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Isothermal calorinetry 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 neally all processes produce heat, it is important
to design isothermal calorimehy experiments so that
only heat frorn the process under investigation is
measured.

Dilferent ways to systelnatize
isothenral

According to method

According to field ofL¡se

for example, ampoule and
titration calorimetry

for example, cement and
biological calorimetry

Examples of mgthOdS in isorhermal calorirnetry

Ampoule
calorrmetry

Pe rt'uslon
caloflmett y

Trtration
calonmetry

Solution
calor rmetry

Sorption
caloflme[]

1J ü 1.'

trl

All these methods (and many rnore) can be practiced in the
same calorimeter; only the ampoules (vessels) change

Example: use of glass ampoules
(student experiments)

flow- ]

, through

qud
sampfe

nJecton

slrrrin_q

sol¡d
sample

Examples of fieldS where isothermal calorimetry is used

l'uc s)

Stab¡lrt\ of
o¡orgc¡c
conpounds

Polr mor sc¡oncc

Mrcrobtologtcal
shrdics (lrast
bactcrra)

Phrsrc¡l C hc¡[tsh)
(so4lton nrrrrng
so¡ut¡on krncttcs)

PhÂnùilccuÍc¡l
Ircluìolog)

Plan! phrsroloev

l

F@d ScrcDcc

Brologrcâl

Mcdrcinc

,C¡.-s191__j

Battery self-discharge
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Why isothermal calori

l. General method

2. Often sensitive

3. Monitors processes

4. Non-destructive

5. Thermodynamics

6. Manipulate

Solven! vapo_¡ization enthalpy (student exper¡ment)

VûpóÈton olw¡bn ùùo hlùo 4.1 rdhd

1d60J rÆ1þ/md

L",rH: Q I n

1733J

I

1S ZO

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

è
ë
I
¡
Ë

Morkovr 0nd Wadso (1S98) lnt Bro¡letcnora[on BrodÊgodo[on 42 25-28

)¡5 ¡¡

I For a certarn application there are often mily methods to from whtch to choose
It rs important to choose the á¿.ç/ method (cost, @nventence, result. .)

Mold activity as a function
of relative humidity

lvlelhods available frcm which to choosej

spoÞ prcdqction
visual inspection (hyphal etongation, aæâ)
mass change
toxin prcduct¡on
ATP-concantration
ergostercl content
chitrn content
toxin prcduction

¡9u !q...d!919_!_tg!. (Fo the-mat catof ¡me try)

Mold activity as a function
of relative humidity

l\rethods available from which to choose:

spoæ prcduclion
v¡sual ¡nspection (hyphal elongaÍon, area)
rlìass changs
toxn production
ATP-conæntration
ergosterol content
chit¡n content
toxin prcduction

he3tprodu_ct¡on !3te !:9!h.9rm3t_g?!9r¡1ry!wl, _

Expose to dlilèr crÌt
clrmates aDd tneasure
result rfter exposurc

(-oDttnuously nrcasorr
actrvr tyr'tcspon.c dtrrrrr,

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

I

. Inject a gas, liquid or solid

' Analyze gas or liquid leaving sample

i Stir (gases, liquids)

I Introduce light

lCombine with other sensors (pH, Or, COr, RH. )

)



Example ofan
advanced application
combing:

.lsothermal

calorimetry

.pH-sensing

.Or-sensing

.Spectrophotomelry

P i¿tuLw/tuúhpÀùwtrwtLn

Þ

] 
Thermal power 

i

j o, concentration 
I

3

lpH
ì

iOptical density

1 
(turbidity)

fr4¡tÈ|¡És+De*
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Definitions

Isotl¡ermûl crlorimetry Mmsrrcmcnts of huat ud rh0mal powcr ¡t (ssonttâlly)
consbnl t0mpcraturc condiilons

Hcot conduction cälorimctry Thc most common mcÂsursmcnt pnnctplo lor
ßothcrma¡ caloímctry

Thrs coursc ¡s callcd "fntrodüct¡on b lsothcrmal Caloflmotry" md ts a coursc on thc
thcory æd use ofhøt conduc¡on calorimcrcrs

Hcrt'A form oloncrgy prcsont tn all mÂftcr æ ktnchc onorgy of thc atoms,,

"Encrgy kansforrcd from a hoBcr to a coolcr body duc to a tcmpcrÂturc gndtcnt,.

Thc St unrt ofhcat (and all other forms ofcncrgy) ts thcJou¡o (J) Tho calonc (cÂ¡) rs
Â non-Sl unû ofencrgy/hcûr, I al = 4 l8 J

Thcrmal powcr, hcat production rûtcJ ùeot f¡orv rute, lteÂt flow all havo !h0 SI_unt
wat (r,\). I W: I J/s In thrs coußc we wrll usc thë tcm ..thërmal powcr,,

A Heat Flow Calorimeter I

heat flow
sensor

sample

heat sink with
constant
temperature

A Heat Flow Calorimeter 2

sample relerence

heat flow
sensof

heat ¡ink

rhermoslat with conslant

,48b"

s

F¡sure 2. { chÀtrnel TAM m¡<Ìocðto¡imc..r (Tüc¡moMeLr¡., Sùdcn). Aj CtrL
nwaj vrerv of lhe iùstrumerr 6ho\vn leirh one d,ònncl (B) po!il,ord itr thè \r¿rer
b¡th n.Otrc c¡Ànncl cons¡6 of lhe foltovìnApùßj 4 b: ilr¡n-v¿lted ilcot hrb€É.: 3r.c¡ <ylin r. d: ßr¡c Nbú. e, ßj Âtumin¡u, bolls I vrna ü mðn hc¡ls¡ls. t dilnnnrn'n bto(k. h: Jù'niilirF r¡bc lhotdc¡ fo¡ ¡r,prtc) I rtrarilro.ou_

1

fr¡ru r¡. I
l¡æql ,



Eight
chan nel
calorimete¡

Data logger

thermostat

Insu lation 5-90 0C

Power supply

Heat flow sensors are usually thennocouple plates

Who invented the therrnocouple? llìc Dnnh* scrtnlrst Hr¡r CIrirlaû ørstcd
(1777,1851 | \vho dhqûdv rn 1820 hnd prcvùd tlìor
clccr¡c0l lìclds'nnuÈnød mdtmùr¡c redlù5
lollo\vc¡ srchcùk s wo¡li $dr rntcrùn ùnd nrnrcd
thc fhcn,,mctr,n 'lìù 

thcm,NlNùrc enrcr

Jcã¡ Pchic¡r l?85-18{jr ¡ liunchwårch nìukL'

'iì\corcred 
rn I 814 drilr ù currùnr tfuou[h h\o

dri$nìlar condúcrors gcnlrdrLò hcnl ¡r lhc
tuilo[otr olüc [vù mîtùilrk

Tüomab Sccbcck { 1770- | 8l I r

thß lrs(ilnrn bonr (rdìnnß
rcro¡lrsl found rn 182 I ¡hor r orrcui
m{dcol lwodtssrmtlnr mctols wilh
¡uncto$ ît drllcrcilt LonrpcraLqùs
dcllcllud r compo$ moeret I lc
hcllvc¡ lhrs rvni duc lo milgncl¡vn
rni.luoud bv rlc drll¡rcncc rn
LenTùrolilù I lc callcd thc

0h!n0nÑnon lhurñ)mîßnclrsm
and hslcvcJ thnt Llc câilh s

matnc(rc hcld ños gc¡cr!lcd hv
lcinFmlùrc drllcrcncús bctrvesn Lhc

In 1818. Ebil L€nz rn 5r PcrcßbùrÊ tìñt lrùr!
nnLl lùrLr nrckÈd r hp ùl wilcr tl¡cld ùn il

. ú.I1'",'"r!: r'I.u!l!v rcrcrsns rhud'renr

w¡lli¡m Thomtrô¡ (Lord Krh ¡o) Jcscr rb!,1 th(
: rnlqrclûln'nshrp otllìc scoblok ¿nd Pclr'u cn¡cß |

' ¡round 1860 |

] ufrr porcs ond rhr rvam cqrorr 
Ì

' ll \0s nor trnlrl ilrc 20th cctrrurv Lhur thc

: the'm(El$[ro cfTcd n,unJ pr¡ctcol opplcrtrrß
lûì c\Jtrrplc thr,n,slr rhc $,xl {'fRuss¡ûn phTsrcrsr :

Ab)!rn lofr! ( I sSlr-l e6(rl

Heat flow sensors are usually made as thermocouple plates
(Peltier cooling plates) containing many semiconductor
lhermocouples made ofn- and p-doped bismuthlellLrride (BiTe)

2

What is a thermocouple'/

Tt T,
Tt:T2 <+ Vollage:O

Tr*T2 c) Voltage+O

Voltage

Peltìer effect
voltage applied =
temperature difference

Seebeck effect:
temperature difference
applied + voltage

Applications of Thermocouples

To mea$rrc tcmpcraturc wth TC

T)po R T, J for exmplc

('I'2 meæured insrde cold junction)

& @UIeai wrh $s¡'lmplsplalls
GE@ooElwrECoolq)
Elcctronlcs ln telecom, nl€dtcâl labs,
aorospacc- consumsr producb

To mcasure hcat flow

Hcat flow mctcrs, huât flow

ln lhqns!!clec!!9rê!a6

Uscd to convc( hc¿t from radroactlve
dccay to elcctncty rn space crafts
(Apollo. Pioncer Vrldng crc )

;2

À nnriù[ hrlr ntr\r n.rcr
(FMr .rc5ctc¡r¡¡r .oh)



Four simu Itaneous orocesses

1 l-leat is produced ¡tì the
sample,

2..andatemperature
d¡fference develops across the
heal f¡ow sensor

3 wh¡ch resu¡ts ìn a voltage
output .

4 ,while heat Rows out to the
heat s¡nk,

o
A7

(I

heat flow rate (W)

temperature drfference (l()

voltage (V)

themal power (W)

Notc dlat tlrr teûrporâÈurc drffe¡cnous
should bc smÂll (csscDtrallr isotlrc¡mal)

At stuady-statc (constilil hcat
produchon). hcat flow ratc
tlìrough thc sensor ¡s oqual to
tho heal productton ratc
(thcrmal powcr)

MÆursd voltagc is
propon¡onal !o thc lhcmal

HuâÌ florvs rn
rèsponsc to
tcmpcrâturc
difforcnccs

o-L7 Volþgc output ls
propofr¡onal !o het
florv lhrough sensor

u-o

tcmpcraùrc
drffcrcncu

U-AT

Voltagc fiom
thermocouplc ts
proponional to

The reference

sampìc reference

Tìre reference is a
sample with thermaJ
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

V/hy use a reference?

sample rcfsrenca I Less noise from external
distu¡bances

2 Measurement response ls
faster

At steady-state (constant thermal power):

P:e.U
\
øhbrahon cocftìcrent

At unsteady-state (thermal power is changing):

P:e (U+ r.du/dr)
t 

n" 
"onr,-,

3

Nomenclature

/ time

P thermal power

O heat

U voltage

e calibrationcoefficient

t time constant

S

w

J

V

w/v

S



At steady-state (constant themal power):

P:e.U
\
cal¡braùon cocfficront

At unsteady-state (thennal power is clianging):
Coñecnon for timc-

_- lag olcalonmctcr

P:g ( (T¡ancquahon)
,1

1 150 200 250

Baselines

Thc rdeal bæchnc rs

zcÍol

å

I
E
E

Notc that onc should ahvajr ¡udge a base|nu h rulallon to the mcÂsurchent bctng
made (durauon ofmeasurcmcnt, thcmÂl powcr, àcccptable sprcâd rn r6ul$ dc )

