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“I often say that when you can measure what
you are speaking about, and express it in
numbers, you know something about it; but
when you cannot express it in numbers, your
knowledge is of a meagre and unsatisfactory
kind.”

Lord Kelvin
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Preface

It is well known that all physicochemical processes are accompanied by a heat tone.

The amount of positive or negative heat released respectively the velocity of its

release is principally a measure of the progress respectively the velocity of the

process. Both in combination represent—depending on the complexity of the

process—a more or less abundant source for a description of changes in physico-

chemical states. As a rule, the thermal quantities can always be measured.

This book is concerned with carrying out the precise measurement of quantities

as well as their utility for chemical engineering, especially their application in the

kinetic analysis of reactions within the liquid phase.1

The introduction2 of the book (Chap. 1) explains why caloric investigations

aimed at determining the chemical kinetics of liquid-phase reactions can be carried

out most efficiently using bench scale calorimeters.

Chapter 2 presents calorimeters for measuring accurately the rate of heat release

during discontinuous and continuous reactions versus time under isothermal and

nonisothermal conditions. In addition, the chapter contains a description of an

apparatus that can be used to record online the rate of heat release within a stirred

tank reactor during a reaction.

Chapter 3 offers hints for the practical use of the proposed calorimeters.

Chapter 4 describes the fundamental principles for conducting a kinetic analysis

of calorimetric results. The aim of a thermokinetic analysis is the elaboration of the

fundamental rules that set the tone for running a chemical conversion in liquid,

homogeneous reaction mixtures, i.e.,

1 Liquid phase system: liquid, liquid/gas, liquid/solid, liquid/solid/gas; in all cases, a liquid is the

main constituent.
2 List of symbols.

ix
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• Independent stoichiometric equations,

• Related rate functions,

• Related reaction enthalpies.

A thermokinetic analysis takes place

• Based on mathematical-analytical relations (examples of several different reac-

tion systems are given)

• Based on numerical calculations (examples of software that has been tested are

introduced).

The more complex a chemical process is, the more plentiful must be the

variations in calorimetric measurements for kinetic analysis.3 This holds especially

for chemical conversions in concentrated reaction mixtures because increasing

concentration complicates the thermokinetic analysis.

Chapter 5 discusses examples of applications to thermokinetic analysis.

Chapter 6 treats the possibilities of bench scale calorimetry in the determination

of additional, relevant quantities in chemical engineering.

Chapter 7 discusses the so-called heat flow calorimeter by Regenass respectively

subsequently improved models.

The book ends with a list of literature cited in the book that is recommended for

further reading, a list of symbols used, and a subject index.

To what end and for whom was the book written?

The book was written first and foremost to stimulate students’ interest of

chemical engineering and chemistry in the kinetic analysis of liquid-phase reactions

on the basis of a calorimetric investigation. Therefore, the illustrations accompa-

nying the chapters are essential, detailed, and coherent. The precise depictions of

apparatus and the advantages of their use, as demonstrated by a variety of examples,

might encourage scientists and engineers to incorporate one of the apparatus in their

professional practice.

The author would consider the book a great success if readers experienced a

eureka moment and realized that thermokinetic analysis could be used to solve their

existing kinetic problems.

The treatise represents the fusion of literature and experience gained in the

domain of bench scale calorimetry, which the author started while working in the

applied physics laboratory at Bayer AG Leverkusen in the 1970s.

The author would like to express his special thanks to Dr. Juri Pawlowski for his

vivid interest in the progress of the project, Mr. Eberhard Gottschall, Mr. Reinhold

Rose, and Mr. Ernst Dykstra for their many ideas and their excellent craftsmanship

in mechanics, Dipl.Ing. Dietrich Biehler, Dipl.Ing. Wilfried Braun, and Dipl.Ing.

Horst Zwick for their excellent ideas with respect to electronics.

3 The same holds for the elaboration of kinetics on the basis of classical chemical analysis.

x Preface
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Last but not least, the author would like to acknowledge a very special debt to his

parents, especially to his mother, now age 96, who for several weekends suffered

the author’s bad temper as a result of sudden revelation of unforeseeable, complex

obstacles during the development of the apparatus. In accordance with Murphy’s
Law, this occurred mostly during or around the weekend.

Cologne, Germany Wilfried Litz
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List of Symbols Used

The relations in the text are not number equations based on fixed values of units but

physicochemical quantity equations. Therefore, neither the equations in the text nor

the following symbols are characterized by units. For their practical use, units

should be chosen uniformly.

a Activity respectively temperature coefficient

C2 Effective heat capacity of filling in measuring kettle

C1 Effective heat capacity of liquid in intermediate thermostat

CF Heat capacity of filling in measuring kettle

CMt Effective heat capacity of measuring-kettle wall + stirrer + etc.

