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. Course schedule

. Introduction and some examples
. Heat conduction calorimetry I

. Cement calorimetry

. Thermodynamics for calorimetry
. Calibration

. Different types of calorimeters

. Kinetics and stability

. Titration calorimetry

. Thermochemistry

. Pharmaceutical applications

. Biological calorimetry

. Heat conduction calorimetry 11
. Water vapor and calorimetry

. Food Science

. Sorption calorimetry

. Papers
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Instruments and methods

Lund
Isothermal
Calorimetry
Group

Measurements

Teaching

Cement hydration example

Portland cement hydration result
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Isothermal calorimetry is the measurement of thermal
power (heat production rate) under constant temperature
conditions.

This is a very general technique because almost all
processes (physical, chemical, biological) produce heat.

Since nearly all processes produce heat, it is important
to design isothermal calorimetry experiments so that
only heat from the process under i investigation is
measured.

Different ways to systematize
isothermal calorimelty

According to method:

for example, ampoule and

titration calorimetry

According to field of use

for example, cement and

biological calorimetry

Examples of methods in isothermal calorimetry

Example: use of glass ampoules

(student experiments)

Ampoule Perfusion Tutration Solution Sorption flow-
calonmetry calonmetiy calonmetry calorimetry calonmetry through
(R 2 t L2 il
110
| quu|dl I slhirring
sample |
2 -
ﬂ— T T—’
i ! solid
injection ”‘ ” l\ sample
II.. = | !
All these methods (and many more) can be practiced in the s:’""
same calorimeter; only the ampoules (vessels) change
Examples of fields where isothermal calorimetry is used .
Battery self-discharge
Sl_ahiII\ of (n. ant hydration 1
energetic lonrlu.lr\
compounds
cyplosives. fucls) I s | T T - .
L!E.E.._‘_____._f‘_ P(_)[_\ITH.I soenee | = b '
- —— e
|B|c|oglcal [ K/I brol _I S | " 1
crabio ogica 1 '—~_—— - o
C?WE{" studics (ycast Physteal Chens I z
bacteria) | (sorption. mixing __on- 201 7
— _—— solution, kmu(lcs_) [ E
rFoodScluncc | p——— 1 2 | \\“—“L‘
e — 4 [Mcdmlnu |
T ) i i 1 - i A 1.
o W 20 30 A0
p— e e
| Phanvaceutical LPInnl physiology time. h
l[uclmolog\' s i
. L ll\-l’\
‘—annuou j ‘ | Wadsé




Why isothermal calorimetry?

1. General method

2. Often sensitive

3. Monitors processes
4. Non-destructive

5. Thermodynamics

6. Manipulate sample

. Solvent vaporization enthalpy (student experiment)

Vapartzation of water: truo value 48,1 lul/mol

10.80J ~ 45.1 klimol

Al =Q1n

17389

- 453 kifmol

el power of vessnraten J m
a

o =T BT 200 350 300
tme / min

For a certain application there are often many methods to from which to choose
It1s important to choose the besf method (cost, convenience, result. .)

‘Mold activity as a function
of relative humidity

Methods available from which to choose:

spore production

| visual inspaction (hyphal elongation, area)

| mass change

| toxin praduction

ATP-concentration

ergosterol content

chitin content

toxin production

heat production rate (isothermat calorimetry) &——————

Problem: measure the activity of a fungi as a
function of relative humidity (water activity)

300
a8 [0S 0.8 (070 0% 0.0
= ar o
ass

ER
8
é u
L™

S0 1

o +

[} K00 100 300 400 4 600 TOO
Timztbours

Rl P ! " [ he Bpure) At the
brehain i

Markova ond Wadso (1998) Int Biodelerioralion Biodegradation 42 25-28

Mold activity as a function
of relative humidity

i Methods available from which to chaose
I spore production |

visual inspection (hyphal elongation, area)

mass change Expose to difterent
| toxin production ctimates and measure
| ATP-concentration || result after exposure
| ergosterol content
! ehitin content
| toxin production

Continuously measuie
| heat production rate (isothermal calorimetry) €= activity/resporse during
medsarament

Manipulate sample in calorimeter
Combine with other techniques

Flow-through (perfuse) with a liquid or gas (dry or
mixed with a liquid vapor)

: Inject a gas, liquid or solid

:Analyze gas or liquid leaving sample

| Stir (gases, liquids)

" Introduce light

Combine with other sensors (pH, O,, CO,, RH. )
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Definitions

Isothermal calorimetry Measurements of heat and thermal power at (essentially)
constant temperature conditions

+.4 Introduction to
sothermalCalorimetsy

Heat conduction calorimetry The most common measurement principle for
1sothermal calonimetry

This course 1s called “Introduction to Isothermal Calonimetry” and 1s a course on the
theory and use of heat conduction calorimeters

, «Heat Conduction Calorimetry |
i

Heat “A form of cnergy present in all matter as kinctic energy of the atoms™
“Encrgy transforred from a hotter to a cooler body due to a temperature gradicnt™

A 4 The STumt of heat (and all other forms of energy) s the joule (J)  The calone (cal) 1s
Lal S WE! d SO a non-S1 unit of encrgy/heat, 1 cal =4 18 J

Thermal power, heat production rate, heat flow rate, heat flow ail have the Sl-unit
watt (W), | W= 1J/s Tn this course we will usc the term “thermal power "

A Heat Flow Calorimeter 1 A Heat Flow Calorimeter 2

R ._____.___._Ij

sample  reference

sample E |
heat flow P heat flow I
sensor
sensor |:“-\ | \\: . :
| i |
heat sink with |
constant
| temperature | |

heat sink

thermoslat with constant temperature |

| _Iﬁ.rrmm ;\a;wny M;nor ;‘!Aid |_
l i |

oo mar
T

AM Air |
3) | Figure 2. d.channel TAM microcalorimecer (ThermoMetric, Sweden). A: Cut-
Z away view of the instrament shown wilh one chiannel (B) poationed in the water
bath M- One channel consiats of Lhe lotlowing parts: a, b: thin-walled stcel tubes,
i steel cylin r. d: astic wuba. e, g aluminm:  bolts ¢ ving as main heal
sks. = alwmimimnn block. h: alumininm Wbe (holder for ampule) 1 Uiermorou-




Eight
channe!
calorimeter

Air thermostat
5-90 °C

i Power supply

Heat flow sensors are usually thermocouple plates

What is a thermocouple?

T\=T, < Voltage=0

T#T, < Voltagez0

Peltier effect
voltage applied =
temperature difference

Seebeck effect:
temperature difference
applied = voliage

Who invented the thermocouple?

| Thomas Seeboek (1770-183 1)
This Kstontan born Gemnan
scientst found n 1821 that a cireuit
made of two dissimilin metals with
junchions at different temper alures
deflecied o compass magnet | e
heleved this was due to mngnetism
induced by e dilference in
lemperatuie | e called the
phenomenon  thermomagnehism
and believed that the carth s
magnetic held was gencrated hy
| iemperatuie diflerences between the
| evid poles und the warm cquator |

The Damish scientist Hans Christao @rsted
(1777-1851) who alrcady im 1820 had proved 1hat

! clectucal fields nfluenced mugmene ncedles
followed Sceheok s work with interest and named
the phenumenon the  thermeslect e elfect

! Jean Pelticr 1 [785-1845) a French walch mukur
diacovered in 1834 that a cuirent thuouph wo
dissimular conduetors genetutes heot at the
junction of the two materals

[n 1833, Emil Lenz in 5t Pelersburg firs) oze
and later melied 3 drop of water placed en a
thermacouple junciion by reversing the curent

" William Thompson (Lord Kelviny desenbed the
: intenelatwnship of the Secbeok and Peftres ofticts

i

' around 1861 !

* ltwas notuntl the 20th eentury thut the

. thermoeleetng effect found pracucal applicanons
for cxanple through the work of Russion physicist *
Abyam loffe (| 880-1960)

Applications of Thermocouples

To measure temperature with TC

Type R. T, I for example

(T2 measured inside. cold junction)

To cool/heat with thermocouple plates
(TEC=ThermoEluctne Cogler)

f ‘
| A U e e
Unspmmnater
Electromies tn telecom, medical labs,

acrospace. consumer products e

To measure heat flow

Heat flow mcters, huat flow
calorimeters

A Boelng 777 cncliplt
instrumentntion sysiem
conled with THCS
(worss marlow.cum)

In thermoelectnic generators

Used to convert heat from radioactive
decay to el_ccmclty \n space crafts A pariable heat fow meter
(Apollo, Piencer. Viking ctc ) (wwwescsclentiflc com) =

Heat flow sensors are usually made as thermocouple plates
(Peltier cooling plates) containing many semiconductor
thermocouples made of n- and p-doped bismuth-telluride (BiTe)




[ heat flow rate (W)
AT temperature difference ()
u voltage (V)

P thermal power (W)

Heat flows 1a

response to
temperature
differences

O~AT

Voltage output 1s
proportional to heat
flow through sensor

[

Voltage from

At steady-state {constant heat
production}, heat flow rate
through the sensor 1s equal to
the heat production rate
(thermal power)

P=¢

k.

Four simultaneous processes

Measured voltage is
proportional to the thermal
power

U-r

thermocouple is
proportional to
temperature
difference

U~AT

Note that the tempeiature differences
should be small (cssentially isothermal)

s

Heal is produced in the
sample..

2. ...and a temperature
difference develops across the
heal flow sensor. ..

3. ...which results in a voitage
output..

FS

. ...while heal flows out to the
heat sink.

The reference

sample reference

The reference is a
sample with thermal
properties similar to the
sample, except that it
does not produce any
heat

The measured signal is
the difference between
the sample-signal and
the reference-signal

Why use a reference?

sample reference 1. Less noise from external

disturbances

2 Measurement response is
faster

[
1-
It 25

Nomenclature
¢ time s
P thermal power w
QO  heat J
U voltage v
¢  calibration coefficient W/V

T time constant

At steady-state (constant thermal power):

PZ,%‘-U

cahibration coefficient

At unsteady-state (thermal power is changing):

P=¢ (Ut dU/d1)

tme constant




At steady-state (constant thermal power):

Pzi:-U

cahbration coefficient

At unsteady-state (thermal power is changing):

Correction for time-
lag of calonmeter

P:€ (U-l-:/l;d U/d{)\ll 7 (Tan cquation)

. i constant

o
60|
50|

A0|

b ety eyt

Baselines

The ideal baselne 1s
zero!

\ A//’/l:
ARATA

—_— e}
100 100 00 no A
sma

s

ermel pawer ! A

s

s
5

Note that one should always judge a baseline in relation to the measurement being
made (duration of measurcment, thermal power, acceptable spread in results etc )

Baselines —

Case | Measurement of
microbial activity in
carrot juice High
themmal power and a
large spread in sample
properties makes baseline
correction unnecessary

\>

Thesmai pawer /W

ume

Case 2 Seven days measurement on heat of cement
hydration made by integrating results over seven days of
measurernent A constant and correctly known baseline 1s
very important

Case 3 Fast titration with one (njection every 10 minutes and
total experiment time of three hours Each peak is evaluated
separately with baselines before and after that peal, and 15
not dependent on long-term behavior of baseline

Tian correction

Electrical calibration pulse for eight minutes

The measured signal is

W0— -
delayed with respect to 1
the thermal power of o] | '
the sample, and will 1" |

therefore lag behind
when thermal power
changes (thermal
inertia)

thermal power / W/
2

A s =

The Tian correction 2 |
gives the thermal power o :

from the delayed curve: LR T I L

Peg(UrrdUidr)

Nole correclion was nol perfect because the Tun model 15
nol perfect (but 11 13 govdd enough for most prrmeoncs}

MMA

Make a measurement

I Baseline correction UN=U,.(1)-Up

2 Apply calibration coefficient P(ty=e-U(t)

3 Apply Tian correction (if needed) Pon™ Poncor TP eondd?
4 Evaluate thermal powers and heats of interest

Note that many commercial instrument make the above corrections
automatically However, 1t is always a good 1dea to know what the
instrument and software are doing!




