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Abstract

This paper is focused on the design of pharmaadsticeeze-drying recipes using in-line or
off-line tools. In particular, the Model Predictivgontrol system is here used to optimize in-
line the process, while the design space is usethéooff-line optimization. As both methods
uses a mathematical model of the process, the gmobf estimating the model parameters,
including their uncertainty or variability in thetlof vials, is addressed. Then, the strengths
and the weaknesses of the various methods aresdestuwith particular emphasis on their
robustness and their application in industrial-sda¢eze-dryers. In particular, the ability of
the Model Predictive Control tool to get the optimexipe in only one run, and its capacity to
manage the system in case of an in-line modificabibthe product properties are shown. For
this purpose, experimental results obtained foraagcand mannitol-based formulations are

presented.
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Introduction

Freeze-drying is a process generally used to re@veactive pharmaceutical ingredient, that,
in most cases, is a heat-sensitive molecule, fraulation (commonly an aqueous one). At
first product temperature is lowered, thus freezimgst of the water of the solution (the “free”
water), and, then, the surrounding pressure isretvehus causing ice sublimation (primary
drying); during this step heat must be suppliedhe product, as the ice sublimation is
endothermic. Finally, a desorption step (secondlyng) is required to remove the water
adsorbed to the product (the “bound” water): thss achieved by increasing product
temperature.

Various vials containing the liquid product areqald over the shelves of the freeze-
dryer: the operating conditions, i.e. the tempemif the shelves and the pressure in the
drying chamber, have to be carefully selected deoto preserve product quality. This result
is achieved if product temperature is maintainelbwea limit value (corresponding to the
glass transition value for an amorphous productp dhe melting temperature for a crystalline
product) throughout the drying steps. With thigoeeg, primary drying is the most risky phase
of the whole process, due to the higher water cardgethe drying cake. In addition, it must
be considered that a reduction of the drying teltpee strongly increases the drying time,
therefore the process should be carried out not ffam the maximum allowable
temperaturé”

A further constraint is posed by the equipmenthassublimation flux should be lower
than a limit value that would cause choked flowha duct connecting the drying chamber to
the condenser.

The design of the freeze-drying recipe, i.e. thentdication of the optimal values of shelf
temperature, chamber pressure, and process dyréigenerally obtained by means of an
extended experimental investigation: this appraadime consuming, expensive, and it does
not guarantee that the optimal solution is obtaingdth this regard, the design of
experiments (DOE) is an effective tool to defineexperimentation strategy that minimizes
the use of resources maximizing the learning. Mageofurther experiments are generally
required to adapt the recipe for the industrialesegpparatus; the scale-up is still one of the
major problem&> ® In addition, it must be said that product and psscdesign are refined as
the product goes ahead through stages of develdmndrclinical studies. Therefore, to bring
a product to market, scale-up and transfer teclyyotan occur multiple timéed.

After the issue of the Guidance for Industry PAT B$8-FDA in 2004 various methods



were proposed and tested to design in-line thepeedhus avoiding testing final product
quality, namely:

i) Expert systems, like the SMARY Freeze-DryeP .

i) Control systems that allow optimizing in-line theogess, like LyoDrivéf® or
Model Predictive Control (MPC) algorithfi$” wherein the system state is
regularly updated (e.g. by the pressure rise ée$inique), or like that proposed by
Fissore et dt! that is based on an almost continuous estimatfoiheo system
state.

Both systems presents the same advantages:

- They provide the optimal recipe (according to drgét specified) in just one test;

- They can be used in principle both in lab-scale iankhrge-scale freeze-dryers, thus
avoiding the necessity to scale-up the recipe.

The main drawbacks are the followings:

- They require a device to monitor the state of thedpct (the temperature and the
residual amount of ice), as well as to estimatén@-one or more parameters of the
model used to calculate the control actions;

- Even if it can be introduced a safety margin on rieximum value of the product
temperature, they do not provide any informatioautihe robustness of the recipe in
case of process transfer.

As an alternative, it is possible to optimize offd the recipe using a mathematical model of
the process to build the Design Space of the faatim***®, i.e. the range of the operating
variables that guarantee to obtain a product witlceptable quality. The use of a
mathematical model allows calculating the desigacepvery quickly, but to be effective the
model has to be accurate and involve few param#tiatan be easily estimated by a limited
number of experiments. As an alternative, the datetion of the design space can also rely
on the statistical design of experiments or better,reduce the effort required, on a
combination of Design of Experiments (DOE) and reathtical modeling as proposed by
Sundaram et al*®; these authors also showed how a mathematical Inobdiee equipment
can be effectively used to modify in-line a recipecase of a manufacturing deviation (such
as a sharp variation in chamber pressure). Thegmlespace approach offers different
advantages with respect to the in-line optimization

- It gives a detailed “picture” of the system, shagvithe effect of the operating
conditions on product temperature and sublimatiaxy f

- It is possible to get information about the robasgof the recipe, i.e. the effect of



variations in processing conditions on the tempeeadf the product and, in turn, on
its quality;
but also some drawbacks:
- Itis necessary a preliminary investigation to deiae
- the model parameters, and this investigation h&etcarried out both in the lab-scale
and in the industrial-scale freeze-dryer;
- As the parameters uncertainty has to be takenaotount when building the design
space, the recipe can be too conservative.
This paper aims to compare various model-baseahigebs that have been recently proposed
to optimize the primary drying of a vial freeze-y process, with particular emphasis on
their robustness and their application in indukstale freeze-dryers. Results obtained when
designing a recipe using either an in-line consiydtem or the design space of the process,

will be used to point out the strengths and thekmeases of the various methods.

