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Abstract

Reaction calorimetry has found widespread application for thermal and kinetic analysis of chemical reactions in the context of thermal
process safety as well as process development. This paper reviews the mostimportant reaction calorimetric principles (heat-flow, heat-balance,
power-compensation, and Peltier principle) and their applications in commercial or scientific devices. The discussion focuses on the different
dynamic behavior of the main calorimetric principles during an isothermal reaction measurement. Examples of available reaction calorimeters
are further compared considering their detection limit, time constant as well as temperature range.

In a second part, different evaluation methods for the isothermally measured calorimetric data are reviewed and discussed. The methods
will be compared, focusing especially on the fact that reaction calorimetric data always contains additional informations not directly related
to the actual chemical reaction such as heat of mixing, heat of phase-transfer/change processes or simple measurement errors. Depending 0
the evaluation method applied such disturbances have a significant influence on the calculated reaction enthalpies or rate constants.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction measurements, online measurement of reaction spectra
(UV-Vis, near infrared, mid infrared, Raman.) can be

Kinetic and thermodynamic characterization of chemical compared to integral kinetic analysis meth¢2fs This can

reactions is a crucial task in the context of thermal pro- be expressed in terms of the following proportionality:

cess safety as well as process developnjghtAs most

chemical and physical processes are accompanied by heat;(r) ~ ¢;(¢) (2)

effects calorimetry represents a unique technique to gather

informations about both aspects, thermodynamics as well aSwheres; represents the values measured by one of the an-

kinetics. As the heat-flow rate during a chemical reaction is alytical sensors mentioned above corresponding toitthe

proportional to the rate of conversion (mol/s), calorimetry component in the reaction system with the concentration

represents a differential kinetic analysis mettayl This  profile ¢;(t) (mol/m®). From this consideration it becomes
can be expressed in terms of the following mathematical clear that any combination of a differential analysis method,
expression: such as calorimetry, with an integral analysis method might
greact) ~ r()Vr 1) lead to a significant improvement of the kinetic analy8is

In the second part of this paper, some of these combined
wheregreactis the reaction heat-flow rate (W), determined evaluation techniques will be presented.
by a calorimeterr the rate of reaction (mol/fts), andV; In a first part of this paper, we will give an overview
the reaction volume (). All the three variablegjreacs I, on the different calorimetric principles applied. However,
and V, are a function of time and reaction progress and the review will be restricted to reaction calorimeters that
thus, change during a reaction measurement. In contrast taresemble the later production-scale reactors of the corre-
calorimetry most of the other analytical techniques applied sponding industrial processes (batch or semi-batch reac-
in the context of kinetic analysis, such as concentration tors). This paper will not discuss, thermal analysis devices
such as differential scanning calorimeter (DSC ) or other
* Corresponding author. Tel+41-16325668; fax+41-16321189. micro calorimetric devices that differ significantly from the
E-mail addressufischer@tech.chem.ethz.ch (U. Fischer). production-scale reactor.
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For the purpose of scale-up as well as kinetic and thermo- as kinetic model parameters (such as rate constants or reac-
dynamic analysis of a desired synthesis reaction, isothermaltion orders) of the investigated chemical reaction. If several
reaction measurements are mostly preferred. Therefore, thissothermal measurements at different temperatures are eval-
review will focus on isothermal reaction calorimetric mea- uated activation energies can also be determined.
surements. However, it should be mentioned that especially Advantages and disadvantages of the different methods
in the field of safety analysis mainly non isothermal mea- will be discussed mainly focusing on the problem that calori-
surements are carried out in order to investigate undesiredmetric measurements are typically affected by heat effects
decomposition reactions. Since non isothermal experimentsdifferent to the solely reaction heat-flow rate, like phase
contain information about the temperature dependency of changes or mixing effects.
the investigated chemical reaction system, their informa-
tion content is obviously larger, compared to an isothermal
measurement. This may be an advantage when sophisti2. Part 1. Reaction calorimetry
cated evaluation methods were available, but especially
for complex reaction systems the information density of a 2.1. Different types of reaction calorimeters
non isothermal reaction measurement often gets too large
for the common analysis methods. In addition, isothermal Most of the existing reaction calorimeters consist of a
conditions also present the advantage that the signals ob+eaction vessel and a surrounding jacket with a circulating
tained from additional integral analytical sensors, which fluid that transports the heat away from the reactor (see
may be combined with the calorimetric measurement will, Fig. 1). Such devices can be classified according to their
not be affected by their temperature dependency. Thus,measurement and control principles into the following four
the field of non isothermal analysis will not be discussed categories:
here.

Reviews on the principles and the development of differ- 2.1.1. Heat-flow reaction calorimeter
ent types of reaction calorimeters were already presented The temperature of the reactor-content) (i controlled
by several authorf4—7]. A rather general overview about by varying the temperature of the cooling liquidXTThe
calorimetry is given by Hemminger and Hohf#]. This heat-flow rate from the reactor-content through the wall into
paper will focus on the dynamic behavior of the different the cooling liquid §riew) is determined by measuring the
types of reaction calorimeters for the general case of a reac-temperature difference between reactor-content and cooling
tion measurement with a changing heat-transfer coefficientliquid. In order to convert this temperature signal into a
on the reactor wall. Additionally a comparison of available heat-flow signal (e.g. unit Watt), a heat-transfer coefficient
reaction calorimeters with respect to detection limits, time has to be determined using a calibration heater. To allow
constants as well as temperature range will be given. a fast control of theT,, the flow rate of the cooling liquid

In a second part of this publication, we will present an through the jacket should be high. The heat-flow principle
overview on different evaluation methods of isothermally was developed by Regena®10]. Most of the commer-
measured calorimetric reaction data. The aim of the dis- cially used reaction calorimeters are based on the heat-flow
cussed methods is to deliver the reaction enthalpy as wellprinciple, such as the RC1 from Mettler Toledibl,12]
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Fig. 1. Standard set-up of a reaction calorimeter. Left side: heat-flow, heat-balance, and power-compensation calorimeters. Right side: Peltier calorimeter:
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(based on the work of Regenass), the SysCalo’s from Systagements and the rest of the reactor wall is isolated. There-

[13] and the Simular from HEI[14,15]. fore the main heat-flow out of the reactor flows through the
Peltier elements. The design of Nilsson was the basis for
2.1.2. Power-compensation reaction calorimeter the commercially available CPA200 from Chemis¢pS].

The temperature of the reactor-content) (i§ controlled However, in the CPA200 the heat-flow through the reactor
by varying the power of a compensation heating inserted di- bottom is not calculated based on the power consumption of
rectly into the reactor-content. As with an electrical heater the Peltier elements but by a heat-flow sensor which is intro-
cooling is not possible, the compensation heater alwaysduced between the reactor bottom and the Peltier elements.
maintains a constant temperature difference between the
reactor jacket and the reactor-content. Thus, “cooling” is 5 5 piferent operation modes
achieved by reducing the power of the compensation heater.

The heat-flow rate from the reactor-content through the wall  ~5/0rimetric applications can also be distinguished by
into the cooling liquid griow) is typically not determined  heir way of controlling the reaction temperature:

because the reaction heat-flow rate is directly visible in the

power consumption of the compensation heater. The temper-e |sothermal:T, controlled at a constant level.

ature of the cooling liquid (Jis controlled at a constanttem- o Adiabatic: Tj controlled to avoid heat losses.

perature by an external cryostat. The power-compensations Temperature programmet is varied according to a user

principle was first implemented by Andersgt6,17] and defined profile.
was further developed by Kohler et 8], Hentsche[19], e IsoperiboleT; is controlled at a constant level, the reaction
and Schildknechi20]. Pollard[21] and Pastré et aJ22] re- temperaturdl; is uncontrolled.

ported a small scale power-compensation calorimeter. Com-
mercial power-compensation calorimeters are the AutoMate As mentioned above this paper will only consider the

[23] and the Simular (combined with heat-flgd5]) from isothermal operation mode. This mode is supposed to be the

HEL [14]. easiest in application because no heat accumulation by the
reactor-content has to be considered. Thus, no heat capaci-

