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Operating parameters : 

(A) shelf temperature (ramp)

(B) chamber pressure

(C) condenser temperature

Critical process parameters:

• Ice nucleation temperature (𝑇n)

• Rate of change of the product 

temperature ( Τd𝑇p d𝑡): 

• Phase behaviour of solid/solute fraction

• Critical temperature (e.g. collapse), 𝑇c

• Vial heat transfer coefficient

• Porosity of the ‘dry’ fraction of the 

product that develops during primary 

drying (𝑅p = 1/ Porosity )

• Ice interface temperature (𝑇i)  < 𝑇c

• Primary and secondary drying end points
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Process analytical technologies (PAT) for freeze-drying
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Process Analytical Technology (PAT)

Single vial techniques

• Temperature probes

o TC, RTD

o Wireless : Tempris®; TrackSense®

• Microbalance (CHRIST GmbH)

• Heat flux transducers (MicroFD, Millrock)

PAT, as defined by the ICH, is “a system for designing, analysing and controlling the
manufacturing through timely measurement (during the process) of critical quality
and performance attributes of raw and in-process materials and the process with the
goal of ensuring final product quality”

ICH, 2009. International Conference on Harmonisation of Technical Requirements for Registration of Pharmaceuticals for Human Use
Topic Q8(R2): Pharmaceutical Development.

Batch techniques

• Pressure rise test (PRT)

• Comparative pressure 
measurement (CPM)

• Manometric temperature 
measurement (MTM)

• Time domain laser absorption 
spectroscopy (TDLAS)

Primary drying
end point

Predictions of 
product 
temperature, 
drying rate
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Louis Rey 1960s

Rey (1960) Study of freezing and drying of tissues at very low temperatures. In Parkes 
and Audrey eds. Recent research in freezing and drying, Blackwell, Oxford.
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Lyotherm 
Biopharma Process Systems

• Integrated within cryostat

• Pin electrode (pair)

Impedance analysis (Zsinφ ) at a single 
frequency (1 kHz) with 
differential thermal analysis (DTA)

Ward & Matejtschuk , 2010 in  Freeze Drying/ Lyophilization
of Pharmaceutical  &  Biological Products 3rd ed.  Rey,L & 
May JC  eds,  Informa Press, New York

Designed to measure temperatures 
relevant to freeze-dried formulations
• glass transition (TG’)
• ice melting (TM) and eutectic (TEU)
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Measurement within glass vials

Freeze-thawing and freeze-drying
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Spectroscopy Systems (sub Hz to 10 MHz)

Novocontrol 

BDS40

cryostat

TVIS vial on new cradle

to be placed in the cryostat

of Novocontrol BDS 

2-electrode sample cell

Alpha-series 
dielectric 
spectrometer

Temperature 
controller

ZGS active sample Cell
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Non-invasive measurements: Lyosense ….. LyoDEA …… TVIS

Individual vials In process

Electrodes on 
outside of vial

Allows for regular packing of vials
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Non- perturbing to packing of vials

Through Vial Impedance Spectroscopy

Low thermal mass of 
electrodes

• no interference with heat 
transfer & drying rates

Thin flexible cables 
(0.533 mm)

• Stoppering 
unaffected

Non-sample invasive

• no impact on ice nucleation
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Junction box
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System configuration

a

Impedance spectrometer

Pass-through

b

Junction box
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Dielectric Loss Mechanisms : 

I. The polarization of the water dipole in liquid
water at 20 ˚C, with a dielectric loss peak
frequency of ~ 18 GHz
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Dielectric Loss Mechanisms : Glass vial containing water

II. Maxwell-Wagner (MW)* polarization of the
glass wall of the TVIS vial at +20 ˚C, with a
dielectric loss peak frequency of 17.8 kHz
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Dielectric Loss Mechanisms

II. Maxwell-Wagner (MW) polarization of the glass
wall of the TVIS vial at +20 ˚C, with a dielectric
loss peak frequency of 17.8 kHz
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Dielectric properties of ice
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Dielectric Loss Mechanisms

III. The dielectric polarization of ice at −20 ˚C, with a
dielectric loss peak frequencies of 2.57 kHz
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Dielectric Loss Mechanisms

IV. The dielectric polarization of ice at −40 ˚C with a
dielectric loss peak frequencies of 537 Hz.
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TVIS Applications
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TVIS temperature calibration

CASE STUDY 1

Method 1 : Triangulation

Mehod 2 : Tempris®
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1. Triangulation method

Placing a thermocouple 
at the TVIS sensing 
node allows for the 
calibration of the 
temperature inside the 
TVIS vial to a precision 
of +/- 0.4 C 

(see next two slides)

TC in nearest neighbour vial

Plain vial TVIS vial

Thermocouple 

(TC)

Sample height within

the electrode region, A
Electrode height, B

3 mm

𝐹𝑖𝑙𝑙 𝑓𝑎𝑐𝑡𝑜𝑟(∅) =
𝐴

𝐵

TC1

TC2

TVIS sensing node

TC1
TC2

Jeeraruangrattana (2020) PhD Thesis https://dora.dmu.ac.uk/handle/2086/20278

https://dora.dmu.ac.uk/handle/2086/20278
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1. Triangulation method

TC in nearest 3 neighbour vials
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Jeeraruangrattana (2020) PhD Thesis https://dora.dmu.ac.uk/handle/2086/20278

Min uncertainty : 
0 – 0.1 °C

https://dora.dmu.ac.uk/handle/2086/20278
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Temperature uncertainty 
during re-heating phase

Temperature calibration for the TVIS vial: 
1. Triangulation method
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https://dora.dmu.ac.uk/handle/2086/20278
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Temperature calibration for the TVIS vial: 
2. Tempris® method

TVIS spectra
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• FPEAK profile during annealing has ‘similar’
profile with product temperature.