Manufacturers of isothermal calorimeters

Microcal (USA, www.microcalorimetry.com)

Setaram (France, www.setaram.com)

TA Instruments (USA, www.tainstruments.com)
(includes former CSC and Thermometric)
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" Cement Hydration Calorimetry

Lars Wadso

Additives (admixlures)
used in concrele.

Imporiant concept;

water/cement-ratio =

Water reducing agents

mass of water / mass of cement
Plasticizers

Low water/cement-ratio gives high

quality: hugh strength and low

permeability Accelerators

Retarders

Corrosion nhibitors
w/c=0 6 normal concrele

w/c=0.35 high performance Alr entrainment
concrete agents®
(w/c>1 sometimes used (1 the lab)

F an pores of a certain stz
mercases fm)l Lesistance

————
Current trends
Decrease l

Environmental [mpact !

High Performance
Concrete

| Self-Compacting
™ | Concrete

Self-Desiccating
Concrete

New Filler Materials

[ Waste Materials
|Included

— —

Major chemical compounds formed in the cement kiln:

¢S c,8 C,A CoAFICAF,

Complex reaction with water results in formation of a
solid cement paste:

[C5S, C,8, C3A, CoALF/CAF, ] + H,0 —
C,S,H, + CaOH + ...

Note the cemgnt chernust's shorthand notations
Ca0=C $10,=§ ALO,=A
Fe,0,=F H,0=H

(AT

Schematic picture of the setting and hardening process

Taylor, HF W "Portland cement hydration products™ w *lnstructional Modules in
Cement Science” Ed D M Roy, I Mater, Educ




/‘"“" Adiabatic Calorimetry (Semi-Adiabatic Calorimetry)
B [ Suge T and B~ Siage I ~ . . l
: e Sample temperature is measured on an insulated sample
< C3A Hydration
2 ) plladuig Solution Calorimetry
5 long wrmy
E f . Heat of hydration is the difference between heat produced when a
£ i cement and a hydrated cement paste sample are each dissolved in
strong acids.
—
| Isothermal Calorimetry (conduction calorimetry)
Heat production rate is measured continuously at isothermal
conditions
Terms uceording lo T Young ~ Hydration of Portlund
Cemant” 1n *Instructsonal Modules in Cement Suience
Ed D M Roy J Muter Fd
C t hvdrat; Heat of hydration measurement over three or
e EEydra o . seven days for the classification of cements.
Eight samples from the same mix
150 -
& i
é" ; Qi“f Heat 7 /g e
) 41 %
5 £ 5 d
£ E
4] - 0 2
0 10 20 0 10 20 N :
ume, h tme, h .

Note that thermal power and heat are given per g_,,..., (dry)

Time/h

Portland cement paste
hydration: Measurements
at difterent temperatures

Thermal power / mW/g

Heat / lig

« § 4 5 8 2 3 T
‘\‘\\.\

e 3 M@ i s i T b

Heat / I/g

Cement hydration (retardation)
Six samples with 0 - 0.5% of an additive with retarding properties
Closed glass ampoules at 20 °C

% with set ime defined as
= dP/dr>0 005 mW/g/min
o)
2 —
g 15 4
£
g . 10 "
"
5 v
'
0 —
0 05




Note that isothermal calorimetry can show |

details in the hydration reactions (1)

m
¥ » 3
N

—

Thermal power / mW
s =

°

o
O

1000 1500
Time/h

~— 0% admutare
1% sdmustre
\ 2% samature

\ == 3% e

W00 00 3600

...details in the hydration reactions (2)

i
0% admuturs
o 1% admuura
an 2% admulure
A% adinnturs
or ‘L
% o \
& s .\
E o4
03
02
01
1
e
(] L] 1 1 250 300
J
slart of i reaction

Cement-admixture interaction (1)

Abnomal hydration in low-sulfate cement with
high admixture concentrations

Cement-admixture interaction (2)

Abnormal hydration in low-sulfate cement with
high admixture concentrations (early reactions)

0
i o .
Below cntical %
I ol
ﬂf I cor:cnntmnon - Below cnitical
.f Above critical concentration
M >3
N !. s concenlration E 1
3 b 11 FLa Above cntical
H I %‘m 14% 1 concentration
i Il' 18
L - 0 :
| —r B N
I 10 Y - T o e e ———
tnerh : [ 1} 1 [} 2 25 3
Hme fh
..! | Isothermal calorimetry has a wide range of uses in
= cement/concrete science/technology, e g.
ED
]
£ |
'E | - Heat of hydration
£ | - Retardation
e — | .
f - Cement-admixture interactions
nme, h .
! ﬂ | - Reaction raies as function of temperature
1 ! . .
| Main peak | - Gypsum optimization
Mix outside and Mix inside ampoule

transfer to ampoule
| and calorimeter

—
!
!

in calorimeter (e.g.,

Early reactions [
|
with admix-ampoule). !

| - Quality control







I[sothermal Calorimetry and Thermodynamics

Isothermal calorimetry can be used without any knowledge of
thermodynamics. However, isothermal calorimetry is an excellent
method to obtain data for thermodynamic calculations,

For example, with the help of thermodynamics, one can find in
which direction a process tends to proceed and calculate properties

that cannot be directly measured

"8l-System”

Base units: m, kg, s, A, K, mol, cd
Pa,J,W,V,Q,°C..

nu,mkMG..

Derived units:

Prefixes:

Note:  Mass 15 often exprassed in grams (g)

Pressures are often discussed in units of bar or atm

Energy is sometimes expressed in calories

time

thermal power
heat

worlk

enthalpy change
pressure

volume

amount substance

Nomenclature
AN ®» 3 XD % TR0 v

heat capacity
also {but not used here)
au internal encrgy
AS cntropy

AG Gibbs cnergy

gas constant (8 314)

absolute tempurature

J mol! K
K
JK!

Jmol!
J mol* K

J mol?

Very important definitions

system whatever we want to study

surounding the rest of the universe

open transfer of matter possible
closed no transfer of matter |
isolated no transfer of matter or heat
adrabatic no transfer of heat

isotherflal no change of temperature
exothermic heat is released ("warming”)
endothermic heat |s cpnsumed (“cooling™)

The thermodynamic sign convention

i__cxampl\:s:

- Exothermic processes have AH<0

- Dissolutian of salts 1 water can be exothernie or endothermic

‘ NaCl
—4 LiCl

KCl
Nolu thut onc cun (ind the apposile
delinition 1t mechameal cngmeeimy the
useful) heat thal comes out ol a process
(a machine) is there counted us positive

k¥/mol
388
-3703
1722

slightly cndothermic
exothermic

endothermc

Consider changes of thermodynamic properties
from the point of view of the system

Note also that expenmental reanlts usually (bul nol always)
are ploticd with exothermic thenal powers as positive




ENERGY

Encigy exists in many forms: electrical encrgy. potential envrgy, heal cte
First law Energy cannot work => work
be destroyed. only
converbed from o fonm
to anothcr

work = heat

fieat = work + heat at lower temperature

w = — .
g 4 \,

g [ clccu'k;l\\\ potential 'd chemical

energy cnergy  / enorg

K, f’/, ~ 53/ \ gy

: A 6

E !

A | Tweat

T M=

Enthalpy, f7 (J/mol

The enthalpy () is the energy content at constant pressure (the most
common condition)

Only differences or changes n enthalpies (AH) can be measured, but
one can define absolute enthalpies relative to the enthalpy of an
arbitrary standard siate, most commenly 25 °C, | atm

Enthalpy 15 the most commonly used thermodynamic property
Values of A for different types of processes can be found in tables

A process (reaction) with an enthalpy change AH produces AH
joules of heat per mol reacted at constant pressure conditions

For heterogeneous samples (such as cement, foodstuffs and polymer
blends), the enthalpy can also be expressed in units of J/g (44)

A, H is the change in enthalpy during a process of type x

Process x
Xistate) —  Y(slate)
AH

Enthalpy changes of formation (A) are
most important!

Aff is the enthalpy change assaciated
with formation Jf a substancé from the

Examples of processes
elements (AH(an element)=0)

vitporiziton A H
condensation . ] :
resetion AH | Common state specifiers: ]
formation AH | Bms g '
" conmbustion AH | ligund 0 |
: solunon AH ‘ salid s |
transfor A H | agqueous soluton aq |
franstiGn AH solution sin |
sublimnation Al | erystalline or !
mixmng B infinite dilition w !
onization J..;” ! saturation sat !

meltig/fusion  ALH

H1 The enthalpy change of a renction can be calculated from the enthalpies of
formation of the reactants and the products

A+BC AH - AH(C) - A H(A) - A H(B)

| #2 Enthalpics of formation arc given refative to a standard state The most
comumon standard state is 25 °C, | atm

dard state
r — standard state
AH
examples A H(Na(s)) =0 (by definition)
i £ HNa@aq) = -240 12 ki/mot

| W3 105 umportant o speeily e state of a substanes Nags), Mail). MNa(g),
| Mo () all have difit halj of

| Enthalpy includes the volume work associated with volume

| changes, like pushing back the atmosphere to make room for
evolved gas. For isothermal gas producing reactions, different

| amounts of heat are measured at constant pressure (open

| ampoule) and at constant volume (closed ampoulé).

1<Volume wotk W =-p AV
-Pressurewortk W=-VAp
| (from gas law: pV=nRT; for small changes in ¥ and p)

This work is transformed to heat under isothermal conditions.

- — | Example An isothermal pressure increase from
10to 1 1atm in 20 mL produces 0 2 J heat

A 3

ApH + 8psH + Ay H=0

AH=0

cycle

All reactions need not be realizable in practice!




5 . stn = solution Heat of solution for two
w @ = nfimie dilution polymorphs of sodium
i sulfathiazole in acetone
; S | for and dimethylformamide
L -_“
: every (?LMdF)h d MuGiruw, Ph
i rof Lundenbawin ond MeGruw. Pharm
| gl Cycle: Munul 2 1 26-30 (1985
L ZAH=0
E ———> measured - o
[ m B = Ay | — - -5 calculated 1 ll
| | !
m I 1 | =
I f?\'(slu r" § 'r:"a'ln o) |
4 | g |
1 wh,‘_“- A J | oelfoen ) | solvet Acclone | solvent DMF
A [ sohms | l_ lony
Gibbs energy (Free energy) AG; J mol!

