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Abstract

In this work a Process Analytical Technology (PAT) for the on-line monitoring of a Vacuum Freeze-
Drying (VFD) based on the information extracted from the infrared images of the process is presented
and validated. An infrared camera, placed inside the drying chamber, provided information about the
thermal evolution of the process over time; after images pretreatment and segmentation, temperature
profiles were extracted and processed to obtain the variables of interest. Experiments were carried out
according to factorial design on a set of different operating conditions, namely fluid temperature and
chamber pressure, type of vials and solid percentage in the solution. Both sucrose and mannitol
solutions, were studied. Together with the temperature in several positions along the product height,
we were able to correctly estimate the ending time of the primary drying phase together with the
sublimating interface position and the heat and mass transfer coefficients, K, and R,. Those two
parameters have a dramatic importance since they can be used in a mathematical model of the
process for on-line or off-line optimization of the process. Being based on a contactless technology,
the PAT studied in this work does not present any issue regarding the sterility requirement of the
process or the possible interference of the sensing element with the product dynamics.
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1. Introduction

In recent years the number of drugs and pharmaceutical products that require a freeze-drying
step in the manufacturing process, for solvent removal and drug stabilization, has increased, together
with the challenges presented to the practitioners. Freeze-drying is particularly appreciated, compared
to other drying processes, since the water content is reduced at low temperature via sublimation from a
frozen product, thus avoiding any damage to thermolabile molecules. Trapped into a solid structure,
the active compounds can be stored, also at room temperature, for long time. Furthermore, the highly
porous and hydrophilic structure of the dried product can be easily rehydrated and reconstituted.

A typical freeze-drying cycle is composed of three stages, namely freezing, primary drying,
and secondary drying. After the product has been poured into the vials, it is frozen, and the second
stage of the process starts. The pressure in the chamber is reduced and the shelf temperature is raised
to allow the sublimation of the ice. As the water vapor leaves the product, the ice front, the interface
separating the frozen layer from the dried one, recedes from the top to the bottom of the product. In
the secondary drying the bound water is removed to reach the desired value of residual moisture. This
is achieved by increasing the temperature in the chamber; pressure does not have a real effect in this
step (Pikal et al., 1990). The operation is typically a batch process, and the temperature of the fluid
flowing inside the shelves and chamber pressure are the only variables that could be manipulated
(Mellor, 1978; Jennings, 1999; Oetjen and Haseley, 2004; Costantino and Pikal 2004; Fissore, 2013).
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The development of new Process Analytical Technologies (PAT) able to obtain information
on the ongoing process that might be used for real time monitoring, control and optimization of the
process is still a major concern in the field and has been strongly incentivized by the American Food
and Drug Administration in the Guidance for industry PAT published in 2004. Fissore et al. (2018)
reviewed the technologies proposed so far for process monitoring and control, comparing and
discussing their pros and cons.

Primary drying is the most time demanding step of the vacuum freeze-drying process and,
given the high amount of residual ice, the riskiest. In this phase an adequate Process Analytical
Technology (PAT) should constantly monitor the temperature of the product and assure that the
threshold for product denaturation, amorphous products collapse, or crystalline products melting, is
not trespassed (Bellows and King, 1972; Tsourouflis et al., 1976). Another very important variable
that must be monitored is the residual amount of solvent to avoid unnecessary extension of the process
or that the temperature is raised, to start the secondary drying stage, when the ice is not completely
sublimated, and the product quality could be jeopardized. Real time prediction of the parameters
required by the mathematical models used, either in-line (Pisano et al., 2010; Pisano et al., 2011a) or
off-line (Giordano et al., 2010; Fissore et al., 2011), for model control and optimization is also
valuable. The two main parameters that are required for online estimation are K, and Ry, respectively
the heat and mass transfer coefficients used to model the heat flow from the shelf to the product and
the water vapor mass flow from the interface of sublimation to the drying chamber (Velardi and
Barresi, 2008).