Baselines

Cas€ I Measurement of
m¡crobral activrty tn

carrotlurc€ High
themal power æd a

large spread rn smple
propertres mal(es bæelrne
corectton unnecessary

Cæe 2 Seven days meæurement on heat of cement
hydratron made by rntegrating results over seven days of
me6urement A constdt md cofrectly knom bæelrne rs

very rmpoÍtant

Case 3 Fast tltratton wth one lnJection every l0 mrnutes md
total expeilment time ofthree hours Each peal< rs evaluated
separately wrth baselines before æd afìer that peal(, and ls

not dependent on long-tem behâvror ofbaseltne

I
E

Tian correction

The measured signal is
delayed with respect to
the thermal power of
the sample, and wrll
therefore lag behind
when thermal power
changes (thermal
inertia)

The Tian correction
gives the thermal power
from the delayed cuwe:

P,e (U,r'dl|'dt)

Electncal calrbratton pulse for erght mrnutes
ttl.. ', ,r,.'. I I ,. r,

à

i

t

5

Nolo corrcclon was not perlcot bccousc thc Trtrn modct js

l5

SUNIIVLARY

Mal<e a measurement

I Baselhe @rr€ct¡on U(t)=(l^,,"(t -tlsL

2 Apply calrbratron coefÍcrent P(t)=e.t,ro

3 Apply Tian correctron (rfneeded) P.",.= P"...ú+r dP,,,*./d/

4 Evaluate themal powers ed heats of tnÞrest

Note that many commercral ¡nstrument make the above corechons
automatrcally However, rt ts always a good tdea to l<now what the
rnstrument dd software are dorngl

4



Manufacturers of isothermal calorimeters

Microcal (USA, www.microcalorimetry.com)

Seta na m (France, www.setaram.com)

TA Instnuments (USA, www.tainstruments.com)
(includes former CSC and Thermometric)

5



lntroduction to
lsothermal Calorimetry

Cement Hydration Calorimetry
dl

ba flè
o

f
" i,ìoì,_

I
tÈ'
I

J

Imoonant concent: Addrtryq¡1iqùt¡xturs!)
used in c_Q¡creLe

Water reducrng agents

Pl astic izers

Retar ders

Accelcrato[s

Corrosion rnhrllrtors

A¡r cntrarntncnt
agents F I

I

watel/ccmcnt-ratlo =

rnass oIwatùr/ nrass ofcement

Low lvater/cemcnt-ratto gives hrgh
qualiry: hrgh srrength and low
permeabi l r ty

w/c:0 ó norrlal concrete
w/c=0 3-5 high perfomance
concrete
(w/c>l sotretrntes used lt the lab)

t rrr porus ofa ccnain srz.:

rncrcâsls lÌo!t rusrsr¡nce

l)ecrease
Environmental lmpact

High Performance
Concrete

Self-Compactrng
Concrete

Self-Desiccating
Concrele

New Frller Materials

I

Current trends

¡

Waste Materials
Incl uded

lylqigl ç,heûúcal compAl¡dClþ1nlçd in rhe cernenr kiln:

CrS (ì2s c,A CóA2F/C6AF2

Cornplex reaction with water rq¡qlts iq lormation of a
solid cement pAS,te:

[c]s, c2s, crA. c6A,]./C6AFrJ + HrO -+
C¿S,,11,, + CaOII +

Ilotc thu ccmc¡t chcrnrsr s sh-eih¡nd npþItons

(aO=C S¡O,=S Alror=A
Fc,O,=F H,O=H

,'t trtrrr-r ,4 5ho¡r,,

7,)rr-

Schen¿tjc pictüre of ihe setLing ðnd hèrdcning proces!

Ta)'lor, H F W Podlmd conìcnt hydrahon products" Ít lnskuetonal Modules rn

Ccmunt Sc¡cncc" Ed D M Rov, J lvlatcr, Educ
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S,oÉ q

c¡9

t)r"¡,J

rì. I r,),1)

Tqmsuccordrns ro J I YouilB tlydrrron o¡Porhnd
Ccmont h ln{rucùoml Mduls rn CcmcilL se'¡ncc
EdDMRoyrMübrEd

Cement hydration
Eight samples from the same mix

sú's

a

Ei
ts

'150

$roo
È

450

l0
tme, h

20 0
0 10

hmc, h
20

Note that th€mal power and heat are grven per g."."., (dry)

Heat of hydration measurement over three or
seven davs for the classification of cements.

{ð

É.

I
ã
É

{-.

Trme / h

Heat / J/g*-..,

Cement hydration (retardation)
Six samples with 0 - 0 5% ofan additive with retarding properties

Closed glass ampoules at 20 oC

4

E

3

o

3 wrlh sct hmc dcfincd ¡s
df,/d>O 005 mWg/mrn

2 1

1

10 15

trm€ / h
20

0
0 05

2

I irrr.',: tyl.;,-l:, Qi e . rrtcitl,c,,rriç1cit1 9al,-r, i¡ir;ter.,

Adiabatic Calorimetry (Serni-Adiabatic Calorirnetry)

Sample temperature is rneasured on an insulated sample

Solution Calorirnetry

Hea! ofliydration is the difference between heat produced when a
cement and a hydrated cement paste sample are eaclr dissolved in
strong acids

lsothenral Calorimetrv (conduction calorimetry)

Heat production rale is measured continuously at isothermal
conditions

Trmc/ h

È

,I
i
È

ts

Timc / h

30'c

20"c

E

I
!

F

Haú / llg

Portlancl cement pastc
h1-dration : Mcasurcntcrr[s
at di ttcrent [enìpcr¿rurcs



Note that isothermal calorimetry can show
details in the hydration reaotions (l)

1

È
E

9

I
E

f-.
0

1500

Trme / h

3*

Cement-admixture interaction ( 1 )
Abnomral hydration in low-sulfate cement with
hi gh admixture concentrations

l

È

5
É

Bclow cnuøl
conccntfâhon

I

Abovo cn¡cal

...details in the hydration reactions (2) i

1

o

0

0

01

250

s tari ot n l uactloil

Cement-admixture interaction (2)
Abnormal hydration in low-sulfate cement with
high admixture concentrations (early reactions)

l
Bclow cnnc¿l
concentratlon

l
Above cn¡cal
conccntrahoo

q
E

5
20

ilmq h

i
I

I

I

I
I
¡ with

Early reactions

Mix inside ampoule
in calorimeter (e g ,

lsotherlial calorimetry has a wide range of uses in

cernen t/concrete science/technology. e g.

- l-leat of hydralion

- Retardation

- Cement-admixture inleractions

- Reaotion rates as lunction ofteulperature

- Gypsum optirîrzation

- Quali[y control

J
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lsothermal Calorimetry and Thermodynamtcs

lsothermal calorimetry can be used witlrout any knowledge of
thennodynarrics However, isothermal calorimetry is an excellent
method to obtain data for thennodynamic calculations

For example, with the help of thermodynamics, one can find in
which direction a process tends to proceed and calculate properties
tllat cannot be directly measured

"Sl-System'

Base units:

Derived units

Prefxes:

m, kg, s, A, K, mol, cd

Pa, J, W, V, O, oC ...

tr, ft, ffi, lq M, G...

Note: Mæs u often *prcsea in gram G) (ói)
Pqsures are oflen dßcros¿,lin miF of bu or atn

Energy is someúmes exprsed in calorres
@

I hmc

P thcmâl power

I hoat

14 wo¡l<

Nf cnthalpy chmge

P prcssure

Z volumc

r mount subshce

R gæ constilt (8 3 14)

'/¡ absolutc temp0raNre

c hëat capâcrty

also (but nd usud hcre)

¿U rnt€mal cncrgy

^S 
cntropy

LC Grbbs cncrgy

s

t

J

J mol-l

ml

mol

J molr t(r

K

J I(-I

mo

Jmo

lVery important definitions

sJslern whatever we want to study

the rst of the univeEes_q!qu¡-d r0g

api!
oloscd

içpl¿ted

adrabatic

isothenflal

L¡-ansfer of matter possib¡e

no træsfer of matter

no træsfe¡ of mâtter or hest

no trmÊlq of heat

no chmge oftemperature

exothemio

endothcmic

heat is releæed ("warming") i

heat is consured ('toolrng") I

Consider changes of thermodynam¡c properties
from the point of view of the system

Nolr thdt onocun finJ Lho oppostu
dllìililion ilr nìcchuorurl cilgilìÈc¡trB lhù
(ilsclìrl) hcur th0t coilìcs otrl ol u troccss
ft 

'ntrch¡no) 
is úrcrc couillcd ils nosrlvc

Nútc illso lhrl u\ndnmcnlûl rc"0¡ls uitrîllt (but iloL ill*rysr
orc p[úlcd ililh Èþ¡hcßnic thcnìrl torvcrs âs positi\c

ùsampls;

- Erolhonric proccsscs hâvc 
^¡/<0- Drssolution ofsalts rn $îtcr c¡n b0 oxothcrnìrc or cndoth0t m¡c

NaC

L¡Cl

KCt

kJlhol

188

.J1 01

t7 22

sl¡ghtly cndolhcmrc

qolhomrc

úndothemilc

1



ENERGY
Etrugtcxists h Nô[r fonùs: cluctrical cnurÈ\' potcùtiÂl oncrgy, hcût utc

Frßtltrw Encrgtc¡n[d
bs dßlroyLt onll iito atrolhor hcet Þ work + hcÂt at lo\vcr tcnìpcratuN

iwi
ioi
iRl
ir.
H
E
A

I

clectriøl
mqg)'

potøtial
cnÊ¡gy

chchrcrl
cnoflly

Enthalpv. H (J/mol)

The enthalpy (I/) rs the energy content at constÂnt pressure (the most

common condrtron)

Only drfferences or chmges rn enthalpres (Al4 cm be measured, but
one can define at¡solute enthalpies relatrve to the enthalpy oIan
arbúr^ry standat l slare, most commonly 25 "C, I alm

Enthalpy ¡s the most @mmonly used themodynamic property

Values ofAHfor differ€nt types ofprocesses can be found in tables

A process (reactton) wrth an enthalpy change All produces Àll
joules ofheat per mol reacted at constdt presure condihons

For heterogeneous samples (such æ cement, foodstuffs and polymer

blends), the enthalpy can also be expressed in units ofJ/g (^r)

Afl is the change in enthalpv durine a Drocess of tvþe x

Ptocess x
x(st¿te) 

ÀJ/ 
Y(state)

Examples ofprocsss

Entha.lpy changes of fomation (Ârl/) arc
most importmtl

Áy'1is the enúdlpy ahmge mciated
with fomation <if asubstancé from the
elements (Â/(m elenent)=0)

Á*/r
Â-rft
4H
À/r

^¿{Adn
Ar-Jl

Comon state specifieis:
I

sltl
'laqj
sln 

Ifrl
ol
sar I

t'

Thc onthôlp) chMgc ofa ucliotr cÀu bc câlculatcd from thu cnthalPros of l

fonnaùo[ oIthc rsact¡¡ìb and tho prodtrcts

A+B+C a/r . 4¡(c) .4f(A) - 
^f 

¡{B)

/12 Enthalpis ofnornratlon arc givon rclÈt¡vo to Â shndord stttc Thc most

conilnon slilìdård stotc is 25 oCì- I a¡r

.tz slandard snto

^lto\Ânìpl9s 4¡f0a(s)) = 0

4/r(Nû'(nq)) =

(b) dùfinitioo)

-24(l 12 kllmol

Enthalpy inôlirdes thg volume work assooiatÊd with votume
changos, like pushìng back the atmos.phére to make room for
evolved gas. For isothe.mral gas pmducing reactions, different
amounß of heal are mea$.lfed ât constant pre.ssure (open
atnpoule) and at óonstant volume (closed anipoutë).

