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Abstract

This paper deals with the determination of drielleceesistance in a freeze-drying process
using the Smart Soft Sensor, a Process Analytieahmology recently proposed by the
authors to monitor the primary drying stage ofesefre-drying process.

This sensor uses the measurement of product tetnpgra mathematical model of the
process, and the Kalman filter algorithm to estartae residual amount of ice in the vial as a
function of time, as well as the coefficient ofahéransfer between the shelf and the product
and the resistance of the dried cake to vapor flowoes not require expensive (additional)
hardware in a freeze-dryer, provided that thermptasuare available.

At first, the effect of the insertion of the theroomiple in a vial on the structure of the
product is investigated by means of experimentatstigations, comparing both sublimation
rate and cake structure in vials with and withdwgtrtnocouple. This is required to assess that
the temperature measured by the thermocouple issdinee of the product in the non-
monitored vials, at least in a non-GMP environmentwhen controlled nucleation methods
are used. Then, results about cake resistancenelta an extended experimental campaign
with aqueous solutions containing different exaipse (sucrose, mannitol and
polyvinylpyrrolidone), processed in various opargtconditions, are presented, with the goal

to point out the accuracy of the proposed methagolo
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Introduction

The Guidance of Industry PAT (Process AnalyticatArelogy), issued by U.S. Food and
Drug Administration in September 2004, promotesdbgign and implementation of effective
monitoring and control systems with the goal toidvesting product quality at the end of the
manufacturing process, and to get the desiredtgumatidesign or during the process.
Unfortunately, even if this guideline has been egalty accepted by the industry
(DePalma, 2011), the response to this initiativpeaps to be quite weak (Shanley 2009,
2010; Kristan and Horvat, 2012). On the basis @uevey involving 102 pharmaceuticals
companies Shanley (2010) evidenced that about 368%em were not implementing PAT
into their manufacturing processes, mainly dueiteetand cost reasons. In most cases, in
fact, PAT require using expensive devices, as a®llo modify existing equipment, and this
can prevent its implementation, even if the usswfable Process Analytical Technologies
allows obtaining a thorough understanding of thecess and of product evolution during
manufacturing, and this can be exploited to getli@uay Design, i.e. to identify (off line) the
operating conditions that allow meeting specifiogurct critical quality attributes.
Freeze-drying is quite often one of the most imgurtoperations in pharmaceuticals
manufacturing. It allows removing water from a protat low operating temperatures and,
thus, it is suitable for those products that candbemaged by drying processes at higher
temperatures. Furthermore, the freeze-dried preduant be stored for long time, they can be
easily reconstituted, and the process can be eamitied out under sterile conditions (Liapis,
1987; Snowman, 1991; Nail and Gatlin, 1992; Oetjed Haseley, 2004; Franks, 2007).
During the process it is necessary to carefullgcethe operating conditions, namely
the temperature of the heating shelf (or that efttbating fluid) and the pressure in the drying

chamber, with the goal to preserve product qualityfact, it is mandatory to maintain



product temperature below a limit value, that isharacteristic of the product, to preserve
both the stability and the activity of the drugdaaiso the cake appearance, that can affect the
velocity of the reconstitution of the product. ket product to freeze-dry is amorphous, this
temperature is related to the glass transition &atpre (to avoid the collapse of the dried
cake), while for a crystalline product the limitwa is represented by the eutectic temperature
(to avoid the formation of a liquid phase). In tii@mework, the primary drying stage, when
ice sublimation takes place, is crucial in ordepkdain a product with the desired quality as
the limit temperature can be particularly low, d@ing the longest stage.

The operating conditions of a freeze-drying cyaie generally selected by means of a
trial and error approach: the product is insertgd vials placed on the shelves in a drying
chamber, and the temperature is measured pladingramocouple into one or more vials, in
central position and in contact with the producttla bottom, in order to check if the
constraint on product temperature is fulfilled fbe selected operating conditions. The use of
the thermocouple is common in lab-scale equipm&htle in industrial-scale freeze-driers
the use of a resistance thermal detector is pegfereven if this sensor is larger than a
thermocouple and the accuracy of measurement caaffbeted by the geometry of the
detector (Willemer, 1991; Oetjen, 1999; Pressef320The effects of the thermocouple (or
of the resistance thermal detector) on the produettained in the monitored vial are
numerous. In the literature it is often reportedtttine drying rate of the product in the vial
containing the thermocouple is higher than thatioled in the rest of the batch. The influence
of the thermocouple on the nucleation temperatsirased to explain this phenomenon. In
fact, the product in the monitored vials shows,ggahy, a nucleation temperature higher than
that occurring in the others vials. The smaller arcboling determines the formation of
larger ice crystals and, consequently, of a draddeavith higher porosity. This may result in a

lower resistance of the cake to vapor flow andsthie sublimation flux can be higher, and



the drying process faster. Increased heat tramster that can be a consequence of the
insertion of the probe, has been also supposed.

As an alternative, a suitable cycle can be obtagitebr in-line, using a control system
(Pisano et al., 2010; Pisano et al., 2011a), ofirdf determining the design space of the
process (Sundaram et al., 2010; Koganti et al.12@iordano et al., 2011; Fissore et al.,
2011a). In both cases the mathematical model optimeary drying stage is used and, thus, it
is required to know accurately the values of theapeeters of the model in order to get
reliable results (Fissore et al., 2012a, 2013a).