LT A¢i<0 a process (reaction) 1s spontaneous, i € moves towards
equitibrium

Entropy AS Jmol K

* A measure of disorder; all real processes result in increase of
the total entropy (system + surroundings)

AG=AH-TAS

fi(J)as supplied

Heat Capacity Values
for Some Common Materials

(approximate heat capacities (f g' K-*) at 20 °C)

Brass 0.38
Steel 046
Quartz/sand 075
Cement 080
Mincrals =08
Glass 084
Alummnum 090
Dry Wood 120

Water 418

Useful heat capacity calculations

The reference should have approximalely the same heat capacity as the sample

If the sample is 5 g cement paste made from 3 g cement and 2 g water, what
+ should be used as a reference?

| Water? Heat capacity of sample 308§ +24 18=108J K}
Mass of water with the same heat capacity 108/4 18=26g
=
2 Sand? Heat capacity of sample same as above

Mass of sand with the same heat capacity 108/08=143g
=

Hcre, we have assumed that the heat capacity
of cement paste equals that of its components |




Approximate A A for different types of reactions

Useful for estimation of heats from a reaction or the
reaction rate from measured thermal powers

kJ mol!
Hydrolysis RCOOR’ +H,0 = RCOOH + R'OH 0
RNHCOR' + H,0 = RNH, + R'COOH +50
(RCO),0 + H,0 = 2 RCOOH -60
Decarboxylation  RCOOH = RH + CO, +30
Oxidationby O,  -CH, + 05 0, = -CH,0H -180
CH,- + 15 0,= -COOH + H,0 -160
RCH,OH + 0 50, = RCHO + H,0 200
RCHO + 050, = RCOOH -290
2-SH+050, =-S-5-+05 H,0 260

Cax and Pilcher (1970) “Theanaclieniistry of Orgunic und Organometnilic Compounds ~ Academie Pross London

Pedley of af (1986) T Dato of Orgunic Cor ds. Chopman and 1(all. Landon




Calibration

= to introduce heat & measure response

Different types of calibration
1 Electrical calibration (convenient, most common)
. Chemical calibration (valuable complement)

. Radioactive sample (convenient, but obsolete)

VU S ]

L
. Heat capacity wt"

5. Diffusion cell "

Nomenclature

| Un voltage over heater v ference
i current through heater A w,\ﬂa’“‘f& wﬁ\ﬁﬁ@%
R heater resistance Q metet W
(2 output voltage from heat voltage voltage
| flow sensor \' SOUreE, fouren
| P thermal power W u (‘E I=U,/R
g p=p.R I " . P=P R
Equalions
[ =R 1 (Ohm's taw) ]
(=0 (Heat production e m resistor) |
UL ' o ey
L) -
FI;" (7 -] U
Mote the list euation v b best @ the l
cunent s the sume i the whole cireat,
but U, measured outside Lhe colonmeler |
also includes vollage drops over the leads
|
i Two types of
| L] . .
electrical ! Calibration |
‘calibration ! Steady State  Dynamic or Pulse coefficient |
€ W/V
é’ §' Tud
% § _[\ V docs not need to be truc volts, and
could also be some other type of output
ime from an amplifior or a duta logger
input P =[pdi=PA¢ | T
- | Sensitivity |
output U U dt 1 / o4 V/ V\/
calibration e=PIU e=0/U dt
coefficient




The time The time constant 15 a measure of how rapidly a
signal decreases when no heat is produced in the

99_nstant, T calorumeter One simple way to find the
o calibration coefficient 15 to find the time it takes
for the signal to decrease from any value to 37%
of that value (e') Normally this is done on the
decaying part of a calibration curve
™
E
=
; U(ty=U,exp(-t/7)
&
=
2 \\
— - ( ‘-‘-]
- g time

P=g(U+rdU/df)  The Tian equation

-The time constant is a model for time lag of a calorimeter

-Some commercial calorimeters automatically make the Tian
corrections

-Sometimes more than one time constant is used, but this is
usually not necessary

Potential problems with
electrical calibrations.

#1 Heater position

A calibration heater should
ideally deposit the heat in

the same place as heal is
| produced during a
measurement.

'Potential problems with
electrical calibrations.

: #2 Lead heat losses

/s A calibration heater always
(? 5 ; conductg some heat away
L “through its leads. This is no
problem if the leads are
S S also there during

measurements, but for
insertion heaters, this can
be a problem

‘Chemical Calibration

The ideal way to calibrate an isothermal calorimeter
for measurements is to run a similar type reaction with
a well known enthalpy.

- aqueous dissolution and dilution of {-propanol in water

- dilution of aqueous urea solutions

- dissolution of tolucnc 1n water

- hydrochloric acid — sodium hydroxide {acid + basc) reaction
- sucros¢ hydrolysis

- bnding of Ba? to the cyclic ether 18-crown-6

- dissolution of potassium chloride in water

- hydrolysis of tnacetin in ymidazole-acetic acid buffers (long term)

rel Wadso [und Goldberg. R N (2001} Slandards w isothermal microealonmetry Fure Appl Cheny 73 1625-1639

Chemicatl Calibration

Example: dissolution of a solid

Dissolution of crystalline potassium chloride (KCI) in water
(1 mol KCI per 500 mol water)

AAH=17.584+0.017 kJ/mol

Uncertainty is about 1/1000

ref Wadso. [ond Galdberg R N (2001)  Stondards in ssothermul microcolonmotry  Pure Appl Chem 73 1625-1619




Radioactive Cé,l.ibr'a't'ioﬁ

T— —
«— —
« —

Ampoule with long-lived radioactive isotope will produce .
constant thermal powers over long periods of time.

| Convenient, but restrictions on radioactive materials
| make the use of this type of devices very limited

‘Heat Capacity Calibration
1 Q0 K temperature increase 1.00 K temperature decrease

[ LR B ——— tnis L e e ——

At s gt oAb e L ]

e ] Sl snriee dapst s d g

B ]

calonmeter signal
calonmeter signal

R e

e T e e
[

The calibration coefficient can be calculated from the output caused
by a temperature step up/down with and without a known heat
capacity sample (aluminum oxide, sapphire)

Interesting Based on fundamental
physical principle Is anyone using 1t? ref. Bunyan, P F (1999}

Thermochim Acta 327 109-116

'Diffusion Cell Calibration

The rate of water vapor diffusion in
a fixed geometry between two
solutions with constant water
activities and constant enthalpies of
vaporization will produce a constant
thermal power

Top water

thermal power / p\W
s

«| Bottom anhydrous sulfunc acid

tube 0 ’ .
top chamber 0 ik z“
|- teflon seal

bottom chamber Not 1n use Can be of interest in

large scale calorimeters

Wadsu L, Kocherbitov V (1999) A new diffusion controlled calibraiton and test device for microcalorimeters
Presanted at Workshap on the microcalonmatry of energetic matenais, Leads, UK

How good is a calorimeter/measurement?

Repeatability (earlier precision) is a measure of the scatter
(standard deviation) in a series of observations (around the
measured mean) Report repeatability of experiments (not

calibrations)

Uncertamiy (earlier accuracy) is the difference between the
measured mean and the true/accepted value, Run standard test
reactions to calculate uncertainties (very difficult to calculate by
combined uncertainties etc.)

Linut of detection is the smallest heat quantity (J) or thermal power
(W) that can be determined with reasonable certainty (note:
sensitivity is the inverse if the calibration coefficient).

Baseline. Calculate mean, slope and standard deviation

ref Wadsd, | and Goldberg, R (2001) Pure Appl Chem 73 1625-1639

g
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. Introduction to i
Isothermal Calorime

Different types of calorimeters

Searmimg Mons lamtlraminl Indiess Crner Bpes
The abizto, SIS 9% SRMORAT | pyiefiy
Instrimns The procass fp B | Moasure - gl
changerthd  swdiod Ghe  (esonnally) | something
tenpeniure it} canitan  als than heat, Sqnd:m

chanyyes the fiom whieh | SO

Temparatig "ot ek | ;
osc Hgat " caleulate the RSO
(Differutial ennduction et gl
gmm Admbatic el alofimiter -

S\um- &l Py e Resplrometry

E"l Wl :

Note not colorimetry

DSC (Differential Scanning Calorimetry)

DSC the heat produced/ { by
processes that are initiated by the change 1n i
temperature ) ) ) i
Exampl melung-solidification
dehydration -
degradation 2

T,-transition
crystal transformation

DSC s are very common instruments

MDSC 1s a type of advanced DSC that can
separate reversing (¢ g melting) and non-
reversmg processes (¢ g. crystal transformation)

A DSC can be used in "Gothermal mode,”™ but speaific sensitonty s fow
thin ar sothenmal calonmeter beeaise af the small sample size required for
DSC Also, ooe cansot manipulate v sample dusng « mesirement

If you are used to DSC.

The world is quite isothermal
and most processes (respiration
degradation, dissolution,
oxidation. ) take place even if
the temperature is constant, It is
not temperature changes that
drive processes.

Y, ¥ :
f . !I With isothermal calorimetry, we
b study processes under quite natural
conditions

Semi-adiabatic and Adiabatic Calorimetars

A semi-adiabatic calortmeter 1s essentially an
nsulated sample wn which the temperature 1s
measured [t 1s necessary to compensate for
heat lost by conduction and radiation

[n an adiabatic calorimeter, all heat produced
by the sample heats the sample (adiabatic=no
heat loss) This 1s usually accomplished by
an adiabatic shield, the surround
are kept at exactly the same temperature as
the sample OR measurements are made so
quickly that no hoat is lost

TA Instrument SolCal

In this group can be found (essentially)
1sothermal calonmeters that operate
with small temperature changes (like
the SolCal above), but also calonmeters
with high termperaturc changes Tike
most (sumi-)adiabatic concrete
calorimeters 1in which the temperature
can nis¢ 30-80 K during a measurement

Exampics Bomb calonmeters,
cement/conerete calorimeters,
TA Instruments SolCal




Bomb Calorimeters

A bomb calorimeter 1s usually a semu-
adiabatic calorimeter for heat of
combustion measurcment by reacting
samples with an cxcess of oxygen

Bomb calorimeters of extreme precision
were used to compile tables for heats of

t of organic pounds This
application 1s now rare, since tabulated
data for most simple compounds are
available

Nowadays, simpler bomb calorimeters
are used for measurement of heat
contents of fucls. food and ammal feed

Power Compensation Calorimeters

These are calorumeters m which the temperature is r e
kept constant by addition or subtraction of heat  Tlus 2

¥
1s casiest to do by adding clectneally produced heat to X
compensate an endothermic process, but can also be h ‘[‘---.
donc by the Peltier effect to compunsate for both ,
exothermic and endothermic processes s
Example DSC, some titration calorimcters I 7

Indirect Calorimetry

Another property which correspands to heat
produced can be measured and then used to
calculate the heat

Example Respirometry in which CO, production
1s measured and hicat production is calculated
based on the assumption that 470 kJ of heat is
produced for vach mole of CO, produced

Note that indirect calonmetry relies on
knowledge of the correct heat (cnthalpy)
produced by the process as a function of the
mcasured paramcter

Isothermal calorimeters =
calorimeters with essentially constant sample temperature

Heat flows to/from
the sample by
thermal diffusion

Heat conduction calorimeters e

Temperature change
1s compensated by
active heating/cooling

Power compensation

B LE

The sample 1s
insulated, but the
temperature increase
1s made low

]

Some adiabatic calorimeters

|
W=
| ke

Essentially constant temperature?

Dcpends on process studied!

Kinctics (reaction rates) are more sensttive to temperatuie changes than

determinations of total heats (such as titrations)

Determinalion

Oetermination of maximum

of seven day rate of

heat of cemenl hydration of

hydration cement

Liquid-liquid Determination

titration of rate constant

expenment for enzymalic
process

Retardation of
cement hydration
for different
additive
concentrations

Comparison of
effect of
different drugs
on a cell cuiture

"A measurement is isothecrmal if the temperature changes are so
small they do nol influence the results of the measurement”

LW

L Howﬁgg_can ap_igothermzi/‘s_a_mﬁle be? -0

a 1] i
5 mL water with 5 g rubber
ammal (stirred) sample

5 g cement paste

1000 g cement 1000 mL water with 1000 g rubber
paste fish (stirred) sample

produclion rate, thermal properties, and properties of the calonmeter  Most
isothermal calorimeters use small samples (1-20 mL), but some very large devices
(for example. a house with heat flow sensors) can also be considered to be

| isothermal calonmeters




lsothermal_galorimetry: size and thermal power ranges

Isothermal calorimetry: size and thermal power ranges

Size Thermal power range
Huge A housc
MW
Lape  Whole-body calonmeter kW
w
Small A bautery. cemunt paste mW
W
Tiny A fewmg ofa
pharmaceutical W
substance

Size Thermal power range
_____ —_——— e —
Small A battery. cemenl paste mW |

uw :
Ty A few mg of a
pharmaccutical Y [
substance
= -

[ r—
e ARy e ings ——F— Hear b

Pimas
[ shomtn

What is microcalorimetry?