2.1.3. Heat-balance reaction calorimeter ties as a function of; of the reaction mixture as well as of

The temperature of the reactor-content) (& controlled the reactor inserts (e.g. stirrer, sensors, baffle¥ are re-
by varying the temperature of the cooling liquid)XTThe quired. However, in reality due to the non idealities of the
heat-flow rate from the reactor-content through the wall control circuits of the calorimeters, the reaction temperature
into the cooling liquid §riow) is determined by measuring  is mostly not controlled strictly isothermal. If the deviations
the difference between jacket inlet; (&) and outlet tem-  are significant, heat accumulation terms have to be consid-
perature (J out) and the mass flow of the cooling liquid. ered despite the “isothermal” operation mode.
Together with the heat capacity of the cooling liquid the
heat-flow signal is directly determined without calibration. 2 3. Steady-state isothermal heat-flow balance of a general
The heat-balance principle was first implemented by Meeks type reaction calorimeter
[24]. Commercial versions are the RM200 from Chemisens

[25], the SysCalo 2000 Series from Systdg] and the The only heat-flow rate considered so far is the heat-flow
ZM-1 from Zeton Altamirg[26] (developed in collaboration  through the reactor jacket (Fig.dgiow). For the general case
with Moritz and co-workerg27]). of an isothermal reaction run the main heat-flow rates that
have to be considered in a reaction calorimeter are shown in
2.1.4. Peltier calorimeters Fig. 2 and will be discussed in the following sections. The

The temperature of the reactor-content) (i controlled  heat-flow balances will also be separately discussed for each
by Varying the power of the Peltier elements. In contrast to reaction calorimeter in the fo”owing sections.
the power-compensation principle Peltier elements can be For the following discussions ideal isothermal controlling
used for cooling and heating. The heat-flow rate from the of the reaction temperatuf® will be assumed. Therefore,
reactor-content through the Peltier element into the cooling jn Fig. 2, no heat accumulation terms of the reaction mixture
liquid (griow) is calculated based on the required electri- and the reactor inserts are shown. However, the underlying
cal power and the measured temperature gradient over thegssumption does not hold for all applications and appara-
Peltier elements. The temperature of the cooling liquidl (T  tyses.
is controlled at a constant temperature by an external cryo- The task of the calorimeter is to determine the total
stat. Beckef4,28] designed a first calorimeter using Peltier heat-flow rate during a chemical reactig@; (W). Gener-
elements. A similar calorimeter was presented by Nilsson a|ly any kind of physical process in which heat is released or

et al. [29,30] and Jansson et aJ31]. Their setup can be  apsorbed is measured. Therefore, 4k can be expressed
compared to the one shown Fig. 1 (right side), but the g5 follows:

whole reactor is immerged in a thermostat bath that replaces
the reactor jacket. The reactor bottom consists of Peltier el- giot = greact+ gmix + ¢Phase 3)
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Outer Heat Flow Balance whereA is the total heat-transfer area mand U is the
overall heat-transfer coefficient (WAK). U consists of two
main coefficients of heat-transfer:

-
Fiuid %’{% A G y / 1 1 1
«3 = ,7///////3// "lp..‘i //’ =4 (8)
77 U hr ()
. whereh; is the reactor-sided steady-state heat-transfer co-

/ _ / efficient (W/n? K) and¢ is the device specific heat-transfer
Gross f G

Z il / .

coefficient (W/nfK). For a standard reaction calorimeter

4 ‘h-'.'u.‘u' with a cooling jacket (se€ig. 1 left side) it can be further
\ / //é;, expressed as follows:
| %’/// % L L1 .
I i o w Tl (9)

Inner Heat Flow Balance . . .
where hj is the jacket-sided steady-state heat-transfer co-

Fig. 2. Main heat-flow rates that have to be considered in a heat-flow, heat- efficient (W/nf K) respectively,Aw the heat conductivity
balance, or power-compensation reaction calorimeter running at strictly of the reactor wall (W/mK), and. is the thickness of
isothermal conditions. The heat-flow rates inside a Peltier calorimeter are the reactor wall (m). If the reactor wall contains a Peltier

analogous (compare tBig. 1). The direction of the heat-flow arrows L. L .
corresponds to a positive heat-flow rate. For explanation of the different element, a more sophisticated description for the device

heat-flow rates see text. specific heat-transfer is required (comparé&tp (17)). But
the following discussion is still valid.
where greact is the reaction heat-flow rate (Wjwix the The two steady-state heat-transfer coefficiémtaind hy

heat-flow rate occurring due to mixing enthalpies when dif- could be further described by physical properties of the sys-
ferent fluids are mixed, angbnaseis the heat-flow rate due  tem. The reactor-sided heat-transfer coefficten Eq. (8),

to phase changes (W). For a reaction experiment at constants strongly dependent on the physical properties (heat ca-
pressure, the reaction heat-flow rate can be further expressedacity, density, viscosity, and thermal conductivity) as well

as follows: as on the fluid dynamics inside the reactor. Similarly the
) jacket-sided heat-transfer coefficientiepends on the prop-
dReact= — Z ArHjrjVy (4) erties and on the fluid dynamics of the chosen cooling liquid

Jj=1..Nr [33]. Thus,U generally varies during the measurement of a
where A(H; is the enthalpy of théth reaction (J/mol)V; chemical reaction because of mainly two reasons:

the volume of the reaction mixture @n r; thejth rate of
reaction (mol/r/s) (positive sign), antlr is the number of
reactions.

It should be noted that in the field of reaction calorime- 5
try the total heat-flow ratét is generally defined positive
when heat is released by the chemical reaction. Therefore, a

negative sign is introduced iq. (4) (¢reactis positive for properties of the cooling liquid that determihe This

an exothermal reaction with a negatiteH). _ does only apply for reaction calorimeters with a cooling
The heat evolved by the stirrég;rr (W) can be described jacket (se€Fig. 1, left side).

as follows[32]:

1. h, varies because the physical properties of the reaction
mixture change during a reaction (e.g. viscosity increase
during a polymerization reaction);

. depending on the calorimetric system chodgnmay
vary because the jacket temperatilifesaries during the
measurement of a reaction and consequently the physical

Not only U but also the heat-transfer ar&dan Eq. (8)can

i — 37.5 . .

gstir = Neprns™dr () change during a reaction measurement because of volume
where Ne is the Newton number; the density of the reac- changes gaused by density_changes or _dos_ing of reactants.
tion mixture (kg/n?), ns the stirrer frequency (Hz), andk For a Peltier calorimeter designed accordin§imp. 1A does

is the diameter of the stirrer (m). The heat-flow rate caused "Ot change. _ ,

by the dosing of reactantsos (W) can be expressed as: As mentionedEqg. (8)is only valid at steady-state con-

. ditions, when the heat-flow rate through the reactor wall is
gpos = fcp, Dos(Toos — Tr) (6) constant. However, if a reaction is taking place, the heat-flow

rate through the reactor wall might vary depending on the
calorimetric principle applied (see below). Therefore, heat
accumulation occurs inside the reactor wall or inside the
Peltier element as well as the reactor- and jacket-sided film
layers. A heat-flow model for the reactor wall was proposed
by Karlsen and Villadsef84] and Zaldvar et al.[35]. The

griow = UA(Ty — Tj) (7) dynamic heat-transfer in the reaction mixture as well as in

wheref is the reactant flow rate (mol/s)p, pos the specific
heat capacity of the dosed liquid (J/mol K) afigys (K) is

the temperature of the dosed liquid. The crucial heat-flow
rate griow Shown inFigs. 1 and 2is generally expressed
according to the following steady state equation:



A. Zogg et al./ Thermochimica Acta 419 (2004) 1-17 5

Reaction
Mixture

Reactor
A Jacket

Reactor Wall

0 L

initial situation

"""" h_increases

wn g iNCrEASES

temperatureT; has to be lowered by the controller in
order to keefl, constant.

According toFig. 3, the reactor wall as well as the cool-
ing liquid are the main dynamic elements in a heat-flow
reaction calorimeter as their temperatures change most
during a reaction measurement. The temperature of the
cooling liquid T; was assumed to be homogeneous over
the whole reactor jacket except the jacket-sided film layer.
This assumption is reasonable as long as the flow of the
cooling liquid is fully turbulent. IfT; is not homogeneous,
the measured jacket temperature has to be replaced by a
mathematically modified jacket temperat(i8é].