Generally, the mathematical model of the primaryirdy is based on the mass and
energy balances and, thus, it is necessary to khewalues of the mass flux from the
interface of sublimation to the drying chamber, afidhe heat flux to the product. The mass
flux depends on the resistance of the dried cakeapor flow K,) and on the driving force
given by the difference between the partial pressiirthe water at the sublimation interface
(pw,) and in the drying chambep,J), that is generally coincident with total chamber

pressure:
1
w E( pw,i - p/vc) (1)

The heat flux depends on the overall heat trangdefficient K,), that takes into account all
the heat transfer mechanisms, and on the drivingefgiven by the difference between the
temperature of the heating fluidi(is) and the temperature of the product at the botibthe
vial (Tg):

3, =K (Tha — To) ()

The coefficientK, is a characteristic of the vial-freeze dryer systend is, evidently, not

affected by the product processed. It can be edsiigrmined by means of various methods,

e.g. the gravimetric test (Pikal, 1985; Hottot ket 2005) and the pressure rise test (Milton et



al., 1997; Chouvenc et al., 2004; Velardi et &08). In all cases the test has to be repeated at
(at least) three different values of chamber pnessu order to get information about the
pressure dependence ®f, (Pisano et al., 2011b). Tunable Diode Laser Alsmmp
Spectroscopy (TDLAS) has also been proposed toatiK,: in this case it is possible to
determine the dependencekafon chamber pressure within one experiment (Giestlal.,
2007; Kuu et al., 2009; Schneid and Gieseler, 28g@8neid et al., 2009).

Also with respect to cake resistariRgestimation, there are various methods available
in the literature, e.g. the microbalance proposedPiial et al. (1983), the pressure rise test,
the measure of product temperature, in dasés known (Kuu et al., 2006), and a device
placed in the drying chamber that allows measutwgh the weight loss and product
temperature in a group of vials (Fissore et al122). TDLAS sensor has also been proposed
to estimateR,: in case a preliminary estimation K has been done, then TDLAS allows
estimating product resistance data non-invasiveWeri in a GMP environment); in case the
value of theK, is not available, then TDLAS requires the measer@mof product
temperature to estimai (Kuu et al., 2011).

While the heat transfer coefficient is a charastariof the vial-freeze-dryer system, as
said before, that can eventually be determined gusitexpensive sensors (using the
gravimetric test), even in industrial-scale freergers, the dried cake resistance is a
characteristic of the formulation being freeze-driand for certain products, like sucrose
solutions, also of the process conditions. Furtloeenevery method that can be employed
exhibits a drawback:

1. When using the microbalance of Pikal et al. (19&3)additional hardware is required,
and freezing conditions are different from thosehaf other vials of the batch and, thus,
Ry, estimations are inaccurate.

2. When using the pressure rise test it is generabegsary to acquire pressure data at a



sufficiently high frequency (and, thus, a modifioatof the software for data acquisition

could be necessary) and, then, pressure rise datatb be interpreted by means of a
suitable software, and difficulties may arise idustrial-scale freeze-dryers. Moreover,
as pointed out by Tang et al. (2005) there areouarlimitations if this method is used to

determine product resistance to vapor flow, emir@amum number of vials is required to

give a useful pressure rise curve, in particularccase of low dried layer resistance
product, and in case shelf temperature is low.

3. The use of the product temperature, as proposdtubyet al. (2006) requires solving a
complex multidimensional non-linear optimizationoplem. As pointed out by the
authors, a critical issue is the determinationhefinitial estimate of the parameters: they
propose to indicate the range of variability of gaameters that have to be estimated, to
identify within these ranges the potential valuésthese parameters, and, finally, to
repeat the calculations using each possible setloks as initial estimate. Moreover, the
calculation procedure proposed by the authors requpreliminary determination of the
heat transfer paramet&, and the calculation of the dried cake resistancgossible
only at the end of the drying stage. Finally, frantertain time instant during primary
drying the temperature measurement is no more aec(when it sharply increases).

4. The use of TDLAS requires an additional (expensherdware, beside the temperature
measurement.

5. The use of a weighing device in the drying changmses, again, the problem (and the
cost) of an additional hardware.

The challenge is thus to estimate cake resistanit®ut using expensive devices, possibly
using the instrumentation that is generally avddah a freeze-dryer, and with a technique
usable also in industrial-scale freeze-dryers. Afulsdevice is the observer developed by

Barresi et al. (2009a, 2009b): it is a tool based anathematical model of the process, on the



experimental measures of product temperature peoviy a thermocouple, and either on the
Kalman filter (Velardi et al., 2009) or the High i@aechnique (Velardi et al., 2010). The

observer is able to provide estimations of the tnafpire profile, of the residual amount of
ice, and of the values of both model parametérsand R,. Bosca and Fissore (2011)

developed a different observer, based on the Kalriger algorithm, in order to account for

a nonlinear dependence of the cake resistanceeodribd layer thickness. Afterwards, this
tool has been improved by reducing the number nékbes that are estimated, thus obtaining
a very robust sensor, called Smart Soft Sensoe, tabbrovide accurate estimations of the
variables of interest for the primary drying sta@osca et al., 2013a). When using this
approach it is no longer required to carry out apfimization process, and thus the
computational effort can be significantly reducetgreover, it is not required to preliminary

evaluateK,.