* acalonimeler designed for use in the microwatt (pW) range, under
essentially 1sothermal conditions’ (Wadsé, [ and Goldberg, R N, 2001)
(or a calonimeter using small samples)

A heat conduction calorimeter for measurement of low thermal powers
Typical applications areas

stitrations

senergetic compounds

~microbiology

Even more sensitive calorimeters are sometimes called
nanocalorimelers

Somehimes ‘microcalorimetry’ 1s (unfortunately) used synonymously
with ‘isothermal calorimetry”

Microcalorimetry = ‘microwatt isothermal calorimetry’

A 50 mm steel nail is bent
and transferred into a
microcalortmeter The heat ’d
produced by the relaxation
and reorganization of the
atoms is clearly
measurable for almost 24
hours

A 4 mm ant weighs only | 5 mg
Sull, wt produces about 20 pW,
with periods of activity and rest
clearly evident

.f“w‘\,ﬁ-»\_r\

25

FN

w
»
=3

v

=

thermal power / W
Ll
thermal power / uW

- |
10 0
lime / hours

eﬂ
|

o2
(™}

2
time / hours

Organizations

International Confederation of Thermal Analysis and
Calorimetry (ICTAC): (European chapter:
ESTAC, Nordic (not active) chapter: NOSTAC).

The Calorimetry Conference (CalCon): Annual conference

Journals in the field:
Thermochimica Acta
Journal of Thermal Analysis and Calorimetry

(Journal of Physical Chemistry)
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L
S ! time s
=
‘C_.S P thermal power W =] s
o Q heat J
L
E AH, Ah enthalpy change Jmol'!, J g!
@) U gl
Z v rate mols!, gs
Thermodynamics/ Kinetics P=AH - v
thermochemistry What is the reaction rate of The chemist J/mol mol/s
i a chemical ?
How much heat is B process The material scientist g g/s
produced by a process
- when it goes to completion
(or to a certain known A s 7
[} e [
state)? | g1/ g4/
80\ 8/
[ \ a4l A
i) gl
P=AH - v £y o b -

[sothermal calorimeters can measure both enthalpies and kinetics
(sometimes in the same experiment), but many measurements
(especially on complex samples) give only kinetic information.

Note: AH is often unknown and many simultancous and/or
consecutive processes, each with a different AH value, may be
occurring

230

il |

2200 '

E 3 i { ‘P

= Q | l
oD : 20 J 40 L01)

time {minutes)

kinetic measurement
v=dn/dt=P/ AH

titration etc.
n=Q/AH

Degradation of the Antibiotic Ampicillin in Water

First order kinetics predicts the rate of concentration change with time, de/df, 15

proportional to concentration ¢ Rate is proportional to thermal power that we
measure The rate equation can be expressed several ways

¢ = ¢(0) exp(-i)
defdr = -k ¢(0) exp(-kf)
P/ (AH F) = -k D) expl-ks) = In{P) = -kt + const

Exponential form
|
| Differential form

| Calorimetric form




First order process: reaction rate is

Example: Epoxy curing

proportional to non-reacted mass/ (or amount) | o = N
R R @ ([118 ’§ 1
1 ‘[ First order rate law gives exponential solution i % » 2 05, .
i rate=k m - rate = k, exp(-f°8) E e 3
y ¥ e et 2 8 E is
- [=3 [
2 ' Thermal power ts proportional to rate’ i % 4 é 1
lP=ob rate -  P=aH- k expiyf). Ea g .
£
‘ - gl c=. 2ol
3 | Take loganthm to find /¢, and fc: 3 0 ?r?me (hou:sn) L 2 -1 “-‘4 1 2
Ln(P) = In(AH i) ey ¢ f N Log(Time)
£ Trra.
. .‘-. . . - .
4  Evaluate rate constant and enthalpy Byl “‘1-.,5_“ Calorimetric Kinetic model
measurement (mathematical or
% w5 W %o physiochemical)
cf Wadso & Ly (2007) limesh
i [ RN | WEEE T 1,
Predicting kinetics is not trivial '-[Self—heating ot Ehlid TiEls e
h g ,i, E“ -....... ...,_!_.',.’.__ - : i k
Elp v ’ e 141 .
Suppose we had (4| = A4 :
g = measured thermal ! i From P and )
? o, I — power from a = i knowledge of Ah,
g ‘— sample of an 3 conl it is possible to
3 ﬁ' energetic Y calculate the
E . 3
2 o . i A " compound with the E P annual loss of
? i ot " ¥ results seen at the E . | energy content
o
=

left

What can we say about future development of the thermal
power?

Is there a risk for a run-away situation (fire, explosion)?

| (calorific value)
‘| by assuming for

"{ r;.i:l'\'f‘pux{'\
4

(]
0 I,, example constant
thermal power.

Predicting kinetics is not trivial

3
I

thermal povser / mWig
wn

% 7 6 8 10
timo / wacks

2 140 e

= |

£ {

T 100

]

H J

L a "

] =

3 —

3 = . —_—
o 555 .

= % 2 8 10

B
tme / years

Predictions of future 1sothermal heat production rates must be based both on
measurements and information about the process

Predictions of the nisk of a run-away situation must, in addition, be based on
information and a model of the thermal situation (insulation, cooling)

Heat + amount degraded — enthalpy

Heat + enthalpy — degraded amount

Q=-(n0)—n(n))-AH

Thermal power + enthalpy —» degradation rate

P=@AH
dt




Testing explosives

Explosives and olher
energetic compounds
contan stabilizers that
prevent autocatalytic (and

240
4
aceelerating) reactions E ol  Storase of sahd roctiat
Pl propallanl at 20°C
Itis wportant to be able to g 20
- make estimates of how g
- long a baich of explosive g 10 * L
can be stored before the 2 ol
stabihizers are consumed o i 2y %0 L
time / years
and the degradation 2 250
reactions start to accelerate % 200} Acceloratod measuraments
Mlcmcalorlmelry Isa E (n microcalonmeter al 70°C
. standaid method for this H op eradas i =
Lype of evalualion e
E 50
@
[ [— e =
o 1 3 4 5
time / weeks

N st

. b
Arrhenius’ law A msolaposess gyt ormalst
A pre-exponentul constant 8 51 ar mol 1
l:‘ Bctvation crorgy Jwolt
) r uns constant Jmol 1Kt
o~ . £ T temperalure K
V= Aese(- 1) | » thernal powvee w

Wtting s law For twao fomperutures | and 2 and olving for £, gaves
P Rinfv, /v,
“ 1
non
Witli isothermal enlormetry we measure thermal powers thal are proporonul la tales of provesses We ean
therefure also wity L sbove yuution o

. R/ )

Mk that
- The dhlferent measurements of therimul power nwst be made ab the ssme condilions (exsepl tewperulure)
= The Archenus law s nat a nutural law. (1 o | hip found to he valid (or
moay processes.
- I0dilierent pracesses we achive ul diflerent tumngeinties, the Ardheuius cquation will give on octivation cier gy that
changes wath lemperature The shave Get-puant methad s therefare quite dungerous 1 s helter to make
ul more than Iwo and plot the sesults m u Acthenios dingram In(re) vs 177

Example of Arrhenius’ law application:
Heat production from wood pellets at elevated temperature

B85 . v .
L]

apparent £, = 15 kd mol-!

2 22 24 26 28 a a2
T

. The piclure shows a fire 1n a silo which contained
Hazardous evaluation puper, plastics and waod chips (hus type of fne
starts when the fucl 1s heated by micrabial activity
and 15 Turther catalyzed by oxidalion of the fucl

fine chemicals
fossil fuels

bio-fuels

energetic materials

b

i
&

fertilizers &1
= e
bleach I t
Methods: : : BTN
HPLC Nore_.stability 1sa
chemical and
DSC-ARC-isothermal calorimetry physical properly

Self-ignition in biofuel stacks

[0}
e .

= chemical

2

o processes -
& (oxidation)

7}

=

ia?
bacteria? _

0oC catalysis?
thermophillic fungi —

=)

fungt —
20l L P

months ¥
time

.- Deteviorated mechanical properties
i (texture, crispiness.. )

Shelf life evaluation - s ] eslune
What determines the shelf ife” % .‘};ﬂ* |

- Increased number of microorganisms

- Discoloration

- Lowered amount of active substance ﬂl {}
/| ! ’l_

- Increased amounl of degradation

: product

Not only for foodstufts!




Solid State Reactions

Reactants are not continuously mixed or not even in direct
contact
Gases (oxygen) and vapors (water) may catalyze reactions

Many such reactions are diffusion controlled

Fourponttest 1 dry + nitrogen
2 dry + oxygen
3 wel + nitrogen

4 wel + oxygen

Portland cement paste
hydration: Measurements -
ditferent temperatures

Heat/)/g
£ B 2 5 2

I

Thermal power / mW/g

rd

W W .
Time /h

Thermal power / mW/g

o

fa we e e e

Heat / Jig

Isothermal calorimetry gives information both on rate and extent of reachion

8| 10°C I Jis

£ \ 20°c

g "\ a0°c Q I
o
E W AR g
E N
o ¥ 3 e
i3
. | : ‘\ m g
1 o~

/ | N
o =

o &0 |CH{ 150 200 250 300 350

Note that tt a
heal / J/g ote that this 1s a

camant general method  For
the complex cement
hydration reaction
shown, A% 1s not
constant, but rather a

Thermal power 1s proportional to rate, v P=Ahy

Heat 1s proportional to how much cement has
reacted (extent of reaction E)

Kinetic models applied to calorimetric data

thermal power (dg/d/) ~ reaction rate

hcat (g) ~ extent of reaction

reaction rate cquation calorimetric rate cquation
x i dahds = AHKA = (g/AdY
—_ = hA "
ATB—C  dulim A —a(m—ay  Saldt = ABHA ~ (QIAMY(8 - (q/AsD)
A=C defde = HAls)e, ~ ) Sqhdr = KALAH — (gl
A+B—C dulde = k(A — I8 -2 dglde = ki AAH ~ QUBAH — ) ~ (k-1q)

Ng cquation® defde = AkLAY(L = (A dgldr = ARAH{@IAAIN( | = (gAY
augl:cqmly‘:ic defde = kA — x4 x)  dghde = kAAH — ql_t.uM:’ +q)
coagulation detds = bz - dyldr = kAH(z — (glAHD)
Michaelis—-Meaten® d[ES s = &(AIENSH dgldr = kAH(K,[E[S] — (p/ak)

Wilsan, R 4, A E Baeser, 3 C Mitchall and W Loh (1005) “Delermunstion
of i

function of the cxtent Sl Lo I - mm“mlhm:dmd 1
_ won o long-t I "
Q=MEm of reaction, Ah(E) Plys. Chern. 99 71087112
continued
Example of
how the Ng A 3olid stoto decompoatiion renction may ho smitten

equation for A he  Gh
Tha Ng cqualion is:

solid state v=ge g (10)
reactions can Here, € 15 the extent of reaction (Fraction of compound dograded) thut moy

be vitian.
be transformed

Now we antroduce Lo important rolntiona Liatvean the rate equotion and
to a form tha eatorfmatric arpenmunts: N

= ay

suitable for v=2r ]
caloril.ﬂetn‘c 1o the rate of a resctlon is proportional 1o the thermal pover
data - 9

10 tha mass of substance rensted is proportionul i ti produced heat {vo
asauma thut ol of tho mubstanca & degradst at infinite Lime).

k ralc conslant Wa eotar Eqs 12 ond 13 nto Eq. 10:

v rale of reaclion il 9 )=( _ay

a = () ( AR 04)

& exlent of reaction (0-1)

This 15 a way of transforming a rate equation so that it is written 1n terms of what
can be measured with an isothermal calorimeter (Pand )

{ ; - ) y= Qj U]
<+ ) (-mn)

Whether this can be solved depends on how good your data
1s and on how many measurements you have made You
also need computer software to do the calculations

[f you assume (or know) the values of, e g.xand y then
you only have two unknown parameters left to solve for

Wilson, ILJ, A E Bonzar, J G Mitchull and W Loh (1005} *Delarmination
of thermodynamic and kinetle paramelera from isotbermal beat conduo-
tion mi i <o long-ts ion aludles”, J
Phya. Chem 92 7108-71)3

Willson, RJ, A B Breozur and J € Mitchall (1090) "Sobd state reac-
tlone studied by Lsothermal mucrocalornmeley; tha zolld stale oxidation
of ascorblc acid®, Int J Pharmacautles 132 15-51)




Degradation models
1,

Alkline hydrolysis of
poly(vinyl-co-ethyl
acetate) in NaOH
(pHs given)

Calorimetric
measurements can
be used to test
degradation models
(kinetic models) and
quantify the
parameters (rate
constant, activation
energy etc ) in such
models.