Methods and M aterials

Process model

Mathematical modeling can be very useful to designrecipe of a pharmaceuticals freeze-
drying process, but only if the proper model iestdd, taking into account the complexity of
the process, as well as the parameters that mwdtbemined. Detailed and accurate models
can be found in the literature (a review of theiaias models is given, among the others, in
Ref®), but the level of detail must be chosen accordinthe final use. It must be stressed
that the quality of the prediction generally depemnadore on the uncertainty connected with
the parameters used, than on the complexity (aaddimension) of the model. The good
engineering rule is that the model must be the kEstpone that gives accurate results.
Moreover, the time required for process simulatstiould be short, in particular when the
model is used for an in-line optimization. In tleldwings we will use one of the simplified
models proposed and validated by Velardi and B&tfest is a one-dimensional model,
where the radial gradients of temperature and caitipo are neglected, and the heat flux to
the product and the sublimation flux of the solvemeé calculated using the following

equations:

‘]q = Kv (Tﬂuid _TB) (1)



‘Jw = _( PW,i - PW,C) (2)

The heat flux is assumed to be proportional todifference between the temperature of the
heating fluid and the temperature of the produdhatvial bottom. Actually, the vials can be
heated also by radiation, from the chamber waltsthe upper shelf, and by conduction from
metal frames, when they are used to load the bdathhs, the coefficienK, has to be
considered as an overall effective heat transfeffictent, whose value can be different
depending on the relative contribution of the vasideat transfer mechanisms, which vary
with respect to the position of the vial in thedbatThe heat transfer coefficient is a function
also of the types of vial and equipment used, andhamber pressure. The heat transfer
between the heating fluid and the product at thieoboof the vial can be described as a set of
resistors in series, whose overall resistance és stim of the individual resistand&d.
Generally, a non-linear equation is used to take atcount the dependencelafon P, as
shown in eq. (3):

-1 -1
K= vt | g e 1 3)
1+C,P. A k,

glass

The solvent flux is assumed to be proportionalht® driving force given by the difference
between the vapor pressure at the interface ofreabbn and the water partial pressure in the
drying chambét®!, which is generally assumed to be equal to the ttamber pressure. The
water partial pressure at the interface is a wetiin function ofT;: we used the equation
proposed by Goff and GratéHl, whose results are in good agreement with datartesp by
Wagner et af% and with experimental data reported by Marti araLitsbergef™!

In this work, it is convenient to express the vaffow rate in eq. (2) in terms dR,,
instead of the effective diffusivity coefficient dsne by Velardi and Barré$i, which can be
derived from the dusty gas mod@l. In fact, the parametdR, is the total resistance to the
vapor flow, and includes the contribution of theedrlayer, the stopper, and the chamber;
instead, the effective diffusivity coefficient ctake into account only the contribution of the
cake, and it can be effectively used only if theidure of the porous matrix is uniform.

However, it is possible to pass from one notatmthe other using the following relationship:

1_1,1_ kM, . 1

R ) Rp,l Rp,z B RTi Ldried R

p

(4)

p.2
whereR,; is the resistance to the mass transfer due tdribd product, whiler,, takes into

account all the other contributions (chamber, stopgtc..).



The parameterR, is a function of the formulation investigated, tmeicleation
temperature, the stopper, and the dried layer mieis#®® This last dependence can be
expressed according to the following equation:

PL rie
Rp - Rp,o 1—dried
1+ I:)Zl‘dried

(5)

Even if the apparatus characteristics are the stimeyalue ofR,o (i.e. R, at L .4 =0) can

vary with the type of formulation, as it also taket account the structure of the product at
the top surface, and this contribution can be difie For example, sucrose-based
formulations tend to form a very compact layer la top surface of the cake, which is
responsible of a high value B,. On the contrary, mannitol-based formulations useally
characterized by an open structure at the top seyrfahich offers a lower value B .

At the interface of sublimation there is no heatusaulation, therefore all the heat flux

is used for ice sublimation, and the following etipracan be writtefh®":

K A i s Wi w,C

-1
1 rozen —_ 1
_+Lf— (Tﬂuid _T')_AH _(P'_P ) (6)
v frozen Rp
where Aqozen IS the effective thermal conductivity of the frozeroduct, which takes into
account the contribution of both the ice and thmpct. The following equation gives product
temperature at the vial bottom:
-1
1 1 rozen
TB :Tﬂuid _?(?4";—) (Tﬂuid _T|) (7)

v v frozen

Finally, the evolution of frozen product thicknesgalculated by solving eq. (8):

derozen:_ 1 _1 P -P 8
dt pfrozen - pdried Rp ( " W‘C) ( )

Determination of model parameters

In order to solve the equations of the freeze-dyyimodel previously described we need to
know the value of two parameters, namklyandR,, beside the operating conditionfq
andP;) and some physical parametetgofen Odriess Kirozen AHS).