.Volume work ¡,y = -p 4V
-Pressure work II/¿ -V 

^p(îròm gaslaw'. pV-rftî; fql smàll changes in I/Andp)

Thís worÏ is transformed to heat under lsolhermal conditions.

l g*.pt" -Àn 
,*it "-ui pressure rncreæe frcm

I I 0¡o I I atmin20mLproduces02Jheat i

LeH+L,,H+A,rrH:0

x"r","Â.Él:0

All reactions need not be realizable in practicel

LtrH

LttHLtrH

2



'',...!
i,

sln = solu!ron

ó = rnfinúr drluhon

lor
every
cycle:
z LI/-

solvunt B

X(sln)
0

X(sln)

auuf/-

Heat ofsolution [or two
polymorphs ofsodiLrm
sulfathizole in acetone

and d irnethylfonnarnide
(DMF)

A,rH=-680

rcl Ltrdenhû!rn ûnd MuCrus, Phtrm
Mmilt 2 I 2ú-10(1985)

N

+ mcasurcd

---+ calculatcd

Arä = 16 60

Form 2

solvont DMF

X(sln)X(sln)

Cibbs energ_v lF¡ee energy ) A(; J mol'r

llô(i.0 a process (reaction) rs sponlaneous. i e ntoves ¡owards
ecluilibrium

Entropy ÀS I mol-r I( |

A measure oFdisorder; all real processes result in increase of
the total entropy (syslem + surroundings;

AG:AH-TAS

HeatCapacity Values

for Some Common Materials

(approrrm¿te hcâl c¿pacrucs (J Bì t(r) at 20.C)

BrNs

Stsel

Quartz/sând

Ccmcnl

Mrncrals

Clæs

Alumrnum

Dry Wood

0 38

046

075

080

-03
084

090

t20

418

Useful heat capacity calculations

The refurcncc should havc approxrmâtcly thc smc hcât capÂcrty âs thc sample

Ilthe smple rs 5 g cemcnt pâstc mâdc from 3 g ccmcnt md 2 g watcr, what
should bc uscd x a rcfcrcnce?

Hsatcapâcrtyof sâmple 3 0 8 +2 4 lB = l0 8 J K-'

MNs of watcr wrth lhc samc hcat câpâcûy l0 I / 4 I I = 2 6 S

rã-

Hcat capÂcty ofsMplo sâmc as âbovc

Mâss ofsmd wrLh tlìc samo hcat capacúy l0 8 i 0 I = 14 I s

--t

2 Sandr

Hcre wc havc assumcd thÂt thc hcat capacrty
ofccmsnt pætc cquals th¡t ofrts components

3



Approximate A.l1 lor different types of r.eactions

Useful for estimation of lreats from a reaction or the
reactior.r rate fì'om measured thermal powers

lrJ molr

Hydrolvsrs RCOOR +HzO+RCOOHrR'OH 0

RNHCOR +HzO+RNH¿+RCOOH +50
(RCO)rO+H,Oa2RCOOH -60

Decarboxylanon

Oxrd¡hon by 02

RCOOH+RH+CO,

-cHì+05o,+ cH¿oH
-cH¿-+ I 5 01- -COOt-f +H¿O
RCH¿OH+050¿+RCHO+HrO
RCHO+05Or+RCOOH
2 -SH + 0 50, + -S-S- + 0 5 H,O

+10

-l 80
-t60
-200
-290
-260

co\n'dl)ilchor(ìt?0) lhutr¡(ul,cn,ßrryororsmrrurüorsononcttr¡trcconpotrnds Acûdcm,ùkcrs L_ondotr

Pcdlcyord (1186) Thcrh@homrcûlDarrofof!ûtrrccÕnponnds chDpn5nànd¡tqu London
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Calibration

: to introduce heat & measure response

Different tvpes of calibration

I Electrical calibration (convenient, most common)

2 Chemical calibration (valuable complement)

3 Radioactive sample (convenient, but obsolete)

4 Heat capacity

5. Diflusion cell

Uú

I
n

u",

Nomenclature
volt¿ge ovo¡ hcÂtor

curro[l through hcâter

ho¡lor rulstucc

output volbge from hcot
flow senso¡

thcmalpower

"l
"l I

;i

cunert rs llrÉ sumc n thc wholc srlutt,
hul Unmcssurcd out!'dc Lhc colonmetcr
ûls rnoluds vollage drops ovq lhc leüds

\¡/ith a mA-

meter

volbgc
'#ffitr#

voltâgc

P=t'z.R I UR
I:fT ID¡ VR ¡ ¡\R
P:P,R

Two types of
êfectrical
calibration Steady State Dynamic or Pulse

E

! IlL ¡
9

I /\ I "i\

input P Q:lP at: P.tt

or"rtput U Iu at

calibration
coefficient

e:PlU E=gtlu dt

<' V//V

V docs oo! næd to bc truc volts, Md I

.ould ûlso bo somc other tl,f,c ofoutpùt 
Ifr-orr-ar9l$Io.1dry!9ggu l

llx V/V/

1



The time
constant, r

The hme constant ¡s a measurc ofhow mpidly a
stgnal decreases when no hcat is produced in the
calonmeter One srmple way to find the
cal¡bratron coefficient ß to find the time it tal<es

lor the srgnal to decrease lrom my valuc to J7olo

oIthat value (e-ì) Normally thrs is done on the
dec¿y¡ng part ofa calibraÍon curve

Ð

o
=o

(l(t)= Utrexp(-t I r)

(

trme

P:e (U+'r.dU/dt) The Tian equation

-Tlre tilne constant is a nrodel for tirne lag of a calorimeter

-Sor¡e commercial calorirîeters automatically make the Tian
correctlons

-Sornetimes more than one time constant is used, but this is

usually not necessary

Potential problems with
electrical cal ibrations.

#1 Heater pos¡t¡on

2
A calibration heater should
ideally deposit the heat in
the same place as heat is

produced during a
measurement

Potential problems with
electrical calibrat¡ons.

#2 Lead heat losses

?
A calibration heater always

, conducts some heat away

'through its leads This is no
problem ifthe leads are

also there during
measutements, but for
insertion heaters, this can

be a problem

Chemical Calibration

The ideal way to calibrate an isothemal calorìmeter
for measurements is to run a similar type reaction with
a well known enthalpy

- aqueous drssolutron md drluuon of l-propmol ln wâtcr

- drluilon of¿qucous urca solu¡ons

- drssoluton oftolucnc ln watcr

- hydrochlonc acrd sodrum hydroxrdc (acrd + bÂso) rcachon

- sucrosc hydrollsis

- bnrdlng of Ba¿ to tho cyclic cthcr lB{rown-6

- drssolut¡on ofpolasstum chlor¡dc ¡n w¡tcr

- hydrolvsis oftnacstrn rn rmiduolo-acetic acrd buFers (long tcm)

rc¡ W¡dso lûndCôl¿bor8 RN(2001) Stturd0rdsùrNothcrmolmrc'oqtúrnrcrry ftro^ppl C¡cnr 73 t625 tó19

Chemical Calibration

Example: dissolution of a solid

Dissolution ofcrystalline potassium chloride (l(Cl) in water

(l mol I(Cl per 500 mol water)

LH:l'l 584x0 017 kJ/mol

Uncertainty is about I /l 000

rct W¡Jr, ltrildColdbù¡g RN(2001) Shnd{dsrnúolhcrnrlnrorocolonnctry PuroAppl Chrm 7l 1625-1619
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Radioactive Calibration

Ampoule with long-lived radioactive isotope will produce
constant themal povr'ers over of time.

Convenient, but restrictions on radioactive materials
mal<e the use of this type of devices very limited

I
I

Heat Gapacity Galibration

1 00 K tempêrature tncßasê 1 00 K t€mpe€tuß decreaso

o
9l

E

-9

E
I

Êc
-9

The calibration coefficrent cm be oalculated from the output caused
by a temperature step up/down with and wrthout a knoM heat
capacity sample (alumrnum oxide, sapphire)

Interesùng Bæed on fundamental
physical prtnciple [s anyone usrng tt? ¡ef:Bunyan.P F ('1999)

Thomochh Acta 327 109¡16

i Omu"¡on Cell Calibration

The rate ofwater vapor drffusion ln
a fixed geometry between two
solutions wtth constant water
activìt¡€s æd constant enthalptes of
vaporizatton will produce a conslmt
themalpower

ì
,
õ
E

tube
top chamber
teflon seal

bottom chamber

0
0

I Not,nu"" Cmbeof¡nte¡estrn I

I large scale calorimetere I

Wdso L, l(ocherbtov V 119991 A ncw dltuston cütrohd cahn\on and tøst devæ tut ncrccahdmelqs
Prssonled atWork*op on th8 mErocdonmsty of en€rgerc matorats. Ls6ds, UK

Top waûcr

Botom mhydrous sulfunc Âctd

rq
a

How good is a calorimeter/measurement?

Repeatabrlrty (earlier preaston) is a measure ofthe scatter
(standard deviation) in a series ofobservations (around the
measured mean) Report repeatability ofexperiments (not
calibrations)

Uncertamty (eatlier accurac) 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,)

Ltmtl ofdalectrcn is the srnallest heat quantity (J) or thermal power
(W) that can be detennined with reasonable certainty (note:

sens t lrvrly is the inverse if the calibration coeffi cient).

Baseltne Calculate mean, slope and standard deviation

ref Wadsö, I and Goldberg, R (2001) Pure Appl Chem 73 162S1639
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Different types of calorimeters

Note ,oácolor¡m€try

DSC (ÞiferentÍát qcennlng Calor¡m€try)

OSC meduM ùc hcat produccd/consumcd by
proc$ses tlìnt ùc rn¡tiatcd by thc change In
tsmpcrÂtuN

ExâmPls molt¡ng-solid¡fícâfon i

dehydrotion
dcgradaIon i

i T!-trÐsrton 
I

I cry$d_hisfomât¡on

DSC s tc very common rnstrumcnls

MDSC rs a typc ofadvmccd DSC thât cM
scparatc rcvcrsilrg (È g melt¡ng) md non-
wcrsrng pr@csss (c g crystal tÉnsform¡ton)

I

I

A ffiC osÁ b¡ ur€d iq

lf you are used to DSC.

T}e wo¡ld is quite isothermal
and most processes (respiration,
degradation, dissolution,
oxidation ) take place even if
the temperature is constant It is
not temperqture changes lhal
drive processes

With isothermal calorimetry, we
study processes under qBite natural
conditions

Semiadíabatic anel Adiabatio Cafortmeters

A scmtsûdtabatlc calonmstcr ¡s esssnùally ü
rnsul¡tcd sMple ln whrch tholcmpcraturc rs

measurod fl rs ncccssary to compcnsate fof
hcat lost by conducbon md mdrâtron

fn m adlabatrc c¿lor¡mctcr, all hcÀt produced
by thc smple hoob the smpl€ (adrabatrcro
huat lGs) Thrs ß usuâlly accomplishcd by
m rdþbshc shreld, msûnrng the sufioundrngs
arc kcpt at cNaclly thc samc þñpcraNrc as

thc samplc OR mcasurumcnts Àre madc so

TA fnlhmcnt SolCûl

Exmplcs Bomb @lonmctors,
ccmcnl/concrdo cålodmctors,
TA Instrumcnts Solcal

ln thrs group ø bo found (Bscnttally)
rsolhormal c¿lonmctcrs that opcralc
wrth small tcmperoturr chmgos (ltlrc
ùe SolCal abovc), but also c¡lonmctcrs
wth hlgh tcmperâturc changs llrc
most (sumr-)adrâbÀhc concrdc
c¡loflmctcrs rn whrch tho temper¡¡urc
can nsç 10-00 K dunng â úcasurcmcnt

1



Bomb Calorimelers

A bomb caloflnìctcr ts usually a somr-
ad¡âba¡c cfllonmctcr for hoat of
combusùon mcasurcmcnt bv rcachng
sample with an c*ccss ofoxygcn

Bomb calorimctors of cxtromo prociston
were uscd to comprlu hblcs for hcâts of
combustron of organic compounds Thrs
apphcation ls now rüc, s¡ncc tab(latcd
dÂtn for most srmplc compounds arc
avallÂblo

