can be used to run the Cyc|e_
temperature. However, It is well known that the effect of cooling
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rate has a significant effect on the polymorphism of
25 mannitol Kim et al., 1998. With a proper control of
the cooling rate during the freezing stage, the glass
transition temperature can be raised. As such, the pri-
mary drying can be performed at a much higher shelf
temperature. Therefore, in order to apply the results
in Figs. 4 and 5to determine the optimum operat-
ing cycle parameters, it is necessary to combine with
other “thermal treatment” means, such as controlling
of cooling rate or annealing to raise the glass transition
temperature. Although reducing the time that a prod-
uct must remain in the primary drying phase is one
way to optimize the length of the entire cycle, the extra
Fig. 4. Simulated maximum product temperature proffigsax for time re-qUired for these types of t-reatme-m steps mustbe
the production dryer as a function of the shelf fluid temperature and taken_ into accqunt Whe_n_ choosing optimal parameters
chamber pressure3 mL of 5% mannitol in the 10mL tubing vial. ~ OF Primary drying conditions.

The constants and parameters are the same as thésg. & The It is interesting to note fronfig. 5 that the pri-
shelf temperature ramping rate is 0G&/min. mary drying time decreases with the increasing cham-
ber pressure when the shelf fluid temperature is above
—5°C. On the other hand, for the shelf fluid tem-

Tbmax, deg. C

perature lower than-5°C, the primary drying time
= increases much faster than the decreasing rate of
oES the shelf fluid temperature, especially-a25°C. For
= example, it requires 85h of primary drying time for
£ shelf temperature 6£25°C and the chamber pressure
a of 300 mT. By comparin@pmax in Fig. 4 and the pri-
mary drying time inFig. 5, it is clear that in order to
freeze-dry the product at a low shelf fluid temperature,
: 9 it is important to perform at a low chamber pressure to
(@ 2 20 T, deg. C 15 10 minimize the drying time.
T The effect that a higher chamber pressure results
60 - in a shorter drying time was reported by a number
_ of researchersNail, 1980; Pikal, 1985; Livesey and
< %01 / - Rowe, 1987; Chang and Fisehr, 1995 his phe-
£ 7 M//ﬂ T -20C nomenon was explained by Pikal using the conductive
2 30 A TS0 heat transfer of the gas between the shelf surface and
£ A‘__‘A———ﬁ—ﬁ-——ﬁ‘—_-ﬁ-——{-—A —%— Ti= -10C . .o
g0 e Te oo the glass vial, and the driving force of mass transfer
10 f:-t_t —o—Ti- 20C (Po— P¢). Since the vial heat transfer coefficient
0 . . . . | through gas conductioiky (Pikal, 1985 Eq. 28)
0 0.1 0.2 0.3 0.4 05 increases with increasing pressure, the drying rate is
(b) Chamber pressure, Pc, Torr higher at a higher chamber pressure. Thus, the drying

time normally decreases as the chamber pressure

Fig. 5. Simulated primary drying times for the productiondryerasa jncreases. This is true when the shelf temperature is
function of the shelf fluid temperature and chamber pressG@maL hig

of 5% mannitol in 10 mL tubing vial. The constants and parameters ., .
are the same as thosefef). 2 The shelf temperature ramping rate Fig. 5 also shows that when the shelf fluid tem-

is 0.4°C/min. (a) The effect of shelf fluid temperature on drying Perature is lower thar-5°C, the trend appears to be
time at various levels of chamber pressure. (b) The effect of chamber reversed, resulting in the increase of the drying time.
pressure on drying time at various levelsTpf This effect was amplified with further decrease of the
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shelf temperature. The increase of the drying time is a ‘ . . . +3
result of the decrease in the driving forcey - Pc),

as P increases, as can be seen from the sublima-
tion rate equation (d/dr) =(Po — Pc)/(Rs+Rp). The =
reversal shelf temperature depends on the mass trans-i’_
fer resistance. Thus, the best way of determining the g
quantitative effect of the chamber pressure on the dry- 2 i

ing time is to perform simulation studies of primary

drying_ —o—200mT  —A—150mT
—o—100mT __ —m— 50 mT

4.5. Practical comparison study (Tasks #6—9) Tf, deg. C

The product temperature profili for the LDH for- Fig. 7. Simulated maximum product temperature profilgsax for
the production dryer as a function of the shelf fluid temperature and

mUIatl_On_ was obtained f_rom_ the cy_cle run in Section chamber pressure—the LDH formulation in 10 mL tubing vial. The
3.6. Similar to 5% mannitol in Sectiod.3, dry prod- constants and parameters used for the simulation are the same as
uct mass transfer coefficients for the LDH formulation those ofFig. 2 exceptRo andA;. Rpn =4.344+10.88. The shelf
were determined using thg profile, generated by the  temperature ramping rate is 0.3%/min.