The value of the overall effective heat transferfit@ent can be calculated if the
coefficientsC,, C,, andCs are known. Various expressions were provided enpghst to this
purpose, but reliable values can be obtained omign fexperimental investigatidh: & 24
The following methods were proposed in the literatur

- Gravimetric test;



- Tunable Diode Laser Absorption Spectroscopy (TDLAB)is used to determine the
sublimation fluxJ, and, in cas@g is measured, the value k§ can be calculated &%>"

_ J,AH,
Kv - 14
Xt j (Tﬂuid —Ty ) dt

0

(9)

- One of the algorithms proposed to monitor the @eaesing the pressure rise test (PRT):
the valve in the duct connecting the drying chambehe condenser is closed for a short
time interval, and the state of the product (terapee and residual ice content), as well as
some model parameters (ek),) are determined looking for the best fit betweba t
measured and the calculated values of pressur&®se

We propose to use the gravimetric test to deterrttieevalue ofK, as this test is able to

provide the distribution of the values of this paeders among the vials of the batch (both the

TDLAS method and the PRT-based methods estimateadtihean” value of the overall heat

transfer coefficient, assumed to be the same fahalvials of the batch) and it can be carried

out both in lab-scale and in industrial-scale feedeyers. With this respect, the use of
wireless temperature sensors appears to be aldelwe the problem related to the use of
wired thermocouples in industrial freeze-dryers hwautomatic vial loading/unloading
system$>*3 It has to be remarked that at least three diffetests, each of them carried out
at a different value of chamber pressure, are redun order to estimate the coefficieis

C,, andC; looking for the best fit between the measured eslofK, and those calculated

using eq. (3).

With respect to the resistance of the dried lagevapor flow, this parameter can be

determined using one of the following methods:

TDLAS: the measurement of the flux of solvent canused to calculati, in caseT; is
known, and using the following equation:

_ I:)w,i - Pw,c
A

w

(10)

- One of the algorithms used to interpret the PRT;

- The “capillary tube” model proposed by Rambhatlaatf®: it correlates the BET
specific surface area of the product to the vafug,p

- A weighing device (i.e. Lyobalance) in the dryingamber: if product temperature in the
weighed vials is measured, then eq. (10) can bé ts@etR, (the sublimation flux is

easily obtained from the measurement of the weags)?"



In-line optimization: Model Predictive Control algorithm
A Model Predictive Control (MPC) algorithm calcidata sequence of control actions, one for
each sampling interval, solving an optimizationkppeon with a quadratic objective function:

k+hy

min(F,) = mm{Z[ym() (v(i)+ é(k))]z} (11)

j=k+1

In eq. (11)ywr is the assigned set-point for the output varigtde the time instarjt andh, is

the prediction horizon, i.e. the number of timeemls in the future where the state of the
system is predicted, given the initial state anel $bquence of control actions. The value of
the manipulated variableis assumed to remain constant throughout the sagnipterval {x,

tw+1). After each sampling time the modeling erercan be calculated as the difference
between the measured and the calculated valuekeobutput variable as shown in the
following:

8 = ¥ ~ Y (12)

As the correctiore may be due to modeling errors or measurement rforserror), a simple
filter can be used to make this value less semstbvmeasurement noise, e.g. we can use the

following equation:

& =ag +(1-a)g, (13)
where a, called forgetting factor, is equal to 0 in caselyomeasurement errors are
responsible fore, or it is equal to 1 in case there are no noise§lter. Once the new
estimation ofg, is available, the optimization problem is solvegia for the following time
interval.

In eq. (11) it is possible to take into accountdbst of the control actions. In case there

aren; manipulated variables, the optimization problenvesd by the MPC algorithm is the

following'®!:
ke, , I Kth, -1 )
I D EA TR ORI S AETO M S

thus looking for a sequence of control actianghat minimize not only the offset of the
controlled variables with respect to the targetugal but also the variations of the
manipulated variablesy,, is the move suppression factor, a parameter usedeigh the
contribution of the variation of theth manipulated variable to the cost functibg.is the
control horizon, i.e. the number of time intervats the future where the value of the

manipulated variables is calculatdg, (nay be larger thahc; in this situation for the time



instant betweem. andh, the manipulated variables assume the values taeg im the final
instant of the control horizon).

The manipulated variables in a freeze-drying prea® Tq,g and P.. Two different
cases can be considered:

i. BothTy,iq andP. are manipulated;
il.  Only Tyig Is manipulated.

With respect to the target of the operation, wedneminimize the duration of the
drying time, that depends on the sublimation flThus, in case (i) the controller will
minimize the difference between the sublimatiorx fand a target value (e.g. the maximum
value allowed in the apparatus considered), whileaise (ii) the controller will minimize the
difference between maximum product temperatureth@dimit value: in fact, wheR. is not
modified, the sublimation flux is maximized if thgroduct is maintained at the maximum
allowed temperature.

Various constraints can be taken into account wdwwving the quadratic problem (eq.
(14)), namely:

i. product temperature has to be maintained belowndgseémum allowed value;
ii. the sublimation flux has to remain below a limiluathat is a characteristic of the
equipment;
iii. minimum and maximum values G%.4, Pc and heating and cooling rates that can be
obtained in the apparatus.
These constraints are handled in the optimizatr@blpm through proper penalty functions,
one for each variable, that are added to the costtibn in eq. (14). To predict the future
evolution of the controlled variable(i.e. J,, or Tg.), the MPC system uses the mathematical
model of the process above described, which is a¢sal in the following for the off-line
optimization. Further details about the algoritham de found in Pisano et &%, who also
investigated the robustness of the control systéfith this regard, they showed that the
system can effectively control the temperaturehef product even when the mathematical
model of the process does not perfectly describedghl dynamics of the process, e.g. because
of the uncertainty on the parameters of the moldgla(idR,). In addition, it can reject any
disturbance that can modify the performances of éfaipment, relying on the receding
horizon policy to adjust the recipe according toeav estimation of the product state that is
provided by the monitoring system. Neverthelessnuist be said that the robustness of the
control system does not guarantee that the regukticipe is robust. In fact, if such a recipe is

used (without any modifications, but using the dix@quence of set-point values previously



determined) to carry out a new freeze-drying cyelthe same equipment, or worse in a new
freeze-dryer, even small variations in the procegssonditions might infringe the constraint

on the product temperature. A simple, but effe¢tway to overcome such a problem is

