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Through Vial Impedance Spectroscopy (TVIS)

Description of Measurement System
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Conclusions : PAT for freeze-drying production
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Introduction to the TVIS System

* Impedance measurements across a vial rather than within the vial
* Hence “Through Vial Impedance Spectroscopy”

* Features

Ill

Single vial “non-product invasive”

Both freezing and drying characterised in a single technique

Non-perturbing to the packing of vials

Stopper mechanism unaffected

SV product temperature

SV sublimation rate

SV end point (At-Ap!)
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Freeze drying chamber “’!c

Pass thrsugh

LyoView™ analysis
software
. LyoDEA™ measurement TVIS system
R N— software (I to V convertor)
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Through Vial Impedance Spectroscopy (TVIS)

Theory
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Interfacial Polarization Phenomena T‘_’ls

e |nterfacial or space charge polarization is one type of dielectric polarization.

e |t refers to the accumulation of charges at an interface between two dielectric
materials or between two regions within a material when an external field
applied.

Electric field

| >

Electrodes

Accumulation of charge

Absence of Electric Field Applied Electric Field

e This phenomenon occurs when an electric field is applied to a glass vial (a
dielectric material) containing a liquid and/or solid (a dielectric material with
some conductivity).
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Equivalent electrical circuit model T‘_’!S

e An equivalent electrical circuit model is created by combining the circuit
elements which includes the solution resistance (R,) and the the capacitances
of the glass-solution interface (C) and the solution (C,) in an appropriate
configuration of series and parallel elements.

C. is the capacitance of the glass-solution interface,
C; and Rq are the capacitance and resistance of the solution

ZTotaE = Z(CG) + Z(Rs = Cs)

1
z®y 1 zc)

ZTotal = Z(CG) + [
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Dielectric loss spectrum ™ !Q -

 Asthe frequency increase, C increases 940 7

to maximum (C )

CII _ Cg
peak — 2(Cs+Ce)
* afrequency of

0.30 -

1
F —
peak = 2R (Cs + Cg)

_CII /pF

e If C; > Csthen 0.10 -

n ~
C peak — CG

 Which explains the sensitivity of C",oqr  0.00
to the height of the ice layer

Log Frequency
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TVIS Applications
Freezing, Annealing, Primary Drying
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TVIS Response Surface MS,

Imaginary Part of Capacitance Real Part of Capacitance

/\ Annealing = Re-heating and Re-coolin_c/\
Liquid state Liquid state—f
N

- Frzen solid \ Re-heating

— 1.5

— 1.0
C' pF

- 0.3
o2 C PF

Primary drying

— 0.5

low frequency

low frequency
High frequency
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Through Vial Impedance Spectroscopy (TVIS) T\_' IS

* The capacitance spectrum depends on both the electrical resistance and
electrical capacitance of the vial contents.

* Data viewing software (LyoView ™) identifies the peak frequency (Fppaq)
and peak amplitude (C"p,¢) in the imaginary part of the capacitance
spectrum from which various physical properties can be determined

TVIS parameter Application Notes
(requirements/assumptions)

Pz temperature & phase Foea temperature calibration
(ice & eutectic formation, (annealing stage required)
phase separation)

dC"p /dt drying rate surrogate 80% of 1° drying
(assumes flat ice front)

C" (~ 100 kHz) end point of 1° drying C' (real part of the complex
capacitance) is highly sensitive
to low ice volumes
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TVIS Application
Freezing Step

5%w/Vv Lactose in deionised water
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The relationship between F,;,, and Product “’lc
Temperature/Phase Behaviour S

e Both resistance and capacitance parameters impact the peak frequency
P B 1
pPeak = 2nR . (Cs + C)

e However the sample resistance (R ) has a greater temperature coefficient so the
peak frequency is especially sensitive to the electrical resistance of the product.

e |t follows that F,., can be used to monitor (i) the phase behaviour and (ii) the
temperatures of both the liquid and solid states.

e During the solidification process the increased resistance of the frozen phase
shifts the peak frequency (Fy¢,) by two orders of magnitude.

e During the annealing of the frozen phase, a temperature ramp of 40 °C can shift
the peak frequency (Fy¢,¢) by one order of magnitude.
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Phase separation MS.