When using the Smart Soft Sensor the temperatuasumements could be obtained
using wireless sensors, that are particularly usefiundustrial-scale apparatus, with active or
passive transponders. The formers use batterigettenergy for sensor operation and data
transmission. Corbellini et al. (2010) proposedel@ss thermocouples, suitable for both lab-
scale and industrial freeze-driers, with the omtyitation on the operating time, that depends
on the battery capacity. The passive transpondestead, get the energy required for data
transmission from an electromagnetic field (Hamme2607). Vallan et al. (2005a) proposed
a measuring system composed of several modulesug®tthermocouples as measuring
devices, and get energy from a 125 kHz Radio Freguénk. Schneid and Gieseler (2008)
developed the Temperature Remote InterrogatioreBy§sTEMPRIS) that allows, if correctly
placed into the vial, to obtain a real-time temp@&& measurement. However, the TEMPRIS
probe is larger than thermocouples and, conseqgyaétstiinterference with product dynamics

is much higher. Recently, a new kind of thermoceumhs been developed with the aim to



minimize the effect of the sensor on the produchadyics. It is a plasma sputtered
thermocouple, based on thin film sub-micrometricesiembedded into the vials wall and
coated with a glass (Siplike thin film. By this way both the vial surfa@nd its thermal
conductivity are not altered, and the sensor da¢snteract with the product (Parvis et al.,
2012; Grassini et al., 2013).

When using the Smart Soft Sensor it is very ingoartto assess if the temperature
measurement is accurate and representative ofethperature of the product in the non-
instrumented vials, and if the insertion of therthecouple affects the structure of the
monitored vial and, thus, the resistance of theddgake. The goal of the first part of the
paper is to address these questions, thereforessasgethe reliability of the temperature
measurement using a thermocouple, and the posgibiliusing the Smart Soft Sensor to
estimateR, in-line, even in a production run. Examples of leggpion of this methods in

presence of various formulations are presentedismudissed in the second part of the paper.

Materials and Methods

The Smart Soft Sensor and dried cake resistanoeasin

The Smart Soft Sensor is the tool used in this worlkstimate the resistance of the dried
product to vapor flow (as a function of the thickeef the dried cake). This soft sensor uses
the measurement of product temperature at the raatfothe vial and a mathematical model
of the process describing the evolution of the terajure and of the residual amount of ice
during time as a function of the operating condsigchamber pressurg;, and temperature

of the heating fluidT#yig).

The model used by the soft sensor is the simplifietho-dimensional model of Velardi



and Barresi (2008): this model is constituted kneehequations, namely the heat balance for
the frozen product, the mass balance for the vapibre dried layer, and the energy balance at
the interface of sublimation. By comparing the oddted and the measured values of product
temperature at the bottom of the vidg) it is possible to evaluate the error of the mddele

to the fact that a model of a process cannot aceexactly for all the heat and mass transfer
processes occurring in the system, and the knowlefighodel parameters cannot be perfect).
The algorithm of the soft sensor uses informatidooua this error to “"correct” model

equations, and to estimate product temperatur&anding the following equations (Bosca et

al., 2013a):
dT .
d:[ _ [f (T.’ Ko Thuia )J_l_ K (-I’—‘B _TB) 3)
d_KV 0
dt
-|A-B = h(:l\-l ’K ”Tfluid) (4)

In order to solve egs. (3)-(4) we need an initisfireate of T; and K,. Then, using the
mathematical model of the process and the errowdset the calculated'f,g) and the
measuredTg) values of product temperature at the bottom efdabntainer (multiplied by the
parameteK), it is possible to calculate the valuesTpfandK,. Obviously, when working at
constant chamber pressure, as it is generallydbe,l§, does not change during the primary
drying, but the algorithm of the observer chandssvalue according to the errofB(- Tg)
until the convergence of the observer (i.e. anrexqual to zero) is achieved.

Dried cake resistance is calculated from the endrglance at the interface of

sublimation:

kv (Tﬂuid _-I:B) :AHsRi( pwi(:i-i)_ ch) (5)

p

that gives:



K, (Tfluid - -I:B ) ©

Once, at a given timéy, is known, it is possible to calculate the sublim@tflux (using eq.
(1)) and, by numerical integration of the flux, ttickness of the dried cake. The g&irof
the soft sensor is calculated using the Kalmaserfilllgorithm, as shown by Bosca et al.
(2013a). To this purpose it is required to accdontthe dependence &, on dried cake
thickness I(4rieq). The following equation, often proposed in theertiture (see, among the

others, Kuu et al., 2006, 2011), is used:

A?p Ldried

R=R +—— 7
P F%’O 1+ BRp I‘dried ()

Therefore, the soft sensor requires an estimatid® o&nd BRP and, using eq. (6) the value of
Ay is calculated. In any case, the user is interestddiowing the value oR,, that can be

calculated using eq. (7) for every valued @fq.
In order to use the soft sensor the following stgsthen required:

1. Estimate product temperature at the beginning ahamy drying: this value can be
assumed to be equal to the temperature of the pradithe end of the freezing stage.

2. EstimateK,: it is possible to carry out a preliminary investiion for the given vial-
freeze-dryer system (but this is not indispensabite to use values taken from the
literature for similar vials, or, considering thatlues ofK, generally range in a narrow
interval, e.g. 5-30 W ifK™, a value in this interval can be selected. In eawse, it is not
necessary to have a very accurate initial estimatibK,, as this parameter is then
estimated by the soft sensor.

3. Solve equations (3)-(4), using the measurementrofiyct temperature to correct the

calculated values of; andK, and to estimate%p (and, thusR,) using eq. (5)-(7). It is



possible to see that the estimated valuds, ¢and AQP) moves from the initial guess to a

steady-state value once convergence of the observesched.

4. Using the value ofA?p given by the soft sensor and the estimateR,@fand BRP the

whole curve oR; vs Lgried Can be calculated.
The values of primary drying duration and prodechperature measured experimentally and
those calculated using the simplified model of V@land Barresi (2008) with the values of
Ry Vs Laried given by the soft sensor can be compared witlgtied to validate the estimated

values ofR;.