introducing a safety margin on the maximum valuggtthis margin is here indicated gs .
By this way, the optimal heating policy calculateg the MPC system can maintain the

temperature of the product close, but always be(d'\y,— X; ) Such a recipe can withstand

all those variations in processing conditions, or process parameters, that results in

temperature increases lower than . Of course, the value of_ required to get a robust

recipe depends on the range of variation$;@f andPc, or K, andR,, considered: in fact the

value of x_ increases with the range of variability considerBal evaluate the impact of the

chosen disturbances on the maximum valu&@gtnd thus ofy,, we can use the same

mathematical model at the basis of MPC calculations

Off-line optimization: Design Space

The design space can be calculated using the metiopsed by Fissore et'HY. as it takes
into account the variation of the design space witie, due to the increase of the dried layer
thickness. Besid&s,iq andPc, the thickness of the dried layer is used as tbaordinate of
the diagram instead of time, as it allows obtainmgnique diagram for the formulation
considered. The procedure used to build the desgpgoe is the following:

1. Identification of the values ofyug and P, of interest. The third parametdtgyieg,
ranges from 0 to 1, and it is required to set apdiaugy interval also for this variable.

2. Selection of the first value &fyieq to be considered in the design space.

3. Selection of a couple of values Bf,iq andP. and calculation of product temperature
(T; andTg) and sublimation fluxJ,) when the operating conditions are set equaldo th
selected values. The temperatlirean be calculated from eq. (6), and the sublimatio
flux is obtained from eg. (2), onc& has been determined.

4. For the selected value tfyieq the operating condition$y,q and P; belong to the
design space in case both maximum product temperetdower than the limit value,
and the sublimation flux is lower than the maximatowed value.

5. Repetition of previous calculations for all the mgigng conditions of interest, thus

obtaining the full design space for the valud.gfq previously considered.



6. Repetition of previous calculations for the othedues ofLgieq Of interest, thus
determining how the design space changes duringrthrary drying.
The effect of parameter uncertainty on the despate of the primary drying can be taken
into account using the approach proposed by Giaréaal
As already discussed for the in-line optimizatialso in this case the resulting recipe
has to be sufficiently robust to guarantee theityuaf the product even in presence of limited
variations in processing conditions with respecth® set-point values, or in case the same

recipe is used in a different apparatus. Unlikedtfidine optimization, a safety margin for the

temperature of the heating fluidy(

fluid

) and for chamber pressurey,() can be directly

introduced during the design of the recipe. An eglanof how to use the design space to

define a recipe that is robust enough to presdreetoduct even in presence of temperature

and pressure oscillations (respectively of ampétyd and y, ) is given in the following
fluid c

section. As an alternative and similarly to whaeatly shown for the in-line optimization, we

can introduce a safety margin on the temperaturthefproduct f_ ) and calculate a new

design space using as target temperature the (/ﬁng:—)(T ) :

Independently of the approach used, it must betkaidthe robustness of a recipe is not
guaranteed if it is transferred to a new equipmbat,a new recipe has to be re-calculated
according to the design space of the new freezerdagd introducing an appropriate safety

margin either on the processing conditions or enntlaximum allowed product temperature.

Case study

The case study that will be investigated in thdofeing is the freeze-drying of a placebo
constituted by a 5% w/w sucrose (Sigma-Aldrich) eamus solution. The freeze-drying of a
5% w/w mannitol (Riedel de Haén) solution will albe investigated as an example of
crystalline product. All reagents were analyticedde and used as received. Solutions were
prepared using ultra-pure water (Milli-Q RG, Miltige, Billerica, MA) and processed into
ISO 8362-1 2R tubing vials, filled with 1.5 mL aflation.

The process is carried out in a pilot-scale fredzer (LyoBeta 25 by Telstar, Spain)
with a chamber volume of 0.2°nand equipped with capacitance (Baratron type 628A,
MKS Instruments, Andover, MA, USA) and thermal coativity (Pirani type PSG-101-S, by
Inficon, Bad Ragaz, Switzerland) gauges. The pressuthe drying chamber is regulated by

bleeding of inert gas, whose flow rate is meastineough a mass flow meter (type MB100,



by MKS Instruments, Andover, MA, USA).

The temperature of the product at the vial bottermonitored using T-type miniature
thermocouples (by Tersid S.p.A., Milano, Italy)ged in both central and edge vials. Instead,
the temperature of the product at the interfacsublimation and the residual ice content are
estimated using the pressure rise test: the vdheeg@ in the spool connecting the drying and
condenser chamber is closed for a short time, hadptessure inside the drying chamber
increases because of vapor accumulation. The clrapnessure data are then related to the
process parameters of interest using mathematiodels. For this purpose, it is here used the
DPE" algorithm[*

The end of primary drying is here estimated usihg tatio between the pressure
measured by Pirani gauge and that supplied by Barabtanometef® The Pirani gauge is a
thermal conductivity sensor, thus its signal degemal the gas type or, in case of a mixture,
on the composition. Instead, the Baratron sensarcgpacitance manometer, thus its reading
Is independent of the gas composition. During thend, all the gas in the chamber is water
vapor, therefore the value of chamber pressure uneaddy Pirani (that is generally calibrated
for nitrogen) is higher than that read by the cd#pace manometer. On the contrary, at the
end of the drying, when the concentration of watéw the drying chamber is very low, the
pressure measured by Pirani approaches the valasuneel by Baratron. Therefore, the
completion of ice sublimation can be detected astithe at which the ratio of the pressure
signals given by the two gauges approaches &iity.