Only the inner heat-flow balance showrFigy. 2(¢comp =
0W) has to be considered for reaction calorimeters based
on the heat-flow principle. The bound of the steady-state

Fig. 3. Steady-state temperature profile in a heat-flow reaction calorimeter heat-flow balance is the outer reactor wak(0) including

when heat flows from the reactor-contefit £ 7;) through the reactor
wall (T = Tw(]) into the jacket (T= 7). The reactor temperature is
controlled at isothermal conditions by varyifig.

the cooling liquid were not considered. Due to the com-
plexity of an exact physical calculation of a dynamically
changinggriow it is generally completely neglected and the
steady-stat&q. (8)is also used to describe a time-varying
calorimetric signal.

2.3.1. Steady-state isothermal heat-flow balance of a
heat-flow reaction calorimeter

the jacket-sided film layer described by The steady-state
isothermal heat-flow balance can thus, be expressed as fol-
lows:

é]Stirr + QDos + 6.]tot = qF|OW + é]Lid (10)

where giot (W) is the total heat-flow rate of the reaction
mixture (Eq. (3)). The heat-flow rategsr and gpos were
already explained irEgs. (5) and (6). The heat-flow rate
through the reactor walfriow (W) is generally calculated
according to the steady-stakgs. (7) and (8though the
heat-flow through the reactor wall is clearly dynamic. This
could lead to errors ifiot, calculated byEq. (10), is used to

Fig. 3shows the steady-state temperature profile through get kinetic informations (see discussion below).

the reactor wall at different operating conditions. The solid
line represents the initial situation assuming constast

and therefore, constant heat-flow rate through the reactor

wall (griow)- There are basically two different events that
will cause a change of this situation:

However, the overall heat-transfer coefficidhtand the
heat-transfer ared in Eq. (8)are usually unknown and can
change during the course of a reaction (see above). Con-
ventionally these two parameters have to be calibrated by
means of a calibration heater (deig. 1) before and after a
reaction experiment. Unfortunately such a calibration is not

(1) A change of the reactor-sided heat-transfer, e.g. anPossible during the reaction. Therefore, a changé of A

increasingh;. Therefore, the overall heat-transfer coef-
ficientU (Eq. (8)) will increase. The resulting tempera-
ture profile is shown by the dashed line. fgs does not
change griow is not allowed to change as well because
T, is controlled at isothermal conditions. Therefore,
the temperature profiles inside the cooling liquid and
the reactor wall will only be shifted to another level
but do not change their shape (Assuming thaand
Aw are independent of temperature). Howeverhas
increased the temperature differenfe— Ty (L) has

to decrease in order to keépjow constant. Thus, the
jacket temperaturg; will have to be increased by the
controller in order to keef; constant.

A change of the total heat-flow rajgy, €.g. an increas-
ing giot.- The resulting temperature profile is shown by
the dotted line. Asjiot increases, alsgrow has to in-
crease becaudg is controlled at isothermal conditions.
Assuming thathy, hj, and Ay are independent of the

&)

caused by the chemical reaction will cause an error in the
determinedo.

The remaining heat-flow rate i&q. (10)is g.jq the heat
losses through the reactor lid. It is strongly dependent on the
convection conditions inside the reactor and on the tempera-
ture of the reactor lid. For examplé,ijq could be expressed
as follows:

guid = kid (Tr — Tamb) (11)

wherekjg is an empiric proportional coefficient (W/K) de-
pending on the reaction conditions afigh, is the ambient
temperature (K). Alternativelyj jq could also be described
as a function of the vapor pressure of the reactor-content.

2.3.2. Steady-state isothermal heat-flow balance of a
power-compensation reaction calorimeter

Fig. 4shows the steady-state temperature profile from the
compensation heater through the reactor-content and wall

temperature, they remain constant, and thus, the jacketinto the cooling liquid at different operating conditions. The
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Reactor Reactor Wall ~ Reaction Compensation calorimeter as its temperature changes during a reaction
Jacket Mirctore Hleder measurement. The reactor wall has to be considered as
a secondary dynamic element jfow Changes during a
Egg reaction. Similar to the heat-flow principle only the inner
T9 heat-flow balance shown iRig. 2 has to be considered for
this type of calorimeter. The boundary of the steady-state
heat-flow balance is the inner reactor wall-{ L). The
steady-state isothermal heat-flow balance can thus be ex-
pressed as follows:

gstirr + ¢pos + Gtot + gComp = gFlow + 4Lid (12)

The description of the different heat-flow rates was already
given above. The only new term Eq. (12)is the power of
the compensation heat@tomp

— initial situation

‘?Comp = UCompIComp (13)

------- ki, increases

where Ucomp is the voltage (V) andcomp is the current

(A) of the compensation heater. As the heat released by the
Fig. 4. Steady-state temperature profile in a power-compensation calorime-compensation heater is directly measured in terms of elec-
ter when heat flows from the compensation heale=(7c) into the re- trical power, changes of the heat-transfer coefficient on the

actor (T= T;) and from the reactor through the reactor wall=£ Ty (1)) . h d ff h d h fl
into the jacket (7= 7j), controlled isothermally by an external cryostat). compensation heater do not affect the steady-state heat-flow

The reactor temperature is controlled at isothermal conditions by varying balance.
the power of the compensation heat@edmp)- For a reaction, in which the heat-flow rate through the

o L i reactor wallgriow remains constant during the whole time
solid line represents the initial situation assuming no heat re- period (constant base-ling)iow does not have to be calcu-
lease or uptakejfor = 0), and therefore, constant heat-flow |5teq explicitly. However, it should be noted that the overall
through the reactor walljfiow) and constant power of the  heat.transfer coefficiert or the heat-transfer arel (see
compensation heatgtomp There are basically two differ- g4 (7)) generally change during the course of a reaction, and
ent events that will cause a phang_e of this situation. Only thus, griow Will change. This will cause a base-line change
Qewatlons tF) the analogous discussioraf. 3will be men- in the determinedjor. The dynamics of the heat-transfer
tioned here: through the reactor wall as well as the compensation heater
is generally neglected but could lead to an additional error
in the determinedjo; especially if it is used to calculate
kinetic informations (see discussion below).

"""""" g increases

(1) A change of the reactor-sided heat-transfer, e.g. an in-
creasingh,. The resulting temperature profile is shown
by the dashed line irFig. 4. In contrast toFig. 3,
griow increases a3j and T, are controlled at isother-
mal conditions. In order to keep at isothermal con-
ditions the power of the compensation heai@ofnp)
has to be increased by the controller. Assuming identi-

2.3.3. Steady-state isothermal heat-flow balance of a
heat-balance reaction calorimeter
Fig. 5shows the steady-state temperature profile through

cal heat-transfer conditions on the heater wall as on the the reactor wall as well as the jacket wall at different
reactor wall, the heat-transfer coefficient on the heater operating conditions analogous to the discussion of the
surface will increase as well. Thus the temperature of N€at-flow calorimeter. The temperature profiles shown in
the compensation heaterd)Tmight decrease, as indi- Fig. 5 are identical to the temperature profiles shown in
cated inFig. 4, however, this depends on the situation. F19- 3- Therefore, the comments Feg. 3are also valid for

It is also possible that the heat-transfer coefficient on the heat-balance calorimeter. Additionally the ambient as

the heater surface is larger thianon the reactor wall if well as the jacket wall temperatures were considered. The
the compensation heater is placed close to the stirrer. heat-flow caused by the temperature difference between the

(2) A change of the total heat-flow rate, e.g. an increasing €°°ling liquid T and theTamy is slightly changing for the
dtot. The resulting temperature profile is shown by the three different situations shown iRig. 5. The amount of

dotted line. In contrast t6ig. 3 griow and the tempera- this change depends strongly on the quality of the thermal

ture profile through the reactor wall remain constant as Insulation around the jacket wall. _
T, andT; are controlled isothermally. In order to kep According toFig. 5, in a heat-balance calorimeter the re-

constant, the power released by the compensation heatefctor wall, the jacket wall as well as the cooling liquid are
(Gcomp) is decreased resulting in a lowe. the main dynamic elements, as they change their temper-

atures during a reaction measurement. The temperature of
According to Fig. 4 the compensation heater is the the cooling liquidT; cannot be assumed to be homogeneous
main dynamic element of a power-compensation reaction over the whole jacket as the flow rate of the cooling liquid
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Ambit Iso- Jacket Reactor Reactor Reaction Peltier element
A lation Wall Jacket Wall Mixture 1 :
T Reactor G Rffit{.‘tl(.m
/ A Jacket Peltier  Mixture
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TAM \ T
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initial situation I >
0
------- h, increases S L
— initial situation
............ Gror inCTCaSCS .
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Fig. 5. Steady-state temperature profile in a heat-balance calorimeter when
heat flows §riow) from the reactor-content (£ 7;) through the reactor

wall (T = Tw()) into the jacket (T= Tj). The reactor temperature is
controlled at isothermal conditions by varyiiig An additional heat-flow

rate ¢Loss from the ambit through the thermal insulatiofi £ 7;) and

the jacket wall (T= Tiy,j) into the cooling liquid is shown.