The problem of temperature measurement

As it is well known to every freeze-drying pradiitier the dynamics of product temperature
detected by a thermocouple in the first part of phienary drying stage of a freeze-drying
cycle carried out at a constant valuel'gfy can be basically of two types:

1. in case of products (e.g. mannitol and polyvinyipiidone solutions) whose dried cake
resistance vary (almost) linearly withyieq, product temperature increases from the
freezing temperature at first more rapidly, andhthere slowly;

2. in case of products (e.g. sucrose solutions) wiiréed cake resistance exhibits an
asymptotic curve, with a significant variation la¢ tonset of sublimation and then a value
almost constant, product temperature increases tierfreezing temperature and reaches
an asymptotic value.

In both cases at a certain moment the temperatulhe @roduct detected by the thermocouple
increases up to the value of the temperature ohéating fluid, and this occurs well before
the conclusion of primary drying in the other vialsthe batch. This could be caused by the
loss of thermal contact between the ice and thentbeouple, or by the fact that the

sublimation front advances past the thermocoupledr by the ending of the sublimation



stage in the monitored vial. As it will be showntire following, drying is not completed in
the instrumented vial when the sudden temperahmease occurs: therefore it is necessary
to assess, at first, the effect of the insertiorthaf thermocouple in the vial on dried cake
structure, and, then, the accuracy of the temperaneasurement as it is used by the soft
sensor to estimat®,. Obviously, it is necessary to get convergenciefobserver before the
occurrence of sharp temperature rise because taf'emoment the temperature measure is
either inaccurate, or useless (in case drying ispdeted): in all the tests carried out in this
study the observer convergence was achieved wérdehe sudden increase of product
temperature.

The accuracy of the estimations of dried cakestasce relies on the accuracy of
temperature measurement: it is therefore necessarse accurate probes to measure product
temperature. When using T-type thermocouplespbisible have an accuracy of the measure
as low as +0.5 °C. It can be very difficult to ass¢he effect of the measurement uncertainty
on the accuracy dR,. In fact, the soft-sensor estimates biithandR,, and all the variables
are related through the heat balance at the imterfaf sublimation. Therefore, the
measurement error can affect both model paramdfense assume, in the worst case with
respect to dried cake resistance, fais correctly estimated, the error on the heat ftuihe
product (and on the sublimation flux) is small eweith a +0.5 °C error on temperature
measurement, while the error Bacan be larger, about 10%, due the exponentialriiree
of ice vapor pressure on the interface temperatireany case, the uncertainty on the
estimations oR,; is similar to that obtained when using methodstasn the pressure rise

test to estimat®,, as reported by Pisano et al. (2013).

Experimental set-up and case study

All the freeze-drying cycles of this study have earried out in a LyoBeta 25 freeze-dryer



(Telstar, Terrassa, Spain): it is a pilot-scalet writh a vacuum-tight chamber of 0.2°m
equipped with four shelves that provide a totalaacé 0.5 M. The vacuum system is
composed by an external condenser and a vacuum faurtige removal of the incondensable
gases. Controlled leakage, based on the manipalafithe flow rate of nitrogen introduced
in the chamber, has been used to regulate theuypeessthe drying chamber. A capacitance
(Baratron 626A, MKS Instruments, Andover, USA) anthermal conductivity gauge (Pirani
Bad Ragaz, Switzerland) have been used to medserngréssure in the drying chamber. T-
type miniature thermocouples (Tersid, Milano, ljadiave been used to measure the product
temperature: they have been placed in the centteeoVial and in close contact with the
bottom. The pressure data obtained during the pressse tests have been interpreted using
the DPE+ algorithm (Velardi et al.,, 2008; Fissore at, 2011b) to estimate product
temperature and sublimation flux. The ending pahprimary drying has been estimated
from the ratio between the pressure values provijetthe Pirani and the Baratron gauges: in
fact, when the primary drying is going to be codeld, the value of this ratio starts
decreasing until it reaches an asymptotic valudb@d$Baratron sensor is a capacitance gauge,
while the Pirani sensor is a thermo-conductivitygm whose measurement is affected by the
composition of the gas in the drying chamber. has clear when the primary drying can be
considered concluded, but it is sure that this cau a time interval between the beginning
of the decrease of the curve and the lower asymfoimstrong, 1980). Recently, Patel et al.
(2010) have identified three points in the pressat® curve, i.e. the onset, determined from
the intersection between the higher asymptote etthrve and the tangent to the curve in the
inflection point, the midpoint and the offset, idéad by the intersection between the lower
asymptote of the curve and the tangent to the curvéhe inflection point. An extended
experimental investigation has evidenced that, idenisg the residual amount of water in the

product, primary drying can be considered complesaédhe onset in case of mannitol



solutions, and at the offset in case of sucrosatisols. In any case, the dynamic of the

pressure ratio curve is affected by water conceatran the chamber and this depends on the
characteristics of the freeze-dryer (e.g. chambé&rme) and on the operating conditions (e.g.
sublimation rate and nitrogen flux), it is not ofw$ to state that primary drying is completed

at the onset or at the offset of the curve.