The direct measurement of the temperature of the product was proven to be an effective
strategy for monitoring and control of the VFD process (Fissore et al., 2017). Besides using multiple
temperature measurements, it is also possible to model and account for the in-batch variability typical
of the process (Bosca et al., 2013). The main limit to this approach is that usually a thermocouple, at
lab-scale, or thermistors, preferred for industrial applications since they are more robust and could be
sterilized, has to be inserted inside the vial and this could interfere with the drying kinetics of the
process. Furthermore, the presence of electronics and wires does not fit the requirements of the
pharmaceutical industries in terms of automatization (i.e. loading, stoppering and discharge) and
sterility.

Emteborg et al. (2014) firstly proposed to use an infrared camera to measure the temperature
of the product. In their work the camera was mounted on the ceiling of a freeze-dryer, where a window
of germanium guarantees the field of view inside the chamber: the camera is protected from the harsh
characteristics of a freeze-drying chamber, namely low temperature, low pressure and moisture reach
environment, but it just allows to look the first shelf from the top. VVan Bockstall et al. (2018) placed
the camera outside the drying chamber and used the online thermal measurements to monitor and
optimize a continuous spin freeze-drying process. Lietta et al. (2019) presented and validated a sensor
placed inside the drying chamber: it is based on an infrared camera, enclosed into a case designed to
protect the electronics from the surroundings, thus enabling the use of this sensor in existing
equipment, without any retrofit, and in any shelf and position inside the chamber. In this work, after
validation of the temperature measurements the effectiveness of this technology in estimating both K,
and R, was proven. Besides this kind of sensor was proved to shield the vial in front of it from the
effects of radiation from the chamber wall, providing for these vials a measurement that is
representative of the state of most of the batch.

The algorithm presented in this paper extracts the axial thermal profile of the vial, the position
of the sublimation interface, H;, from which the amount of residual ice and the water mass flow can be
estimated, its temperature, Ti, and an estimation of the ending time of the process. A large set of
experiment was carried out to validate the accuracy of these measurements and estimates under
different conditions. Besides, for each condition tested, K, and R, were estimated and proved to abide
by the physics of the system.

Section 2 introduces the experimental setup, the details about the design of experiment (DoE)
performed and the algorithm used to pretreat and extract the information from the IR images. Section
3 presents the main results and section 4 the general conclusions of the work.

2. Materials and methods
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The drying experiments were carried out in a lab scale equipment, LyoBeta 25™ freeze-dryer (Telstar,
Spain), having a chamber volume of 0.2 m3, a total shelf area of 0.5 m? and a capacity of the external
ice condenser of 40 kg. The sensor described by Lietta et al. (2019) was used to monitor the thermal
evolution of the product. It consists of an infrared and an RGB camera housed, together with all the
electronics, inside a plastic material case. The material, Ertacetal C, and design of this case allow both
positioning the sensor inside the drying chamber and the wi-fi communication with the exterior. In all
tests ten vials (1ISO 8362-1) were placed at 30 cm from the sensor, and 500 images were acquired at
five minutes from each other during the primary drying stage.

Five variables were tested at two levels but only half of the combinations were considered
according to 25! DoE; Figure 1 reports a graphical representation of the conditions tested. The five
variables considered are: i) shelf temperature: -10 °C and -30°C, ii) the pressure in the chamber: 10 Pa
and 20 Pa, iii) kind of sugar: sucrose and mannitol, iv) the solid percentage in the solution: 5% b.w.
and 10% b.w. and v) the kind of vial: 4R and 10R.

The thermal images obtained are 256x320 pixels. Before their analysis they were always corrected
for the barrel effect induced by the lens (De Villiers et al., 2008) and registered to compensate the
movements of the vials and of the sensor due to the vibrations of the equipment (Gonzalez et al.,
2004).
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Figure 1. Graphical representation of the 2°* factorial Design of Experiment used for this work.
Red dots represent the conditions actually tested.