The heat transfer coefficient is measured by gratiim way. In particular, a batch of
vials is filled with water (or with the solution w©taining the active pharmaceutical
ingredient), weighed and loaded in the drying chamBfter freezing, the primary drying is
carried out for a time interval\{); then vials are unloaded and weighed. In thismeanthe
weight loss Am) can be easily measured in each vial of the 1derhperature of the ice at the
vial bottom {Tg) is also measured, the coefficigff can be calculated using the following
equation:

K = AmMIAH

v (15)
A EJ- (Tﬂuid —Tg )dt

To estimate the pressure dependendg,oéuch a test has to be repeated at different safie
Pe.

Results and discussion



Model Parameters

The type and contribution of the various mechani#ms can be involved in the heat transfer
from the technical fluid to the product vary withet position of the vial into the lot. In
particular, in case vials are loaded directly oe treating shelf, arranged in clusters of
hexagonal arrays and surrounded by a metal band gfoups of vials can be identiffé:
vials V; are located at the edge of the lot and in comagitt the metal frame, ¥are at the
edge but not in contact with the band,are in the second row, and vialg &fe in the central
part of the lot. Nevertheless, for the sake ofitglam the following analysis we will consider
only two groups of vials, which are characterizespectively by the highest (type)\and the
lowest (type \) value ofK,.

The value ofK, vs. P. for the two groups of vials above cited has bekgady
measured by Pisano etl. and, according to eq. (3), has been described hynadinear
function whose parameter€,( C, andCs) have been obtained by regression of experimental
data (see Table 1). Furthermore, to simplify theigle procedure, we assume that the
parametelC, is the only responsible for the uncertainty Ky while the contribution o,
and Csz is implicitly included in the uncertainty of thertmer parameter. This uncertainty in
turn corresponds to the standard deviation of tegillution curve ofC; (see Table 1), which
can be easily derived from the distributionKgfexperimentally observed for the two groups
of vials considered.

The value ofR;, vs. Lgieq, for the two formulations considered in this studyas
estimated by both Lyobalance and the pressure tase technique evidencing a good
agreement between the two methods, see Figurecbrdiog to Ref*¥, the freeze-drying of
sucrose-based formulations produces porous matesidh an uneven structure, wherein a
compact layer at the top surface of the produgirésent and responsible of the initial, and
sharp, increase d?,. By contrast, mannitol-based formulations are attarized by an open
structure at the upper surface and, thus, the \@fliRy increases almost linearly withyieq.
However, it must be noticed that the resistanceajmor flow observed for 5% w/w mannitol
is much higher than that observed for 5% sucrosd, ia particular its initial value is
approximately equal to the value Rf observed, for the sucrose-based formulation, &fier
initial ramp. This behavior might be due a much enioregular structure of the mannitol cake
that, even if it is characterized by an open stmgctat the top surface, offers a higher
resistance to vapor flow. Furthermore, we have mfeskethat during the drying step, the

couple of temperature and vapor flow increase ptemthe formation of numerous holes on



the top surface, which lower the valueRyf

The parameters of eq. (5), which describe the m@at dependence &, on Lyried,
have been obtained by regression of experimenta dad are reported in Table 2. The
uncertainty on the parametgy is defined by the accuracy of the temperaturesemsed in
the experiments. Since the miniature thermocoupdesl in this study have an accuracy of 0.5
K, the maximum variation in the resistance to maasssfer is about 10% and, in particular,
we assume that the only responsible for this uaogyt is the parametd?;, as it strongly

affects both the final value and the shape of threeR, vs. Lgriea.

Off-line optimization

Following on from what stated in the previous sattithe first step to build the design space
is the selection of the range of interestTarg andP,, that are respectively (240, 300) K and
(2.5, 20) Pa, as well as of the parameters of theehthat describe the heat and mass transfer
in the investigated system. In particular, the gues dependence Kf, and the value dR, vs.
Laried @re respectively described by eq. (3) and (5nqushe coefficients of Table 1 and 2.
Therefore, the last parameter to be defined renthmdimit value for the temperature of the
product Thay. In case of amorphous products like the sucr@sed formulation, the value of
Tmax IS Set a couple of degrees higher than the gtassition temperature, that is 240 K. On
the contrary, in case of crystalline products litkee mannitol-based formulationlax
corresponds to the melting temperature, that iskk48

As widely discussed by R&f!, the design space usually becomes smaller andesmal
as the drying goes on; in fact, the resistancedassnransfer increases witheq, therefore the
range of processing conditions that can be effelstiwused reduces as ice sublimation
proceeds. It follows that to always respect the stamt on the maximum product
temperature, the operating conditions have to baged during the primary drying according
to the modifications of the design space or, asilitbe done in the following, have to be
chosen according to the most restrictive desigrespthat is, the one calculated close to the
completion of ice sublimation when the valueRafis the highest.

Figure 2 shows an example of design space calcutédse to the end of the drying (i.e.
at LariedL = 99%) for the two selected formulations in cdseytare processed in edge;(V
and central vials (. As already shown in the previous section, céntigels have a lower
value ofK, with respect to those placed at the edge of tiedf simd, therefore, the design
space is larger. However, if the primary objectiveéhe selection of a combination ©fyq

andP. that guarantees that all the vials of the lot npeetluct quality requirements, we have



to use the design space of vials &s they might be more easily damaged by product
overheating.

Once the design space is built for the selectedlymtp processing conditions that
provides assurance of quality can be easily identifin particular, to determine the optimal
combination ofTy,iq andP. that maximizes the sublimation flux, we used tbetour plot of
Jw calculated close to the end of the drying. Acaaogdio Figure 2 a good combination of
processing conditions that preserves the qualithefproduct for all the vials of the lot, and
maximizes the mass flux of vapor, is: (case #1 V&% sucrose),iqg = 255 K andP; = 5 Pa,
and (case #2, 5% w/w mannitdh),q = 252 K andP; = 5 Pa. At this point, two freeze-drying
cycles were carried out using the constant valde$;q and P; selected from the above
optimization procedure. The two cycles were thealy@ed in terms of product temperature
response and duration of the sublimation phase.