Cpζ Molar heat of reaction constituent ζ
Cζ Partial molar heat of reaction constituent ζ
cp Mean specific heat of filling in measuring kettle consisting of many

components

c Concentration

c0 Initial concentration

cR Concentration of filling in batch tank reactor

cR,0 cR(t¼ 0)

cRstat Steady-state concentration in tank reactor for continuous reaction

cMk Steady-state concentration in measuring kettle

dtorque Torque constant

dRw Thickness of reactor wall

dSt Characteristic diameter of stirrer

D Total torque of electric motor

DR Characteristic inner diameter of reactor

E Activation energy

F Area of heat exchange

f Activity coefficient

G Mass of filling in measuring kettle

xvii



g Rate of mass flow

Ion load Current of electromotor driving stirrer of filled measuring kettle

Iwithout load Current of electromotor driving stirrer of empty measuring kettle

i Product index

j Reactant index

H Enthalpy of reaction mixture

Hζ Molar enthalpy of reaction constituent ζ
Hζ Partial molar enthalpy of reaction constituent ζ
(k �F)1 Heat-transfer coefficient: intermediate thermostat! base

thermostat

(k �F)2 Heat-transfer coefficient: measuring kettle! intermediate

thermostat

(k �F)H Heat-transfer coefficient: pipe coil!measuring kettle

k Rate coefficient of reaction respectively specific heat-transfer

coefficient

k(cε) Rate coefficient of reaction in highly concentrated solution,

generally not constant

kMotor Generated voltage of rotating electromotor without load per one

revolution in unit of time

kTacho Generated voltage of rotating tachogenerator per one revolution in

unit of time

KK Kinetic equilibrium quantity, generally not constant

KTh Thermodynamic equilibrium constant

M Molecular weight

mζ Mass of constituent ζ in reaction mixture

Nj,i Number of moles of reactant j respectively products i
Nζ Number of moles of species ζ in reaction mixture

N Number of revolutions of stirrer per minute, rpm

n, m Order or partial order of rate function of a reaction

p1 Power of electric heater within intermediate thermostat

p2 Power of electric heater within measuring kettle

p3 Power of electric heater within condenser/intermediate thermostat

pSt1 Stirrer power in filling of intermediate thermostat

pSt2 Power of stirrer in filling of measuring kettle

pM2 Total power of electromotor driving stirrer in filling of measuring

kettle

pMStL2 Power loss in arrangement of motor stirrer (internal loss of motor

and stirrer gearing)

p Sum of powers p1, p2, p3, qM2

q Thermal reaction power in measuring kettle or tank reactor

qE Thermal evaporation power

Q1 Total heat released during course of a reaction

q(B+C!)0 Thermal reaction power at start of reversible reaction A$B+C

starting from B+C

xviii List of Symbols Used



Q(B+C!)1 Total amount of heat of reversible reaction A$B+C starting from

B+C

R General gas constant

r Rate of reaction (dλ/dt)/V
t Time

tE Finite time of reaction for a rate function of order 0

tRZ Total time of reaction (99 % conversion)

T0 Temperature in socle thermostat

TS Temperature in base thermostat

T1 Temperature in intermediate thermostat

T2 Temperature in measuring kettle

T20 Temperature in measuring kettle prior to start of reaction at time

t¼ t0¼ 0

T3 Temperature of flowing reaction mix from tank reactor to on-line

calorimeter at end of inlet pipe, just entering measuring kettle

T4 Temporally fluctuating temperature of tank reactor

TH Temperature of superheated fluid within pipe coil installed in

measuring kettle

TMk Set temperature within measuring kettle of Regenass calorimeter

Uj Fractional conversion (Njo –Nj)/Njo, simply called conversion of

reaction

UMotor Generated voltage of rotating electromotor without load

UTacho Generated voltage of rotating tachogenerator (speedometer)

V Volume of reaction mixture respectively of measuring kettle

v Rate of volume flow

αRm Coefficient of heat transfer from reaction mixture into inside wall

of reactor

αC Coefficient of heat transfer from outside wall of reactor into cooling

fluid

αTC Combined coefficient of heat conductance within reactor wall and

heat transfer from outside wall of reactor into cooling agent

αj Exponents of reactant concentration cj in rate function r
ß Rate of temperature increase

ß0 Heat-transfer coefficient from reaction mixture into temperature

sensor

ΔHλ Enthalpy of reaction per stoichiometric conversion (formula

conversion)

ΔHj,i

¼ΔHλ/vj,i

Enthalpy of reaction per mol of component j or i; sign of quantity

depends on whether component is consumed or produced

ε Summary term for all constituents of reaction mixture: Reactants,

intermediate products, products, by-products, catalysts, solvent

ϕ Point of interception of a straight line with ordinate

Φ Heat potential

Ω Quotient of two rate coefficients

List of Symbols Used xix



Өζ Distance of concentration of component ζ from its value cζ1 at

equilibrium (cζ� cζ1¼Өζ)