Norvadays, srmplcr bornl¡ calorimcturs
arc uscd for muasursmcnt of hcat
contcnB of fuels flood and anrmal Êucd

ÈJ )i"'
i

a¡

Power Compensation Calorimeters

Thcsc årc câlon¡nctcrs rn whrch lhc temporâturc rs

kcpt constut by âddxlon or subtachon ofhcùt Tlns
rs cNrost to do by âdd[ìg clcctncally produccd hcat to
componsalc an cndothcrmrc Froccss, Itut cilì also bc
donc by thc Poll0r cffcct to compotrsalc for both
cxothcrmrc and cndothumrc procosscs

Exâmpls DSC, somr htrâlon calonmulors

lndirect Calorimetry

Aûoùcr propcny whlch coÍcsponds to lìoât
produccd can be measurod ¿nd thcn usod to
câlculâtc thc heat

Examplc Rcsprrometry tn whlch CO, produchon
¡s mcasurcd md hsat produchon is câlculatcd
bÃ€d on thc assumptioo ¡hâr 470 ld ofhcâr ¡s
produced for each molc ofCO, produced

Notc Úìat lndtrcct calonmctry rcllcs on
¡oow¡cdgc ofthc corrcct hcar (unthalp),)
produced by lhs procoss ñ a Âtnclon ofthc
mcasurcd paramctcr

lsothermal calor¡meters =
calorimeters with essent¡ally constant sample temperature

Heat conduchon calortmeteß Heat flow to/from
the sample by
themaldrffusron

Power compensatron Temperature change
rs compensated by
achve heahng/cooltng

Some adiabatrc calonmeters
The smple rs

rnsulated, but the
temperature ¡ncrease
rs made low

Essentially constant temperature?
Dcpcnds on process studlodl

f(itrcUcs (rcacuon ratcs) are moro sensttrvc to tumpcratutc changss than
dotcrmrnailons oItotâl heÂts (such as titmuons)

Detem¡na¡on
ol seven day
lreat ol cement
hydration

Detemination
of maximum
rate of
hydralton of
cement

Retardation ol
cement hydration
for different
addrt¡ve
concentråtrons

Liquid-lrqu¡d
trlratton
êxperiment

Detemrnation
of.ate conslant
for enzymalrc
process

Compaíson of
elfoct ol
different drugs
on a cell culture

'A m€asuremcnr is isorhcrmal if thc tempe¡arure chmgcs ãe so
smãll they do nol innuence lhe resulls o¡ rhe mcasuremcnr,'

LW

How large can an isolherrnal sample be?

0u
5 I ccmùnt pâsto 5 nìL wôt0r wrth

anrma¡ (silrred)

I
5 g rubbcr
smplc

l
1000 g ccmcnt
pasle

1000 mL watcr wrth 1000 g mbb0r
fislì (strßcd) smplc

Whethcr or nol a smple rs isothermal dcpends on t!s stze. volwetnc heat
produclion rate, themal propcnres, md propenio of the calonmeter Most
isothemal calorimeters use small sanples 1l-20 mL), but mme very largc devrces
(tbr example a house w¡tl¡ he¡t tlow sensors) can also be consitlered to be

tSothen¡¿l caLoomcter s

2



lsothermal calorimetry: size and thermal power ranges

Size

H!&u

lq¡ss

Sn¡ll

T¡n}

Wholu-body calonmetcr

A batND.. @mùnt pÂstu

A Fcrv nrg ofa
phamacuuUcal
subshncc

Therrnal power range

MW

kw

Éw

nW

lsothermal calorimetry: size and thermal power ranges

Size

SnlÂll Abât$ry cùmuntpü¡c

Trny A forv nrg ofa
pharnìûccuncôl

Thermal power range

mW

¡rw

nW

Two isothermal calorimeters

I

n

_ttfii
r
F

s

I

What is microcalorimotrf?

' a calor¡meter dsrgned for use rn the mrcrowatt (FW) ræge, under
essenlially rsothermal condrtrons' (Wadsö, I and Goldberg, R N, 200 t)
(or a calortmeter usrng small samples)

A heat conduction calonme¿er for meæurement oflow thermal powers

Typical applrcalions areas

'trtratlons

.energetic comfDunds

.mrcrobrology

Even mo¡e sens¡tive calor¡mete6 are sometlmes called
ndnocalo nmc ters

Sometrmes'mrcrocalonmetry' rs (unfortunately) used synonymously
with' rsothcmal calorrmetry'

Microcalorimetry ='mtcrowatt ¡sothermal calorimetry,

A 50 mm steel natl is bent
and transferred tnb a

mrcrocalofl meter The heat
produced by the relaxatron
and reorganizatron of the
atoms is clearly
meæurable for almost 24
hours

#
A 4 mm ant weighs only I 5 mg
Strll, rt produces about 20 FW,
with periods of activ¡ty and rest
clearly evident

ì

ñ
E

3

ì
ñ
E

1

10

Orqanizations

lnternational Confederation of Thermal Analysis and
Calorimetry (ICTAC): ,¡,!!\y i.l:r\ 'r;g (European chapter:
ESTAC, Nord¡c (not act¡ve) chapter: NOSTAC)

The Calor¡metry Conference (CalCon): Annual conference

Journals in the field:

Thermochimica Acta

Journal of Thermal Analys¡s and Calor¡metry

(Journal of Physical Chemistry)

e
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()
fr

ÈJ
cü

-()
È
C)
a1

oz

I

P

o
LÍt, Lh

time

thermal power

heat

enthalpy change

rate

s

W:Js-r

J

J mol-r, J g-r

mol s-1, g s-l

Thermodynamics/
therrnochernistry

How much lieat is
produced by a process

when it goes to completion

I(inetics

What is the reaction rate of
a chernical process?

(or to a certain known
state)?

P: A,TI V

Isothermal calorìmeters can measure both enthalpies and kinetics
(sometimes in the sarne experirnent), br,Lt many measurements
(especially orr complex samples) give only kinetic information

P:LH V

The chemist

The lnate¡ial scientist

J/nrol mol/s

g/sJ/e

È

o-
t

9

I

Nole: AÉl is often unknown and rnany sirnultaneous and/or
consecutive processes, each with a different A-F/ value, may be
occul l lng

I
ì
õ

€

I

i1

i\

O

I
P

20 40
tìme (mrnutes)

titration etc
n:Q/AH

kinetic measurement
v:dnldt:P/AH

Degradation of the Antib¡otic Ampicillin in Water

"ttt 
ì

¿.|-', t

2

20

E]!slsldeltrqç!ç! predicts the rate olconcentrat¡on chmge wrth ¡me, dcld/, rs

proporironal to concentratron c Rate ß proport¡onal to themal power that we
meæure The rate equation can be expressed several ways

Exponenhal fom c = c(0) expc¿/)

D¡lferentral form dcldt = -lc c(0) exp(J.t)

Calonmetric fom P,(LHr)=_k

1



First order process: reaction rate is
proportional to non-reacted mass/ (or amount)

I 
I Frrst ordor rate law gtves exponenhal solutron 

It jrate=k m -> rate.krexp(Â,¡) 
|

2 
| Thermal power ¡s propo¡honal to rate

- P=¿\H rate + P=^H.krexpckrt)

3 i fake loganthm to find ft1 and k2:

Ln(P) = ln(^H ft1) -ft, i

{ Evaluate rate constant ênd enthalpy

cf Wadsö & Lr (2007)

È

50

Example: Epoxy curing

2

s
E

I

G
E

F

c
ì
o
E

c
)

0

,0

1

,1

-1

Trme (hours) Los(Time)

Calorimetric
measurement

Kinetic model
(mathematical or
physiochernical)

Prcdicting kinetics is not trivial

È
E

E

É
2 46

Suppose we had
measu¡ed thermal
power from a

sarnple of an

energeirc
cornpound with the
results seen at the
left

What can we say about luture development of the tlrermal
power?

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

of solid fuels

From P and

knowledge ofÂh,
it is possible to
calculate the

annual loss of
energy conient
(calorific value)
by assuming for
exarnple constant
thermal

trq

tinre (hours)

Predicting kinetics is not triviaf

E

3

õ
E

46 00

È
E:
E
n

2 46810

Predrchons o | future ßotheflnal heat prcduchon rates must be based bo th on
meæurements ¿z¿l ¡nformal¡on about the proc6s

Predrchons ofthe flsk of a run-away sìtuatton must, in addttion. be based on
rnformation and a model of the thermal sltuatron (insulation, cooling)

Heat + amount degracled -+ enthalpy

Heat + enthalpy + degraded amount

Q: -("(0) - n(t)). LH

Thermal power + eÍìthalpy + degradation rate

p=4!nn
dt

2



esting explosives

Explosrvcs ancl olher
cnergcIc coDlpounds
contâ[ stabtltzers tlrat
prevent autocatalytlc (and
accclcr¿tlDg) tcacttoDs

It ts mpo¡1ant to be able to
makc eshmâtes olhow
long a baLch ol.explosrve
oan l¡c sforcd bcfore the
stablltzers ate consumed
and the degraclahon
rcâcl¡ons staú to accelemte
Mrcrocalonmetry rs a

, stÂnda¡d tÌct¡ìod lot thts
lypc ofevÀluaLton

I
E

ã

ñ
E

40

Sto.ãOe of.old o.tol

1

20 30

å¡
I
õ
s

1

23

Accalo¡atod m6âoùroncnt.
r¡ mrcþcalorm€¡er¿t TOoC
al I I 22 añd 2s vears

1Arrhenius' law

r = ,t csor 4r'' R!'

pd-cxponctrrd coNùil

K

N

,l

I

ltntQ, / v,)
lt
T, T,

Wilr,$thùm't q'b¡ndry wc ùcu\u¡.thcr,rut Fwcß rlit ilß ¡rnNrilnn,t to rûte\ ot p¡!,ur\scs Wc(nn¡r'urc¡E ilsù \vntu thu tr¡ovc ùqurron r\

Wrilnr lltr lsv lì¡ two rumtúdrr!\ I x¡J 2 unJ viqrr ¡ir /j. (¡vur

N

ti

,,. _n|n(P,tP,)
tt
1-i

'lhudrllquilnù$rchqilroril,tilnùt¡o*c¡nnrstñmnil!.ilthc\rn,crorJrrrnn\(úrcc
' lhe A'¡hunru\ l¡rv 

^ 
nnl r n.ilurnt tùw.,l rs u n,Drhcnnrrcot."tur","l,p ro.ut,ol".¡p,,,**ri" *ru .,

..ll1ltqo,:.1:os$"\rr ::lrvuxr 
drilcuil ,u¡n¡H ilnrrs rrc 

^,,hlnrus 
rqr il¡on wilr srvc ¡r ourrvrûon c¡qay rrJrrnMÈu\ wilh krntcr¡lurr I hr rhve trv,r¡,ilnr ft(lhod r\ rhc¡ctôrr,I,ilu JtrnrqñL\ I 

^ 
hùilc. lo n,ûk(mcn\trrcmcnrsùtmoÈthqnrworcnpur¡[resuJftor(ru.o"l"u,"e"l"."*lrs^^n¡*q* 

iri

Example of Arrhenius, Iaw application:
Heat production from wood pellets at elevatecl temperatLrre

7

êpparenI = 15 kJ molr

5

4

22 26
1fr

28 J 32
x lo 

j

Hazardous evaluat¡on
t ho prclure shows ¿ firc In r s¡lo rvhrch conlârnc¡l
nup(' pl.rslcs trnJ wodchrps f ¡,rs lwc of tirc
strñNhcn rhc tùcl rs hcûrcd by mrûrobrul ûolvrtt
and rs lurthq cotalyzcJ by oxÍtûlon ot thc tuct

fine chemicals

fossil fuels

bio-fuels

elrefgetic materials

ferti lizers

bleach

Methods:

HPLC Nole stabi ty ls a
chemical qruI

DSC-ARC-isothernraì calorinret r y phystcal property

Self-ignition in biofuel stacks

60.c

20 "c

tlme

()

CÙ

o
o.
a)

t¿

montlts

therrnophiIIic fungi

chemical
processes -_>
(oxidation)

bacteria?
catalysis?

fungr --¡

Shelf life evaluation

What delernlnes rhe sheliliie,)

- Inc¡eased number of rnicroorganisms

- Detcliorated lncchanrcal properttcs
(texture, crispiness )

- DiscoloraLion

- [,owered amount oFactive substance

- lncreascd anounL of degradatlon
, producl

f1

Not only for foodsnrffìl 
l

3



Solid State Reactions

Reactants are not continuoltsly rnixed or uot everr in direct
contact

Gases (oxygen) and vapors (water) rnay catalyze reactions

Many such reactions are diffusion cont¡olled

Four potnt tGst 1 dry + ¡¡1¡6gs¡

2 dry r o¡Ygs¡

3 wêt r- n¡trogen

4 we{ + oxygen :

€!