The temperature of the product at the vial bottoas \wmonitored by the pressure rise
test technique (coupled with DPRBlgorithn®?) and through thermocouples placed in both
central and edge vials. Concerning the product &atpre, it must be said that vials hosting
thermocouples finish sublimating earlier than test of the lot, as the insertion of the sensor
probe alters the drying kinetics of the monitorea.vl herefore, thermocouples signals can be
considered representative of the system state isetisublimation is not completed in the
monitored vial: such a phenomenon can be easilgctedd as a sharp increase in the
temperature of the produ¢t® The completion of ice sublimation of the rest loé fot was,
instead, associated to the beginning of the deicirgasart of the Pirani-Baratron pressure ratio
curve, when most of the vials of the lot have tieid sublimating. An example of results is
given in Figure 3, where it can be observed thdiath cases the temperature of the product
(for both vials \{ and \4) remains belowlna, and the drying time as measured by Pirani-
Baratron pressure ratio resulted to be respect®eglly for sucrose and 31 h for mannitol.

It must be pointed out that even if the mannitaddzh formulation is processed using
almost the same value &g andP; set for the sucrose solution, the resulting suduiom
rate is smaller, and therefore the drying timeoisger (see Figure 3, graph b). This result is
the consequence of a much higher valug&pts. Lqieq Observed for the 5% w/w mannitol
solution with respect to that observed for the 5%vwvgucrose. In case the product is
processed in a different dryer, the two recipesvabalidated do not guarantee neither that
the quality of the final product is respected nbattthe heating policy used is not too
precautionary, unless the valuekafvs. P;, andR; vs. Lgrieq IS the same in the two pieces of

equipment. However, it must be observed that tHaevaf R, vs. Laieq IS generally not



modified moving from one equipment to another gmeyided that the product undergoes the
same freezing conditions in the original and in tesv freeze-dryer. On the contrary, the
value ofK, of the selected vial can vary with the equipmesedu(e.g. because of a different
surface emissivity), therefore the design space,the optimal recipe, has to be recalculated
according to the value of the heat transfer coefficobserved in the new dryer.

A final comment concerns the robustness of thepeedrollowing on from what stated
in the introduction, a safety margin can be intitl on bothTy,g and P to account for
deviations from the scheduled values. Dependingherapproach used to design the recipe,
we can include such margins in different ways, Wwlace better clarified in the following with
the aid of an example. Let's consider the freezgéndr of the mannitol-based formulation
taking into account that the design space is mediifis the drying goes on, see Figure 4. Let’s
suppose that the objective is the design of a eetliyat minimizes the drying time, but
preserve the quality of the product even with fltechperature oscillations of magnitude 5 K.
As for 5% w/w mannitol we have observed that thecimam sublimation flux (compatible
with product constraints) is achieved at low valwésP. (see Figure 2), let's consider a
constant value of chamber pressure (=5 Pa) whietémperature of the heating fluid is
modified during the drying. To get a recipe thatabust with respect to the process deviation
considered, the operating point has to be chosahedesign space in such a way that it is
sufficiently close to the curve that representsliimi operating conditions, but at least 5 K
below to preserve the quality of the product. Arareple of such a recipe is displayed in
Figure 4 (left-side graphs). The duration of eaelp $ias not been here specified, but it can be
calculated using the mathematical model of the gssas already discussed by R&f.In
case, instead, the drying is carried out at conhJtgn andP., we have that the safety margin
on Txuig IS Not constant over the time, but reduces ascheublimation proceeds. Figure 4
(right-side graphs) shows an example of such desistgp recipe wherein the value g

was chosen according to the design space calcutdtseé to the end of the drying, and

introducing a safety margin of. that is at least 5 K. It must be noticed that tbeipe
fluid

designed and validated in this paper (see Figurgldt-side graphs) have, instead, a margin
of safety (at the end of the process) that wasf8rKials V,; and less than 1 K for vials; VIt
follows that this recipe guarantees the qualityh&f product of central vials (that constitutes
almost 80% of the vials of the lot) even in pregeatlarge deviations oOffig With respect to
the set-point value. By contrast, edge-vials capdmly damaged by small variationsTiiq,

mainly close to the end of the drying when the nmaaf safety is smaller. Another possibility



to build a robust recipe consists in using a desjggrce that has been calculated for a lower

value of the maximum allowed product temperaturg.@®T,,, — ¥, ). Figure 5 compares the
design space of 5% w/w mannitol obtained usingedsifit values ofy, . As expected, it can

be observed that a higher value pf results in a smaller design space and, thereiiora,

more precautionary heating policy and a longermdrytime. Figure 5 (upper graph) shows a
similar comparison in case a 5% w/w sucrose soiuigoconsidered. It must be evidenced
that, even if the investigated values of safety gmarfor sucrose and mannitol-based
formulations are the same, the resulting valudneftarget temperature is different, as the two

products have a different value Bfax

In-line optimization

The minimum values of input variables have beemasebrding to the characteristics of the
equipment P¢ min = 2.5 PaThuigmin = 193 K), while their maximum values arg;iq max = 300