γ Quotient vj+σ/vj of stoichiometric coefficients vj+σ and vj
τF Time constant of heat exchange between reaction mixture and

temperature sensor

τRTh Time constant of heat exchange between measuring kettle and

thermostat

τR Time constant of reaction

ι1/2 Reaction half-life

ρ Mean density of filling in measuring kettle consisting of

components of different densities

λ Normalized degree of progress of reaction with stoichiometric

equation . . .+ vj+ . . .! . . .+ � � �+ vi. . .+ . . .; defined by (Nj/i(t) –
Nj/io)/vj/i; number of formula conversion

λRw Heat conductivity of material of reactor wall

λRm Heat conductivity of reaction mixture

η Dynamic viscosity of reaction mix with temperature of main filling

of reactor

ηwall Dynamic viscosity of reaction mixture for temperature on inside

wall of reactor

v Kinematic viscosity

vj,i Stoichiometric integer coefficient: <0 for reactants j, >0 for

products i
τ Mean residence time of reaction mass in flow measuring kettle

ω Angular velocity

υ Relative volume change of reaction mixture due to complete

conversion of rate determining reactant

ξ Common index for reactions

ζ Common index for reaction constituents (reactant, intermediate

products, products)
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Part I

Fundamentals, Basic Information and
Description of Bench Scale Calorimeters



Chapter 1

Introduction

The interaction between chemical and coupled physical processes (mass and heat

transfer) gives the tone to the progress of a chemical conversion in a reactor.

Therefore, a prerequisite for designing a plant reactor is the knowledge of

• Substance characteristics

• Apparatus characteristics

• Laws which control physical processes (thermodynamics, hydrodynamics)

• Laws which regulate the dynamics of the chemical process itself, i.e. a thorough

knowledge of reaction kinetics

Only the combination of all laws puts the chemical engineer in a position to

make a well-founded statement on the yield of a reaction and the security in any

plant, i.e. it causes an acceleration of the transfer from the first laboratory exper-

iment via a pilot reactor to the plant reactor.

The standard procedure in kinetic analysis is as follows:

• Take samples during the chemical reaction.

• Analyse the samples immediately or soon after preparation by conventional

methods of analysis such as liquid chromatography, gas chromatography, spec-

tral photometry and titration, for example.

• Determine the reaction mechanism and the related rate functions from the

measured course of reactant and product concentrations versus time on the

basis of graphic or numeric operations.

Obviously, this generally accepted working method is both time-consuming and

prone to error, in particular when it represents an investigation of a rapid reaction.

In addition, it proves that the conventional analysis of samples with chemical

environments of technical mixtures provides no or only insufficient results—more

often than is generally known. This also holds for the increasingly used online

ATR-IR spectroscopy [17].

Hence, clearly, a method of kinetic analysis must be used which

© Springer International Publishing Switzerland 2015
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• Is always useable, as a rule;

• Works online and without interacting with the reaction;

• In simple cases, immediately reveals the reaction rate or a quantity directly

proportional to it;

• In very complex cases, provides at least a gross kinetics (“pulse of chemical

conversion”);

• Allows for the measurement of additional information and quantities in chemical

engineering, for reasons of security at least the enthalpy of a reaction.

The possibility for developing such a method is based on a theorem from chemical

thermodynamics that with a chemical conversion occurring in one step, for instance

R! P, the heat Q released during any time interval is directly proportional to the

numberNR of consumedmols of reactant R. The proportionality factor corresponds to

the released heat (�ΔH)R per consumed mol of reactant, i.e. Q¼ (�ΔH)R�NR.

It stands to reason that the heat release per unit of time dQ/dt, i.e. the rate of nascent
heat1, is directly proportional to the absolute amount of change in mols of reactant per

unit of time |dNR|/dt, i.e. to the rate of reaction.
2

Commercially available micro calorimeters, for example differential scanning

calorimeter (DSC), isothermal-stage thermal analysis (ISTA), differential thermal

analysis (DTA) [21, 50], are designed to solve particular questions (especially with

respect to security). As a rule, and for a variety of reasons, there is only limited use

for a precise kinetic analysis of complex reactions in liquid reaction mixtures. The

main reasons for this are listed, without assignment to any device, as follows.

• The measurements take place within small samples (<1 g) in pots. With respect

to the possible catalytic influence of the pot wall, the surface/volume ratio is

clearly different from that of the plant reactor.

• There is no mixing in the sample; therefore, an inhomogeneity exists in the

temperature and concentration despite the smallness of the pot.

• The original test value within a sample over time is in most cases recorded with

distortions, which complicates the kinetic evaluation because the recorded signal

must be antidistorted.

• The starting point of a reaction cannot be precisely prescribed.

• It is impossible to work according to some technical routine, for example, by

dosing an additional reactant or catalyst or sampling while a reaction is taking

place.

• At the start of or during a reaction, the reaction mixture is not allowed to undergo

any major changes in its physical properties (e.g. volume of sample mass, degree

of dispersion, viscosity, density, specific heat, heat conductivity).

• The reaction mixture is not allowed to deposit material on the pot wall.

• To estimate the analysis curve (netto curve) from the recorded curve (gross

curve), one must have a baseline. However, it cannot be measured.