Ë

Ttmc / h

E

ã
E

É

Hc tMg

r0"c

20.c

È
E

6

?
E

Ê

T¡mo / h

Portland ccmcnt paste
hvd¡ation : Measurelllcnts
at ditÈrent lcntperaturc¡

2ooc

he¿l / J/d

Themal power rs proportronal to rate, v p =M v

Heat ¡s proport¡onal to how much cement hô
reacted (extent ofreactton E)

Q=MEñ

t

150 200 300 350

I> !/s

QJ
Lh Jls

v g/s

I elc

mg

Notc tlìa! thts ls a
guneral nethod For
the complcx cemcnt
hydration rcactton
shorn, ôl¡ ¡s no!
consÌant. but mthcr a
funcilon ofthÈ cñtcnt
ofr€cton, 

^r(q)

I(inetic models applied to calorimetric data

thorm¡l powcr (dgld/) _ rcÂc¡on rârc

hcat (q) _ extont ofrcactton

ntc cqu¿bon calorilnctflc rdc cquation

A-B
Á,+B-C
A-C
A+B-C
Ng cquation,
aulG¡Þln¡c
co¡gulåtion
Michælis-.Mcnl¿n.

Wlùon, n J, 
^ 

E EoEs, J C Mtùo[ od W Loh (r0O!) ,D¿Lcmút¡o¡
ótthmodmmrc Md lanorc ÞùMolffi tuh úorhcrDtrt h.¡! ññduc

¡nn[câroß ro tø! tcrm,ru.üon dùdtù,. J
¡ùr¡- øon 99 7l$?tt¡

Example of
how the Ng
equation for
solid state
reactions can

be translormed
to a fonn
suitable lo¡
calorir¡etric
data

É e\lcnt ofi!ûc¡on (0-¡)

^sl¡d 
iloto Jeoßpdtùon re¡ctioh nù ho mrhq

^ 
. À.. ôÀ

"=l{-(l {)' (ro)
nc(¡ € ß lhc c{ùr d Étrrbn (fr@ùoû ofcompoud dúFrdcd) lhd boy

c-3 (ru

. Nßvchûod(ê hb h9dlMr rdtr(i@toh?4o !h. r¡ic¿quûlon md
tño dodndri¿ 4eûrm¡c

P
(r,)

r o lhc mlc of à nrclloû È pmroÀiùd ¡o rhè tùcrod po,G.

.er = ãÌi¡ (rr)

'.o 
tùo Eß I subrùR ftrd ù pópoÉiond b rI. preducd hc¡r {\reEluno tbL ù or!üo NhM.o Èdcsi&r d mñnilc uøo),

Wo utü k3 12 Md ß rnto q. loj

P .t q \'/. Q \,ar-^\fiu/ l' ,a:J (r4)

Thrs rs a way of transrormrng a rate equatron so that rt rs wrrtten rn tems or what
can oe measltred wtth an lsothemal calol rmeter (p and e)

cont¡nued

Krrr'r¡r 
'r.,l.r 

ilr[ . l/' ilr(l (/ ìf t¡nr lrrIri r,ì | ,,]ì

Whether thrs can be solved depends on how good your data
rs and on how many measurements you have made you
also need computer softuare to do the calculat¡ons

ffyou assume (or know) the values of, e g, _r andl then
you only have two unlcnom parmetcrs left to solve for

wihoh, n J, 
^ 

E BoE6i J C Mkô!ù ù¿ w Loh (106) "DdodMrion
otthmodFdc.!d &dh pürDorcE6on btbqhd búondue
rron ¡¡cmdoùd$ oppùcrùoM.o bneljleRd¡oo {udsi¡ J
Pb¡. Chù 907to&nr3

wllh¡, R J, 
^ 

E acüu ùd J c Mtó¡U (ros0) 'Soùdrû¡o ràc
tlon!ddrdbboúdBcó.do.hdrr; lhr¿dtdJrÀrco.drùon
ôf 6úrblc nc'd',Int , Phû¡fuøutk l¡2 lt5r)

4



Degradation models
-7 Alkline hydrolysis of

poly(vìnyl-co-ethyl
acetate) in NaOFI
(pHs given)

Calorimetric -7

be used to test I
degradation raodels i
(kinetic rnodels) and I

-8

-85

quantify the
pararneters (rate
constant, activat¡on
energy etc ) in suclr
models

u
l0

l0 5

0 .t0 
20 30 4o

ïme/h
50 60 70

5



lntroduction to
lsotherma I Calorimetry

Titration Calorimetry

Lars Wadsö

Trtratro¡ is the controlled
addition (rn stcps or
continuously) olonc substance
to anothcr Liqurdliquid
trtrahon ¡s most common, bul
solrd-liquid (drssolutron) md
gæ-solid (soçtron) can also be
considered as titråt¡ons

Used for characterizatton ofthe
interactrons ofall types of
brological macromolecules wrth
other compounds

ã
Ë

I

and for other typ€s ofstudtes
where one rs rnterested rn addlng
one co¡nponent to another, for
example studres gIenzyme
l<inehcs

brnc

and equilibrium constants

A+B ?--* C

,,- ICI

tAl tBl

High K: A lot of C is formed

Low K: Little C is formed

Afl(J/mol)

Enzyme binding

A+B ?-+ AB

*: [o"]
IA] tB]

AËl(J/mol)

.{ ¿

Even seemingly can involve

Binding of u atøhol (ROFI) to q-cyclodextnn (d-CD) rn aqueous solution

(ø-CD.(F!O),,)". + (ROIÐ"q = (d-CD. ROH. (HrO)..J"q + x(HrO)4

I Dehydration ofROFI

2 Solvation ofROH in cavity

3 lntenctions betrcen -OH md o-CD

4 Transferof x H,O from the cavity to bulk waær

5 Cotrfomational changc of c.CD

6 Reduced mobility ofthe alkyl charn

Thrs whole complex prccess has one overall
cquilibrlum constmt and one overaft

Isothermal titration calorimetry

calorimeter

synnge ptrr¡p

1
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K=0 001
K=0 0'1
K=0 1

K=1
K=1o

K=0 o1

A+B ê: AB

E

9
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1

15

From stepwise titrations, it is
possible to evaluate K and LH
if onc knolrs the reaction
(equilibriunr equatiorr )

Strong brndng, easy to
evaluate 

^H, 
but dtmcult to

evaluate K-

Pefecl expenment, posstble
to evaluate both ÄH ånd K

å

i
t

31

å

å

From stepwise
titrations, it is
possible to evaluate
K and AH.

From a guess ofK
and Âf4 it is possible
to optimìze titratlon

2
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E
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300 60tmê / mrn

ADalyze by tntegrahng each peal(
between baselrnes (tal<en before
and after thc pcal<)

It rs not possrble to integrate the
peaks wtthout first ustng the Tran
cot tectron

Fast Titration

ì
ì
i
E

5

È

'I
õ
E

E

80 20 100

P=e(U rr#t

Ba2r and l8-crown-6 titrationl2 4tçrl

3

How does a
dru-9 molecule

bind to the
target (or to a
non-targetf

til

" ,':'- ,

Actrnomycrn D b¡nds ro srnglc strMdsd DNA

Du et âl (2007) Thcrmochrnìrca Acra 452 I l-15

lso tlr errna I tit¡'a ti¡¡r¡ ca lori rnetrv (l' l(.')

+
ir r geoeric oethod.

iDmobilizåtio! of ahc

rce cta¡ts

No tod¡fiatiotr of ¡h.
oegded

No oolecular wcight
¡strlcfion!

!tùdis of

3
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Thcr¡nochemistry - mcâsurcmcnts of enf halpics

lrrt¡t;.:sr, r
X(itatir) > Y(st¿tL:)

Enthalpy of mixing

Flow calorirneter

Problerna.tic: snbstances lhat do not
mix easily

pump

pump

Enthalpy of vaporization

I Constant lhermal
power ofvaporization
and mass change rate

2 Heat of vaporization of
a l(nown amount

I 1

Problematic substances with low vtrpor
pressures (sublimatron of solids)

pump

Enthalpy of dissolution

I Solid injection (solid-liquid
titration)

(2, SolCal - a senri-adiabatic

Problematic: substances tllat do not
dissolve easily or that lìâve low
sol ubi I ities

I

XI

vaporization ampoule
vaporization ampoule
different types of ampoules
bomb calorimeter
bomb calorimeter
soluiion ampoule or SolCal
calculated-..

vaporization ampoule
mixing ampoule
titration calorimeter
calculated. . .

DSC
DSC

I



Heat

Drop-ct, calorimeter o
nLT

Enthalpy

"r=(
dH
d7 ),

determinations at
di fferent temperatures

DSC, rnicro-DSC 8-Qu
nLT

2



lntroduction to
lso;thermal Ca I o ri metry
3

" Þ,hqffiaeeuticat applicatlon areas

Þr!

tr!
c

Polymorphism

Crystallinity - amorphicity

Stability

Compatibility

Biological applications

Titration calorimetry

Isotherma[ calonirnetry im the
pharmacem{ical fleld

Drug discovei'J¡
Screening of drug candidates, target validation

Pre-fonnulation
Crystallinity (amorphicity)
Polymorphism
Drug stability

Formulation development
Dnlglexcipient compatibi lity

Production control

Qualitative/quantitative analysis of amorphicity,
polynroqrhisrn, stability... .

Polymorphism is the tendency ofa substance to crystallize
into dilferent crystalline states

Polymorphs are crystalline l¡odilÌcalious
Amorphous tnaterials are non-ordered (no long range order)
Crystallinc nraterials have long-range order

Glassy rlateriaìs ltquef'y by undergoing a gJass transition
Solva tes are substances that have absorl¡ed solvents as part ol'

their struclure

Hydrate is a solvate with water

Pseudo-polymorphism is lvhen a substance has dilFerent

Terminology

f

't

?

I

¡.

.t
The study of pol.yrrorphic behaviour of drugs
and excipients is an important part of
preformulation work in pharmacy because

polymorphism affects:

.bioavailability mediated via dissolution

.solid state reactions (stability)

.hygroscopicity

.mechanical stability

.compactability

.batch and source variation

1



Are there
different
polymorphic
forms?

Do I have form A
or form B (or a

mixture of both)?

What should we
do to always get
polymorph A?

How can we prove
that we have
control of the
polymorphic form
in our drug?

drug
substance rheISAH

LnH + LnH+ Ar,H:0

x"r","aËI: 0

All reactions need not be realizable in practicel

LtrH

L.,H LrtH

Heat ofsolution for two
polymorphs ofsodium
sulfathìazole in acetone
and dimethylfonnarnide
(DMF)
rct l-'donhtrtrn od McCtuw Phrm
Moiltrf 2126-¡0(1985)

+,Íl

N

j

+ moasuro{

AfÉ/- 16 60
X(sln) X(sln)

V/hich direction does a

transformation go?

if Âotð.: A,olf/,.A- 
^,orI{.,B 

< 0
then A is more stable than B

if 
^e..H. 