............ oo increases

Fig. 6. Steady-state temperature profile in a Peltier calorimeter when
heat flows §riow) from the reactor-content (Z 7;) through the Peltier
element (T= Tp(])) into the jacket (7= T;), controlled isothermally by

an external thermostat). The reactor temperature is controlled at isothermal
conditions by varying the power of the Peltier elemejfe(ier)-

has to be chosen low enough in order to be able to measure

a temperature difference between iflfgiy and outlet tem-  wherer is the mass flow of the cooling liquid (kg/s) and
peratureT;, oy of the cooling liquid (se€ig. 2). Therefore,  Cp, Fuid its heat capacity (J/kg/K). BEq. (16)the dynam-

the temperature of the cooling liquig, used in the follow- ics of the cooling liquid is taken into account. It is im-
ing calculations, should be corrected on the basisjaf portant to note that the problematic tegmow, present in
andTj, our (e.9.[6,36]). the heat-flow balances of the power-compensation and the
For the heat-flow as well as the power-compensation heat-flow calorimeters, could be eliminated by consider-
calorimeter only the inner heat-flow balanceFfiy. 2 was ing an outer heat-flow balance. But as shown above, the
considered. For the heat-balance calorimejeg g, = 0 W) heat-transfer through the reactor wall as well as the temper-

both, the inner and the outer heat-flow balance, have toature of the jacket wall are clearly dynamic. This could lead
be taken into account. It should be noted that the outer to errors ifgiot, calculated byEq. (14), is used to get kinetic
heat-flow balance indicated iffig. 2 also contains the informations (see discussion below).

reactor cover. Depending on the calorimetric system the sit-

uation can differ from this ideal picture and thus part of the 2.3.4. Steady-state isothermal heat-flow balance of a
heat losses through the reactor cover will not be assessed byeltier reaction calorimeter

the outer heat-flow balance. However, for the simplification ~ Fig. 6 shows the steady-state temperature profile from
ideal behavior is assumed and therefore the steady-statéhe reactor content through the Peltier element into the
isothermal heat-flow balance can be expressed as follows: cooling liquid at different operating conditions. The solid
line represents the initial situation assuming, é.g= A;j,
constant total heat-flow raté; and therefore, constant
The description of some of the different heat-flow rates was heat-flow rate through the reactor-sided plate of the Peltier
already given above. IRg. (14), a new heat loss ternoss, element §row). There are basically two different events
is introduced. It describes all heat losses from the outer that will cause a change of this situation. Only deviations
reactor wall to the environment. Similarfg. (11), ageneral  to the analogous discussion Bfg. 3 will be mentioned
equation can be chosen to descrihpgss here:

gstirr + qDos + qtot = GLoss + é]%bjig - 51::’\|Iuid (14)

GLoss = kLoss(Tj — Tamb) (15) (1) A change of the reactor-sided heat-transfer, e.g. an in-
creasingh,. The resulting temperature profile is shown
by the dashed line. Als; increases the temperature dif-
ferenceT; — Tp(L) has to decrease in order to keep

where ki oss IS an empiric proportional coefficient (W/K)
and Tamp the ambient temperature (K). In contrastkigy,
kLoss does not depend on the conditions inside the reactor . .
and should, therefore, be easier to calibrate. The other two ~ 4Flow constant. Thus, the temperature difference over

new heat-flow rates ifq. (14)are the heat pumped by the the Peltler' element as well as their power consumption
OouT. (gperiier) Will decrease. Consequently less heat has to

cooling liquid, g .. andgSYT: o= SO
9 1quq. dFuia ANAYFiuig be removed by the cooling liquid resulting in a smaller
G — ai g = e p, muid(T;, out — T, IN) (16) temperature differenc(0) — T;.
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(2) A change of the total heat-flow rajgy, .g. an increas-  deviations from ideal behavior and consequently a time dis-
ing giot- The resulting temperature profile is shown by tortion of giot:
the dotted line. Ash, remains constant angkioy in-
creases the temperature differefige- Tp(L) increases. 2.4.1. Source A: Deviations from isothermal controlling
Consequently the temperature difference over the Peltier If the total time constant of the apparatus is similar or
elements increases and additionally more heat has toeven larger than the time constants of the chemical reactions
be removed. Thereforejpeiiier increases and a larger investigated, the control circuit of the reaction calorimeter
heat-flow has to be removed by the cooling liquid, re- will no more be able to control the reaction temperature at
sulting in a larger temperature differentig(0) — 7; (as- isothermal conditions. Consequently heat accumulation will
suming thath; is independent of the temperature). take place in the reactor-content and should be considered

. . , . , in the heat-flow balances.
According to Fig. 6 the Peltier element is the main

dynamic element, as it changes its temperature during a; 4 o ggurce B: Dynamic elements

reaction measuremertig. 2 can be applied to a Peltier Depending on the calorimetric principle applied, the con-
calorimeter according t6ig. 1 (gcomp = OW, griow ONlY  gtant temperature is maintained by different dynamic ele-
through the bottom of the reactor wall and the heat-flow onts (reactor wall, compensation heater, Peltier element or
rate gpettier Nas to be introduced). Similar to a heat-flow or - ¢qqjing liquid). In order to maintain an isothermal reactor
power-compensation calorimeter only the inner heat-flow (omperature they will have to change their temperature (see

balance irfig. 2has to be considered. The boundary of the g5 3_g6) and therefore, heat accumulation inside of these
steady-state heat-flow balance is the centerline of the Peltierg|cments will oceur.

element (I= 1/2L). The steady-state isothermal heat-flow

balance can thus, be expressedHwy. (10). However, the 5 4 3 Source C: Time constants of temperature sensors

problematic termjriow can now be expressed based on the  1gmperature sensors have their own time constant. Addi-

measured current aqd temperature difference of the Pe“'ertionally the heat conduction path from the site of the event

element (not equal Geeter, .9.[5]): to the measuring sensor can increase the observed time con-

. 1.2 stant.

griow = —S Ipeit Tp(L) — §R Ipe|t+ k(Tp(L) — Tp(0))
a7) 2.5. Assessment of the four basic reaction calorimetric

principles for isothermal measurements
whereS is the Seebeck coefficient (V/K)pei; (A) the cur-

rent through the Peltier element (cooling current is neg- 2.5.1. Heat-flow

ative), R the electrical resistance of the Peltier elements  As in a heat-flow calorimeter the measured signal is the
() and « is the absolute heat conductivity through the temperature difference between reactor-content and reactor
Peltier element (W/K). The device specific Peltier param- jacket, the flow rate of the cooling liquid can be chosen to be
eters (SR, andx) have to be calibrated in advance. It is high without decreasing the quality of the signal. However,
important to note that the problematic teiow, presentin  the heat-transfer through the reactor wall has to be calibrated
the heat-flow balances of the power-compensation and thewith a calibration heater and changes during a reaction can-
heat-flow calorimeters, for the Peltier calorimeter was elim- not be handled correctly in this standard setup.

inated by the steady-state approximation givefed (17).