1 Called thermal reaction power.
2 See detailed treatment in Chap. 4.

4 1 Introduction
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Nevertheless, in practice, devices are used for the kinetic analysis of very

different liquid reaction mixtures, in which some of the stated engraved weaknesses

are tacitly ignored, or an attempt is made to eliminate them by dubious measures.

For instance (Fig. 1.1), the determination of the baseline takes place in such a way

that the course of the recorded curve (gross curve) prior to the start and following

the completion of the reaction is connected by a “plausibly curved” line3,4 in which

sometimes the end of the reaction is plausibly assumed to relate to the course of the

recorded curve. Such measures and ones like it, however, can only moderate the

existing inadequacies and the combined systematic errors in kinetic analysis.

Moreover, the evaluated net curves cannot be used in the kinetic analysis of

complex reaction systems.

The imperfections of micro calorimeters can be attributed to the simplifications

made for the purpose of miniaturization.

Therefore, it is obvious that calorimeters must be developed for liquid reaction

mixtures that do not have the aforementioned weaknesses for calorikinetic inves-

tigations. To that end, it must be taken into consideration that the diversity of

chemical processes makes it necessary to allow for measurements under various

conditions of chemical operation. Therefore, different apparatus for liquid reaction

mixtures must be developed for optimal performance.

Fig. 1.1 Correlation between gross curve, net curve (curve for analysis), and baseline (reference

curve)

3 Plausibility can lull one into a false sense of security; measurement gives security! See Lord

Kelvin’s aphorism in the preface.
4 For the variety of baselines see Sect. 2.1.1.3.

1 Introduction 5
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Chapter 2

Bench Scale Calorimeter

2.1 Devices for Discontinuous Reactions

2.1.1 Isothermal Reaction

To record the rate q of heat release by a chemical reaction (thermal reaction power)

under strictly isothermal condition in the measuring-kettle of a calorimeter, the

apparatus must be able

• On one hand to maintain a constant temperature within the kettle despite of both

the release of heat by the reaction in itself and other additional causes for change

in temperature being concomitant with the reaction performance.

• On the other hand to indicate simultaneously the rate of heat release by reaction

in itself.

The following types of equipment make it possible to control the conditions

more or less exactly.

1. Controlled cooling by means of an installed Peltier element. The intensity of its

electrical current is a measure for the quantity of cooling power, which corre-

sponds to the gross rate of heat release during isothermal reaction. The rate of heat

release by the reaction in itself can only be deduced, if in addition a base line can

be recorded which corresponds to the sum of all other calorific thermal effects

within the kettle: e.g. due to stirring, heat loss and condensation on inlet pipes, etc.

2. Controlled heat flow from the measuring-kettle into its surroundings or from

there into the measuring-kettle, compensating all effects of changing the tem-

perature within the kettle. Therefore, they are also only a gross measure for the

rate of heat release of the reaction in itself. Its accurate value can only be

determined, if in addition a base line can be indicated, the change of which

corresponds to the sum of all other calorific thermal effects in the measuring-

kettle, such as stirring, heat loss, change of heat transfer condition, effects of

rectification on inlet/outlet pipes, etc.

© Springer International Publishing Switzerland 2015
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3. Controlled heating power of a heater within the measuring-kettle working

already prior to start of the reaction. The change in heating power is a gross

measure for the rate of heat release by reaction itself; the thermal reaction power

in itself can only be elucidated precisely, when in addition a line of heating

power (base line) can be indicated, the change of which corresponds to the sum

of all other calorific thermal effects in the kettle, for instance stirring, heat loss,

change of heat transfer condition, etc.

Apparatus of Types 1 [49], 2 i.e. [40, 41, 46], and 3 [24, 54] have been developed.

The straightforward measuring technique of a Type 1 apparatus is a good argument

for using it.

Against its general use in industrial practice are the following factors:

• Only exothermic reactions can be investigated

• Peltier elements in such a setup can reliably be used up to approximately 100 �C.
Although higher temperatures are in principle possible, that would will severely

limit the lifetime of the element and, hence, of the apparatus.

The robustness of Type 2 apparatus speaks well for its use. However, against its

general use for accurately measuring the thermal reaction power itself—a prerequi-

site for performing a thorough thermokinetic analysis of a complex chemical

conversion—are the following factors:

• A precise baseline can only be determined for special conditions (Chap. 7)

The use of Type 3 apparatus is recommended because

• The baseline can always be recorded accurately and simultaneously with the

measurement of changes in heating power.

The author chose Type 3 applying the following conception for discontinuous

reactions (Fig. 2.1).

A measuring kettle (reactor) is inserted in a thermostat, which, to be precise, is

an intermediate thermostat, since it is in turn immersed in a base thermostat. The

measuring kettle respectively the intermediate thermostat is filled with a predomi-

nantly liquid reaction mixture respectively thermostat fluid. Both the measuring

kettle and the intermediate thermostat are provided with a stirrer,1 some baffles, and

an electric heater and temperature sensor, both resistant to corrosion. The stirrers

vigorously mix the fillings in the intermediate thermostat and the reactor. The

temperature TS and the rotational velocity of the stirrer in the base thermostat are

maintained at chosen set values using a controller. The temperature difference

between the measuring kettle and the intermediate thermostat ΔT2, as well as the
temperature difference between the intermediate thermostat and the base thermostat

ΔT1, is maintained at a chosen set value by regulation of the corresponding

electrical heating powers p2 and p1.