Freezing Step
Higher |:> Lower
Temperature Temperature

Nucln + 24 min

Nucln + 30 min

Peak 2 shoulder appears

Nucln + 32 min

Peak 2 visible

Nucln + 38min

Liquid state
dielectric loss

'C" /pF

!-.- p 'I“‘
‘r}“l m““‘#" !!"l'll“ 4“ m* R
lh “H **m Frozen solid

----- 0.4 === Peak 2 shifts
oy 0.2 -—----- to low
0 frequency
------ 0.0 -——---- T T ' ' "
6 5 4 3 2 1
C Log Frequenc
I ﬂe‘\“e“\l 8 TTEAuEnty
\_O%
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Ice and the unfrozen fraction T‘_’ !S

The glass Ice has a conductivity (Rc)
interface has . and dielectric constant (C,;)
very high Microstructure

due to the percolation of
resistance;

therefore it Unfrozen Ice protons (H*)
. . fraction crystal
behaves primarily
as capacitor (C)
Glasswall & - == ‘ ->
solution . e
interface R % -
1
i
A layers of unfrozen fraction between the ice crystals
C have dielectric constants and a conductivities which are
Cice UNFROZEN i ]
Corrennce reflected in C\rrozen @Nd Rynrrozens FESPECtivVely.
_"_ " I _ The latter is strongly dependent on mobile charge
— carriers and hence very sensitive to the viscosity
emperature and water content) of the unfrozen
R R (t t d wat tent) of the unf
ICE UNFROZEN .
fraction .
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Ice Formation g 5 | _phase change +_ 1
- 1~ temperature change”™ |
L 4] | |
= 3 S |
O -20 - \ :
g : |
qE) -40 - i —Prod:pcttemperatureA
F 60 - P ——Shelf temperature
6 - i phase changes + i
\i temperature change i
. 5 - : |
PF = | Unfrozen |
2 4 i fraction peak !
= Ei < separates |
u? 3 - g i from ice peaki
Qo ™ i i
= 2 0 =2 |
1 - = SIE
|— | ml -+~
~ O c
0.9 - c ! &35
w Q| Sia
a % A
e The thermocouple vial nucleates = 07 - cl P o
later than the TVIS vial < 06 - o | |
= O |
e C"ppax May provide a more reliable _= 05 : :
H R o : © 04 :H: hase change onl
end point for solidification 03 | | P ge only
0 2 4 5

3
Time / h
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The relationship between F,¢,, and Product -r\'!c

Temperature/Phase Transition

The resistance/resistivity of liquid water and ice are both inversely proportional to
temperature,

0°C
5 - \l/ o 20 -
Q /. < 70 °C
£ 4. 19 -
3 - 18 - OV
2 - Resistivity (p) of 79 Resistance (R) of
1 - 1‘1? °C Water (100 to O °C) 16 - Ice (0 to-20 °C)
0 T T T T T 1 15 I I I
26 28 30 32 34 36 38 36 38 40 42
111 84 60 39 21 5 -10°C 5 -10 -23 -35°C
1000/T (Kelvin) 1000/T (Kelvin)
Light et al. (2005) The fundamental conductivity and resistivity of Petrenko, V. F. (1993). Electrical properties of ice (No. CRREL-SR-93-20).
water. Electrochemical and Solid-State Letters, 8 (1), pp. E16-E19 Cold Regions Research and Engineering Lab Hanover NH.

and so in the case of an aqueous solution, the resistivity/resistance will also
decrease as the temperature increases

LEICESTER
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TVIS Application

Annealing for Temperature Calibration

5%w/Vv Lactose in deionised water
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The relationship between Fy¢,, and Product
Temperature/Phase Transition MS’

dielectric loss Higher _ Lower
-C" /pF Temperature Temperature

0.8 215°C

Re-heating

B A -29.1°C

n | -32.8°C
0.4 36.5 °C
-40.1°C

T 0.2 43.3°C

-46.1°C___

. “e“c‘l Log Frequency
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The relationship between Fy¢,, and Product MS

Temperature/Phase Transition

dielectric loss Higher ‘ Lower
-C" /pF Temperature Temperature

""" 0.8 "="""| 3570C
o :':'If"
'--"'”I'r 0.6 oo -28.7°C
, -25.5°C
e i 0.4 -22.2°C
-19.1°C
. 0.2 --====- -16.3°C
a B 0
------ e ;
6 5 4 3 2 1

Log Frequency

,1")'{;.
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Calibration

1.0 - Re'COO“ng —411C Re-COOling
0.8 Poor peak separation _ 376c
' ' e At low temperatures, the two peaks
EL are merged, forming one peak below
U -35C.
e At higher temperatures >— 20 C the
. . two curve separate to some degree
1 2 3 4 5 6
Log Frequency
1.0 5 Re-heating ——-a11cC Re-heating
0.8 | G00d peak separation ——376C e The two peaks on re-heating are well
s 06 —303€ separated at all temperatures
~
O between—-20Cand-50C