: ArorFl.,o- A,orll-,8 > 0
then B is more stable than A

Polymorphic transformations can
occur by two different mechanisms

Directly via
molecular or

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

rearrangements

g_tL"_9.y state il

Comparison of DSC and Microcalorimetry for the
or,-+B Transformation of Tripalmitin

':i:;Ëå
:
¡
I

I

ÀH

ffiåîî#*F"i,!i-TjHi,li"1'"ii*ir',iliìi"Ë r;Ì.Ì:*1ll*''"s'Ë"ÌflH;-'iiî:*'*Ï

Ho¡ß{o d í llryO ft m¡ushrru Aù¡, 2t6 ¡rt

2



Thermodynamics - lcinetics?
Correlatlon o[ dissolution rate and lreat of solution of a drug

E
ú

.i3-5

-14 5

t5

i55 ,t5 -t0 .5 0 5 t0

Hôat ol Bolùtton (kJ/mot)
Fig I -"-+hr :urir;: lÈÞ1 3èr he1. rl irLril!): r^d i:-2il irh:r: -'r. rurrrl

ì:r ic Lrf,,:r i ¡:e ,rf xtJ,\r¡rr,:rr !ì rll nDi plr, $j rh:,. r: l:r :i:

Terada, Ketal (2000) Phamaceutical Res ,17(B) 920-924

Crystallinity - Amorphicity of particles

Milling and other operations create amorplrous surface regions

Crystalline partÌcle

Detecting Srnall Amounts of Amorphous Material in a
Hydrophobic Powder

Companson of Mrcron¡zod to BÀll Mrllcd Drug

d'm!d Bùclbne RnÍN,
hrcnfronilJohíûrP[r(Þcqnis i]U p ¡rr, treú

Lr Crystallinity - Amorphicity l¡

l-1
J

Long range order No long range order

Quantifoing low levels of amorphous
material in a micronized drug

2m

E

o
fßd--
l-rmru¡ll

Amorphous Conp6und X (%)

Nhck'n ur il, ¡n¡ I ofP¡4Eæil¡cq ¡l (2m2ì DD 227-tr6

J

Amonrhous to Crvstalline Transition in Hvdroohobic Solids

Ð
È1

oÀ
Ë
E

F

The hydtosrat rs thc wll
rube @ntsúing a sat!ra&d
salt soluùon w¡th a sm¿ll
exccs of lhe conespondrng

sah [t ¡s sed 6 a humidity
source in the mpoule

Time / min

fç



Factors affecting stability & compatibility

ixcrilelttropetos r ormulnùc¡ Frcpùdrei Lnurcililrúrlãi I ¡ctore

Sehnr( cr il (2001) Thcrmoohm 
^or. 

lB0 175-l8l

orug propt)d 3s

i

t-
I

t

\

Faclorr 
^,feilrrq 

-¡(i¡¡àrl Csrrtj¡ril, ¡ly

lgl(

Oxidation of Meclofcnoxate Hydrochloride
Conta ining d/-a-Tocopherol

tr

E
5

5 I

¡(h)
Trme (hours)

Tomoko cr ar (1994)
Jîtiln Chcm PhD'm Bull 42(l)

Compatibility
Interactions in Mixtures of Solids

Arrhenius Plot for Oxidation of Meclofenoxate
Hydrochloride Containing d/-a-Tocophero I

0 001

A HPLC measuremcnt

O IsothcrmÂlcalorimetry

'lomokoetul (1994)
lap¡n.chonì l'jhrm tìull 42(l)

J0 32 3l

4

Compatibility Testing

Basrc smple set,
two component test

A B l: t
mixture

Addrtronal mrxtures
for specra¡ tests

C¡s phnsc lntcrtrctlon lotlhrtc
¡¡lcråcl¡oD cxposurc

DyLillCur,ùrsvsila04 Cùhiù:ñf¡iurJscNKXrLkúuÀSNcton



Evaluation of Compatibility

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

a
>

E

F

A+B (mcðurcd)

B

A+B (cxpcctcd)

Ifthe heat flow
curvc for A+B
(mcrsurcd) drffen
from A+B
(cxpcctcd), lhrs
rndrcates that the
materials do ¡nteract

wrth each other

Tirne

l'ùilr,rr il nr.i'-r¡'r F,h!r ¡i\Lrn 
^trl 

f:j tr.t r.n'il-

llhrr.'(nrrtJúflr,úr
[ù.r{rr J ilhrÈ ..1hil,-j

\ilrrn.tsùrl rnrNrrri

lhlr¡dLuri¡- nr '¡¡J r,r¡

i-nl r !l n¡( {ì rri\r li

l¡J'r\rr\{¿l r!l[rLihl tt
I lilr a.F1Á¡ (r¡lil ¡¡

Sch'¡illold (2001)ThurnÕchh Acl¡180 175-¡81

Pharmaceutical compatibi I ity testi ng in practice

r¡J lllr?cj

lrr' l1'1ìLrtrtr.'tr!r.,1Àlll-li.lr,ill¡:,rri n¡ ihr(.1¡': !r
tilr'r tJtI|-i,

Sclmilorol r200lrlhommohh 
^clü 

l[o 175-ls]

Add water (vapor)

Gompress components

Increase temperature

drug (S 95 5740)

+collotdal srltca

+CaHPO¡

+talcum*

:|

e'
a

'., +MCC

+potìr\
starch

Sclzcr cr ol ( l9g8) lnl J

221 -241

5

Experimental Design for CompatibilitLScreening
Tho smplc preparahon tcchnlquc must bc stíctly followcd tn order b obtûln
rcproducibloùdrclr¿blodatâ Forthgdatâpr6cDtcd,úofollowingdesrgnwæuscd

.A smplc wctghing 800 mg (or 400 mg ofeach componsnt for two componcnt
mixturc) was addcd to a vrbraory ball mrll
.Smplc was milled for l0 minutes
.Smplc (-500 mg) wæ lo¿d€d inlo a vial with hydrostat md placcd tn ¡ hcring
blocl( set at 50 "C The somple cap wæ cnmpcd aftcr thc smplo rcach0d 50 .C
.Cnmpcd mpoulo was placod ¡n ù ovon at 50 "C to oquiltbrste for l-4 dâys
pror to ùûlysrs This g¡vos sumclenÌ hmc for the sÂmplc b oquiltbrrte wilh
water vâpor insrdo thc vtÂl
.H€t flow mcosurcd rn mrcræalonmslcr fo¡ l5 hours

Ê
hpL



Biological calorimetry in the
pharmaceutical f,reld

Clinical Researclt
- 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
Prclein Prodaction
- Identifìcation of Higlr-producing Clones
- Optimization of Culture Conditions

From rvww Syncell sc

Titration Calorimetry
(rrc)

lrì

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

titrations

I

F

€

lmc

The result of ITC measurements

Stochiometry (l:1, l:2 etc)

Binding constant (affinity)

Thermodynamics (Afl, ÂG, AS, Acr)

AIl heat releæed

^G 
eqùrLbilum constæt

À1 meæure oforder in system
Ac, meæure oftemperature dependence ofÂl/

6



Biological Calorimetry

Botany

Zoology

Mycology

Microbiology

Food sctence

Ecology

Building Materìals

Agriculture

Forestry

+ oz ì co. +Í4

kJ/mol(-455 oz)

on thc
grves simrlar Áll

a

Measurement of heat
produced by a gurnea pig
was lneastrred by Lavoisier
and Laplace in I 780

The lnstrument is called a

B un,t en I ce (- alo n m el a r
Quantity ol ice that mells ls

a rreaslrre ofheat produced
by the animal

Noie that the caloritrete¡ is

isothermal at 0 "C, btrl the

anirnal (also isothennal) is at

about 37,'C
Ë

x



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

c¡lonmeLcr

lsothcrmal flow calofl mctryâmpoulù câ¡onmutry
with s¡rflng

Microbrologt€l calormetry

Símultaneous measurement of several parameters in a
bioreactor combined w¡th a flow calorimeter

Fir 4 O¡rcn cù[urc of rlc y.út Socdtudûy@ ù¿údøc arcvxn8 rn a ilúcùc etùøso
mcd¡on. 0, hrc of l.ât preducr¡o¡¡ Ì, dry nâs, ¿.,0tuc6c @næ¡rhûoni ¿., cd¡¡rol
conccnkil¡on or rhc cùÌurc (6zL (li ¡r il'c tqr dOl¿;).

From review by custafsson, L (1991) Th€rmochm
Acta 193 145-171 (msasur€m€nts by Bretel, R et al
(1981) Eur J Appl n¡icrobro B¡otechnol 11 205-211)

[rll:l*.p-rg y 
-.1

Exponentral phasc heal
productron rale is proportron¿l
lo bacteflal mass

The
heat

percentage ofthe total
produced rs shom on the

y-axrs

Fs 2 fiqt pruducrrun by ! cr6r¡n[ cùhùro ôf St p¡oco..¡úloÉdÀi, wilh rluø¡c c

From revrew by custafsson, L (1991) Thêrmochrm
Acta 193 145-171 (measur€mênb by For€st. WW
etal (1961)J Bacter¡ol û26056S0)

Ìì
€
-9

ñ
a
I

õ
q

Addition of substances dur¡ng a measurement
can give interesting information

Az¡de - respiratory
chah inh¡b¡lor

lgdoacetato -
glycolytic rnhrbrtor

Glucose
dQ/dt is the
thermal

Fic 7 ftc cffcct of ¡zrdc ind rodo¡cct¿tr on rtucÕrc mctûbotzrnr Jd..¡¿,ør.ð ..a.
ûu¡.¿ ñAùrcs'.drc¡lcthc¡ddilhnôfstuMc(Ozrt-¡)(t.lrnd5).¡¿rdc(¡nM)(2)rnd
,adoaccrôrc 0 mM) (4) l4úl

Gustafsson. L ('1391) Thermochrm
Acta'193 145171

Measurements
can also be
made on larger

samples Here
is m exmple
wrth a 25 g
fishrnallrter
ca¡oflmeter

s
e

¡
¡

5

g

6

Fl8 I Rcsrrquon ofun o¿|il-dô, êrFdocrl wilh on! rnslc lihpr¡ (O¡.odtro4tr,'oß.il[r.ß 8.rcFl

^1c.4 
dùy! lh.var.rw.5 dowlr ¡cdifcdaton ¡.¡d¡Íc¡ton ¡otc oIl 6 pH ùnil!ovcr 2{0ñrn Ttrc ñnhda,

lhcÀnrn¡lsßsÞolcd ro ¡sndcd hypoxr.lo¡d(40% 
^s,25% 

AS, ll% 
^SÁnd 

5% 
^S)lor8h 

FÌUpo[¡
h*l Th. lop3isnll ¡[4¡ûtrrßklv.or.cIcM@tnd ùcúsrcncnlpo6¡lion,¡r rhc o¡]s!¡ lcníon''sn¡l
rh¿ iE¡ù¡Ârlnc ù rhc hcil producno¡ rsnrl

I

L

Heat flow rats is the thermâl power vanGnn6ken.VJTetal
AcLa 276 7'15 (fsh phôto

(1996) lhermochrm
ron w aquãnE ors)

The effect of
acidification
(lower pI{) and

hypoxia (low
oxygen
concentration)
on the activity
and respiration
of a fish.

electncal
calbrahons

vÊnGrnn6k€n.VJr€tal
tolã 276 7i5 (ßh photo

(1996) lhermochrm
from sw ãquã¡rc o.s)

2



Cnddlc ct ¡l
(19ll9) Plant
Physrol 90 5l-5¡l

o
heat rate ¡s the

[Nqcr] mM

s
thormal

+0

E

E

Monitor recovery after c¡.r.¡:,,r ¡ r u

ongrnal level

I
o
E

rêcovery
hme

recovery
level

hme

heal rate ß lhê

l¡rê, hours

fIC, ,. Hcòù r¡tê, O¡ cúoubpûon rôro, ¡nd CO, Evotuilon t¡h
mcûruromcntd in tho ls.go votùhc cdûdDebr ðr 26"C (o¡ lO com
ôccdhrß o¡o. f¡ob secd com Frm¡n.Lod S b dr 2ú"C.