1Primarily a lattice stirrer is used.
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The base thermostat displays the lowest constant temperature TS, the inter-

mediate thermostat the medium temperature TS þ ΔT1 , and the measuring kettle

the highest temperature TS þ ΔT1 þ ΔT2.

From the measuring kettle heat flows to the intermediate thermostat and from

there to the base thermostat. In controlled equilibrium, the following applies with

respect to the balance of heat power:

að Þ Measuring kettle reactorð Þ

qþ p2 þ pSt2

Sum of all heat powers

in measuring kettle
¼ k � Fð Þ2 � ΔT2

heat flow out of

measuring kettle

bð Þ Intermediate thermostat

k � Fð Þ2 � ΔT2 þ p1 þ pSt1 ¼ k � Fð Þ1 � ΔT1:

Sum of all heat powers heat flow out of

in intermediate thermostat intermediate thermostat

ð2:1Þ

Because of the chemical process, the physical properties of the reaction mixture

(e.g. viscosity, density) inevitably change. Therefore, during the reaction, changes

take place in the caloric reaction power q, the stirring power pSt2, and the heat-

transfer coefficient (k �F)2, i.e. the heat flow from the measuring kettle into the

intermediate thermostat. This means that, to maintain the set temperature difference

ΔT2 of the measuring kettle, the electric heating power p2 compensates not only the

change in the thermal reaction power q2 but also the change in the heat flow

(k �F)2 �ΔT2 and the change in the stirring power pSt2, according to (2.1). On the

other hand, the heat-transfer coefficient (k �F)1 and the stirring power pSt1 within

Fig. 2.1 Principle of accurate determination of thermal reaction power during an isothermal,

discontinuous reaction [based on the same measuring principle of the calorimeter, this system of

intermediate thermostat—fluid, controlled heater, base thermostat (controlled heat sink)—was

replaced recently [54] by a new type of intermediate thermostat: metal, bordering controlled
Peltier elements, thermostat (controlled heat sink)]
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the intermediate thermostat are constant because these quantities are not influenced

by the chemical conversion in the measuring kettle. Therefore, the change in p1
compensates only the change in heat flow from the measuring kettle into the

intermediate thermostat, according to (2.1).

From (a) and (b) it follows that

q ¼ k � Fð Þ1 � ΔT1 � pSt1
� �� p1 þ p2 þ pSt2½ �: ð2:2Þ

Because (k�F)1¼ const and pSt1¼ const we obtain,

q tð Þ ¼ const� p1 tð Þ þ p2 tð Þ þ pSt2 tð Þ½ �

or because q¼ 0 prior to the start of the reaction at time t¼ 0,

q tð Þ ¼ p1 þ p2 þ pSt2½ �
prior

to start of

reaction at time t < 0

� p1 tð Þ þ p2 tð Þ þ pSt2 tð Þ½ �
during

reaction

at time t � 0

:

When it is ensured that during the reaction

• The rotational velocity of the motor does not change and the internal motor loss

momentum remains constant, (constML)

• The bearing arrangement of the stirrer within the measuring kettle does not

become soiled by the reaction mixture or vapour, i.e. the stirrer loss momentum

remains constant, (constStL)

• The motor torque is transferred unchanged to the stirrer shaft, and the relation

between the stirring power pSt2 and the total motor power pM2 reads

pSt2 ¼ pM2 � constML þ constStLð Þ ¼ pM2 � constMStL2: ð2:3Þ

Hence, the thermal reaction power is given as

q tð Þ ¼ ½ p1 þ p2 þ pM2�
prior

to start of

reaction at time t < 0

� p1 tð Þ þ p2 tð Þ þ pM2 tð Þ½ �
during

reaction

at time t � 0

or (Fig. 2.2)

q tð Þ ¼ p0 � p tð Þ with p0 ¼ p1 t < 0ð Þ þ p2 t < 0ð Þ þ pM2 t < 0ð Þ
¼ const:

ð2:4Þ
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The total amount of heat released from reaction Q results from the integration of

(2.4):

Q ¼
ð
0!1

q � dt ¼
ð
0!1

p0 � p½ � � dt:

The reason and the necessity for using an intermediate thermostat in addition to the

measuring kettle to estimate the exact thermal reaction power q(t) appears to the

naked eye as follows.