K and P;max = 30 Pa. The values of model parameters and tiegiendence on processing
conditions and/or product characteristics are desdraccording to eqgs. (3) and (5) and the
parameters of Table 1 and 2. The parameters aahiol system were chosen according to

the guidelines given by Ref:”, thus:h, = 7, h. = 4 andAt, = 30 min. The reference

trajectory of the controlled variable (that J3) was calculated by a local steady-state
optimization that takes also into account equipnagrt product constraints. In particular, the
maximum value ofl,, that the system under investigation can managigowt incurring in
choked flow conditions, is set to 1.5 kg m? The limit value of the product temperature
was, instead, set according to the product charsiits, as already discussed in the previous
section. According to Pisano etl, we have used the same value (i.e. 0.1) for theemo
suppression factons, 1, that penalizes variations g, andw,, that penalizes changes in
P.. At the completion of each control action, thaestaf the system (in terms af andTg) is
updated using the estimations obtained by the pressse test technique coupled with DPE
algorithm. Then, a new set of control actions iswated starting from the new system state,
and taking also into account the error of the mqutedictions. It must be remarked that the
used monitoring technique gives an average estmati the system state, which however is
very close to that of central vials as they couasgitabout 80% of the lot. It follows that the
control system can effectively control the prodiechperature of only central vials.

Figure 6 compares the control strategies obtainednwusing the two MPC control



algorithms described above to optimize in-line tb@pe in case the 5% w/w sucrose solution
is freeze-dried. For the first control system (thnipulates only,q: left-side graph), the
set pressure value is maintained constant duriagetttire cycle and equal to 5 Pa, which
corresponds to the optimal value calculated bydadfidine optimization of the process. In
both cases, the controller maximizes the heatinthenfirst half of the drying to lead,
towards its target value. In the second part ofdityeng, instead, variations in input variables
are much more limited a%, is already close to the maximum value that caradigeved
compatibly with the constraint on product tempematun addition, it must be remarked that
in both cases the temperature of the product inralemials remains always beloWmax
throughout the primary drying phase, thus presgriire quality of the product. A further
remarkable reduction of the drying time is obtaiméten optimizing boti,iq andP; (from
about 27 h of the off-line optimization to 22 hdase of manipulation of onl¥s4, and to
about 15 h in case bofhg andP; can be modified), but it must be said that a mhigiher
difference might be observed in case the procesariged out under mass transfer control,
when the manipulation of onliiq is not sufficient to properly control the temperat of the
product. Nevertheless, it must be noticed thatasecalsd®; is manipulated, the temperature
of the product is maintained closer T@.x in particular, while the mean value @t as
estimated by the pressure rise test techniquenayal below its limit value, the temperature
of vials V; (as measured by thermocouples) overcamg and thus the quality of their
content was not guaranteed. As all the controlesystso far proposed in the field of freeze-
drying do not take into account inter-vial varidlyil to guarantee that the entire lot of vials
meets product quality requirements we can use tiategjies:
1. Use as control variable the product temperaturedgie-vials, which might be more
easily overheated (of course, this approach regjuoesstimate, or to measure, this
variable, which is not an easy task and impliesube of sophisticated devices as

those proposed by Ref&*3):

2. Reduce the value ofmax by a safety margin X_), which accounts for the

temperature variance of the lot around the meanev#that can be, for example,
estimated though the pressure rise test techffigue.
Following on from what stated in the introductitime same approach can be used to take into
account potential disturbances on processing dondit Nevertheless, it must be evidenced
that such an approach does not guarantee the nelsgsdf the recipe in case it is transferred

to a different equipment, unless a very large gafedrgin onT . iS introduced. In this case,



the best solution is to repeat the test on the espripment.

Finally, it can be observed that the operating dants set by the control system (in
case of manipulation of boffy,iq andP:) do not belong to the design space of centrakvial
reported in Figure 2. This result is the consegeesfca significant reduction of the value of
Ro vs. Laried that, in turn, is likely due to the cracking oétbrust promoted by a much higher
value ofJ, at the beginning of the drying: in fact, comparithg maximum value o8,
observed in the two tests (see Figure 6, graphblebjnanipulation oP. allows to reach a
value of Jymax = 3.2x10% kg s'm™ that is significantly higher with respect to thase in
which only Ty,ig is manipulateddy max= 2.0x10" kg s'm).

A similar study was carried out for the mannitosked formulation. In this case, the
comparison was done only between the in-line (sger& 3, right-side graphs) and the off-
line optimization in case of manipulation of bdthq andP. (see Figure 7). Even in this case,
the control system could maintain the temperatdrth® product below its limit value, and
shorten the duration of the sublimation phase weipect to the off-line optimization (26 h
vs. 31 h). However, in this case (with respect he sucrose-based formulation) the
manipulation of the chamber pressure seems to s dffective in terms of drying time
reduction (16% for mannitol vs. 44% for sucrosegvdlitheless, it must be said that the
significant reduction of the drying time observed the freeze-drying of sucrose is partially
due to a variation i, that further promotes the sublimation of ice. émegral, if the structure
of the product is not modified, and provided theg value oR, VS. Larieq Of 5% w/w mannitol
solution is much higher than that of sucrose, tile of chamber pressure would be more
marked in case of freeze-drying of mannitol solsioas in this case mass transfer control

conditions might more easily occur.

Conclusion

The effectiveness of various model-based strategiegptimize a freeze-drying process has
been demonstrated by means of experimental inagtigs. The off-line optimization via
design space provides much more information abloaiteffect of the operating conditions
(Tauia @and Pg) on the product, but the recipe optimization canléss effective than that
achieved using the model predictive control algonit However, to provide an effective in-
line optimization, the dryer has to be equippedlproper monitoring device that, mainly in a

manufacturing plant, is not always available.