The LyoBalance, a weighing device placed in thandrychamber, has been used to
investigate the effects of the thermocouple onrdyykinetics (Vallan et al., 2005b; Vallan
2007; Carullo and Vallan, 2012; Fissore et al., 201 With this device it is possible to
measure at the same time the temperature and ilgatvi@ss in a group of vials (up to 15 in
the prototype used), with a resolution of aboutid) The weight of the vials is measured by
lifting them periodically, and the temperature, swad with a thermocouple inserted into
one or more vials of the group, is transmitted ie balance with a miniaturized radio-
controller. It has to be remarked that when usiygBalance the weighed vials are frozen
with all the other vials of the batch, thus avoglithe problems related to the weighing
systems of Pikal et al. (1983) and Bruttini et(4B91). Moreover, the same vials of the batch
can be used, thus avoiding using specific vialsvds the devices of Roth et al. (2001),
Gieseler (2004), and Gieseler and Lee (2008a, 2008b

Tubular glass vials ISO 8362-1 8R (external diamet@2+0.2 mm, wall thickness =
1+0.04 mm) and screw neck vials DIN 58378-AR10 éexal diameter = 18+0.25 mm, wall
thickness = 1.2+0.06 mm) have been used in ths: tdey have been placed directly on the
chamber shelves (without the interposition of a)trarranged according to a hexagonal
mesh, and maintained in place using a metal frame.

The freeze-drying cycles have been carried outgesing aqueous solution containing
ultra-pure water, obtained by a Millipore water teys (Milli-Q RG, Millipore, Billerica,

MA), and one excipient as is, namely sucrose (RiddéHaén), mannitol (Riedel de Haén) or



polyvinylpyrrolidone (Fluka), in different conceations (between 5% and 20% by weight).
The same freezing protocol has been used in atelis: after vial load, the temperature
of the technical fluid has been decreased at 1%CImtiil the temperature of -50°C has been
reached. All the runs have been carried out in GMP conditions. Different operating
conditions (heating shelf temperature and chambesspre) have been set for the primary
drying stage of each freeze-drying cycle, as shiwhe results section, and the have been

maintained constant throughout the primary dryirags.

Cake structure analysis

The morphology of freeze-dried samples has beeastigated using a Scanning Electron
Microscope (FEI, Quanta Inspect 200, Eindhoven, Nletherlands) at 15 kV and under high
vacuum. Freeze-dried samples have been fixed oniralm circular stubs and sputtered with
chrome. The pore size distribution of the driedecak each sample have been determined

analyzing the SEM images with the software ImageJ.

Results and discussion

As the measure of product temperature is used éystift sensor to estimate dried cake
resistance to vapor flow, the first part of thisdst is focused on the investigation of the effect
of the insertion of the thermocouple on productgemature, drying kinetics and dried cake
structure in the instrumented vial.

In Figure 1 (graph a) the evolution of the resldamount of ice in a vial during the
primary drying phase is shown. The vial is weighbgd.yoBalance in order to detect the time

instant when the primary drying can be considemedpieted (i.e. the value of the residual ice



mass is close to zero) and to measure product tatope during drying (graph b). At the
beginning of the primary drying the product tempera rises from the value reached during
the freezing step until it reaches a constant vateeresponding to a pseudo steady-state
where all the heat provided by the shelf is usedHe ice sublimation. After some hours from
the beginning of primary drying, and well beforee tnding point (as detected from the
weight loss measurement), product temperature silgldacreases, notwithstanding no
modifications in the operating conditions occurtePat al. (2010) argued that when the
temperature reaches the final asymptotic valugthmeary drying is completed for the entire
batch of vials. Such a conclusion can be suppdoiedhe comparison of the temperature
measurement with the curve of residual amount ef when the asymptotic temperature is
reached, also the amount of ice in the samplegigilele. It has to be remarked that in case a
perfectly shielded batch is monitored, the tempeeatneasured by the thermocouple should
reach the value of the shelf temperature at theaénatimary drying. In case the product
receives heat also by radiation, as it can occemall-scale freeze-dryers, the final value of
product temperature detected by the thermocoupiebeahigher than the temperature of the
heating shelf (as in graph b).

The sudden temperature rise can be explained asguhat the first portion of product
that dries is that close to the thermocouple: wtiendrying of that portion is concluded,
sublimation does not occur any more, and the teatyper rises. However, around the dried
portion there is still some frozen product and,nthéhe temperature measured by the
thermocouple can be a sort of average value foptbduct. Furthermore, it is also possible
that the dried cake collapses on the thermocouple, wlosing a possible channel for the
water vapor flow. The vapor that is forming has nowspread also radially into the product
volume and to overcome a higher resistance to sidfy so, the temperature rapidly

increases. This last hypothesis has an experimevialence: in fact, at the end of a



lyophilization cycle the extraction of the thermapte from the dried cake requires a soft
mechanical action, as the dried product is stuctherthermocouple wire.

The unexpected temperature increase detected lilgghraocouple occurs when there is
still a relevant amount of ice in the monitored| \{&bout 25%). As we would like to use the
temperature measurement to estinfdieit appears clear that this measure cannot be used
after the sudden temperature increase as it isceeghehat the product temperature remain
almost constant until the end of primary dryingless the operating conditions are modified
or some collapse or micro-collapse occurs. Theeeftii experimental measurements of
product temperature are available, they are usdtiégoft sensor and then the model of the
process is used to calculate the evolution of tedyrct using the parameters estimated by the
observer. Figure 1 (graph c) shows an example edethcalculations for the frozen layer
thickness: filled circles identify values calculdtey the observer, and empty circles identify
values calculated by the model. With this respebias to be highlighted that the remaining
ice layer thickness should be comparable to theam@ing mass of ice and therefore decrease
faster at the start of drying and slower latertie process, as shown in graph a. Actually,
when using the soft sensor to estimate dried dak&ress at the beginning of the primary
drying stage the estimated values of model parasete not accurate, as some time is
required to get the convergence of the observepefu#ing on various issues, e.g. the
accuracy of the initial estimations of model parters®). Moreover, when the ending point of
the primary drying stage is approaching, the cumeatof the moving interface, which is
neglected when using a one-dimensional model, Enagpsignificant role, in particular when
the vial receives a significant amount of heat agiation, as in case the balance is used.
Nevertheless, the estimated value of drying time, when frozen layer thickness goes to
zero, is in fairly good agreement with the valu¢aoted from the weight measurement.