But as shown above, the heat-transfer through the Peltier el-2.5 2. Power-compensation

ement is clearly dynamic. This could lead to errorg:i, From the technical point of view the power-compensation
calculated byEgs. (10) and (17), is used to get kinetic in- technique is the simplest technique to implement because
formations (see discussion below). Therefore, Nilsson et al. the temperature of the cooling liquig remains constant.
[29] introduced heat accumulation terms in the calculation of Another advantage of this technique is the direct measure-

gtot- ment of the electrical power required to maintain the tem-
peratureT, at a constant level. The main drawbacks of
2.4. Dynamics of an isothermal reaction calorimeter this technique are the possible hot spots on the surface of

the compensation heater. It is therefore crucial to check
If calorimetry is not only used to determine the total the ratio of reactor volume to heat-transfer surface of the
amount of heat released or absorbed by a certain processsystem and to place the compensation heater optimally in
but also to provide information about the time profile of the the flow field of the stirrer. Another big drawback of this
total heat-flow rate the dynamics of the measurement sys-technique is that the constant heat-flow through the reac-
tem and possible correction methods should be consideredor wall makes the measured signal more sensitive to a
[3,4,8,29,34,37,38]. changing heat-transfer (changelfor A in Eqg. (7)) than a
If grot is still calculated based on a steady-state isothermal heat-flow calorimetef15,21]. If no corrections for a chang-
heat-flow balance the following error sources might cause ing heat-transfer through the reactor wall during a reaction
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are made, the determined total heat-flow ragg) will be In power-compensation calorimeters, the reactor wall is a

incorrect. dynamic element similar to the heat-flow and heat-balance
calorimeters. However, as shown kig. 4 its temperature

2.5.3. Heat-balance changes during a reaction measurement are generally much

The main advantage of this technique is that the de- smaller compared to all other principles. Further, it should be
termined signalgiwt is independent of changes of the considered that in a heat-flow or heat-balance calorinfgter
heat-transfer through the reactor wall during a reaction ex- will generally vary as a function df; leading to even larger
periment. In contrast to all other techniques an additional temperature changes of the reactor wall. The main dynamic
calibration heater must be introduced if informations about element in a power-compensation calorimeter is therefore,
the heat-transfer on the reactor wall are also required, e.g.the compensation heater. But the heat accumulation inside
for later scale-up. The flow rate of the cooling liquid must the heater element is generally much smaller compared to the
meet two requirements that are difficult to accomplish si- heat accumulated in the wall of a Peltier or even heat-flow
multaneously. On the one hand, the flow rate of the circulat- or heat-balance calorimeter.
ing fluid must be high enough to realize a fast heat-transfer In a Peltier calorimeter, the main dynamic element is the
into the jacket in order to control the reaction temperature Peltier element. As Peltier elements cannot be used in direct
at a constant level. On the other hand, it should be low, contact with the cooling liquid or the reaction mixture they
to establish a temperature difference over the jacket largeare generally introduced between two covering plates. This
enough to be measured accurately. The influence of theconstruction will lead to a rather slow behavior compared to

ambient temperature on the finally determinggt signal a power-compensation calorimeter, however comparable to a
is large compared to all other principles. Therefore, good heat-flow or heat-balance calorimeter. Additionaflg, (17)
isolation of the reactor jacket is required. to calculategriow is only valid for steady-state conditions.

Therefore, corrections such as heat accumulation must be
2.5.4. Peltier considered for a reaction measuremi&29].

The main advantage of this technique is that the de-  Considering the different control principles and dynamic
termined signalgiot is independent of changes of the elements, it becomes clear thig); determined byEgs. (10),
heat-transfer through the reactor wall during a reaction ex- (12), (14), and (17will be less time distorted for a well
periment. A drawback of this technique is that the Peltier designed power-compensation calorimeter Compared to a

elements must be pre-calibrated. Peltier, heat-flow or even heat-balance calorimeter. The
_ . power-compensation technique is therefore, the method of
2.5.5. Dynamics of the four calorimeters choice if fast and strongly exothermal reactions have to be

Apart from the general aspects discussed above, the dy-measured under isothermal conditid8s40].

namics of the four different principles differ significantly:

2.6. Further developments and combinations of the four
2.5.5.1. Deviations from isothermal controllingA com- basic principles
mon feature for the heat-flow and especially heat-balance
calorimeters is the fairly slow control of the jacket temper- 2.6.1. Combination of the heat-flow and heat-balance
ature[39] because the main dynamic element is the reac- principle
tor wall and the cooling liquid. Therefore, even though the  Most of the commercial available heat-balance calorime-
calorimeters are run in isothermal mode, heat accumulationters can be used as heat-flow calorimeters as[d@)26,41]
in the reactor content has to be considered because the rebecause only little changes on the setup have to be made.
action temperature still varies in the range of some degreesHowever, as mentioned above an optimal flow rate of the
Celsius[5]. The thermostatic units used to vary the temper- cooling liquid inside the reactor jacket might be difficult to
ature of the cooling liquid have to be fast and poweffid]. achieve in certain applications.
Power-compensation calorimeters, however, can be tuned to
control T, very precisely even for fast and strongly exother- 2.6.2. Improvements of the power-compensation technique
mal reactiong3,40]. Peltier calorimeters show a dynamic Most of these calorimeters aim at combining the power-
behavior in between the other two. compensation technique with an additional outer heat-flow

balance in order to correct the measured reaction heat-flow
2.5.5.2. Dynamic elementsAs shown above heat-flow rate for changes of the heat-transfer through the reactor
and heat-balance calorimeters have two common dynamicwall. Litz [42] introduced an additional intermediate ther-
elements: the reactor wall as well as the cooling liquid. As mostat between the reactor and the outside cooling liquid.
the flow rates of the cooling liquid are generally higher for The intermediate thermostat is constructed similar to the
a heat-flow calorimeter than for a heat-balance calorime- power-compensation principle and allows an online mea-
ter the temperature changes, and thus the disturbance byurement of the heat-flow through the reactor wall. This
the dynamic element, will be larger for the heat-balance principle was the basis for the new design by Zogg et al.
calorimeter. [3,40] described below. Schlegel et g43] combined
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the power-compensation technique with a heat-balancesmall, comparable to an isothermal reaction calorimeter.
calorimeter in order to improve the dynamics of the tem- Moritz and co-worker$48,49]presented an isoperibol reac-
perature control system and to measure the changing heattion calorimeter that is inserted into a compensation heater
transfer coefficient. In the Simular calorimeter from HEL controlled heat-flow device. A changing heat-transfer co-
[15] the power-compensation technigue can be implementedefficient during a reaction measurement does not influence
optionally and is supported with a “pseudo” heat-balance the calculated reaction heat-flow rate.
measurement, the CMC approach: the changing baseline A completely new design for an isoperibol reaction
of the power-compensation signal is corrected proportional calorimeter was presented by Setargh®]. According
to the measured temperature difference between the inletto the differential measurement principle common for
and the outlet temperature of the cooling liquid. Schild- thermo-analytical devices such as DSC or DTA, two
knecht[20,44] designed a power-compensation calorimeter reaction vessels are run in parallel. One is filled with
that uses the reactor wall as heater surface, and thereforethe reaction components and the other one, e.g. with
minimizes eventual hot spots on the surface of the heater. the solvent. The basic signal used for the evaluation is
the temperature difference of the two reactor-contents

2.6.3. Improvements of the heat-flow principle [51].

Tietze et al.[45] addressed the problem of the chang-
ing heat-transfer coefficient in a heat-flow calorimeter and 2.7. Comparison of available calorimeters
proposed an online measurement based on an oscillation
of the temperature of the cooling liquid. BenAmor et al. In the following, some of the calorimeters explained above
[46] presented an algorithm for the online detection of the are compared according to three important properties:
heat-transfer coefficient based on mathematical modeling.

2.7.1. Relative detection limit (W/l) (Fig) 7

2.6.4. Combination of the power-compensation and Peltier ~The absolute detection limit (W) specifies the small-
principle est heat-flow rate that can still be measured by the

Zogg et al. [3,40] presented a combination of the calorimeter. The smaller the detection limit the better
Peltier and the power-compensation principle. The fast the calorimeter. Smaller heat-flow rates can no more be
power-compensation principle is applied to control the re- distinguished from the noise of the measurement sys-
action temperature. Eventual changes of the heat-transfetem. The intensity of the measurement noise is generally
through the reactor wallgfow, rather slow processes in- only related to the physical properties of the measuring
volved as compared to the changesjgfac) are measured  system and independent of the sample volume. In con-
online by an intermediate thermostat using the Peltier prin- trast the intensity of the measured heat-flow rate is pro-
ciple (comparable to the design of LifA2], see above). portional to the sample volume. The absolute detection

This concept was patentgdi7]. limit can thus, be decreased by simply increasing the
sample volume. Therefore, the detection limit relative to
2.6.5. Isoperibol calorimeters the sample volume (WI/I) is shown iRig. 7 in order to