For every image acquired from the sensor an algorithm automatically pretreats the images and
acquires the temperature axial profiles in three different positions for every vial. The three thermal
profiles obtained for a single vial were averaged to filter the noise of the measurement and, then, the
local minimum was identified. The pixel corresponding to this minimum identifies the position of the
sublimation interface, Hi; its temperature is Ti;.

Kv and R, were obtained directly from the values of the H;, T;, Tb, the temperature at the bottom of
the vial also extracted from the aforementioned axial profile, and Ty, the temperature of the heating
fluid flowing inside the shelves, according to Equation (1) and (2):
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where AH_ is latent heat of sublimation, Kk the thermal conductivity of the frozen layer and p, the

water vapor partial pressure at the interface (subscript i) and inside the drying chamber (subscript c)
respectively. Equation (1) was obtained from a heat balance at the frozen layer, while Equation (2)
from an energy balance at the sublimation interface, under the assumption that, at the interface, all the
heat provided is used for sublimation (Velardi and Barresi, 2008). A multiway ANOVA was
performed to look for the variables having a significant effect (p-value lower than a given threshold, in
this work we used 0.1) on the parameters.

3. Results and discussion

Figure 2 reports an example of the trajectories of H; and T; obtained using the algorithm presented. H;
is reported as dimensionless value with respect to the actual height of the product L:

z
H; = II (3)
where z;jis the actual position of the interface in millimeters.

The position of the sublimation interface decreases slower during the first hour of the drying,
then the slope changes and the ice front retreats linearly until a value of 0.05 is reached around 9
hours; almost the same time is the onset, the time the Pirani-Baratron ratio starts changing its slope. In
all our experiments, after the freezing, we first decreased the pressure to the set point and, then, the
temperature of the shelf was raised. In this first transitory the temperature of the frozen product
slightly increases, and, the corresponding vapor pressure at the ice front might slightly overcome the
partial water vapor pressure in the chamber. This driving force justifies the slow sublimation rate in
this first period. When the fluid temperature raises the driving force, sublimation is enhanced and the
sublimation rate increases. Hi then slowly decreases until it reaches a constant value of zero at 18 h.
The noise of the measurement increases again at 25 h, a time almost corresponding to the offset the
second slope change of the Pirani-Baratron ratio. When all the ice has been removed the product goes
to the equilibrium, there is not a real minimum anymore in the temperature profile and the algorithm
might pick up some local minima due to the noise of the signal.

The temperature of the ice front suddenly increases of more than 10 degrees within the first
one hour and a half of drying, then slows down until a value of -15°C is reached after 7 more hours.
This trend agrees with what we observed about Hi. Sublimation starts as soon as the pressure in the
chamber is reduced below the partial pressure of the water vapor; then, when we start supplying heat,
the frozen product heats up, raising the vapor pressure at the ice front and enhancing the sublimation
rate. Ice sublimation is endothermic and, thus, when the shelf temperature reaches the set point, an
equilibrium is stablished between the two phenomena. When the resistance to mass transport, that
depends on the height of the dried layer, becomes too high, the product starts heating again: this
explains why the temperature increases again after 10 h, when both the Pirani over Baratron ratio and
H; change their slope. T increases for 15 additional hours, with a constantly increasing slope, until
reaching a constant value around 25 h from the beginning of the primary drying stage. The product has
reached the thermal equilibrium with the environment, there is no more water vapor flow and the
Pirani gauge measures the same pressure of the Baratron manometer. We could expect primary drying
to be completely over when the ice front reaches the bottom of the vial, but this is not the case.
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Figure 2. A: Pirani-Baratron ratio. B: Interface position, H; for each one of the vials of the same
batch (gray lines) and average profile (black line). C: Temperature of the sublimating front, T; for
each one of the vials of the same batch (gray lines) and average profile (black line). Ten 10R vials