The effect of the insertion of the thermocouple the sublimation rate has been



investigated by carrying out a freeze-drying cywleere the core vials have been weighed at
the beginning of the test, and then, just after dbeurrence of the sudden temperature
increase (to this purpose the cycle was stoppétaaimoment). Figure 2 shows the values of
sublimated ice measured in the 179 vials not mositdgraph a) and in the 9 vials with a

thermocouple (graph b). The comparison evidencat ttile mean value of the sublimated

mass (identified by the triangle marker) is almtig#¢ same in both groups of vials. The

distribution of the values of sublimated mass ie thals with the sensor appears to be
narrower than that obtained in the vials withow sensor, but it has to be highlighted that a
thermocouple was inserted only in few vials (irstbase).

Sublimation flux, product temperature and cakéstasce (that is affected by the pore
size distribution) are related through eq. (1). §hn case also the pore structure in the cake
obtained in a vial with a thermocouple is similathat obtained in case no sensor is inserted,
then we can conclude that the product temperatetected by the thermocouple is (almost)
the same of the product in the other vials of tail. To this purpose we have analyzed the
distribution of the pore sizes in the dried cakbtamed in vials with and without the sensor.
Figure 3 shows the pore size distribution of thiedlcake obtained after freeze-drying of a
5% by weight aqueous sucrose solution both in aitm@ud and in a non-monitored vial. It
can be evidenced that the pore size distributidgaioed for the sample with the thermocouple
inside (graph c) is slightly narrower, but the \eabf the mean pore size is close in both cakes.
This is due to the influence of the nucleation terapure. In fact, the nucleation temperature
of the monitored vials are not significantly diéet, and, therefore, in agreement with the
results by Nakagawa et al. (2007), the ice crydiadension is close. The structure of the
previous samples is shown in graphs b and d. nécgssary to point out that this analysis has
been carried out using samples freeze-dried irbar#ory-scale equipment, and that in an

industrial-scale equipment the effect of the thesouple into the vial could be different, and



likely more marked. In fact, when working under GMBnditions, as in an industrial
environment, there are no impurities that can coimate the freeze-drying environment (and,
thus, the drying chamber) and promote the nucleaifdhe ice crystals, thus reducing under-
cooling and the differences between the produetvral with the sensor and in a vial without
the sensor. In order to estimate dried cake remistan a GMP environment (i.e. in an
industrial scale environment) it is thus necessaryse either a non-invasive technique (e.qg.
the pressure rise test, or the TDLAS, with the athges and the drawbacks discussed in the
Introduction section), or the soft sensor propasetthis paper in case a controlled nucleation
method is used (Rambhatla et al., 2004; Morrisl.e804; Nakagawa et al., 2006; Patel et
al., 2009; Konstantinidis et al., 2011): in fact this case, there will be no difference between
the dynamics of the product in monitored and in -nwnitored vials. Moreover, in a
industrial scale freeze-dryer it is necessary te usdreless sensors to measure product
temperature (Vallan et al., 2005a; Schneid and ékes2009; Corbellini et al., 2009 and
2010; Bosca et al., 2013b).

On the basis of the results previously shown we daim that the presence of the
thermocouple does not affect significantly the dyies of the product in the monitored vial:
both the sublimation rate and the cake structugesamilar to those obtained in vials close to
the monitored one. This means that the temperatueasured by the thermocouple is
representative not only of the monitored vial, also of the other vials around it, and it can
be effectively used by the soft sensor to trackdynr@amics of the product in the whole batch
(or, at least, in the portion of the batch where Heating conditions are the same of the
monitored vial). Figure 4 compares the measurermaeptroduct temperature obtained using
thermocouples placed in vials in the central pérthe batch with the estimations obtained
from the pressure rise test and DPE+ algorithmitAs well known, the pressure rise test-

based algorithms estimate accurately product teatyer in the first part of primary drying,



and, then, the estimated values of temperatureedses, while product temperature is
expected to remain (almost) constant (or to shghttrease). Moreover, using the pressure
rise test a “mean” value of product temperatureb&ined for the batch: in fact, a batch of
vials is non-uniform, mainly due to the differergat transfer mechanisms to the vials, and
product temperature can be different in centravaad in vials at the edge of the shelf (due
to radiation effect), while DPE+ and other presstee test-based algorithms estimate
product temperature assuming the batch unifornth@gercentage of edge vials is generally
small with respect to the other vials, then thegerature estimated by DPE+ is expected to
be very close to that of vials in central positi&s. shown in Figure 4, product temperature
estimated by DPE+ coincides with the thermocoupéasarements until realistic values are
measured using the thermocouples.