Rearrangement of Eq. (2.4) gives

q tð Þ ¼ �
p1 þ p2 þ pM2½ �
prior to

start of reaction

� p1 tð Þ þ pM2 tð Þ�� �
during

reaction

� p2 tð Þ
during

reaction

¼ p1 t < 0ð Þ � p1 tð Þf g þ pM2 t < 0ð Þ � pM2 tð Þf g þ p2 t < 0ð Þ � p2 tð Þ
¼ �δp1 tð Þ þ �δpM2 tð Þ þ p2 t < 0ð Þ � p2 tð Þ

or

¼ k � F½ �2 tð Þ � k � F½ �2 t < 0ð Þ� � � ΔT2 þ pM2 t < 0ð Þ � pM2 tð Þf g þ p2 t < 0ð Þ � p2 tð Þ
because of 2:1ð Þ

¼ �
δ k � Fð Þ2 tð Þ � ΔT2

change in heat flow

out of measuring kettle

owing to varied

heat transfer coefficient

� δpM2 tð Þ�δps2

change in
motor power

owing to varied

stirring resistance

þ p2 t < 0Þð g � p2 tð Þ

or (Fig. 2.3)

q tð Þ ¼ pB tð Þ � p2 tð Þ: ð2:5Þ

Fig. 2.2 Determination of thermal reaction power q by the difference of

p1 þ p2 þ pM2ð Þprior to start of reaction ¼ p0 and p1 þ p2 þ pM2ð Þduring reaction ¼ p tð Þ
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Conclusion

Equation (2.5) shows the only thing that the solely course of the electric heat power

p2(t) in the measuring kettle versus time does not allow for the estimation of the

thermal reaction power q(t).2 It can be determined only when the course of a

reference power, the baseline pB(t), is known. The intermediate thermostat contri-

butes essentially to its registration.

The course of pB t < 0ð Þ prior to the start of the reaction corresponds to p2 t < 0ð Þ
prior to the start of the reaction, but, as a rule, following the start of the reaction, this

is no longer the case. As already mentioned, the deviation of the baseline pB(t) from
the constant value of p2 t < 0ð Þ prior to the start of the reaction is caused

Fig. 2.3 Connection between thermal reaction power q, electric heating power p2 and baseline pB

2 This relation stands to reason, because it is evident that

1. To maintain ΔT2 ¼ const, the partial changes in the total change in the heating power in the

measuring kettle following the start of the reaction from their values prior to the start of

reaction δp2 must be

• Opposite and equal to the thermal power of reaction q
• Opposite and equal to the change in stirring power δSt2
• Equal to the change in heat flow out of the measuring kettle by a change in heat transfer

following the start of reaction δ k � Fð Þ2 � ΔT2

δp2 ¼ δ k � Fð Þ2 � ΔT2 � δS2 � q ¼ δ k � Fð Þ2 � ΔT2 � δSt2
� �� q

2. To maintain ΔT1 ¼ const, the change in electric heating power of the intermediate thermostat

δp1 must be

• Opposite and equal to the change in heat flow δ kFð Þ2 � ΔT2 from the measuring kettle

following the start of the reaction from the value prior to the start of

δ k � Fð Þ2 � ΔT20 ¼ �δp1
3. The change in stirring power δR2 corresponds to the change in the total motor power δM2 when

the lost power remains constant.

Hence, δp2 ¼ � δp1 þ δM2ð Þ � q ¼ δpB � q (Fig. 2.4).
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• By a change in the stirring power pSt2,
• By a change in the heat-transfer coefficient (k �F)2 of the measuring kettle.

To repeat, such changes are caused by changes in the physical properties of the

reaction mass due to the reaction (e.g. viscosity, density, surface tension, electric

conductivity) or by changes in the measuring conditions (incrustation on the inner

kettle wall; phase inversion; change in the volume of the reaction mixture in case of

a semi-batch run, in which a large quantity of reactant is dosed into a relatively

small batch of mixture, by which, as a rule, the area F2, the specific heat-transfer

coefficient k2 and the stirring power pS2 enlarge).
For illustration, in the case q ¼ 0 and p2 ¼ const ¼ 0:

• The enlargement of the heat-transfer coefficient (k �F)2 by δ(k �F)2 would cause
a drop in the present difference in temperature ΔT2

• The enlargement of the stirring power pSt2 by δpSt2 and unchanged (k �F)2 would
cause an increase in the present difference in temperature ΔT2.

However, based on the order of the control system, to keep constant the

difference in temperature ΔT2, the electric heating power p2

• In the first case is enlarged by the amount of increased heat flow from the

measuring kettle into the intermediate thermostat δ k � Fð Þ2 � ΔT2;

• In the second case is decreased by the amount of the increased stirring power

δpSt2 ¼ δpM.

The course of the electric heating power p2(t) corresponds only then to the

baseline pB(t), when the change in the physical properties during a physicochemical

process is accompanied only by a marginal calorific occurrence i:e: q ffi 0ð Þ,
for example, in the case of dissolving cellulose in water (Fig. 2.4).

2.1.1.1 Examples of Devices

Two types of construction for the investigation of discontinuous reactions are

illustrated.