Both approaches can be used both in small-scalenaladge-scale freeze-dryers, thus
avoiding the successive step that requires thesgabf the recipe. However, when using the
model predictive control system it is possible & the optimal recipe in just one run, and
potential disturbances affecting the dynamics efpiocess can be rejected. For example, in
this work it has been shown that even in case drikeoparameter of the model (i1&)) is
significantly modified during the cycle (e.g. besaof crust cracking or micro-collapse of the
structure), the in-line optimization can effectiw@hanage this situation preserving the quality
of the product. By contrast, a similar situatiom ds successfully managed by the off-line
optimization only introducing a large uncertainty model parameters that, however, lead
toward a more precautionary cycle and therefomngdr drying time.
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List of Symbols

A, cross sectional area of the via? m

(o parameter used in eq. (3), W in?

C, parameter used in eq. (3), Wi§?Pa*

Cs parameter used in eq. (3), Pa

e modeling error

e filtered value of the modeling error

Fi1, F2 cost functions to be minimized

AHs sublimation heat, J Kg

he control horizon

hp prediction horizon

Jq heat flux to the product, W fn

Jw solvent sublimation flux, kg #s*

Ky overall effective heat transfer coefficient, Wig?
ky effective diffusivity of water vapor in the ddéayer, nf s*
Ks heat transfer coefficient between the techrfload and the shelf, W Km™
L total product thickness, m

Ldried thickness of the dried layer, m

Ltrozen thickness of the frozen layer, m

m mass, kg

Ne number of manipulated variables

P1 parameter used in eq. (5) s

P, parameter used in eq. (5);'m

Pc chamber pressure, Pa

Puw.c solvent partial pressure in the drying chamBer,
Puwi solvent partial pressure at the sublimationrfate, Pa
R ideal gas constant, J kritdk™

Ro resistance of the dried layer to vapor flux, n s
Ro.o parameter used in eq. (5), th s

Sylass thickness of the glass at the bottom of the, wal

Ti product temperature at the interface of subiiomat<
Ts product temperature at the bottom of the vial, K

Thuid temperature of the heating fluid, K



Tm ax

At;

Wu

yref

Greeks

a

X
Prrozen
Pdried
/1frozen

Aglass

Abbreviations
DPE

MPC

PAT

PRT

TDLAS

maximum allowable product temperature, K
time, s

control interval, min

manipulated variable

move suppression factor

controlled variable

measured value of the controlled variable

set-point for the controlled variable

forgetting factor

safety margin

density of the frozen product, kg’m
apparent density of the dried product, K§ m
heat conductivity of frozen product, W™

heat conductivity of the glass, 3hs'K™*

Dynamic Parameters Estimation
Model Predictive Control
Process Analytical Technology

Pressure Rise Test

Tunable Diode Laser Absorption Spectroscopy
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Figure 3. Example of freeze-drying cycles carrietl wsing the processing conditions defined
via off-line optimization for (left-side graphs) 5%/w sucrose and (right-side graphs) 5%
w/w mannitol. Evolution of: (graph alu,iq andPc; (graph b) Pirani-Baratron pressure ratio
(solid line) andl,, as estimated by the PRT technique (symbol); (gl as measured by
thermocouples (dashed line) or estimated by PRTnigqoe (symbol). The vertical line

evidences the completion of ice sublimation asaleteby the pressure ratio.

Figure 4. Design space for 5% mannitol as calcdlatevarious values dfgiedL: (graph a)
1%; (graph b) 23%; (graph c) 55% and (graph d) 99R&. optimal operating conditions, and
the margin of safety omg,iq (vertical arrowed line), are displayed in casea ohulti (left-side
graphs) and single-step recipe (right-side graphsg symbol @ ) corresponds R = 5 Pa
and a specific value of fluid temperature: (Fd)a = 261 K; (#2)Tauia = 252 K; (#3)Thuia =
249 K; (#4)Thug = 248 K. The an®. = 5 Pa.

Figure 5. Design space for 5% w/w sucrobga = 240 K) and 5% w/w mannitollfax = 248

K) as calculated altgiedL = 99%, and considering a different value of tarigghperature

(Ttarget = Tax = X7 ): (sOIid line) x. = 0 K; ( dashed line}y, =1 K; (dotted line) y, =2 K

and (dash-dotted liney. =3 K.

Figure 6. Example of freeze-drying cycle carried osing a 5% w/w sucrose solution, and
the model predictive control to manipulate (leffesgraphs) onlyfs,iq and (right-side graphs)
both Ty, andP.. Evolution of: (graph aJ.iq andPc; (graph b) Pirani-Baratron pressure ratio

(solid line) andl,, as estimated by the PRT technique (symbol); (gl as measured by



thermocouples (dashed line) or estimated by PRTinigoe (symbol). The vertical line
evidences the completion of ice sublimation asaetkeby the pressure ratio.

Figure 7. Example of freeze-drying cycle carried asing a 5% w/w mannitol solution, and
the model predictive control to manipulate b®izq andP.. Evolution of: (graph aJsuig and
Pc; (graph b) Pirani-Baratron pressure ratio (solite) andJ, as estimated by the PRT
technigue (symbol); (graph & as measured by thermocouples (dashed line) onastil by
PRT technique (symbol). The vertical line evidentes completion of ice sublimation as

detected by the pressure ratio.



Parameter Typeof vial Unit
Vi V4
C ta, 21.9+49 7.8+05 W m?*K™
C, 1.04 1.04] W m?K7Pa’
C, 0.04 0.04 Pa’

Table1



Parameter Formulation Unit
5% sucrose | 5% mannitol

o 2.1x10 1.2x10 [ m s

P 1.4x10 11x10| s*

] 1.1x10 0.8x1G | m™

Table 2
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