1 2 3 4 5 6
Log Frequency
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Calibration

 Thermal homogeneity of the frozen

-0
solid demonstrated by two TCS (top 4.0 - 0¥
S~
and bottom) 35 0 9
~ >
e Foea¢ Profile during annealing has LLE 30 - - 30w
(. . ) . . 00 TVIS Data - _40 8_
similar’ profile with product & — Shelf Temperature 2
temperature- ' Product Temperature (Bottom - -50 &
2.0 | —PrcIJduct TerT\peraturc? (Top) | 60
e Assuming thermal equivalence 4 6 7
. Time / h
between the TC and TVIS vial (?!!)
_10 -

then temperature calibration from
annealing might be employed for the
prediction of temperature during
primary drying

y = 8.6231x3 - 80.574x? + 276.54x - 365.24
20 - R?=0.9999

Re-heating
Re-cooling

Temperature /°C
W
(@)

e Re-heating curve selected because of V= 1.9496xC - 25.68xC + 124.57x - 222.62

R?2=0.9998
the wider range of temperatures for -50 . . . . . . .
: : 22 24 26 28 30 32 34 36
the observation of a single peak L0 Foea

LEICESTER
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5%w/Vv Lactose in deionised water

TVIS Application

Primary Drying (1) Product temperature prediction
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Temperature Prediction in Primary Drying

=
o
J

y = 8.6231x3 - 80.574x? + 276.54x - 365.24

4
: -20 - R?2=0.9999

=R Re-heating e Re-heating calibration curve selected
g Re-cooling for temperature prediction in

£ -40 - y = 1.949653 - 25.68x? + 124.57x - 222.62 primary drying : T(Fppax)

= R =0.9998

-50 . . . . . . .~ * Good agreement between
2224 26 28 FP::,.AOK 32 34 36 production temperature (by TC) and
0 - T(FPEAK)

& 10 - — Shelf Temperature e At approx.—32 °C (product collapse)
S~

®o0 - the time profile of each parameter
3 Product temperature . o

© 30 undergoes some instability

030 LTI

3_40 4 ™ eeeee T(FPEAK)_Re-heating

GJ ooooo

l_'SO | | | |

12 14 16 18 20
Time / h
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5%w/Vv Lactose in deionised water

TVIS Application

Primary Drying (2) Drying Rate Prediction
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The relationship between Fy¢,, and Product
Temperature/Phase Transition MS’

Primary Drying
Primary Drying

dielectric loss

-C" /pF Time 12 h
f' A
t\hh '\ y------ 0.6 ------- -42.6°C
[| i -37.1°C
"r’t{,iilii‘ﬁnﬂg:“a; -32.3°C
;“*i 1]-“1“ T 0-4 ------- -%%510(? Tlme 38 h
--moo- 0,2 -
"
----- 0.0 -------
/)/.% 2530 \| 6 5 |_ 4 ] 3 2 1
> uenc og Frequency
5
4% 35¢ \_o%\ge
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C" peax Criteria & Assumptions

e C" ogaq IS proportional to the height of the ice cylinder bounded by the
electrode region, through the value of C¢

* Drying rates are based on the assumption of a planar sublimation front
* Below the electrode C" ., loses sensitivity to ice layer height (non-linear)
e C" ;gac Cannot be used for end point determination: use C’ @ high freq. instead.
O ==
peak 2 (Cs+Cq)

—)

C" ;eac€an be considered in three regions

1) Alinear region (% of C" ., est. on water in isolated vial)
2) A non-linear region

3) Anice cone region —where C" ,;,~ 0 (use C’ @ high freq.)

”
C PEAK

Height of ice layer, h N

Height of ice layer at the Linear region I 80%

T electrode region, h,

. Non-linear region i

Height of ice layer below the eIectrodé\,’ hye

DE MONTFORT
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Drying Rate (dm/dt)

Determination

1.0 - Re-heating
w 0.8 -
o
S~
é 0.6 - y = 0.0046x + 0.6317
a 0.4 -
O

0.2 -

OO T T T I 1

-50 -45 -40 -35 -30 -25
Temperature / °C
Temperature

1.0 correction
w 0.8 -
o Convert to
~ .
v 06 — Ice content
5 -~
o 0.4 -
-L) e — n

02 - C"peak (uncorrected)