• In one construction, the compact calorimeter Thermokinetic reactor (TKR) [24]

(Figs. 2.5, 2.6, 2.7, 2.8, 2.9, and 2.10), the measuring kettle, and the surrounding

intermediate thermostat with a wall made of a welded spiral tube (Fig. 2.5) are

completely immersed in a base thermostat. In this way, interfering thermal

effects from the surroundings are minimized and a high measuring accuracy is

guaranteed. Therefore, this type of construction is very appropriate for kinetic

investigations.
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Because of the construction of the TKR, which inhibits a direct view into the

reaction chamber, it is impossible to follow visually special events within the measur-

ing kettle (e.g. phase inversion, precipitation) in a simple way, but knowledge of these

special events often constitutes important information for chemists. Suitable devices,

such as fiberscope endoscope, may allow one to view the reaction chamber.

• Therefore, in the case of a non-compact calorimeter (Fig. 2.11), only a part of the

intermediate thermostat encloses the measuring kettle in the form of a hollow

jacket. This hollow jacket is connected to the central part of the intermediate

thermostat by a thermally insulated pipeline. The central part of the intermediate

thermostat is immersed in the base thermostat. The thermostat liquid circulates

turbulently via a pipeline through the hollow jacket and lid. For reactions under a

pressure of up to 10 bar, the measuring kettle with a hollow jacket consists of

glass (Fig. 2.12). A simple visual observation of the reaction mixture is possible.

Fig. 2.4 Estimating the thermal reaction power q from the heating power p2 using the baseline pB;
composition of pB
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The pipelines and the outer wall of the hollow jacket are exposed to temperature

fluctuations, which occasionally occur within the laboratory. The measurements

cannot be shielded completely from external influence despite the thermal

S Base-Thermostat

R Reactor,
Measuring-kettle

Z Intermediate-Thermostat

G Soclet-Thermostat

W Heat exchanger

K Centrifugal pump

Fig. 2.5 Design principle of compact calorimeter TKR

Fig. 2.6 Direct view of apparatus
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insulation of the pipeline. However, carrying out measurements in a closed hood

notably diminishes interference. Nevertheless, this type of construction should be

used predominantly for the simulation of a technical process.

Fig. 2.7 Innards of

measuring kettle/

intermediate thermostat

Fig. 2.8 Inside of

measuring kettle with

baffles
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Fig. 2.9 Flanged

measuring kettle

Fig. 2.10 Flanged

intermediate thermostat
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Fig. 2.11 Principle of non-compact calorimeter

Fig. 2.12 Direct view of non-compact calorimeter. This type should be used predominantly for

simulating technical processes
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The following types of electric driving motor and clutch motor/stirrer are used.

The torque transfer from the motor shaft to the stirrer shaft takes place by a

magnetic clutch (Fig. 2.13). This consists of two permanent magnet rings horizon-

tally mounted in bearings above one another, the higher one above the cover of the

measuring kettle, the lower one enclosed in a Hastelloy C4 shell within a cylindrical

cavity in the cover of the measuring kettle. The shell is open at the top centre, closed

at the bottom, and connected to the stirrer shaft at this point. The stirrer shaft is

borne and guided by a ball-bearing column, which is located above the lower

magnet ring inside an additional cylindrical space, which is partly filled with

silicone liquid. Stirrer, stirrer shaft, lower magnet ring and ball-bearing column

are a unity, which can be pulled out of the measuring-kettle cavity.

During measurement the centrifugal force of the rotating lower magnet ring

within the measuring kettle prevents the reaction mixture penetrating the area

surrounding the ball bearings; vapours which reach the region by diffusion are

nearly completely absorbed in the silicon confining layer. It stands to reason that the

silicon liquid and the ball bearings must sometimes be renewed.

Fig. 2.13 Magnet cluster with ball bearing of stirrer shaft
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An electromotor without armature retroaction–type DC disk-armature motor

connected to a disk-armature tachogenerator (speedometer) (Brown, Boveri &

Cie. AG, Mannheim) [7]—equipped with powerful permanent magnets, is used.3

Whose field flows vertically through the unferrous disk-like rotors. The electric

conductors are arranged similarly to the spokes of a bicycle rim. Themagnetic flow is

constant, and the magnetic field structure around the homogeneous and electric self-

induction is negligibly small. Because of that, the correlations between the electric

and mechanical characteristics are linear, in contrast to conventional electromotors.

3 Barlow wheel [2]

The Barlow wheel, from 1822, is considered to be the historic forerunner of the DC disk-armature

motor. It consists of a pivoted copper disk S in a vertically oriented magnetic field of a strong

permanent magnet M. The conductive connection from the copper disk to the conductive wire

takes place via a mercury batch R.

The essential constituents of a modern DC disk-armature motor (Brown, Boveri & Cie. AG,

Mannheim) connected to a tachometer. Magnetic return path via a ferriferous motor jacket.