In order to test the possibility of using the sséinsor to determini, a first drying
cycle has been carried out processing a 5% by waigineous solution of sucrose at constant
values of the shelf temperature (-20°C) and chanpbessure (10 Pa). Figure 5 (graph a)
shows the estimations of the values of the cakistee®eR, as a function of its thickness for
two different core vialsand in a vial placed at the edge of the shelf. Témaperature
measurement obtained in each vial is used by theoselt has to be highlighted that in this
figure (and in the followings) the units of measuent ofR, are m g, as the sublimation flux
is measured in kg™ and the pressure is measured in Pa. Actuallyefien in the
literature R, is given in criTorr hi'g™: it is straightforward to pass from the valuesRyf
shown in this paper to those expressed ifTamr h'g" multiplying the value ofR, by
2.083510°. If the temperature dynamics during the freezihgse is considered (graph b), it
is possible to see that the nucleation temperatifference is about 2.3°C, and the freezing
rate is almost the same, in the monitored vials.aAsonsequence, only a slight difference

between the values of cake resistance is expeligkhgawa et al., 2007), as detected by the



soft sensor (in Figure 5, graph a, two curves, itmse corresponding to nucleation
temperature equal to 261.5 and 262.4 K, are péyfegerlapping). Beside cake resistance,
the soft sensor estimates also the value of theath\eeat transfer coefficiend,: as shown in
Figure 5 (graph c) using the (quite) different temgpure profiles obtained in core and edge
vials the soft sensor is able to estimate in dyfaiccurate way the value &, (the estimated
value is compared with the measure obtained us$iagytavimetric test). Moreover, for core
vials, where two (slightly) different values of pitect temperature are used by the soft sensor,
the value oK, appears to be almost the same.

In case of sucrose-based solutions cake resistateary with product temperature
due to the occurrence of micro-collapse (Kuu et 2009): in particular, the higher is the
temperature of the product, the lower is the rasist of the cake to vapor flow. A test has
thus been carried out processing two 5% sucrosati@as with different values of the
temperature of the heating fluid, namely -10 an@P& As it is possible to see in Figure 6
(graph a), product temperature is higher, as itlmaexpected, when the temperature of the
heating fluid is higher, and this causes a sigaiftaeduction of the drying time, as detected
from the ratio between the signals of the Pirami Baratron pressure gauges (graph b). Cake
resistance estimated by the soft sensor decreds&s product temperature increases (graph
c), in agreement with the occurrence of the miatapse phenomenon. It can be highlighted
that in this case the value of the overall coefftiof heat transfe, determined with the
gravimetric test is 16.11+1.0 W™ and the values estimated by the soft sensor itvthe
tests are 16.31 W iK™ (whenTiuiq = -20°C) and 16.54 W BK ™ (whenTiuig = -10°C). This
can be regarded as a further validation of themegions of the soft sensor: in fact, it uses
different measures of product temperature (thatiidently affected byy,q) and it estimates
almost the same value &, (and, in fact, this parameter is almost not affdcby the

temperature of the heating shelf), and differefiies ofR;.



In Figure 7 (graph a) the values f obtained for two sucrose solutions processed at
different values of chamber pressure are compadtreghpears that when chamber pressure is
higher (10 Pa) slightly lower values Bf are obtained: this is due to the fact that thé&éxigs
the pressure in the chamber, the higher is the ¢esityre of the product (due to the increase
of the heat transfer coefficient from the shelfth® product) and this can cause micro-
collapse, and thus a lower cake resistance. Thisoisfirmed by the analysis of the
sublimation flux, estimated from the pressure tes#, that appears to be higher in case of the
test carried out at 10 Pa.

Figure 8 shows the values &, obtained for mannitol and polyvinylpyrrolidone
solutions processed at different values of charpbessure. In this case micro-collapse is not
expected to occur, and, in fact, the same valueR,adre obtained when the solution is
processed at different values of chamber pressdespite the variation of product
temperature.

The experimental determination I&f is required in order to use a mathematical model
to optimize off-line the freeze-drying cycle, ashés been pointed out in the Introduction
section. Therefore, in order to assess the usefsiipéthe estimation d®, with the Smart
Soft Sensor we have used the estimated valuesmiolage the drying process of sucrose,
mannitol and polyvinylpyrrolidone solutions, andmguared the calculated values of product
temperature and drying time with the experimentaltyained values. The model of Velardi
and Barresi (2008) has been used to carry outithelaions; product temperature has been
measured using thermocouples, and drying durates) been determined using the ratio
between Pirani and Baratron sensors. Figure 9 stimeveomparison between measured and
calculated values of drying time. Drying duratioashbeen identified using the midpoint of
the pressure ratio, and the onset and the offsteofurve are used to identify the uncertainty

range. For all the experimental tests (whose deta# given in the caption of the Figure)



fairly good agreement between calculated and medswalues of drying time are obtained.
With this respect it can be highlighted that thiéedence between the onset and the offset of
the curve can be quite large in some cases, astedpby Patel et al. [49] for sucrose
solutions. With respect to product temperaturelircases the maximum difference between
calculated and measured values has been lowelOtba@ (data not shown), well below the

measure uncertainty of a thermocouple.

Conclusion

The determination of dried cake resistance usiegpensive (or additional) devices, both in
lab-scale and in industrial-scale units, is a @maing issue as it would allow using
mathematical modeling to get quality by design.sTp@per shows that the measurement of
product temperature using a thermocouple, thatidespread in freeze-drying processes,
could be exploited to get this result. In fact, quot temperature in the monitored vials
appears to be roughly the same of the productanother vials of the batch, and also cake
structure, that affect the resistance to vapor flewalmost unaffected by the insertion of the
thermocouple in the vial. Preliminary tests aimingestimate the heat transfer parameter are
not required, and no highly computational demandiog-linear estimations are involved.

Unfortunately, a reliable temperature measurememtvailable only up to the moment
when the temperature suddenly increases, and redoheshelf temperature value. This does
not pose any problem to the sensor as the paranetguired to model the dependence of
dried cake resistance to vapor flow are generditpioed with sufficient accuracy in the first
part of primary drying, when temperature measurensesiccurate.