For weakly exo- or endothermal reactions the temperatureallow a comparison between different calorimeter tech-
change ofT; in an isoperibole reaction calorimeter is rather niques.
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Fig. 7. Comparison of different available reaction calorimeters based on their relative detection limit (W/l) (left side) and their time constant (s) (right

side). See text for explanation of the different calorimeters.
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600 1 3. Part 2. Evaluation methods for isothermal

calorimetric reaction data

500 F------- e s bassd e b
' Std. Reaction Galorimeter

777777777777 B e T S S

o~
-

The task of any reaction calorimeter is to determine the
AutoMate | total heat-flow rate during a reaction experimégt (W).
: e - - In the following a review on different evaluation methods
for isothermally measuredy: shall be given. The aim of
200 |---- - - S g-----r - . all methods described is to determine the reaction enthalpy
: and the kinetic model parameters (such as rate constants,
: J reaction orders) of an investigated reaction. If the tempera-
ol - i iotvne - 1B a ture dependency of the reaction hast to be studied, several
| e 9 ; ' X isothermal measurements at different temperatures have to
e R T TR be carried out. The re_sults of the !nd|V|du§1I evaluations can
Sarmpls Volume [mi] then be plotted, e.g. in an Arrhenius plot in order to calcu-
late the activation energy or to check whether the reaction
mechanism did change between the different temperatures.
Some of the proposed techniques also allow a simultaneous
evaluation of several isothermal measurements at different
temperatures by replacing the rate constants by the follow-
2.7.2. The time constant (s) (Fig) 7 ing Arrhenius approximation:
The time constant characterizes the inertia of the whole k = k(Tof)e EA/RA/Ti=1/Tren)

. . . ) = ref)€ (18)
measurement device. It is generally determined by applying
a known heat-flow impulse from an external source. As whereT,s is the reference temperature (K5, the Arrhe-
long as the time constant of the calorimeter is smaller than nius activation energy (J/mol), aiis the ideal gas constant
the time constant of the measured process (e.g. chemica(J/mol/K).
reaction) the determined heat-flow rate shows no time dis- As indicated inEq. (3), gt is generally not equal to the
tortion. Thus, the smaller the time constant the better the reaction heat-flow ratéreact(EQ. (4)) but is also influenced
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Fig. 8. Comparison of different available reaction calorimeters based on
their temperature range' @). See text for explanation of the different
calorimeters.

calorimeter. by any other physical or chemical process where heat is
released or absorbed like mixing or phase changes. Care
2.7.3. Temperature rangéQ) (Fig. 8 should thus be taken when reaction calorimetric experiments

A third important property of a reaction calorimeter is the are evaluated for kinetic or safety studies.
temperature range that can be used for reaction measure- Even for a simple reaction example, such as the hydrolysis
ments. of acetic anhydride, a significant heat of mixing occurs and
The values shown iftigs. 7 and &re based on manufac- should be considerdd0,53,54].
turer specifications obtained on request, published example Additionally, it should always be kept in mind that thg;
applications as well as user experienf#. The following determined by a reaction calorimeter also contains measure-
devices are compared: ment errors such as base line drifts, time distortion (com-
pare to the discussion of the dynamic elements in a reaction

e Standard reaction calorimeters: The standard reaction Ca|orimeter), or ambient temperature influences (Eqs (11)
calorimeters such as the RC1 from Mettler Tol§tib,12], and (15)).

SysCalo from Systa@l3], as well as the Simular from

HEL [14,15]are shown as a single group (average value). 3.1, Evaluations not requiring a reaction model
e CPA200: Medium scale Peltier calorimeter from Chemi-

sens[25]. 3.1.1. Method 0: Determination of the reaction enthalpy
e AutoMate: Small scale power-compensation reaction by integration ofjio
calorimeter from HEL[14] as well ag23]. The simplest of the model-free evaluation technique that

o Prototype: Small scale power-compensation reaction stjll leads to a physically meaningful result: The integration
calorimeter with online baseline correction presented by of the determined signal:

Zogg et al[3,40].

e DRC: Differential reaction calorimeter from Setaram .

Qtot:/ Gtot dt

[50,51]. =0

e In order to allow a comparison to other relevant thermo-
analytical measurement devices a standard differential
scanning calorimeter devigb2] as well as the C80 (dif-
ferential Calvet-type calorimeter) from Setardsd] are wheret; is the integration limit in time (S)Qiot the integral
shown as well. of the total heat-flow rate (J); the number of moles of the

1=t

= Z (—ArH)n; + Qmix + Ophaset Qeror (19)
i=1...Nr
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sibly n. Some methods also determine the thermodynamic

Qpnhasethe heat released or absorbed by phase change proparameterAH based on this reaction model.

cesses, anQgrror the sum of all measurement errors (J). It

should be noted that the appropriate selection of the integra-3.2.1. Method I.A: Determination of the kinetic parameters

tion time limit has a significant influence on the calculated
Qtot [55].

For a further evaluation ddy the following assumptions
are generally mad&mix, Qphase aNdQgrror are assumed to
be negligible, meaning thato: = greaci and the reaction is

based on the reaction enthalpy determined by prior
integration ofgot

Assuming thatQmix, Qphase @and Qgrror in EQ. (19) are
negligible A;H as well as the thermal conversion can be
calculated according tBgs. (19)—(21). The rate of reaction

assumed to perform in one single rate determining step. If ra can then be expressed as follows:

these assumptions are fulfilled, the reaction enthalph

can thus be calculated directly by the following equation:
_AH ~ —AH = 20 (20)
n

whereAH is the total enthalpy change (J/mol). However, in
real application®mix, Qphase and Qerror are generally not
zero and will therefore be fully integrated into the reaction

enthalpy. Once the reaction enthalpy is determined, it is

Grot(?)
VrOArH = _quo(l — XthermalD))"

ra(t) = (23)
whereCa g is the initial concentration of component A. By
plotting log(ra) versus log(1— Xierma) it can be verified
whether a straight line is obtained. The reaction ordean
then be determined from the slope of the line and the rate
constank from the intersectior8,58].

If the reaction orden of component A is known in ad-

possible to calculate the thermal conversion or fractional vance, the reaction model (Eq. (22)) can be integrated. As-

heat evolution of the reaction:
[ odrordr

21
Otot (1)

Xthermal?) =

This thermal conversion can be compared to the chem- in
ical conversion of the investigated reaction as long as the &
assumptions mentioned above are fulfilled or the correspon-

suming, e.g. a first order reaction in component A<(il),
the rate constark can then be determined by the following
non-linear least-squares optimizatifgi,55,59—61]:

Nt 2
[Xtherma(ti) -1~ e_kti)] (24)
i=1

fied by another analytical techniq(&6,57].

If the assumptions made above are not fulfilled and/or

ment and\; the total number of samples.

informations about the rate constants of the investigated 3-2-2. Méthod 1.B: Separate determination of the rate
reactions are required, model-based approaches have to beonstant k as well as the reaction enthalpyH based on

chosen.

3.2. Model-based evaluation methods for single step nth
order batch reactions

Most of the model-based evaluations of the calorimetric

the reaction model

For first order reactions (e= 1 in Eq. (22)) the reaction
model can be integrated apg: can be expressed as follows
assuming thagot = gRreact

Grot(r) = Vi (—ArH)KCa, o™ (25)

signal are based on the assumption that the reaction performs Therefore, plotting logfiot) versus time should result in

in one single step afth order with only one rate determining

a straight line with a slope equal tek. Applications are

component concentration. The reactions must be carried outreported in[31,39,62]. Any reaction period where the as-

in batch mode (V= constant) in order to simplify the eval-

sumptiongiot = greactis not fulfilled will be visible in the

uation. The general reaction model can therefore be written plot as a deviation from the straight line. Such time periods

as follows:

A+...— Prod ra(®) = —-kCa(®"

qReacl?t) = ArHra(®)Vr (22)

where Ca is the concentration (mol/fy of the rate-
determining component Ak, the nth order rate constant
[(m3/mol)™1/s], n the order of the reaction, angy is
the rate of reaction of component A (mofifs) (negative
sign). As already mentioned earlier, in the field of reac-
tion calorimetrygreactis generally defined positive for an
exothermal reaction (with a negativgH). The task of the
evaluation is to calculate the kinetic parameteend pos-

can then be excluded from the determinatiorkoAn ex-
ample of such an application is the determination of the rate
constant of the hydrolysis of acetic anhydride where a heat
of mixing is released during the initial phagt,54,58,63].
For the same reaction Kéhler et @3] and Litz[58] de-
termined the reaction enthalpyH from the intercept of
the line in the same plot (logt) versus time, compare to
Eqg. (25)). As the heat of mixing only takes place during the
initial phase of the reaction, it does not influence the determi-
nation of AH. Walisch and Becke28,64]described a sim-
ilar calculation method for the same reaction in order to split
the total measured he@tot into the heat of mixin@mix and
the enthalpy of reactiomH. In contrast toSection 3.2.1,
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this method represents another way to calculstd, alter- catalytic hydrogenation, Lunghi et §66] who identified

native to the integration formulated Egs. (19) and (20). the reaction orders and the rate constant of a nitration with
BatchCAD[67] and Shirrazzuoli et al68] who identified