—— C"peak (corrected)
0.0 I I I I I I I 1

12

13 14 15 16 17 18 19 20
Time/h

Temp. /°C

lce mass/ g

-10

i —;—Shelf;Temperature
/;::Jigct temperature
i Convertto !
| i drying rate | ;
12 13 14 15 16 17 18 19
Time/h
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5%w/Vv Lactose in deionised water

TVIS Application

Primary Drying: Rp determination
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Lactose Dried Product B0 e
: © a0 32¢
Resistance (Rp) SO P
g' -50 1 ... T(FPEAK) | | |
ﬁp _ (PICE - PCHAMBER) A L 60 - Tcondenser
dm/dt P “"MMM” ol HEM ¥ Hi ! WM X
5 -70 - : ! .
et In(P o) = (Z22490) L 2402 |
LRI W— o3 "= (Trarr ) 12402
o ' - ~
2 - | .
v i | E 0o - 0.270 Torr
£l : 5 ° .
Q_‘O : T E T T T 1 > i |
B o! 02' 04 06 08 1 @ 01 - Pice = P cramper .
' Dry Layer Thickness (cm) a 0.002 Torr
: : 0.0 - . | T :
~ 05 - |
£ 04 - \i
uLon 0.3 - :
.gi_c 0.2 -
a 01- | | |
0-0 T T T T I T I| T :|
12 13 14 18 19 20

15 16 17
Time/h
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Lactose Dry Layer Product
Resistance (R;)

~ Picg — P CHAMBER)
Rp = - A
P ( dm/dt P

1 3mm
S v
Q_‘O T T T T 1

o0 02 04 06 08 1
Dry Layer Thickness (cm)

Top layer
Fine pores

Middle layer
Micro-collapse

Bottom layer
Full collapse

LEICESTER
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Annex : TVIS Theory

@ﬁﬁﬁ,‘%",{gﬁ‘} Through Vial Impedance Spectroscopy m -



Equivalent circuit model

“Polarization of glass-solution interface”

lonic diffusion layer (d,) l
Ro= p—
S PA
dg dg RS
Measurement vial <—><—> >
— +
= = Il m el
m () © ()]
o @~ 2 = @ ©
,I::>(:} _ @ e g C, C Cs C (o
! o o o) o
: % o o O + E . .
5 + Parallel-plate capacitor equation
s ' ' +1 Co= gg€ A Ci= Es€o A Com £sEL A
C C dg di ds
g g
)|
“Polarization of solution/ice” “Polarization of glass”
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Impedance Spectroscopy

Impedance is a frequency dependent parameter largely because the

impedance of a capacitance is dependent on the frequency of the applied

field, whereas an ideal resistor has zero frequency dependence

] 1 <
1T — \/ N
101 ¢ 10" g
10%° ? “““““ . 10%0 E
ol e |Z] = 1/C ] |Z| =R
AR |Z e
we T - 10'g
0 T — 10°
10° | 1l | 1l | | 10° 1l Ll Ll Lol L
10t 10? 10° 10 10° 10° 10t 10? 10° 10* 10° 10°
Frequency (Hz) Frequency (Hz)
-100 -100 -
%—807 e=90° %—807
<C( -60 — g 60 F
g [}
j: -40 F f_—% -40 |- .
o 20 T 20C ©=0
O: | 1l | 1l Ll 0 il eodobdebbd] evobododobbdd] Joocbodedalddd] Levabododoldd
10t 10? 10° 10 10° 10° 10t 10? 10° 10* 10° 10°
Frequency (Hz) Frequency (Hz)
-
=, DE MONTFORT T V | S
@ UNIVERSITY hrough Vial Impedance dpectroscopy
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Impedance Spectroscopy

* In the case of a composite object that has both capacitance and resistance
then the impedance spectrum that results will be dominated by one or the
other element.

C R In a series circuit
|} N\N— @ low frequency the capacitor dominates the

spectrum because the impedance of the
capacitance is so high that the capacitor

woop=-n 121 = 1/uC 12| =R effectively controls the current that flows
IZligg :*\ through the circuit

12 @ high frequency the resistor dominates the

e R T spectrum because the impedance of the

Freiquency (Hz)
1

capacitor has fallen below that of the resistor
such that the resistor effectively controls the
current that flows through the circuit

LL4d
10°

Frequency (Hz)
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Impedance Spectroscopy

* Inthe case of a composite object that has both capacitance and resistance
then the impedance spectrum that results will be dominated by one or the
other element.

- In a parallel circuit
| | @ low frequency the resistor dominates the

C spectrum because the impedance of the
capacitance is so high that all the current flows
| through the resistor.
gi.wmww,.&%_._.‘;.‘:‘: ............................................... @ hlgh frequency the capacitor dominates the
T spectrum because the impedance of the
0 a0 o e capacitance is now lower than the resistor
such that all the current now flows through the
capacitor.