Cíddie et al ('1991) Anal
Erochem '194 413-417

fn fe*

?

! R..ou.ry after exposure to higìr temperatures

80

'

É

40

20

'W.ood-

decaying
tungi

40 Û0 t20 160

T¡mc ilcrcxpotu.c / h

200

Fls, r, RcaùXs lrcn dcßuNncnß ofúc funsil ncdvily (Iw pcr

cÉm ofs¡mph) Õlonc aMp¡c ¡trcr cxpo6ùrcs ro 55 or 60.C for
I or 3 hou6 nu ciposurcs vcrc m¡dc ¡n hc tollowhs odq
55'c for I h, 55 "C for 3h, @'C for t h ¡nd 60"c lor 3Ì Dunnß

Gonplc vñ pùGcd vû hùßd ñd

X'u.Y ct¿l (1997)
Holzforschung 5 I 20 l-206

55"C lh

55.C

,'

60.c3h

Wrth the sample
inaliquid.eg
bacleria, yeast,

algae, fish

g@o
R-.
E"'
5

E"5 0¡

3a,
oo

Srmultmeous measurement of
.thermal power of resprratron

.oxygen consumpCron ¡ate

"carbon droxrde productlon rate

'enthalpy oI resptration

"resprratory quotrent

Calorespirometrv : Calorimetry * Respirometry

With the sample
positioned in the
gas phase; e g
insects, plant
trssue, lungt

step I step 2

S¡multaneous measurement of

"themal power of resprratron

.oxygen consumPtlon rate

.carbon droxide productton rate

.enthalpy of resplratron

"resprratory quoltenI

co.

NDoH(aq)
11

tixpc¡rhcilr^l *Ltrp by Cflddlc F¡rnscù.t Jl
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3
oo

E

t-

¡

o.

l¡uc. hoúÉÊ

nC. ¿. COt @atuùon r.h
i:åHi ',t"3!"c ø' to """

Cr¡ddle et al (1991) Anal
Brochem 194 413-417

2 o 002

]
Ë
Ê

4
F-

Þ

c

FIG. 4, Hcd mro, O!.on.lEpdoD r¿ro, Ând COr ovûtùdor [b
hoûou¡oEonh i¡ tho trgo volùmÞ c¿todmelor ¡l 2È-C tor ro coh
.oadling ü¿¡ f¡ôm secd¿on gorE¡.rbd S b ¡t 26"C.

Criddle et al ('1991) Anal
Brochem 194 413-417

3oo
E
E

Êt-

êt--'
"bsorbenl lhernrál pó\1Ê
gñô5 CO_ produch^4

:tlfF_i:a ri: : -

pov/er gNcar6spraloo
enh¿lF? (Jimolfco )) rs
Cí)- prtdlcùon ralL'Ls

Ê
ù

l¡he, hour6

HC. {. Hcrù ratc, O¡ consùmÞlion rÂù, ¡nd CO:ovoluúor nh
heoBurhcnk ì¡ tho l.¡s6 votùmÞ cótoñmeùcr s! 26"C fo, tO coB
drcdlins ar€D f¡om ¡ccd com p¡m¡nÃrad S h or 26.C

Cr¡ddle et al (1991) Anal
Brochêm 194 413-417

International Society for Biological Calorimetry
ISBC

www.biocal orimetry.org
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Lars Wadsö

onm

c)

(!
o
C)

Eoz

c
D

h

7

hcat capacrty (J/l()

Secbeck cocffi ctentù (Vfl()

lhemal conductancer (Wl()

themal power (W)

temperature (K)

temperature drfference (K)

voltage (V)

cahbratron cocfficie nt (WV)

heat flow rate (W)

L7

U

ê

o

Ì o hc¿ fkwscrsor

model of a heat conduction calorimeterThe

h6c siÂl
(tlrcmosE(
@ßh(
æmpsralurc)

Tl

hsat

flow

e= 4u +rff\

k

samplc
¡mpoù c
md

+

U
k

¿

k

Q: k(7' -To)
.17' _ (P -o)
dtc
u = E(r -1;)mpoulc

holdcr

L
('

Tian: P=¿(u+r

lo\
du.

-)dt

C

* and ¿'æ
Nhmsnt
PedcterS

k'
Cìs ù
Nhmd+
ffiple
Pffiúù

Typical vatuæ

I
D

T'

themal ænduclmæ

Seebæk coefücienl

heat capacity ofsample

0 4wK
0 03 v/K

30 J/K (empty mpoule)

80 J/K (wter 6.lled upoule)

calibrarion æroø¡t: æ10 ril/V

tiße mnstanti rÈ100 s (€ñpty), 200 s (wå1t Iilled)

The thermocouple plate

The
thermocouple
plate (TCP)

Ena
EÚÚ
EÚE
IIÚ
TII

1



Hcâl flows thtough all tlrc therrìocouplc
parls in pnrnllcl

Thc nreasrr¡cd voltage ìs thc sum ofthc
vollages over all therntocouples

k

E
T

C

k

I net tr<r;OLt¡rlc t)rÒ[)É:tI,c) l:lÈf]rr.lrìcl ürì tetlìùjriìturrl

È

ë

I
I
I
p

a ì¿ a,or¡¿lly .ecdIDtâiì, hÈni .:onrl,,ct oir l:.ìlon¡retÉ s ,v¡e¡ th?
l..mÞi--.ât( r¿ rr :hanqE¡ {êlrr bt).rails4 .llhr: chanEes ¡ìay lake pt¿\;cl

Not all heat produced in a sample
leaves through the heat flow sensor

o 1vo? 1%? 50/o? Heat losses are acceptable provrded
they are reæonably low md the same
for calrbratron and meæurement

ft rs therefore ¡mportant to caltbrate so
that

.heat rs produced in the same posrtion
as during an experiment

'heat conduchon paths are the same as
during an expertment

model of a heat conductron calor¡meterA more

tlcrmos6t
constill
tgDìp0rÂhrr

In a real he¿t conductlon calonmeter, heat produced in the
sample wrll rnlluence temperature ollhe heat stnk

sampl!

hÉt srnk

model of a heat conduction calorimeter

thcmostat
constst
tcmpcr¡tW

Why use a reference?

I Decrease effects ofextemal drsturbances that tend to
rnfluence both smple and ¡eflerence tn the s¿me way

2 Decreæe the effect ofLemperatute changes tn thc hc¿t
srnk (grves more raprd response) 

|

smplu

+
U

, Srmulated ëxample of lhe posiíve effect of a reference on response t¡me

EI
s6l
ãl
:¡l!lg,l

Êl

."t

ïl
=:f

9
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Two potent¡al problerns with isothermal calorimetry

I High thcrnral powcr may producc a srgnrficant tcmpcnt(rc chùrgc tn tlìc sâmplo

2 Hrgh hcat oslput (lìrgh thormal powcr and/or long umc) may grvc srgnrficmt
lcmporahtrc chmgus tn hc¿t snk

Both th6u clfccts wrll cÀusc tlìc moasùßntont to tâl@ placu ût a tcnrpumturc othcr
than that ofllìc hcat stnk Whcthor or not this rs I problom dcpcnds on thc tlpu of
mcåsurçmunt boing mûdc

An app,uir¡4te equat¡on lor
tempenture incre6c in lhc
smple cauæd by factor I abovei ^r 

=L
k

A, worst cate approxlnøc cqua¡oÂ for
ternpc@tue ircrN0 in thc rvholc calomctcr
(fqctor ! abovc). üsumss no he¡t lo¡ks out ofthc
c¡lorimetor (in othø rvords, is vûlid only for sho¡i
tims) Nolqi C is hcût o0p¿c¡t), of tlìe hcd sink

LT= Q _P Lt
CC

An aÌprcxtrc,c e(luîtion for the

tempsmturc increse in ùe
smple @used by factor I abow

D
LT =Lk

Example A themal power /) of 4 mW rn a calortmetcr with a heat flow
sensor therm¿l conductance /c of0 4 W/I( gives a temperature change of
0 0I K d viúo L {¿m0rrunÐHnsÞdhtrûqlwirh'n!¡nUs,nhril

Example A themal
with a he¿t capacity

power / of l0 mW for 60 mtnutes (À/) rn a calonmeter
(() of500 J/K gives a tempcrature chmge of0 07 l(

^ 
ttotst caÍe op¡roxlmøle cquotion fø thc

bnrpcmtuB iñreßp in thc Nholc calorimstcr
(fûcto¡ 2 abovc) ñi¡g thal tro hqt [6ks out of
tlu calorimm, i-e vålid forsbon tincs ß'isd¡c
h@t capæityoftto hod sink):

LT= Q -P.NCC

Temperature changes caused bv heat productiorr in the sample

Sens¡trve to ¡emperature changes
I

I

{

i

I

I

I

t

kinehc measurements

biological meæuremenb

qrralitatrve measurements

comparatrve measuremenls

htratrons (trúsrent 7:changes)Not sensrtrve to temperature changes

3



Temperature

llumidity

Oxygen

Light

on

There is often a synergetic effect!

"Critical Rel ve Hurniditv"

Steel corrosion >50% RH
Mold growth >75% RH

Flooring adhesive failure >90% RH

Too simple to be senerallv sood

For \ no generally "saîe RFl-levels"
exlst

Each lonlulation has to be studied separately and humidity rs

only one aspect (although an ofteu very important one) that

needs to be considered

Important hur¡iditv considerations for stabiliW tesling

Fomration ofhydrates

Del iquescence

Hurnrd rty level for stabil itylcompati bi I i ty testi ng

Water Vaoor and Caloril¡etrv

o
Chemrcal and brologrcal processes are often dependent on water

Sorption propertres cm be measured by calorrmetry

Water rs a common source of problems ln ¡sothemal caloímetry

A

c

D,

watcr actlvrty

area (m?)

morsture content (gg-r)F

drffusron coeffi crent of water
vapor rn atr (g Pâ'l s I m_l)

the mal powcr (W)

vapor content (g m-1)

relatrve humrdtty (Pa Pa-r),)

(.)

I(Ë
o
Éo
troz

1



Relative tlumidity (Rtl) - \rl/¿¡s¡ Activity (a*)

Relatrve humrdity ts the vapor pressure dtvtded by the sâturâtlon
vapor pressure and ls thus pnmanly defined lor gaseous systems

WaLer âctrvtty has a stncter themodynamrc definrtron md is defined
for all rypes ofsystems (gaseous, lrqurd, sohd)

Some people also use RH for lrqurd and solrd systems Such systems
are assrgned the RFI that a gas phase tn eqitlthnum wih lhe system
would have had

RH values are often grven æ oZ, whrle water acttuttes are gtven æ
fractrons (always use frachons rn calculatrons)

Reaction rates often depend on how much water is
available (low Rll = low availability of water)

!

0 40 60 80 100

non-ÊEymâùc brownrng

t

E

T

Hum¡dity

G
o

F

Humidrty

t

!!Øaau
tâÈ
dÈ:
E d.=
!o!¿
õ -.'ooo

>r- O

=ñEX E¿
'õ9d
C+ Ø
:ò!