3.3. Model-based evaluation methods for more two rate constants and two reaction orders of a simulated

complex reactions parallel reaction system. All authors repeated the evaluation

for several isothermal measurements at different tempera-

The evaluatiorSections 3.2.1 and 3.2¢an only be ap- 65 |n[65,68], the Arrhenius law (Eq. (18)) was directly
plied for single step reactions in batch mode with one single ;- juded into the non-linear optimization (Eq. (26)).

rate-determ.ining. cor_nponent concentration. If the evaluation However, the crucial task is to find the appropriate reaction
of the calorimetric signal should be extended to the general enthalpies. Shirrazzuoli et 468] used pre-defined values

case of the semi-batch operation mode &' Vi(1)) 01 10 o A H. and Lunghi et al[66] determined a single reaction

multiple reaction systems mgludmg eventual mass-transferentha|py by integration dfio (EqQ. (19)). Only the approach

processes, these methods will fail. Therefore, more general ¢ | andau et al[65], to calculate the reaction enthalpies by

evaluatlon.methods were devgloped. , a semi-empirical quantum mechanical progrggf] could
The basis of these methods is a reaction model representegl o applied in a general case.

by a system of ordinary differential equations (compare 10 1he method can also be applied the other way round: If the

Eq. (22)). However, the reaction model can now include parameters;. . ypwould be known in advance, the reaction

more than one chemical reaction as well as mass'tr"’meerenthalpies could be calculated according to the following

or dosing processes. Generally analytical solutions for such; qa, least-squares optimization:
reaction models do not exist. Thus, numerical differential

equation solvers are used to integrate these models. Mt NR
The task of the evaluation method is to calculate the TIEZ Gror(t) = Y _Ve(t) (= AcH)rj(t) (27)
unknown parameters of the reaction model. These reac-""" i=1 j=1

I,Zogg et al[40] initially determined the rate constant of the

be rate constants, activation energies, reaction orders, oh drolvsis of i hvdrid | Section 3.2.2
mass-transfer parameters. Additionally, the reaction en- ydrolysis of acelic anhydride analogous3ection 3.2.<.
The reaction enthalpyA;H was then determined using

thalpies of the different reaction steps have to be identified Eq. (27). The heat of mixing occurring during the dosing

?250;?: r:g:efg;a;tilglr; :Esr:]z(;g formulated Bys. (19) and period was excluded from the summationdq. (27).

3.3.1. Method II.A: Identification of either the reaction 3.3.2. Method II.B: Simultaneous identification of the
enthalpies or the reaction model parametéys. _y; if the reaction enthalpies and the reaction model parameters

..

non-identified counterpart is known If neither the reaction enthalpies nor the reaction model

If the reaction enthalpies of each reaction step would Parameters @ yp) can be determined based on external
be known in advance, the reaction model parameters couldinformations or by any of the methods described so far, their
be identified by the following non-linear least-squares opti- détermination must be carried out in a single step by the

mization: following non-linear least-squares optimization:
g s T
. . 1,..., PRAVEEN N
,min Grot(t) — Y _Vr(t) (= AHprj(ti, 01, No) ® R ,
L P =g j=1 N, NR
(26) < Y | dnott) = Y Vet (= ArHrj(ti, 01, np)

i=1 j=1
whereéy . yp are the unknown reaction model parameters, (28)
Np the number of model parameters;H; the jth reaction
enthalpy (J/mol)Nr the number of reactionsl; the number Examples of this non-linear parameter identification are
of time samples, and; is thejth rate of reaction (mol/sis) presented by several authors: Evans et[&)] identified

(positive sign). The rates of reaction are defined by the reac-two rate constants, two reaction orders and two reaction en-

tion model. Thus the reaction model has to be integrated for thalpies of a consecutive amination using an in-house pro-

all iterations during the optimization process. This method gram. The evaluation program TA-kifY1], was used in

assumes thatot = greact If this assumption is not fulfilled  several applications to identify rate constants, reaction en-

during certain time regions of the measurement (e.g. during thalpies and activation energies in one stép-74]. Pastré

the dosing), the corresponding measurement points can beet al.[22] used the ACSL optimization toolbdx5] to iden-

excluded from the summation iBq. (26). tify the rate constant, reaction enthalpy and reaction orders
Examples of this nonlinear parameter identification task, of a one step semi-batch reaction. Dyer et[d6] identi-

with known reaction enthalpies, are given by Landau et al. fied three rate constants, two reaction orders and three reac-

[65] who identified three rate constants of a consecutive tion enthalpies of a consecutive Vilsmeier reaction using an
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in-house program. Balland et §I.7] presented a genetic op-  out by, e.g. HPLC, GC, or spectroscopic techniques, require
timization algorithm and identified two rate constants, three a time consuming pre calibration of the analytical devices.
reaction orders and two reaction enthalpies of a saponifica-
tion reaction. The heat of mixing was modeled and identified 3.4.2. Method I1I.B: Identification of the reaction model
as well. parameters)1 . n, USing additional measurement of a gas
Zogg et al.[80,3] identified two reaction enthalpies, two production or uptake rate
rate constants, two activation energies as well as reaction or- The nonlinear optimization described ikqg. (26)
ders of a two step consecutive reaction. The evaluation how-(Section 3.3.1) requires the knowledge of the reaction en-
ever performed much better if additional online measured thalpies. The overall optimization according Ex. (28)
reaction spectra were included into the evaluation (see be-(Section 3.3.2) to estimate thermodynamic and kinetic reac-
low). Commercial calculation packages that are able to carry tion parameters at the same time might be difficult to solve
out such a parameter identification task are Batch@a) in certain application$30]. Therefore, Sempere et §83]
BatchReactof78], and ChemCA[79]. calculated the reaction enthalpies of the reaction steps dur-
ing a complex N-oxidation reaction based on the addition-
3.4. Evaluations based on a reaction model and supported ally measured oxygen production. All other seven reaction

by additional analytics model parameters could then be calculatedEly (26). Le
Blond et al.[84] calculated the reaction enthalpies of the

3.4.1. Method Ill.A: Identification of the reaction model reaction steps during the hydrogenation of a nitro group

parameters;  n, using additional concentration based on the additionally measured hydrogen uptake. The

measurements obtained by a calibrated analytical technique rate constants of the reactions involved were then calculated
Machado et al[81] investigated a complex parallel and on the basis of infrared measurements and not calorimetric

consecutive reaction system. The enthalpies of reaction weremeasurements.

determined in advance and finally two rate constants (in-

cluding the activation energies) where fitted to the calori- 3.4.3. Method III.C: Simultaneous identification of the

metric data. The nonlinear optimization is similar to the one reaction model paramete® .y, and the reaction

described byEqg. (26)but additionally to the total heat-flow  enthalpies using additionally measured and uncalibrated

rategiot, cONcentration measurements were included into the reaction data

objective function: As mentioned the general evaluation method 11.B might

) be difficult to handle for certain reaction examples. There-

N; NR fore, Zogg[3] developed a combined evaluation method that

gmin ZWQ é]tot(li)—ZVr(ti)(—ArHj)rj(ti, 01,....Np) allows the simultaneous evaluation of reaction calorimetric
Sl ) j=1 data (according t&qg. (28)) and on-line measured infrared
Ne Nope reaction _spect_ra (Witr_lout calibra_tion_). The cpmbination of
+ZZWC [cmeasureds (t) — Cealc, (ti elep)]Z the calorimetric and infrared objective function was done

similar to Eq. (29), the calculation of the weighting factors
(29) however, was done automatically. The combined evaluation

algorithm was applied to a simple reaction example, the hy-
where Wo and W are user-defined weighting functions, drolysis of acetic anhydridf85] and to a consecutive two
Nc the number of measured componertgys the num- step reaction example using different possible reaction mod-
ber of concentration observationgseasureds the measured  els [80]. The method was compared to method 11.B (see
and ccalc, s the calculated concentration (using the reaction above). The proposed evaluation principle could be applied
model) of thesth component. The same evaluation principle to any additionally measured reaction data as long as the
was applied to a more complex heterogeneous hydrogena-+elationship between the reaction model and the output of
tion reaction with more than ten model parame{8&y. Be- the applied analytical sensor is linear. Possible additional
cause the hydrogen-uptake rate was measured as well, thénformation sources could be gas uptake or production rates
reaction enthalpies were also determined in an initial step. In or uncalibrated GC or HPLC measurements. The combina-
both examples, several isothermal experiments were com-tion of calorimetry and infrared spectroscopy nowadays is a
bined to one data set and evaluated at the same time by usingommon tool to investigate reactiof22,55,84,86—88].
Eqg. (18).