In(Thermal power / W/g)

0 10 20 a0 40 50 80 70
Time/h

Anderbery and Wadso (2007)




Introduction to
Isothermal Calorimetry

Titration Calorimetry

.'Lérs Wadso6

Titration is the controlied
addition (in steps or
continuously) of one substance
to another Liquid-liquid
tilration is most common, but
solid-liquid (dissolution) and
gas-solid (sorplion) can also be
considered as titrations

(TTTTTITT

Used for characterization of the
interactions of all types of
biological macromolecules with
other compounds

thermal power

QL J_U_J_MJ,L

LT DA

and for other types of studies
where one 1s interested in adding
one component to another, for
example studies of enzyme
lanetics

J_E_qgr’_fib_ngm and equilibrium _coh-stants

A+B &=C
K [ High K- A lot of C is formed
- [A] [B] Low K. Little C is formed |
AH (J/mol)

Enzyme binding

A+B &— AB

28] 78 . . U
VNI [ 4= A

AH (J/mol)

Even seemingl_y_ simple pracesses can involve many steps

IEi-nding ofan_alcohul (ROH) to o:c-yclo-de_xl.r;;(u-cl-)) In aqueous solution

{ a—CD~(H,‘O)"),‘q +(ROH),, = (a-CD- ROH-(HZO)"_X)N + x(H,0),,

f | Dehydration of ROH

2 Solvation of ROH in cavity

3 Interactions between ~OH and g-CD
4 Transfer of x H,0 from the cavity to bulk water
5. Conformational change of a-CD

[ 6 Reduced mobility of the alkyl chain

|

This whole complex process has one overall
L equilibrium constant and one overall enthaipy change

Isothermal titration calorimetry

calorimeter
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Strong binding, easy to R
S evaluate AH, but difficult to
13 evaluate K.
59
— H
A+B <= AB £
[ABI T Parfect expenment, posmble—] -
s a to evaluate both aH and K From stepwise
[A] [B] ' 0 titrations, it is
| wjection number LIRS possible to evaluate
- K and AH.
AH (Jimol) o ey p
U e From stepwise titrations, it is g —

possible to evaluate K and AH
it one knows the reaction
(equilibrium equation)

|| | Basy o evakiam AH, but
| | difficul{ 1o evaiiste i

From a guess of £
and AH, it is possible
to optimize titration
experiments.




Fast Titration
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Analyze by integrating each peak
| between baselines (taken before

and after the peak)

It is not possible to integrate the
peaks without first using the Tran |
coirection

P=gU+ ra;U)
dt

991

D
A

is » T
1

Ba?" and 18-crown-6 titration

Fig. | Stepwnze iration of absbnucleas A er. 60 pmal) by 2-gxtidine mo-

pliozphate using & heat ion tiration mi rimeser (stoinjcss
tezl repction veiszl, volume 2 ml, © = 210 4}, A “dynamic cosrectian’
technpgua: was emploged and dhe rime between ijections wis ieduced 1o 4
mwin, Two curves am shown: the one with low and rounded peaks i e
Enpeamontal curve, the curve with sharp paks o5 the comected curve
{Couttesy of Thermematrie AR

How does a Isothermat titration calorimetry (1TC)
drug molecule : (IR ] B
bind to the ) I |
target (or to a [ 5
o
non-target)? i
) II'C is » generic method. Tinie eonsuuiing (A
il experiment ke a lew
N¢ immobilization of the tours)
reactants v
Not applicable to the
; ' o No modification of the studies of fight binders

Actinomycin D binds to single stranded DNA

Du et al (2007) Thermochimica Acta 452 31-35

reactants needed

No molecular weight
sestrictions







Introduction to
Isothermal Calorimetry

Thermodhe'mistr_y

Thermochemistry — measuremecnis of enthalpies

Process
Kistate) > Y(staley
A

l Enthalpy of vaporization]

(pome}——

1. Constant thermal
power of vaporization
and mass change rate

2. Heat of vaporization of
a known amount

Problematic substances with low vapor
pressures (sublimation of solids)

Enthalpy of mixing I

i
|

Flow calorimeter

=5

Problematic: substances that do not
mix easily

I Enthalpy of dissolution I

1 Solid injection (solid-liquid
titration)

(2. SolCal - a semi-adiabatic
Ef_iorirrlcler)

Problematic: substances that do not
dissolve easily or that have low
solubilities

- vaporization ampoule
vaporization ampoule
different types of ampoules
bomb calorimeter

bomb calorimeter

solution ampoule or SolCal
calculated. ..

vaporization ampoule
mixing ampoule

titration calorimeter
calculated. ..

DSC

- DSC




Heat capacity

Drop-c, calorimeter

Enthalpy
determinations at
different temperatures

DSC, micro-DSC

€ ngT
-9,




Introduction to
Isothermal Calorimetry

Rﬁgrmageutical application areas

Polymorphism
Crystallinity - amorphicity
Stability

Compatibility

Biological applications

Titration calorimetry

OVERVIEW

Isothermal calorimetry in the
pharmaceutical field

Drug discovery

Screening of drug candidates, target validation
Pre-formulation

Crystallinity (amorphicity)

Polymorphism

Drug stability

Formulation development

Drug/excipient compatibility

Production control
i’ Qualitative/quantitative analy515 of amorphicity,

polymorphism, stability...

WA T Ty AEE

Termmology i, 5
T TR

| 13»',

9
R Polymorphlsm is the tendency of a substance to crystallize

ﬁr’:;

e Y e

+| Polymorphs are crystalline modifications r X
Amorphous materials are non-ordered (no long range order) T
k- ‘| Crystalline materials have long-range order

3 'Ai‘s Glassy materials liquely by undergoing a glass Lransition -
SF Solvates are substances thal have absorbed solvents as part of .

o their structure ’1

g -

Hydrate is a solvate with water

* .| Pseudo-polymorphism is when a substance has different
1 hynlmcsfsnlvnk.s
; S s

b into different crystalline states ‘,'5-;'

i PRl 2=a ‘M"“ Yh P AL

T The study of polymorphlc behaviour of drugs

“ and excipients is an important part of

By preformulation work in pharmacy because
polymorphism affects:

sbioavailability mediated via dissolution
+solid state reactions (stability)
~hygroscopicity
*mechanical stability
*compactability
sbatch and source variation

! _:j-.;. : ‘N |

-'L




Are there

different Do [ have form A

polymorphic or form B (or a

forms? == mixture of both)?

? -
drug
substance
» How can we prove
that we have

What should we control of the
do to always get polymorphic form
polymorph A?

in our drug?

f/r-
Ay

Hess law

Ay H

i e — .\;y

CAH is the et wd\\
s:uc (nedt productl.

.NJ. ApH + Ay H+ Ay H=0

Yoyt AH =0

cycle

All reactions need not be realizable in practice!

Heat of solution for two — =
polymorphs of sodium
sulfathiazole in acetone
and dimethylformamide
(DMF)

_________

rol Lindonboum ond McGraw Phorm
Manuf 2 126-30 (1985)

———> mcasurcd

- = =3 caleulated i 4 | / N
| '(,?((Sl"? -’ _-A:]-;;TG_GT)-A[_ i((SIT‘?-) !
) | I [ r
L : |
ﬁihm ‘lmom' I solvant; DMF |

B 1

Which direction does a
transformation go?

|;‘-_\_{_|§\g§r: most likely is the direction furJ

which A, A, < 0 (exothermic)

if AptrI:{m = Asole,A- AsoII-Im,B <0

then A is more stable than B

if Apl.r[—Im = Asole,A- AsolI-Im,B >0
then B is more stable than A

Polymorphic transformations can
occur by two different mechanisms

Directly via
molecular or
rearrangements o
in the dry state

Via a solvent phase,
i.e. solvent-mediated -
polymorphic trans-
formation (SMPT)

Comparison of DSC and Microcalorimetry for the
a—f Transformation of Tripalmitin

Hongisto ot al (1996) Themwehin Acta, 276 229




Thermodynamics - kinetics?

Correlation of dissolution rate and heat of solution of a drug

s
it ~
.
5 \\\
% 14.5 oy
.
15
e
-15.5
15 -10 -5 0 & 10

Heat of solutia

[

Terada, K et al (2000) Pharmaceutical Res 17(8) 920-924

L~ Crystallinity - Amorphicity L—

Lt Vi
S (e
L,Q—VL/:LL;TL/- N

voza vl

Long range order No long range order

Crystallinity - Amorphicity of particles

Milling and other operations create amorphous surface regions

g

S

Crystalline particle
%,

%
(=)
%

2
Sy, 5
e &

Amorphous to Crystailine Transition in Hydrophobic Solids

The hydrostat (s the small

o0 B
§ tube containing a saturated
R salt solution with a small
—~ excess of (he corresponding
& w salt Itis used as a humidity
g source in the ampoule
a. Lo
|
E k-]
i~
= . ———]
¢ Cnmp =il . J_'I; | r _'];
L - ) Ampoule ___ =1
Time / min
vt
Sample

Detecting Small Amounts of Amorphous Material in a
Hydrophobic Powder

Companson of Micronized to Ball Milled Drug

L) "
- Ew
& §
. ‘
.
B i.
AL
. $
3
ey ——
. s " 13 Ll .