,¿ a;rd
o
E

rosult

ins¡de

41020I4050
!frè / mìn

oútsrde
0

destred result

adsorphon efþct

Air contains verv little water. even at l00o/0 RFI

At25 oC, 150 r¡L olair saturated with water
vapor holds 3 5 tng water

HvÊroscogic solids can hold lage amounts of water

At 25 oC, 150 mL wood wrll absorb 5 g of warer
wl'ìen taken lrom ó0 to 80% relative humidity

The ideal
situat¡on when
we hum¡d¡fy a
sample (100%
efficiency)

0" þ 0"

d rr¡auvo lìum¡d¡ty

c morsture contcnt

f gas flow rate (mr/s)

Exmplc
At strt ofRH chmgc

O=0 70

¡Þ,,,=0 80

{,",=0 70

08

Examplc
At cnd ofRH changc

0=0 795

{,,,=0 lro

0,,,=0 795
ê0

0

50

2



The real
situation when
we humidìfy a
sampfe (less
than '100%

efficiency)

0" o"

/ r0lanvc hunìrditv

c molslrfo conlcnt

¡ gâs flow ratc (mr/s)

Examplc
Al star of RH changc

+=0 70

ù,.=0 80

ô,,,,,F0 75
+0

Examplc
At ctrd ofRl ¡ chângc

4l=0 ?3

4',,,=0 q0

l¡.,,¡r0 795,
0

0
50

Corrosion of Mild Steel in Humid Air

sorphon + corroston

Probl€nÌs

What oxldc rs

formcdl

What rs thc
onthalpl'
chmgcl

o
o
E

corroston

time
Paulsson et al Thermometnc
Apphcat¡on Note TM001

I

Thermal power from
as a function of

(degredat¡on?) procsssos in $eed8
relative humidity (weter activitv)

È

3

ì
s

I

40 100

\ 
^ 

-/\ /'; f"t /\ /\ ./"\ -/\ 7'\ /,\ /-\ /\ -^ A

che #3

TÍrlofum #t
Tnlolum f2
TnfoÌum #3
Chenopodrum ill
Chenopodrum S2

Sample X Measured with SORP:
Evaluated Result

9

ò

E

E

,9

q

e

600

2

01 02 03 04 o246
w.t€. qâr¡ / nol(walèdhol(dry samptê)

\

3

O4!q! ujg-¡sothc rmâl calonmctry U_Àdg¿y_s

bccâusc ws aro rntsrcstud ¡n thc hoat/cnthalpy

t Enthalpyofvtrponzabon

2 Sorptron cnthalprcs

3 Dßsolühon entbalprcs

4 Fcr¡¡cntahon (proccss hcat)

5 Ccmcnt hydrailon (r¡sk ofcraclsng)

or bccausc wc uso lhc hrât lo calculate othcr tlìrngs

I Sorpilon ¡sothorms

2 Sbbrlty ând compahbrlrty (ernua¡ dcgrûdahon)

3 Vapor prcssurus

4 BiologrcÂl achvúv

textiles

loodstuffs

chemical products

packaging materials

wood, pulp and paper

building rnaterials

pliannaceuticals

' drying agents

polymers

catalysts

Sorption is ofgreat
practical interest

Sorption is a way to
investigate materials
(surface chemistry,
porosity )
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N Mn'kovr,t, sp¿n.L Wtrdsô.ll WcnilcÀrroÍI,
(2000), J PhyI Chcm 104 [05]-[U('0

cÞ c
(c)

t )¡i(

a s0 6oTrco lo a 20 30T/Co
60

rfc
50

40

20

t0
0 5 10 15

ô¡JnrÞd {moumor)

(r)

l)5(

P,,

What types of problems can one have?

I 
V_aporization | [vaporizationl lRusorptionl I Condensation ]j (diffLrsion) i | (convection; j

t. I

I
I I I

What types of problems can one have?

I Vaporization I Vaporization i Absorption I I Condensation j

| (diffusion) | I {convection) ]

Dtz
P

P P Pl

tlT

Water Va or?
in the air

in our bodies
(perspiration, exhalation)

titration into aqueous solution

biological materials

sorption calorimetry

cement hydration

etc.

Enthalpy of .""

vaporization
condensation

absorption
adsorption
desorption

Lh (Itg)

Forced Convection

F' gas flow rate (mr/s) v vapor content (g/mr)
q,,, resulting mass transfer rate (g/s)

,,. (d.') y.,,, (dm')

l1
q*:F'(vour- vtn)

P:A,h.q,

4



Forced Convection

/,= l0 ¡nL,4ì

v,,,-l0g/rnr

I

y': l0 mt,/lr

v.,,, - v".,,:2J g/rnl

I

25 0C

q^:F'(vour- v¡r)

P:Ah'q.

P:70 pWwater

orced Con

t
1

Pr0pWI

I

waLet
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Foodstuffs - objects of
b or

fermentation
(browning)

condensation
reactrons

enzymat,c
reactlons

seed

germ¡nâtton
wound

reactions
respl[atlon microbiological

degradatron

hydlolytic
reactions

chern ical

oxidation

ffi\
t

4,

tq

ï{
tii
t'¡

I

1

Gomez, Slôholm and Wadsö

Heat production
during storage of
carrots for eight
months

ã
õ
E

Ê

t:] '

T

40

20

20

I { ** Il

I
+

f I '-

"(l).ii))iD)il

fncreased respiration
lrom wounded
surfaces of rutabaga
(swede) roots

3o
E

ì0

Ro

È0

,90

4

5 10 ts 20

r2=0 95

Wadsö, Roccul¡, Gomez and Sjöholm,
Thermoch¡m Acla (in pr€ss)

spocrÍrc sudace area / cm2 g I

Milk Fermentation

Fcrmcotcd mt¡l( products such as

Yogud ilc cornmoD rn nìaùy pús of
thu world Thrs âpplrcaton oxâmplc
conccrns â typrcal Swcdrsh mrll(
product lhat ¡s fcrmcntrd at rclauvsly
low tcmpsraturcs (20 "C) compared
lo yogurl (45 "C)

iVLIk + l%shfrrncc(¡turc

normâ1, +dcxtrosc, +Nacl. +Na-bcnzoatc

closcd 20 mL glass mpoulcs ât 19,,C ¡n À



Milk Fermentation

2

E

olr
o

E
oE

5

2

0 50 100

time / h

+Na bcnsoats

nor'¡ol

+dcxtrosc

+NaCl

Carrot Juice Spoilage Measured at 25 oC

I
Ê

È
I
o
E

Èa

0

0102f 3040
hre/h

50 60 70

58.Cl1 49"C

Hcât trcalmcnt
tcmporâlurcs

Carrot Juice
Spoilage

Eight samples were
heat treated at 37-58 oC

closed 20 mL glass
ampoules at 25 oC

(accelerated)

Barley Grain Germination (Malting)

absorpt¡on lo sÞÊ
gcrmrnÂ¡on

ñolùng= Ecmña\o\

E

=d
õ

!
ts

1

100 barlcy grarns ¡n
20 mL glæs Mpoulc
w¡th froc wâtcr rn ân
absorbent pad,
pcrtused wrth
humrdificd arr

05
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Shelf Life
Evaluation
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Comparison of different measures of degradation
(measured on parallel sarnples)

M. Rtua d ol /TtuñcffituÃtu J7o (2Ut)7J4t
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"Microcalorirnetly is a very usel'ul tool lol the

measurement ofthe deglee ofaging ofa 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 ploduct".
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t
The vapor state of a
solid (how much
vapor a substance
has sorbed):

wâter content,
vapor content,
watcr gain

8*pn/g¿., *r,¡

mol"onn./molo,, *,,,,0

(equilibrium)
sorption
isotherm

The vapor state ofthe gâs

surrounding of a solid

relative humidity, water âctivity
P4oooE4ru.,.n

Sorption isotherm
lìturl'bnum soryûon rsothom

Mor$ure sorpuon'sothcm
(Msr)

ea
ge
6
I

I Conlection (marnly sucrose)

2 spray-drred chrcory extract

J Roasted Columb¡an coffee

4 Ptg pancreas extract powder

5 Natrve rice starch

rcl¡uvo humrd¡ty P/Po
ref Fennema "Food Chemrstry"
t996

waler nchvtty

Other
place during sorption

glass transition
crystallisation
conformational chan ges

swelling-shrinkage
chemical reactions, degradation

I'r
-E c)
CüO
/(D

c+-r'i
(t)

(.) -OY
cü .Slt.-
R.=
FÈ''; .ä
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FCB
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Different types of sorption
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oea
oeoo

@oooo

layers, clusters

deliquescence
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capillary o
interlayer
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bulk (volume)

Õ

su rface
adsorption

sorptron
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Sorption processes often have
complex kinetics

Solid-state kinetics is often complex,
governed by diffusion etc.

Nqb! Two Sbp¡ aE ¡pfErcnt [¡
fro tuhydr.ton of . ìnonohydrab

e
fl
=g
E
I

1

2

Ïmê (mlnubs) Sokoloskr. T
SmftKl¡nc
BcDch¡m

"F
7*r l/

Lv
1

7',"

o
4\/\tr

I tomporaturc ("C) v vapor content (g/mr)

.É air flow ratc (rnr/h) I/ volumc (mr)

n arr changos pcr hour (ach, ACH) ( I /h)

^v 
hrmldúy contnbuhon rndoors (g/mr)

n:F1V

v:7 lmt

RH:35%

T:20"C

WINTER SUMMER

INDOORS RH:68%

v= 1 3 g/rnl

7 -20.C

OUTDOORS RH:92%

v:4 glnl

r--.0"c

RH:72YO

v:l I g/mr

?'.- t5.c

Typical values in Lund, Sweden

agent
morsture
content

drying agent

tablets

relative
humiditytablets

low Rtl

drying agent
morsture
content

drying agent

Nt
i,

tablets

relative

humidity
uiltiual
Rtl of
trbl(r

tablets
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Problern: moìstLrre transpon into blister pack

outside package
drug*exc

inside

tâblct 5 mB X drlìydratc (/ø,"=162 g/mol) 
ü

95 mg mrcrocrystallrncccllulosc MCC aro*=0 l5

p€rmcabrlrty ofbhstcr pack l0rr g/Pals

clr¡natc I l0"C/90% RH (Srngapore)

clrmatc ¿ 20"C/60%, RH (Swcdon)

cndofshulflrfo whcnl0%ofxrspcnrahydrarc r

Câlculate end ofshelf lifel

Moisture redistribution

I active
substance

I ...u_
1/
1,
L=/_

initial

d*t ml

2 excipient
dw2 m2

- 3 coating

awf m3

What will the final water activity be

when equilibrium is established?

air hurnìditytl has absorbed
hurnidity

still dry

Examples of processes that

sorption
crystallization
conformational changes
deliquescence
chemical reactions

Dilferential sorption enthal py
I/o"' Þwater

(a fu ncton of RH/conccntraton)

lntegral sorptìon enthalpy
J/g.u.pt"
(betwccn two motsturc statrs)

Why will two sorption methods
sometimes not give the same result?

l. Method of drying
2. Mode of vapour transfer (step, ramp...)
3. Rate of moisture transfer
4. Sample size
5. Sample thickness etc.

kinetics.
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SOR.P principle
water a dry sample

JI a lube with N2

vaporization diffLrsion sorption

B

C ,.",1i[-_ ---_ -ltl
Pv,p(/) g¡ves sorptron rsothem P,""(/) grves sorptron enthalpy

diffusion hrbe
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Sorption vessel

sample

Wadso aùd M¡rkova (2000)

Thcrmochrm Actâ 160 ¡01-107
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sample X measured with SORP
dflcd at room bmp in vÂcuum, l7 nìg, pflmÂry rcsult
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We lneasure triplets of

- water activity (often disturbed by kinetics)

- ¡roisture content (robust)

- sorption enthalpy (robust)

sorption isothenn sorption enthalpy plot
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E

wãl.r oàn / nol(e/¡l6rymol(dry.âmpte)

Ptrase diagram (DMPC)
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Sorption entropy
satrple X measured with SORP

, a* and LH

I gives the

I entropy À!

I ofthe process
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