• Assuming thermal equivalence between
the thermocouple (TC) vial and TVIS vial,
then the temperature calibration from
annealing might be employed for the
prediction of temperature during primary
drying
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Temperature Prediction in Primary Drying
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• Good agreement between product 
temperature (by TC) and T(FPEAK)

• Temperature calibration curve selected 
for temperature prediction in primary 
drying : T(FPEAK)

Jeeraruangrattana (2020) PhD Thesis https://dora.dmu.ac.uk/handle/2086/20278

https://dora.dmu.ac.uk/handle/2086/20278
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Ice solidification end point

CASE STUDY 2
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Solidification period
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https://dora.dmu.ac.uk/handle/2086/20278
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Solidification end point 5% sucrose
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https://dora.dmu.ac.uk/handle/2086/20278
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5%SucroseWater
5%Sucrose in 
0.26% NaCl

5%Sucrose in 
0.55% NaCl
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Solidification time for ice formation increases with the salt concentration

Examples

Jeeraruangrattana (2020) PhD Thesis https://dora.dmu.ac.uk/handle/2086/20278

https://dora.dmu.ac.uk/handle/2086/20278
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Determination of in-vial Glass Transition temperature (𝑇𝑔
′)

CASE STUDY 3
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𝑪′(𝟎. 𝟐 𝑴𝑯𝒛) during Re-heating
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Freezing and annealing of mannitol solution

CASE STUDY 4

Freezing mannitol 
solution

Crystallization in 
mannitol formulations

Re-crystallization 
events 

Change in crystal 
structures
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Crystallization events at freezing step for 5% mannitol

BACK to Drying
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Recrstallization (dehydration) and de-vitrification? on 
annealing of 5% mannitol
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Recrstallization (dehydration) and de-vitrification? on 
annealing of 5% mannitol
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Sublimation end point

CASE STUDY 5
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Sublimation 
end point

C

D

C D

Dome
shrinks
across base

C

D

Pandya (2020) PhD Thesis https://dora.dmu.ac.uk/handle/2086/19997

https://dora.dmu.ac.uk/handle/2086/19997
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CASE STUDY 6

Assumptions of a planar ice interface

Primary drying rate models
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Drying rate based on vapour pressure measurement
TDLAS

• Increase the pressure in the freeze dryer 
(same as PRT)

• MTM combines the pressure rise data with 
a mathematical equation to predict drying 
rates

• Laser assembly tube is connected 
between chamber and condenser

• Drying rate determined from

o Laser light absorbed is proportional to the 
concentration of gas/water vapour

o Doppler effect used to determine velocity 
of the vapour

From drying rate calculate:
(i) heat transfer coefficient; (ii) batch ‘average’ temperatures (@ ice front & ice base), 
(iii) drying endpoints, (iv) dry layer resistance

MTM
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1. All heat received by product is used only for 

sublimation of water.

2. Sublimation front moves from the top of cake 

parallel to the vial bottom

Reality:

Not flat!! Change of shape

3. The contribution of radiation component to 

the vial heat transfer coefficient is constant 

within entire operation temperature range

Heat and Mass Balance: Assumptions

ice sublimes in 

horizontal plane

Heat received 

Mass lost 

Pikal et al. (1984) J Pharm Sci 73:1224
Temperature measurements have to be 
completed before 15% of the ice mass 
is removed before the assumption of a 
planar ice-surface interface is seriously 
violated
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TVIS application in studying ice mass shape

Pandya (2020) PhD Thesis https://dora.dmu.ac.uk/handle/2086/19997

https://dora.dmu.ac.uk/handle/2086/19997
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TVIS application in studying ice mass shape
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TVIS application in studying ice mass shape
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TVIS application in studying ice mass shape

Pandya (2020) PhD Thesis https://dora.dmu.ac.uk/handle/2086/19997

https://dora.dmu.ac.uk/handle/2086/19997
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Mid-way to the centre : linear for 2.33 h
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Centre of the shelf : linear for 3.23 h
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Centre of the shelf : linear for 3.23 h
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• Rule of thumb, that the planar interface 
should exist up to between 15 and 25% loss 
of ice mass

• Depends on the position of the vial on the 
shelf

• TVIS can qualify the exact time period
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Take home messages from this talk

TVIS provides ….

• Temperature prediction for primary drying

• Non-invasive determination of ice nucleation temperature (and 
ice solidification end point)

• Identification of primary drying end point

• Qualification of batch process models (MTM, TDLAS) in terms of 
the assumptions in the model (planar ice interface)
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Summary

Dielectric loss peak Dielectric constant

Log peak frequency 
(𝑭𝑷𝑬𝑨𝑲)

Temperature calibration 
(ice phase)

Spatial measurements 
of ice temperature 
possible with multiple 
nodes

Low frequency 
(100 Hz)

Ice nucleation 
onset time and 
temperature

Peak amplitude 
(𝑪𝑷𝑬𝑨𝑲

′′ ) 
Ice mass & sublimation 
rate

Annealing end-point

High frequency 
(100 kHz)

Ice solidification 
end point

Glass transition 
temperature

Devitrification

Sublimation end 
point
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Thank you for listening!
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