TIME HOURS

TIME MILLEO {MINS)

Fig T A pial teiponic fposct a1 3 funcuon of 1me)
obtamed wing the wothermal mizrocalonmeer wheee O
smorphains sample s been eaposed Lo ethanol vapour 11 3
saled vial

Fig 6 The nifsrsaiiy Irdnmrs smteploss fosnien sisaad
i prnsinng ool e @ 93 il

Almed Buckion & Rawling,
Iniemational Joumal of Pharmacentics 130, p 195, 1996

Quantifying low levels of amorphous
material in a micronized drug

2000
=
2
= om
E
a
5
© 1000 L,
3 + Setmat
£ (= Liness (Serive)

L] 1 i 2 4 L] L] r
Amorphous Compound X (%)

[ Mackun ot al it 1 of Phamiaceutics, 31 2002) pp 27236 |




Farlois Afecting Excipient Congalit ily
1

T i 1
Orug properl 325 <XeIpiet Fropen as sormrulauen Pegeries  Lnvircnmentai | aclors

wipsety peal — oy prolile

m vhagint g packaging
el e [._;Avysiuul Torin

vl e Puchk-uy — hgla
I BT i paslisle sizeisurlacn phei
- gty = nwirphclogy

|
= IS oG i I misture conlent — XLy et (3o e tamperalura
il £ sl {—cnmmcal SUstuG gowiakan einsd | relalve e <ty

Oxidation of Meclofenoxate Hydrochloride Arrhenius qut for Ox1c!at.lon of Meclofenoxate
Containing dl-a-Tocopherol Hydrochloride Containing d/-a-Tocopherol
: ’ 00027 - L ix
15 /\M ] o001} ‘
§ ‘ ‘ A HPLC measuremeat
=N
g z 10/ O Tsothermal calorimetry
o ::L q0eC = l j
g /__—___— %
o 0.0001 1| 4
5 e 1 |
arc 4
ol— il
0 5 10 15
t(h) Tomoko et af (1994) e T Vi “Tomoko eLal (1994)
Time (hours) Japon. Chem Phorm Bull 42(1) ey EXtaIE Japon, Chem Pharm Bull 42¢1)

Compatibility Testing

Comp atibility Basic sample set,
two component test L-:

Interactions in Mixtures of Solids A

Addttional mixtures

for special tests :.n:

i e
Gas phnse Internction Intimnte
interaclion zone exposure

Dy Lar>-Gunnar Sven-son, Celsius Matenals CMK, Karlskuya, Swedon




Evaluation of Compatibility

A 1:1 mixture of two components, A and B

If the heat flow
curve for A+B
(measured) differs
A+B (measurcd) from A+B
(expected), this

B indicates that the
A+B (expected) materials do interact

Thermal power (pW/g)

Pharmaceutical compatibility testing in practice

with each other e el
— A Lo =ik s 2l A 220 el ud AL UAl
Hi by 18
Time -
Schimitt ot ol 12001) Thormochim Acta YRO 175-10)
P L — - e
. . 3 - o A £
Leaipisnt [IETNT =

st LW

Lisbvas, w01

VAt bt Lok
Mewnie vl
Calh kb e m oI b

melheh s
celinl we

"
{hdrnsgroial

Schintlt ot nl (2001) Thurmochin Acta 380 175-183

Add water (vapor)

Compress components

Increase temperature

Experimental Design for Compatibility Screening

The sample preparation technique must be strictly followed in order to obtain
reproducible and rehable data  For the data presented, the following design was used

*A sample weighing 800 mg (or 400 mg of cach component for two component
mixture) was added to a vibratory ball mull

~Sample was milled for |0 minutes

*Sample (~500 mg) was loaded into a vial with hydrostat and placed in a heating
block st at 50 °C The sample cap was crimped afer the sample reached 50 °C
*Cnmped ampoule was placed in an oven at 50 °C to equilibrate for 1-4 days
prior to analysis  This gives sufficient time for the sample to equilibrate with
water vapor instde the vial

*Heat flow measurcd sn microcalonmeter for 15 hours

- . _-|
Tha bydrostar 1s the small b i il [ I

| ety 3 salutated salt iisjinlbe r !
solubion with o sl avecas of B | I
the corm: g sl It }\\‘ |
e as o humdity source o LU e |
vl t? h

Sanmple

drug (S 95 5740)
+colloidal silica
He, I+MCC

\
\ ;
+p0tak ~

starch

Dfm 1 W (S 95 5740y

Hiclo:

Sclzer ct ol (1998) [nt J
Pharmoceulics 171 227-241




Biological calorimetry in the
pharmaceutical field

Clinical Research
- Cell proliferation
- Apoptosis

- Metabolic effect on cultivated cells
- Receptor activation / cell signaling in cultivated cells

Drug Development

- Effect of primary hit compounds on cultivated cells

- Assay Development
Protein Production

- Identification of High-producing Clones
- Optimization of Culture Conditions

From www Symeell sc

Titration Calorimetry
fid (ITC)

Titration is the controlled
addition (in steps or
continuously) of one
substance to another
Liquid-liquid titration is
most common, but solid-
liquid (dissolution) and
gas-solid (sorption) can
also be considered as
titrations

thermal power

UL }\lJ._L_LL:}_.

aamd Dams

ume

The result of ITC measurements

Stochiometry (1:1, 1:2 etc)
Binding constant (affinity)
Thermodynamics (AH, AG, AS, Ac,)

AH heat released

AG equilibrium constant

AS measure of order in system

Ac, measure of temperature dependence of AH




Biological Calorimeiry

Botany
Zoology
Mycology
Microbiology

Food science
Ecology

Building Materials
Agriculture

Forestry

i, STV W o A
Simple model of respiration

+0, > CO,+H,

Measurement of heat
produced by a guinea pig
was measured by Lavoisier
and Laplace in 1780

The mstrument is called a
Bunsen Ice Calorimeler
Quantity of ice that melts 1s
a measure of heat produced
by the animal

Note that the calorimeter is
isothermal at 0 °C, but the
animal (also isothenmal) is at
about 37 °C




In microbiological calorimetry, the samples
are usually cells in aqueous solution

bronsi

= -

calorimeler calorimeler

ampoule calonmetry isothermal flow calorimetry

with stirning

Exponential phase — heat
"‘ production rate is proportional
3 lo baclerial mass
k)
Fuat- The percentage of the total
I'E heal produced 1s shown on the
y-axis
nt-
=t

Fig. 2 Hent pruduction by o growing culture of Streplococcius faccals, with placose as
encrgy source [52)

From review by L {(1991) Thi
Acta 193 145-171 (measurements by Forrest, W vy
atal (1961) J Bacleriol 82 685-690)

Microbiological calonmetry

Simultaneous measurement of several parameters in a
bioreactor combined with a flow calorimeter

& ¥ ¥ £
Fig. 4. Datch culture of the yeast Saccharamyces cerevisiac grovang 1n a synthetic glucose
medium. (3, rate of heat production; X, dry mass, c,, glucose concentration; <., cthanol
conceatration of the culture {62]. (¢ i thc text dQ di).

T

From review by Gustafsson, L (1991) Thermochim
Acta 193 145-1711 (measurements by Brettel, R et al
(1981) Eur J App! Microbio Biotechnol 11 205-211)

Addition of substances during a measurement
can give interesting information

|
&l
o
£
S
8 )
] Azide - respiratory
CE; | chan inhitslor
g
IS =
2 3w lodoacelate —
§ = glycolytic infibilor
. el
Glucose
dQ/dtis the s \___j\______
thermal J ' [ 1 .
ower ¥
P iff2 — [
Fig 7 The effect of ande and !"IM on gl e Saceh

plucos cere-
omae Figurcs indicate the additian of glucose {02 ¢ 14 (1, 3 and S), azide (1 mM) (2) and
tndoacetate (1 mM) (4) (46}

Gustafsson, L (1921) Thermochim
Acta 193 145171

Measurements
can also be

made on larger
samples Here

8
E

is an example 3 .
witha25 g < iy --- - I - H
3 An |
fish inal liter 2 H H
calorimeter -; 1ol %
L

bt N D
Timeinh

Fig | Registrauon of un cight-day eaperiment with one single tilapia {Qreochromis mossambicus Pelers)
After 4 days the waler was slowly acidified at on acidification rate of 36 pH umits over 240 min The fidh day
\he ammal wasexposed (0 a graded hypoxia load {40% AS, 25% AS, 13% AS and 5% AS) for 8 h per hyponia
level The vap signol alicrnating betweon roferonce and menswrcment position, is the oxygen tension signal
The irrogular line is the heat production signul

Heat flow rale is the thermal power van Ginnekan, ¥V J T el al (1996) Thermochim

Acla 276 7-15 (fish photo from www aquanic org)

The effect of = o

acidification "
(lower pH) and = Rl B
hypoxia (low )
oxygen
concentration) by
on the activity .
and respiration
of a fish. o
L

— electncal —
calibrations

van Ginneken, V J T et al (1996) Thermochim
Acta 276 7-15 (fish phato from www aquanic org)




N

Criddle ¢t al
{1989) Plant
Physiol 90 53-58

-}

X Moximum Heal Rate
s &

()
o

o

0

| heat rale s the
lhermal [
TEIT

Monitor recovery after cx sos

anginal fevel

recovery
time

thermal power

recovery
level

Recovery after exposure to high temperatures

Calorespirometry = Calorimetry + Respirometry

) v T
o Furipenal 55°c]:|r”\ m-\)\/ith the sample-l # b, | b T e e Avs W2 (1R #02
3 oo | hemnsl \ : L fooa
£ or [ inaliquid, e.g =
= _E‘“I { 1 g
5 S ssom \ T bacteria, yeast, 2w
g, algae, fish g
E - ¢ n"‘ L el —— § 200
E 2t ! - °
i . 1 c
5 N i e o
WOOd- 0 40 ) 120 160 200 Simultaneous measurement of ] r
Time aficr exposure / h g o} J
: sthermal power of respiration ~
decaylng Flg. L. Results from measurements of the fungal nctivity (1W per P P o o
gram of sample) of ane sample after cxpasures to 55 or 60°C for ~oxygen consumption rate
n 1 1 ar 3 howrs. The exposures were made in the following, order
l u 55°C far Lh, 55°C for 3h, 60°C for Th and 60°C for 31 Dunng .
g the dished g of the e e PR | carbon dioxide production rate
(sample was purged with humid mr) wenthaloy of respiration
Xie Y etal (1997) Py P
Holzforschung 51 201-206 srespiratory quotient
Calorespirometry = Calorimetry + Respirometry
13 0. 0
Ercmran u-% wifpat Roke
. a SPresswry
Wlth.Lhe sa_mple 1 ten 2 U, O i °
positioned in the step siep 2 00 .r" 5
gas phase; e.g o g 2 n.m:n
l insects, plant [ 3 preou ® e ]
e sensor .. - ey
[ ussue, fung l ] _-
— -
..
1 ! %] - b cin
Simultaneous measurement of - =
| ologkal heal raie 5 the L - - v - 10,0
thermal power of 1espiration i--— " ssmple b . thermal power ' 7 i E
2 ’
*oXygen consumption rate J'H e W L abwogtusnt Time, hours
: NuOH(aq) FIG. 4. Henl rate, O, consumption rate, and CO, evolution tata

=carbon dioxide production rate cilvermiics
«enthalpy of respiration

erespiratory quotienl
Expeauncninl set-up by Criddle Hanson et al

meoouroments in tha Jarga volume calorimetor at 26°C for 10 corn
acedling nxas from eeed com germinatod 90 I at 26°C.

Cnddie et al (1991) Anal
Biochem 194 413-417




e D. a2 a.me
e (e - =lont. Rato
1 pPrascure u\:. o Pragiwce
fr——rr S e i & L]
. P
o kb B 8 R || absoibent Ihermal povie
2 K R i
- o 2 wF | aves co_producin o
a el i1 = Wi # cale a5 sEsorphon B
s e A = ke o= hiyeas ST
£ . go o f‘ ] -
£ - : Kk v O E 3 - \ respratio g
@ K P Q. & K3 8.
£ " N 2 - - power gos L
[ - e = 3 - A, || enthaley (imol o as |
- - - W "y | CO, production rat¢ s
. N - | x (e bt
Lab—= - y ) = = = i Y
1 2 2 4 5 [ 1) E 3 ‘ 5 L}
Time, hours Time, hours
FIG. 4. Heot wate, O, ' b, i €O, 1 rate FIG. 4. Heat rate, O, consumption rate, and CO, oavolution rato
manouramsits i tha lergo vilurms calorimeter at 26°C for 10 corn measuroments in the large volume calorimeter at 26°C for 10 corn
ueodling wies from soed com peeminacd 50 b st 25°C. socdling axen from sced corn germinated 90 b at 26°C,
Criddie et al (1991) Anal Criddle et al (1991} Anal
Biochem. 194 413-417 Biochem. 194 413-417

International Society for Biological Calorimetry

0.002
=Heat Rata
el I ISBC
s > gt o . .
g , www.biocalorimetry.org
: i B
] :
E 8
€ =R
@ o= a
£ -
- - 0. 000
= + Ty
5 L3
Tima, hourc
FIG. 4. Hcat rats, O, ion rate, and CO, ovolution rate

maasuremonta in tho large volume calorimetor at 26°C for 10 com
soadling axen from seed corn gorminated 90 b at 26°C.