laboratory dryer of the center vial in conjunction with

Powell's optimization algorithm. The resulting normal-  gented inFigs. 7 and 81t is interesting to note that
ized dry layer mass transfer resistance is expressed byipe profiles inFig. 7 are similar to those irFig. 4,
Ron = 4.344+ 10.85¢ (4) since the mass transfer resjstance in(E}q'; similarto
Eq. (3) if one plotsRpn against the receding dry layer
The experimental and simulated profiles are shown thicknes<.
in Fig. 6. The initial linearly rising product tempera- The data ifTable 3indicate that the cycle developed
ture was due to the ramping of the shelf temperature in the laboratory dryer that produced a LDH formu-
for 120 min. A close fit between the two profiles can lation with 80-120% of initial activity and moisture
be seen. The obtained mass transfer resistanc@Eq. content <1.0% gave similar results when the product
allows simulation studies to predict the product tem- was lyophilized in the production dryer. Other stud-
perature profiles at various values of chamber pressurejes have shown similar correlations. However, since
and shelf temperature. Similar Edgs. 4 and Sor 5% these studies involve confidential client products, we
mannitol, the operational templatBsynaxand primary are unable to report the data.
drying time are also generated by simulation, and pre-

4
n
(=]

15 . ‘ ; —
D 1 2 3 4 e 5 = 100
-204 GE) i ——400mT —&—350 mT 80+
- —4—300mT —%—250mT
O = ) —e—200mT —e—150mT 60
o -251 2 —+—100mT_—=— 50 mT
S = 40
g 0O}
2 -30 201
<o Experiment T T " T ©
351 — bodsd 25 20 -15 -10 -5 0
Tf, deg. C
-40
Primary drying time, hr Fig. 8. Simulated primary drying time for the production dryer as

) ) ) ) a function of the shelf fluid temperature and chamber pressure-the
Fig. 6. The experimental and simulated product temperature vs.time | DH formulation in 10 mL tubing vial. The constants and parameters
profiles of the LDH formulation in 10 mL tubing vial using the mass  ysed for the simulation are the same as thosEigf 2 exceptRo
transfer resistance equatiipy =4.344 + 10.88. The shelf temper- andA;. Rpn = 4.344 +10.88. The shelf temperature ramping rate is
ature ramping rate is 02/min. 0.31°C/min.
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Table 3
Karl Fischer moisture data and LDH activity following lyophilization cycle in production dryer using same cycle developed in laboratory dryer
Shelf Front left Back left Center Rear right Front right
Moisture LDH Moisture LDH Moisture LDH Moisture LDH Moisture LDH
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
1 - - - - - 0.55 - 0.51 -
2 - 100.5 - 97.2 - 91.5 - 102.2 - -
3 - - - 0.77 - 0.63 - 0.74 -
4 - 109.6 - 102.9 0.53 - - 86.3 - 87.9
5 0.55 - 0.70 - 0.97 - 0.42 - 0.69 -
6 - 102 - 96.7 0.58 - - 107.4 - 108.4
7 0.67 - 0.66 - 0.95 - 0.55 — 0.49 —
8 - 115.5 - 99.4 0.67 - - 109.9 - 98.4
9 0.69 - - - 0.41 - 0.40 - 0.73 -
10 - 100.4 - - 0.27 - - - 99
4.6. Summary This scenario simplifies the correlation activities. As

such, the operation templates presentddgs. 4 and 5
The systematic correlation approach presented in for 5% mannitol and-igs. 7 and &or the LDH for-
this paper is recaptured and summarizeBio 9. The mulation can be used for both the LyoStdrand
flow chart describes the relationship among the tasks Edwards™ dryers. For cases other than the best-case
presented ifable 1 and also indicates the sequential scenario, it may be necessary to perform simulations to
and parallel correlation activities. During the correla- generatéig. 3for both the LyoStai™ and Edward&¥

tion studies for the LyoStaM and Edward5" dryers, dryers, and subsequently generate the operation tem-
we have experienced the best-case scenario that theplates for both dryers.
dryer heat transfer coefficient and emissivitiés es For the purpose of demonstration of the proposed

and ey, at the center-vial locations, are virtually the approach, the model formulation studied in this paper
same for both dryers. In addition, the vial used for the is 5% mannitol and actual product is the LDH for-
LyoStar™ dryer during the cycle developmentwas the mulation. For other formulations, it is necessary to
same as that for the Edwards dryer for production. re-determine the mass transfer resistance for the for-

Lab Dryer:
Dryer heat Production Dryer:
transfer Dryer heat transfer
coefficients: coefficients:
Ks, ev, es Ks, ev, es
Lab dryer \ 4
Experiments:
Measuring Tp Parameter Simulation _ _
profiles and estlmat'lon to studies using Obtain Tpat various
drying time at determine mass P primary drying T:and P
Various transfer coeff. subroutine
Tfand Pe l

Obtained operating Ty
Vial heat transfer < Same or > Vial heat transfer and Pe to ensure
Coefficients: different vials coefficients: product temperature
ivand Kcs lvand Kcs is below Ty,

Fig. 9. Summary of the correlation activities.
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mulations of interest. This is the most time-consuming successfully without product collapse, and yetthe cycle

task. However, this can be done using thRupid time can be minimized.

determination of dry layer mass transfer resistance for This paper emphasizes the correlation of the labo-

various pharmaceutical formulations during primary ratory and production dryers based on the cycle devel-

drying using product temperature profiles” presented oped for the center vials. Future studies will be directed

in the literature Kuu et al., in press toward the impact of the edge vials on the correlation
results.
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