The combined evaluation of the calorimetric and con- 3.5. Assessment of the different evaluation methods

centration data is also available in commercial software

s=1i=1

packages such as BatchCA[B7], ChemCAD [79], or All mentioned evaluation methods are summarized in
BatchReactof78]. The application of this combined evalua- Table 1. The sensitivity of the methods towards deviations
tion approach was also reported by Dyer ef&8] but no de- from the common assumption thag: = greact(Compare to

tails about the underlying mathematics were given. It should Egs. (3) and (19)) are judged as follows: high for the model
be noted that any kind of concentration measurement carriedfree evaluation an&ection 3.2.1as all possible deviations



A. Zogg et al./ Thermochimica Acta 419 (2004) 1-17 15

Table 1
Overview on the different evaluation methods (O, I.A, 1.B, IL.A, I1.B, IIl.A, 111.B; see text) for the total heat-flowgigteneasured by a reaction calorimeter
o LA I.B ILA B lLA n.B 1.C
Equation Nr. 20 23,24 25 26 27 28 29
Identified reaction parameters 01,.. Np v v v v v v v
AfH;P v v v v v
Requires integration ofiot v v
Requires external knowledge of 01,.. Np v
AH,P v v v
Sensitivity to possible deviations from the assumption high medium low
Gtot = GReact
exclusion of data points possible whejgt # greact v v v v v v v
Additional analytical information included Ve i ooye
Calibration required v
Only for nth order single step reactions with one rate v v v
determining component
Complexity of identifiable reaction models - low medium veryhigh  high

@ Model free evaluation method.

b Reaction enthalpies of each reaction step.

¢ Concentration measurements.

d Gas production or uptake rate.

€ Reaction data that is linearly related to the identified reaction model (e.g. infrared reaction spectra).

from the ideally assumed behavior are directly integrated total heat-flow rate might be determined. Different avail-
into AyH and influence also the determined rate constants able devices and principles were therefore compared on the
[3]. Medium for methods 1.B and II.B as exclusion of data basis of their dynamic behavior.

points, where ideal behavior is not fulfilled, is possible and  Further, the different behavior of the calorimetric devices
because the model based evaluation acts like a filter for theon a changing reactor-sided heat-transfer coefficient during
estimation of the reaction enthalpies and model parametersa reaction measurement was demonstrated. Different calori-
Low for methods IlI.A, IIl.B, and 111.C because the different metric devices and techniques were listed that are less or
analytical signals are included into the evaluation that are not affected by this problem and consequently will deliver
not influenced by the same disturbances as the calorimetrica more accurate calorimetric signal if the proper evaluation
signal giot. technique is used.

Additionally the reaction model complexity that can be Once having determined a most accurate total heat-flow
identified by the method is rated: low for the evaluation rate @) during a reaction measurements: can be eval-
methods |.A and I.B as only one step reactions can be iden-uated in order to determine the reaction enthalpy as well as
tified. Medium for methods II.A and II.B as general reac- the kinetics of the investigated reaction. In a second part of
tion models can be evaluated but the information content of this article it was shown that the still widely used technique
the evaluated calorimetric data is limited. High for methods to integrate the calorimetric signadgt might be misleading
I11.B and 1ll.C as additional, uncalibrated analytical infor- as additional heat of mixing, heat of phase changes or mea-
mation is included. Very high for method IlI.A as concentra- surement errors (time distortion, undetected heat-transfer
tion measurements, based on a pre calibration of the choserchanges, ambient temperature influence$ are integrated
analytical technique, are included. into the determined reaction enthalpy. If the integration of

giot IS further used to determine the rate constant of the reac-

tion the same disturbances will also influence the determined
4. Conclusions rate constant. However more stable, model-based evalua-

tion methods for the identification of the reaction enthalpy

Several reaction calorimetric devices and measurementas well as the kinetic parameters were explained. Some of
principles were discussed in the first part of this article. them can even be applied for complex multi-step reactions
The discussion was restricted to isothermal measurementsas additional analytical data is included into the evaluation.
However, the analysis of the heat-flow balances of the Especially if concentration measurements, carried out with
different reaction calorimeters clearly showed that even a pre calibrated analytical device, such as a HPLC, GC, or
though the reaction temperature is controlled isothermally spectrometer, are included.
the dynamics of the measurement devices must be consid- Because the reaction calorimetric signal represents a
ered as the heat-flows as well as the temperature of thedifferential kinetic signal it is well suited to be combined
dynamic elements change during a reaction measurementwith an additional integral kinetic signal (IR, Raman,

If such effects are neglected and the common steady-statdJV-Vis, NIR spectra, concentrations measurement$ to
isothermal heat-flow balances are applied, a time distortedachieve an even more robust evaluation. Possible combined
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evaluation methods were also listed in the second part of [27] W. Pauer, J.P. Tchonkou, H.U. Moritz, D. Brown, Workshop Reak-
this article. tionskalorimetrie, 1999.

[28] F. Becker, W. Walisch, Z. Phys. Chem. 46 (1965) 279-293.

[29] H. Nilsson, C. Solvegren, B. Térnell, Chem. Scr. 19 (1982) 164-171.

[30] H. Nilsson, C. Silvegren, B. Tornell, Die Angew. Makromol.Chem.
5. Outlook 112 (1983) 125-142.

. . . . [31] L. Jansson, H. Nilsson, C. Silvegren, B. Térnell, Thermochim. Acta
Up to now reaction calorimetry is barely used in synthe- 118 (1987) 97-105.

sis laboratories where reactions and process procedures arg2] M. Zogg, Einfilhrung in die Mechanische Verfahrenstechnik, third

initiated. As shown, several different reaction calorimetric ed., B.G. Teubner, Stuttgart, 1993.

devices (sample volume, accuracy, temperature range 33] V.D.I. Warmeatlas, eighth ed., Springer, Dusseldorf, 1997.

are available on the market. It seems only a question of time (341 L-G- Karlsen, J. Villadsen, Chem. Eng. Sci. 42 (1987) 1165-1173.
. . . . . . [35] J.M. Zaldvar, H. Hernandez, C. Barcons, Thermochim. Acta 289

until appropriate devices will also appear in a synthesis lab ~ ~ (1996) 267-302.

and replace the regular glass ware. Not only the temperaturgses] RC1 Handbook, ed. 01/08, Mettler-Toledo GmbH, Switzerland, 2001.

control, pressure resistance as well as the stirring will im- [37] E. Cesari, P.C. Gravelle, J. Gutenbaum, J. Hatt, J. Navarro, J.L. Petit,

prove but reaction calorimetry could also introduce a process zggi’;”27Vég°ffav E. Utzig, W. Zielenkiewicz, J. Therm. Anal. 20

YIeW already in early s_tages of process d.evelopment_even[SB] L. Vincent, N. Shirrazzuoli, S. Vyazovkin, Ind. Eng. Chem. Res. 41

if the measured reaction heat-flow rate is only used as a (2002) 6650—6655.

qualitative reaction profile. This could lead in the very early (39 w. Regenass, Chimia 37 (1983) 430-437.

development phase of a chemical process to more data ori{40] A. Zogg, U. Fischer, K. Hungerbiihler, Ind. Eng. Chem. Res. 42

ented laboratory procedures and a faster and more system-  (2003) 767-776.

atic reaction optimization and process scale-up. [41] B. 3aranek, M. Gottfried, K Kprfhage, W. Pauer, K. Schulz, H.U.
Moritz, Mettler Toledo Publication, 1999.

[42] W. Litz, J. Therm. Anal. 27 (1983) 215-228.
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