Criddle et al. (1991) Anal
Biochem 194 413-417




E‘_YL Sy
! b
s : C heat capacity (J/K)
" L Seebeck coefficient* (V/K)
o A k thermal conductance* (W/I)
i o i » thermal power (W)
ISOthe_rmal Calorlmetry ' T temperature (K)
) AT temperature difference (K)
3 2] U voltage (V)
Heat Gonduction Calorimetry. l( .
| 3 calibration coefficient (W/V)
R
i1 E ] heat flow rate (W)
o =
LarS WadSO g ¥ of heat Maw sesor
[H]
&
o
|~ ]
5 I
lL The simplest model of a heat conduction calorimeter Fand £
it aU andbar::
H . = -4 instrumen
P rFa -\j/ P Tlan. P B S(U +7 d[ ) parameters
L
7, ( e O=k(I'-T)) k \ c Clray
— 7 P £=— =— instrument +
heat sink heat sample S = -9 Ik ki sample-
(thermostat, flow ampoule dt C parameter
constant ssor and T .
b ampoule U=ET-1y) Typical values
holder k thermal eonductance 04 WK
U * PesU+r au. ) L Seebeck coefficient 003 V/K
” di C heat capacity of sample 30 J/K (empty ampoule)
c= [‘ 80 J/K (water filled ampoule)
_C
iR calibration constant: =10 W/V

time constant: t=100 s (emply), 200 s (water filled)

The thermocouple plate

& |

. B
B e
ERAEENEEER

e T L

1l
]
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The
thermocouple
plate (TCP)
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IRENRNNRE
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Inermecoaple properhes dapeand on lemoeratire

& ———n [
i
Heat flows thiough all the thermocouple E" —
paits in pacallel B
The measuied voltage is the sum of the E"
voltages over all thermocouples o e— -—;,-J
lerrighess st
ok - C
e _E = ; ornaily recalidlate s heat zondvclion calunmens s when lbe
aturz s Thanged {alsc becanse alher changes may take place:
—— [
Not all heat produced e sample | A more complete mode! of a heat conduction calorimeter __I
_ e P
leaves through the heat flow sensor | & e
Ii . snmy
\‘--.
0 1%7? 1%7? 5%7? Heat losses are acceptable provided K
they are reasonably [ow and the same —AM— heat sk
= for calibration and measurement

thermostat ky )
Its therefore important to calibrate so constant | o tolireneyd
that temperature |

. . I
oheat 1s produced in the same position

as during an experiment

+heat conduction paths are the same as
during an experiment

In a real heat conduction calonimeter, heat produced in the
sample will influence temperature of the heal sink

| A more complete model of a heat conduction calorimeter I Simulated example of the positive effect of a reference on response time
=1 — i
*l
&y ) , | .
—AM—1  heatsink U » 0 " 0 16
thermosiat Ay L / E B ¥ : T ! 1
constant — AN {w.l'cu:rm. I J
temperature Nee g )
e = i s o I
s % T b3 o W i ity
Why use a reference?
[ L) . —
i 1 Decrease effects of external disturbances that tend to Z
influence both sample and reference (n the same way § wof /
g
2 Decrease the effect of temperatute changes in the heat H o / T
2l .
sink (gives more rapid response) L . " st idgars
' %0 £} i@ ) £ o ite
e fota




Two potential problems with isothermal calorimetry

I High thermal power may produce a significant temperature change in the sample
2 High heat output (high thermal power and/or long time) may give significant
tempurature changes in heat sink

Both thuse effects will cause the measurement to take place at a tempurature other
than that of the heat sink - Whether or not this 15 2 problem depends on the type of
measurement being made

An approximate equation for P
temperature increase in the AT = —
sample caused by factor | above: k

A worst case approximate ciuation for

temperature increose in the whole calonmeter Q
(factor 2 above). assumcs no heat leaks out of the AT===—r
calorimetcr (in other words, is valid only for short C C

times) Note: C is heat capacity of the heat sink

An approximate equation for the P

temperature increase in the AT = T
sample caused by factor | above

|

Example A thermal power £ of 4 mW in a calorimeter with a heal flow

sensor thermal conductance & of 0 4 W/K gives a temperature change of

001 K (of Wailsa L (2000) Tongesature sliangus sithin samplea n hea
ot bty {hrmiom Acks 16 123 ATH

A wors! case approximate vquation for the
wmperuturs increase in the whole calorimeter Q _P-A
(factor 2 abovc) assuming that no heat leaks out of AT===—+
the calorimeter, i.e valid for short times (C is the C &
heat capacity of the heat sink).

Example A thermal power P of 10 mW for 60 minutes (A7) in a calornimeter
with a heat capacity ((*) of 500 J/K gives a temperature change of 0 07 K

Temperature changes caused by heat production in the sample

Sensitive to temperature changes kinetic measurements
biological measurements
qualitative measurements
comparative measuremenls

Not sensitive to temperature changes titrations (transient 7-changes)




Temperature

Humidity e
> speed up degradation i
Oxygen e

Light

There is often a synergetic effect!

“Critical Relative Humidity”

Steel corrosion >50% RH
Mold growth >75% RH
Flooring adhesive failure >90% RH

Too simple to be generally good

For il v oy v no generally “safe RH-levels”

exist

Each formulation has to be studied separately and humidity 1s
only one aspect (although an often very important one) that
needs to be considered

Important humidity considerations for stability testing

Formation of hydrates
Deliquescence

Humidity level for stability/compatibility testing

Water Vapor and Calorimetry

G) Chemical and biologtcal processes are often dependent on water
2 A
O Sorption properties can be measured by calonimetry

@ Water 1s a common source of problems n isothermal calorimetry

]

' Nomenclature

a, walter activity

A area (m?)

¢ moisture content (gg')* ram water per
erum dry materut

D diffusion coefficient of water

vaporin air (g Pa”' ' m*")

P thermal power (W)
v vapor content (g m™)
[} relative huridity (Pa Pa')




(1) Reaction rates often depend on how much water is
i e . available (low RH = low availability of water)
Relative Humidity (RH) ~ Water Activity (a,,)
Relative humidity s the vapor pressure divided by the saturation ipid oxidation
vapor pressure and 1s thus pnimanly defined for gaseous systems — :lne"e'f:s"’"::;"nbmw"'ng
Water activity has a stricter thermodynamuc definition and is defined % S mold i
for all types of systerns (gaseous, liquid, solid) g
Some people also use RH for liquid and solid systems  Such systerns E
are assigned the RH that a gas phase i equiltbrium with the system 2
would have had 3
RH values are often given as %, while water activitics are given as
fractions (always use fractions in calculations)
0 20 40 50 80 100
relatve humidity
. 4e o~ @
o [ﬂ’ (3 SR e a0 desired result —
b - 4 & 7| |Chingo AH cutside P
5 I~ S = o |cuiommier i
= _5 e & T = 40
' 2% 3 i e
@« E & ‘s
- L 2
g E E outside inside
e 9
i) | L g [=] [
— — — | 2‘:‘.._ = = 0 10 20 30 40 S0
) = 8_ 2 lime / min
>~ — O fH-changa
_ ="© £ —_— . 3 h—1 e
g 8 £ 2| [Cnango RHinside v
K 5 8 | |eatorinetsr 5 [
® L= g - 5 |
E EACU E " h
g £ desired resuit a {!
[ g ’5 E ‘d;' J VM
- |
= § 200 L
g adsorption effect o ol
- ] m [ &0
Eane
Humidity
The ideal | )
Air contains very little water, even at 100% RH situation when b l K I L
At 25 °C, 150 mL of air saturated with water we humidify a
0, ¢ relative humidity
vapor holds 3 5 mg water. sample (100%
.. ¢ moisture content
efficiency) )
[ £ pas flow rate (mY/s)
*\‘\,v_- '_T'_ ‘I
\ ‘h\ g,
Hygroscopic solids can hold large amounts of water Example \J\\. : l\ Example
At start of RH change e At ¢nd of RH change
At 25 °C, 150 mL wood will absorb 5 g of water =070 e 420795
when taken from 60 to 80% relative humidity =0 80 08 0,0 80
- 075 _
$,,=0 70 e =00 795
o8
time / min




The real
situation when
we humidify a
sample (less

b | ¥

—

Pous

¢ retative humidity

than 100% |
efficiency) -

€ moisture content

£ pas flow rate {m¥/s)

N .’_;a/f‘
\ N /

Example \S\\J’//[ ] Example
At start of RH change At end of RH change
$=0 70 - e g0
$,=0 80 il o g0s0

) - 075 j— j
B0 75 o B0 795

0%y s

ume / min

Thermal power from (degradation?) processes in seeds
as a function of relative humidity (water activity) i

AYAVAVAWANSVAVAWA WA VAW AVAWA WAy

28—« Tofohum#1 |- - =
Trifohum #2
Trifohum #3
2 Chenopodwum #1
@ Chenopadum #2 !
31 ~w» - Chenapudium #3
T 15 o a
)
3
3
a
T | f
E
@
£
s - 4 -
- — e
L
| = —
o 20 40 S0 8o 100
talative humidity / % =

Corrosion of Mild Steel in Humid Air

sorption + corrosion

@

One can usg sothermal calonmetry in two ways
because we are inlerested in the heat/enthalpy
I Enthalpy of vaponzation

2 Sorption chthalpics

W
3 Dissolution enthalpies
le R " e
Problems 5 P, 4 Fermentation (process heat)
What oxide 1s = 5 Cement hydration (risk of craclung)
formed? 2
= cte
What 1s the E
cnthalpy 2 "
change? - or because we use the heat to caleulate other things
I Sorption isatherms
s ke st poaw o 2 Stability and compatibility (annual degradation)
- " 4 s o .
time 3 Vapor pressures
Pauisson el al Thermometnc 4 Biological activity
Apphcation Note TM001 e
Sample X Measured with SORP:
textiles Evaluated Result
foodstuffs

chemical products
packaging materials
wood, pulp and paper
building materials
pharmaceuticals
drying agents
polymers

catalysts

Sorption is of great
practical interest

Sorption is a way to
investigate materials
(surface chemistry,
porosity )

w o
|

=

N}

water gan / mol{water)/mol(dry sample)
- -

-]

delijuen ok,
shwalutiog

-7 5
3
f 5
| 2
>
£ 200
]
E3
[
s s liyelrate
e B 00 rmation
e H
7/ 5 A0 dilution
/ £
[R - | -
£ —
01 02 03 04 4 2 4 6

water activity watar gain / mol(walery/mol{dry sample)




N Mukova, i Span, L Wudso, H Wennerstrom,
(20000, J Phys Chem 104 8053-8060
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L

10 4 20 307,c0

) 0,/ Noyupc (Molmol)

SORP results phospholipids (DMPC

S M. et

:I,ﬂ P —|

. [ | eTF 4 & 6 i9 iz
5 0

® Water Vapor?

in the air

in our bodies titration into aqueous solution

(perspiration, exhalation)

biological materials

sorption calorimetry

cement hydration

ete.

What types of problems can one have?

Vaporization = | Vaporization | = Absorption | | Condensation
(diffusion) (convection) ' S '
Lot

NN

II T T

What types of problems can one have?