Once dried cake resistance is determined with tharS8Soft Sensor, it can be used to



calculate off-line drying time as well as produeinperature for a given set of operating the
conditions, thus allowing off-line process optintiga and getting quality by design. The
method can be used also in a GMP environment (e.dndustrial-scale freeze-dryers)
provided that a controlled nucleation method isduge such a way that the dynamics of the

product is the same in monitored and non-moniterals$), and wireless sensors are available.



Notation

A parameter used to calcul®g s*

B, parameter used to calcul&®g m*

d diameter of a pore of the dried product cake, mm
f function giving the derivates of the state

h state-space equation of the measured variable
AHs sublimation enthalpy, J Kg

Jq heat flux to the product, W iK™

I sublimation flux, kg rifs™

K observer gain (function of time)

Ky heat transfer coefficient between the shelf &edoroduct in the vial, W #K™
Lo thickness of the product after freezing, m

L dried thickness of the dried product, m

Ltrozen thickness of the frozen product, m

Pc chamber pressure, Pa

Puw,c water vapor partial pressure in the drying chamba
Puw.i water vapor partial pressure at the interfaceubfimation, Pa
Ro dried product resistance to vapor flow, T s

Roo parameter used to calcul@®g m s'

Ts product temperature at vial bottom, K

Thiuid heating fluid temperature, K

T product temperature at the sublimation interf&ce

t time, s



Superscripts

A observer estimate
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List of Figures

Figure 1. Freeze-drying of a 5% by weight sucrose solutfmocessed in one glass tubing
vial (DIN 58378-AR10), monitored with the LyoBala{Ts,q = -10°C,P. = 5 Pa). Graph a:

Evolution of the residual ice weighed by the LytBae. Graph b: Product temperature
measured by the thermocouple of the LyoBalancepl&ca Estimated values of frozen layer

thickness ¢: observer; o: mathematical model).

Figure 2: Distribution of the sublimated mass in the vialdlté core of the batch, excluding
those where a thermocouple was inserted (graphdanathe vials (of the core of the batch)
where a thermocouple was inserted (graph b). Defier to the freeze-drying of a 5% by
weight sucrose solution, processed in glass tubalg (DIN 58378-AR10)Tig = -20°C, P,

=10 Pa.

Figure 3: Comparison between the pore size distribution endhied cake (at 1 mm from the
bottom) in a vial in the core of the batch (graphaad in a vial, close to the previous one,
where a thermocouple was inserted to monitor tbdymt temperature (graph c). Data refer to
the freeze-drying of a 5% by weight sucrose soiytjgrocessed in glass tubing vials (ISO
8362-1 8R)Tx,ig = -20°C,P; = 10 Pa. Cake structures as a function of thd pwisition (at 1
mm from the bottom) obtained by Scanning Electromcrbscope in a vial without

thermocouple (b) and in a vial with thermocouple (d

Figure 4. Comparison between product temperature measurgkdelomocouples inserted in
core vials of the batch (dashed lines) and estiehageng the DPE+ algorithm (symbols)

during freeze-drying of a 5% by weight sucrose soihy processed in glass tubing vials (DIN



58378-AR10);Txig = -10°C,P. = 5 Pa.

Figure 5: Values of the cake resistance estimated by thseSsor (graph a) and product
temperature during the freezing stage (graph be ignset equal to zero at the beginning of
the freezing step) in two different core vials {@@nd dotted lines) and in a vial placed at the
edge of the shelf (dashed lin§raph c: Comparison between the values of the thaasfer
coefficientK, measured using the gravimetric tédt ( ) and esgichhy the $sensorl{d ) in
the monitored vials. Data refer to the freeze-dyyof a 5% by weight sucrose solution,

processed in glass tubing vials (ISO 8362-1 8RQ); = -20°C,P; = 10 Pa.

Figure 6. Comparison between the values of product tempexrgigraph a), ratio between
Pirani and Baratron pressure gauges (graph b)daed cake resistance (graph c), in case of
the freeze-drying of a 5% by weight sucrose sofufioocessed in glass tubing vials (ISO
8362-1 8R), at two different values of heating dltemperatureTy,iq = -20°C (solid line),

and:Tquig = -10°C (dashed line)P{ = 10 Pa.).

Figure 7: Graph a: Comparison between the values of thel drake resistance (a) and
sublimation flux (b) obtained in case of the freezging of a 5% by weight sucrose solution
processed in glass tubing vials (ISO 8362-1 8Riwatdifferent values of chamber pressures

P.= 10 Pa [(]), and:Pc =5Pa @) (Tﬂuid = -20°C).

Figure 8: Comparison between the values of dried cake egsistin case of the freeze-drying
of a 5% by weight mannitol solution (grapha;P. = 10 Pa,e: P, = 5 Pa) and of 5% by
weight polyvinylpyrrolidone solution (graph b; P. =5 Pam: P. = 15 Pa) processed in glass

tubing vials (ISO 8362-1 8RJjuig = -20°C.



Figure 9: Comparison between the experimental (white bard)the calculated (grey bars)
values of drying time for various case studi€g{ = -20°C, glass tubing vials ISO 8362-1
8R): a: 5% by weight sucrose solutidty,= 10 Pa; b: 5% by weight sucrose solutiBp= 15
Pa; c: 5% by weight mannitol solutiof, = 10 Pa; d: 5% by weight mannitol solutié®l,= 5
Pa; e: 5% by weight polyvinylpyrrolidone solutio®, = 15 Pa; f: 5% by weight

polyvinylpyrrolidone solutionP; = 5 Pa.
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