[t I nl
10! 102 10° 10* 10° 10°
Frequency (Hz)
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by one or the other impedance.

Impedance Spectroscopy

More complex composite objects can be considered as combinations of
impedances. Again, the impedance spectrum that results will be dominated

_C|2 R1 . In a complex circuit
| @ low frequency (<1 kHz) the resistor R1 dominates the
— impedance of the R1C1 circuit, but because this circuit is
Cl in series with a capacitor, C2 (which has a high
igi; £ 2= 1wc(2). i impedance at low frequency) then C2 effectively controls
wp ey ikHz |30 KHzZ the current that flows through the entire circuit
|z|ig: """"" |Z|=R """""""" “‘““”“le"ifwi Y @ intermediate frequency (1-30 kHz) the impedance of
10°F i C2 drops below that of the resistor, such that the resistor
o T w r O begins to dominate the impedance and therefore the
Frq:q“e"CV(Hz) i phase angle tends to increase from -90 to zero
oo @ high frequency (>30 kHz) the impedance of the
PR o P capacitor, C1, which is in parallel with the resistor,
%'60 - \ / decreases below that of the resistor such that the
N3 P resistor no longer dominates the impedance of the
01; . 11)’3 - . s parallel RC circuit so then the circuit behaves like two
Frequency (H2) capacitors in series but with C1 dominating the spectrum
@Bﬁﬂ,‘%",{g‘,’{‘} Through Vial Impedance Spectroscopy _“_’ IS .0
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Impedance Spectroscopy

* The impedance spectrum of complex element can be presented as the
capacitance spectrum

1011

C2 R1
— T_
|_
Cl

0o =] Z| = 1/wC( i
10°0 1 kHz 30 kHz Be-l3
. 5SS CUUURROOPPI T :,:-.:,:;;-Z--}--=--1-/-w€ 1) 4013 1 \

8e-13

I pF

8 =
|Z]20° l : o
10'E |Z| =R ' !
10°E , ! 2e-13
E | I L
105: Ll HH! 1l : | 1l | 1 0 il | I S i S 21 A ik b a8
10 10° 1p® 10* ! 10° 10° 10 10° 10° 10* 10° 10°
1
Fr:equency (Hz) | Frequency (Hz)
1
- >
! 1
! 1
-100 [ ! : -4e-13
freeeooos e 1 U eesee L
C 1
L} -80 | ' ' -3e-13 - -
c = H ! LL L
< -60 - ! 1 [=%
© F | ' ~ -2e-13 |
0 - — =
g0F e C sl
Q.20 - 1 - : -le-l
= 1
oL 1l L] 1l : 1l 1 0 cemocpeor 1T 1111 Ll Ll LT rereeed, i
10! 102 10° 10* 10° 10° 10 10? 10% 10* 10° 10°
Frequency (Hz) Frequency (Hz)

Impedance Spectrum

[ Capacitance Spectrum ]
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Interfacial Polarization Characteristic

¢« Atw->0,C =0

* Asthe frequency increase, C increases

to maximum (C . )then decreases to

zero as the frequency W—>°

* Atafrequency of

1
w = In radians
T R (Cs + Cg)

1
Jpear = 2R ¢ (Cs + Cg)

in cycles per second

CZ
c" — G
Peat  2(Cs+Co)

-C" /pF

0.40

0.30

0.10

0.00

Log Frequency
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Interfacial Polarization Characteristic

e The impedance of the model can be calculated from the following equation

Z*Total = Z*(CG) + [Z*(Rs) + Z*(l(:s)]
.1 Rg
2 oral = iwC M iwRgCy
which re-arranges to
1+ iwRs(C; + C)
Z" Jotal =

iwCe; + iw?RsC; Cs

e Impedance can be expressed in terms of a complex capacitance
1 Cc + iwRsC,Cs

iwZ . 1+ iwRs(Co + Cs)

e The complex capacitance can also be expressed in form of real part and imaginary part

c*=cCc"+ic"

e From the complex capacitance formula, the expressions for real and imaginary
capacitance can be calculated to explain the origin of interfacial polarization peak. This
achieved by multiplying the nominator and denominator by the complex conjugate of
the denominator and by grouping the real (C’) and imaginary (C") parts

_ wRsCE
1+(wRs((Cs+Cg))?

* —
C Total —

_ Cg+w?RCsCs(Cs+Cg)

C' = and |C"=
1+(0)R5((C5+CG))2
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