Véporizatiron ‘ Vaporizétion Absorption Condensation
(diffusion) | (convection) A
It
|
: P
l l b ﬁ.i P, T
—{pr P [—ir P

Enthalpy of ...

vaporization

condensation
absorption
adsorption
desorption

AR (J/g)

Forced Convection

F pas flow rate (m'/s) v vapor content (g/m?)
q,, resulting mass transfer rate (g/s)

Va @) v, (8/m?)

Lo

- Qm:F' (vout = Vin

P=Ahgq,,




Forced Convection

=10 mL/h =10 mL/h

= 3
Vo =10 g/m Vour

Lol

=~ v, =23 g/m’

| water P=70 pW

_|,_.4|, qm:F'(voul “Vin
P=4Ahyq,

Forced Convectigg

\S( S .
Q.
I catiog S ({/\/ /
o e <
\
P=0puW




Foodstuffs — objects of
biological

condensation
reactions f i
(browning) y enzymatic
’ reactions

microbiological
degradation

chemical 4 I
oxidation reactions

Heat production o Jeod i
during storage of o saef ;
g U =" =
carrots for eight X
months !
. =
fuf {1
=t opal |
E 40
g L]
£ 2 | % toat [ t { E’ I[
S $
an ETH 20 a0 Gomez, Sj8holm and Wadsé
Time / weelts
i ¢ ) ) Y] : | Milk Fermentation

Fermeated mulk products such as
yogurt arc common in many parts of

- PETI! S — the world  This application exampic
[ncreased respiration ; 05 - concerns a typical Swedish milk
fi ded E product that is fermented at relatively
rom wounde 304 ;\ § ¥ low temperatures (20 °C) compared
surfaces of rutabaga g pafemtis P e to yopurl (45 °C)
E &9
(swede) roots Eos
2 Milk + 1% starting culture
% o1 =095
- o notmal, +dextrose, +NaCl, +Na-benzoate
2 = PN
[+] S 10 15 20
specific surface area / cm?g | closed 20 mL glass ampoules at 19 *C i a
Wadsé, Roccull, Gomez and Sjoholm, TAM Air

Thermachim. Acta (in press)




Milk Fermentation -
1 : Carrot Juice
s — .
al Spoilage
=
§ 3 [ Eight samples were
g 15 +dextrose heat treated at 37-58 °C
L [ I e
% ‘ ' f/l /‘ — closed 20 mL glass
505 / MUN \,\ ampoules at 25 °C
" A X g ‘_“-:__:_:_:___ (accelerated)
[} 50 100
time/h

=Ty . . . .
Carrot Juice Spoilage Measured at 25 °C : €y Barley Grain Germination (Malting)
(o | -
05—, ; ; —_———— . 5
o p
Heat treatment E 76244
a4 temperatures ; steeping = water = A :".::,7.':;.',!:.1;» i
o absorption to start T et A B s
= germuination o B e
3 z Ve 518 mik+0 Vake. 08 ey
5 03 malting = germination | & fl m-: :5 :;‘g‘i‘:ﬂ;f‘h 000 miom
g T :'n':u?i:m-_ 1 haen
R E Dme 3 vz 2107 &
= 100 barley grams in g 05 L maskot Ta1 ) Fatue mnd of maqiuiement s 44, )
g o2 20 mL glass ampoule | = et mim £ 101 men
@ with free water in an
£5 04 absorbent pad,
erfu 0
e 0 20 4 60 80 100
= = — === Time /h
L} e
Dh e -k L . - s -
o] 10 20 30 40 50 60 70
- Sleeping Malting
tima/h L Wadso {unpublished wark)
Wa[er |‘j' a ke o A-PASTEURIZED .
§ y WHOLE EGQ She]f Llfe
factor i shelf- :
e ) Evaluation
: m "Isothermal DSC traces at
. p different temperatures” =
1sothermal calorimetry at
':'f —_— e —— different temperatures
. WHOLE MILK
o 000 F “HF" = “Heal Flow” =
% ou thermal power
& oo
02
A-E ¢ - . k] I‘m 't".” * - r .
I 014
5 012 Tapane ©- FRESH CARROTS
¢ 5 /
£3 y
28 8
Batutvw | lusfary EQ Ruva et al (2001) Thermochim
Watii Aty 2o o o ' b3 L | Acta 370 73-81
Time f daya




Comparison of different measures of degradation
(measured on parallel samples)

M. Riva ex al./ Thermachimica Acta 370 (2001) 73-81

LEein 00 HF' s
) Vet Flow” =
Mt poows

[
8

~
S

TBC I CFUmL”

Turblcity / NTU

8 88 88

05 1 15 2 25 3 as 4
Yime idays

Fig. 5. Kinetics indices (heat flow, turbidicy and Plaze count) for packeged fresh casrots siored at 20°C,

“"Microcalorimelry is a very useful tool [or the
measurement of the degree of aging of a product and
also for the elucidation of the aging mechanism. This
can sometimes be a formidable task in such a
complex matrix as a food product”.

Almgvistetal (1991 Thermomeniie Application Nots 22016




The vapor state of a

solid (how much (equilibrium)
vapor a substance sorption _
has sorbed): isotherm /

water content,
vapor content,
water gain

gvupnr/ Bry sohd

mOIVupnr/ m01d.~y solul

The vapor state of the gas
surrounding of a solid

relative humidity, water activity
Pavupurlp%ulurnnun

Sorption iISOtherm e
(MSD)

A= =TT

| Confection (mawnly sucrose)

. N 2 spray-dnied chicory extract
EE 3 Roasted Columbian coffee
E% - 4 Pig pancreas extract powder
g- 5 Native rice starch

CER T i ref Fennema “Food Chemustry™
relative humidity. P/po 1996
water activity

Other processes that can take
place during sorption

glass transition

crystallisation

conformational changes
swelling-shrinkage

chemical reactions, degradation

RELATIVE RATE

TR L e

The importance of water
activity in food science

| 1

S e P N Y

. S © 8 ¢ e e |
[ /

capillary condensation o L. = =
interlayer waler

® Different types of sorption

layers, clusters —p® 2 bulk (volume)
F @ ¢ sorption
@ o O -,
hydrate formatien ® o @
® ® o .
. ® e .
deliquescence H‘\._ surface

1]
adsorption




8] 1an I ata al 25°C
"
. Note: Two Steps are apparent in
Sorption processes often have | 4 e Dehceaianof 2 Menatyorata
complex kinetics 1 \
=
;;3 "
Solid-state kinetics is often complex,
- . (]
governed by diffusion etc.
n T T T T T T 1
¥ 1—:,:: (“:r:‘w:m Sl Sokoloska, T
SmthKline
Buecham
WINTER SUMMER
INDOORS RH=35% RH=68% A I~
v=7 g/m’ v=13 g/m* I ’ 7 .
7-20°C T-20°C Tou AIv T
Vo Vi
OUTDOORS RH=92% RH=72% ﬁ 0
v=4 g/m? v=11 g/m?
T tempcerature (°C) v vapor content (g/m?)
T = =F/V
7=0°C r=15°C ¥ air flow rate (m'/h) YV volume (m?) N
n  air changes per hour (ach, ACH) (1/h) Vi Vou T Av
Typica| values in Lund, Sweden Ay humidity contnbution indoors (g/m*)
drymg agent motsture ‘
| content ; drying agent molsture
drying agent content .
/// / = £l drying agent
[
5 |
)Cj tablets i“ |
| tablets
relative I = .
humidity relative
tablets humidity
tablets critical
RH of

tablet




|_ Problem: moisture transport into blister pack Moisture redistribution

outside package initial
drugtexc . / I aclive 4
% inside . actN a m
-‘-‘o sav’esdees was Substance Wl l
—
tablet S myg X dihydrate (,=162 g/mol) " X C n‘f:", _ 2 excipient
95 mg microcrystalline cellulose MCC at a,,=0 15 / e aw2 m;

permeabihity of bhister pack 10717 g/Pa/s _|
climate | 30"C/90% RH (Singapore) E p— 3 coating

L .

chmate 2 20C/60% RH (Sweden) MCC w3 m3
cnd of shelf hfe when [0% of X 1s pentaliydrate 1
f/ | What will the final water activity be
Caleulate end of shelf life! : - | when equilibrium is established?
Examples of processes that
produce heat:
air humidity
\_’__é‘ i has absorbed Sorption
4 humidiy crystallization
Py conformational changes
i ‘ deliquescence
% 4| stilldry . .
A ol ' chemical reactions

Why will two sorption methods

: : 5
Differential sorption enthalpy | s pioes | sometimes not give the same result?

| whin ong gram of
J/gwater | Tiquied waber 15 socbed | .
{a function of RH/concentration) | by o large samplu 1. Method Of dry] ng

2. Mode of vapour transfer (step, ramp...)
Integral sorption enthalpy [ e bt prodicad. | 3. Rate of moisture transfer

| whin one gram of 5
J/gsample samply chonges jte | 4. Sample Sl%e
(between two moisture states) maolsture state 5e Sample tthkneSS etc.

kinetics. ..




A SECOND GENMURON TWIN BOUILE
MICHOCALOWIMIETEL
Mssursments of corpilon isothors, s of sarptian and

[ ) “orpien Waciles
—
L 1 ol et i
a: -
=
“— o
T
= i o 7Y
= i
EG A double twin wothermal wnicrocalorimercr
) "
5
| b — ~
| & L Frestraiel
rbe
: TLSLYMK Rt L1 MBI T ===
. 9 On spplication of an isothermal sorpoun mucrosalaRmelET
a|
—
(78]

SORP principle

water a dry sample
l atube with N,

ae i i

vaporization diffusion sorption

B — = - ——— l[j

C I)wp l i_L LI , P“p

Po(1) gives sorption isotherm

P o (1) gives sorplion enthalpy

Wadso and Markova (2000)
Thermochim Acta 360 101-107

Al A
water
@— —
—@
B —
WAtleMn
sample [ @

Sorption vessel

Double twin microcalorimeter

waler

diffusion tube |




sample X measured with SORP

dricd at room temp in vacuum, 37 mg, primary result

1200 L.

1000 '\

k<

4

g |

£ soof v

a

£ 800 K-H_L —e

2 S S

o 400

3

S

& 200

@
ol —— ]
0 10 20 30 40 50

time / h

water gain / mal{vsater)/mol(dry sample)

sample X measured with SORP:
evaluated result

dehquescenee,
dissolulion

6 ——— - <© . ___J/_
H
§ o0 . Y
-] 2z \
| 3 400
4 { & 200
-
£ —
3 ; & 0
c
/ s Biwhiate
2 2200 |yl
5
H
= -400 dilulion
]
I / :E' L] \
o/ 2 =
0 o1 02 03 04 e o 2 4 6
water achity waler gain / mol(waleq)/mol{dry sample)

We measure triplets of
- water activity (often disturbed by kinetics)
- moisture content (robust)

- sorption enthalpy (robust)

sorption isotherm sorption enthalpy plot

CUCT
04 035 o3 01

a

fom 1 meg 1906,

==

.

] ] i ]
walar gam / mal(valermal{dry sample)

83 .88%8

difterentral sommion enthalpy / Jgivrater)

E
El
<
E
c
k]

|
|

Sorption entropy
sample X measured with SORP

50
= ()
3 40
5
a, and AH <
E
. v 0
gives the g ?
T L
entropy AS g .
H
of the process c -0
4
g 20
2
-30 -—
o 5 10

waler content / mol{waler)/mol/sample)

Phase diagram (DMPC)

DSC
L
o
\\‘M-‘““"“
—
i P’
L o 5 *94

L O/n“pid (mol/mol)

SORP results phospholipids (DMPC')

N Murkova, & Sparr, L Wadso, H Wennerstrom,
(2000).) Phys Chem 104 8053-8060
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