filled with 5 ml of a 5% b.w. D-mannitol solution. Shelf temperature: -10°C; chamber pressure: 10Pa
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The more reasonable explanation to this apparent nonsense is that the product is a cylinder
and we are monitoring its external surface. The heat transfer inside the product is not perfectly
uniform. Especially when only ten vials are set in the middle of a shelf, radiation from the
surroundings plays a dramatic role and the sublimating area is not planar, but it has a curvature
towards the vial wall. The sublimation front reaches the bottom of the vial earlier where it is more
exposed to additional heat flux and later in the center of the cake. In this time lapse, the minimum
temperature read by the algorithm is always at the bottom of the vial, but its temperature keeps raising
since the sublimation of the ice in the inner core of the product cannot completely counteract the heat
provided by the thermal fluid.
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Figure 3. parity plot of the onset (triangles) and offset (squares) for the different experimental
conditions. Sucrose solution (blue), mannitol solution (red).

The measured values of the onset (ton) and offset (o) time obtained from the Pirani over
Baratron pressure ratio (Patel et al., 2010) of the process was compared to the estimations obtained
from the actual trajectory of T; for each one of the conditions tested. In these thermal profiles, Figure
2, the onset corresponds to a clearly visible slope change while, at the offset, the temperature profile
becomes mostly constant, showing that the thermal equilibrium has been reached inside the product.

The parity plot reported in Figure 3 shows a good agreement between the two measurements
of the ending point of the primary drying. Our algorithm appears to constantly slightly underestimate
the offset of the sucrose solutions, probably because the temperature profile approaches the asymptotic
value in a less marked way and, in such a highly noisy signal the definition of the exact moment the
temperature goes asymptotic cannot be so precise.

Ky and R, can be directly estimated from the measurements extracted from the thermal images.
Ky was found to increase with temperature, Figure 4A, and increase with pressure, Figure 4B. Both the
effects of temperature and pressure were proved to be statistically significant (p-value < 0.1). As
expected, the heat transfer coefficient is independent (p-value > 0.1) of the kind of sugar and the
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amount of solid in the solution, Figure 4C and Figure 4D (Pisano et al., 2011b). A moderate
dependency of K, from the shape and geometry of the vials was obtained but the large variability in the
measurements made it not statistically significant (not shown). R, was found dependent on the kind of
sugar and its content in the solution (p-value < 0.1) only.
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Figure 4. Experimentally obtained values of the heat transfer coefficient as a function of temperature
(A), pressure (B) and amount of solid in the solution (C).

4. Conclusions

Infrared imaging was presented in the past years as an effective technology for real time monitoring of
the vacuum freeze-drying process. In this paper we deepened the possible outcomes of this approach.

At first, we presented the possibility to extract, directly from the thermal images, both the
position of the sublimation front, that is an estimation of the residual amount of ice inside the product,
and its temperature, the most critical one, given that at the sublimation interface the relatively high
amount of water could still jeopardize the product quality. From the evolution of the temperature at the
interface we can also determine the ending point of the primary drying stage. The maximum
temperature inside the product can be monitored to make sure it always lay beneath the desired
threshold. This technology and the algorithm here presented could effectively detect any deviation of
the batch from its target evolution, allowing a quick response and the correction of the operating
conditions before the product is impaired.

Together with the temperature and position of the ice front also the temperature measured at
the bottom of the vial can be extracted from the axial profile. These three measurements, together with
the temperature of the heating fluid, can be used to estimate the kinetic parameters used to model the
process. The quality of the inferred estimation was proved by verifying the agreement of the obtained
values with the physics of the system. The estimation in real time of these parameters can be used for
real time and/or off-line optimization and control of the process.
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Future work will aim to apply the methodology here presented to the on-line monitoring and
control of the freezing stage, and to couple the information extracted from the infrared camera with
that of the RGB camera already embedded inside the system.
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