Arrangement of conductive wires of rotor disk [7]
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The mechanical torque D of the motor is a linear function of the intensity I of the
electric current4

D Jð Þ ¼ dTorque � I;

the generated electric voltage UM of the motor is a linear function of its rotational

velocity N5

UM Nð Þ ¼ kMotor � N;

the generated electric voltage UT of the tachogenerator is a linear function of its

rotational velocity N6

UT Nð Þ ¼ kTacho � N: ð2:6Þ

There is a linear correlation between the mechanical torque factor dTorque and the

electromotive factor kMotor of the motor

dTorque ¼ æ � kMotor

for instance, for dTorque in unit [pcm/A] and kMotor in unit [V/min�1] results in

dTorque pcm=A½ � ¼ 97, 465 � kMotor V=min�1
� �

: ð2:7Þ
Consequently, the torque constant dTorque can be determined in a simple way.

The generated, total mechanical g torque D of the motor is composed of the

usable torque DU, transmitted via the motor shaft to the stirrer, as well as the loss

torque DL,

D ¼ DU þ DL:

The torque loss DL consists of the

(a) Torque loss of the inner motor

1. Frictional torque loss DFLMotor (by ball bearing, brush friction), indepen-

dent of rotational speed N.

4 dTorque generated mechanical torque per unit of the electric current strength I.
5 kMotor generated electric voltage of the DC disc armature motor (running without load) at one

revolution N in unit of time.
6 kTacho generated electric voltage of the DC disk armature tachogenerator (speedometer) at one

revolution N in unit of time.
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2. Damping torque loss DDLMotor¼ dDLMotor�N (by electric eddy current),

depending on the rotational speed N, with

dDLMotor � damping factor � DDLMotor N ¼ 1ð Þ½ �:

(b) Outer torque loss in clutch of motor shaft/stirrer shaft

1. Frictional torque of ball bearing of stirrer shaft DFLShaft, independent of

rotational speed N.

The correlation of the total motor power pM and its useful part pU, i.e. pSt, reads

pM ¼ D � ω ¼ dTorque � I
� � � 2π � N ¼ DU þ DLð Þ � 2π � N ¼ DU � 2π � N

þ DFLMotor þ DDLMotor þ DFLShaftð Þ � 2π � N ¼ pU þ pL
¼ pSt þ DFLMotor þ DDLMotor þ DFLShaftð Þ � 2π � N:

Hence, for a constant rotational velocity N it follows that

pM ¼ dTorque � I
� � � 2π � N ¼ pSt þ constMStL: ð2:8 � 2:3Þ

Even classic electronics allows one to record the thermal reaction power q in a

simple way:

• Using special heater systems (lead, heating section, lead with resistance ratio

1/400/1; Philips Eindhoven) with virtually no thermal inertia and DC power

supplies, both the released heating powers p2 in the measuring kettle and p1 in
the immediate thermostat are obtained in Watts multiplied by the intensities of

the current I2/1 [A] and voltage U2/1 [V] of the heaters by means of a

multiplier unit.

• The motor power pM2 [W] is determined (Sect. 6.3) by multiplying the current

I [A] of the electromotor, the motor factor kMotor [V/min�1], the voltage UTacho

[V] of the tachogenerator and the reciprocal value of its factor, i.e. (kTacho
[V/min�1])–1.

• The addition of p1(t), p2(t) and pM(t) by means of a potential recorder gives the

course of the total power p(t). The curve p(t) with relation to the constant

baseline p0 imparts �q (Fig. 2.2). If p0 is compensated by an adjustable voltage

source, only the desired q is recorded.

Nowadays, using modern recording and calculation systems on the basis of digital

electronics, elegant and simple multiplication and addition can be carried out.

The controlling units can also be implemented on the basis of digital electronics.
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2.1.1.2 Specification of Devices

The essential features of the apparatus are as follows:

• Material of measuring kettle/intermediate thermostat

stirrer, surfaces of electric heater, temperature sensor

Glass, HC4, V4A

HC4, V4A

• Electric heater with approximately no thermal inertia, tem-

perature sensors with the smallest thermal time constant,

thermocouples, quasi-identical, homemade by cutting pieces

of thermoelectric wire into two parts and preparing the

quasi-identical cut zones as thermocouples

HC4, V4A

• Volume of measuring kettle 100! 1,500 ml

• Range of temperature (thermostat fluid: silicon liquid)

essentially the range of temperature is determined by the

boiling point resp. freezing point of the thermostat liquid

�40 �C! 300 �C

• Maximal number of rotations 4,000 rpm

• PID control unit

• Maximal electric heating power 500 W

• Resolution <1 W

• Maximal operating pressure 32 bar

Reactions in fluid solution mixtures <200 mL within the calorimeter TKR with

time constants >1 min run during total time of reaction under virtually isothermal

conditions, with the exception of the first moments after starting. Temperature

fluctuations around the set point are approximately 0.01 �C.
This strongly isothermal character is the necessary and sufficient condition for

the correctness of the measured rate of heat release q.

2.1.1.3 Simplified Apparatus

In addition to the electromotor without armature retroaction, the use of the inter-

mediate thermostat is necessary to determine the baseline by analogous measure-

ment and ultimately to determine the thermal reaction power by physical means in

the classic working manner, i.e. by simple potentiometric addition and multiplica-

tion of measured quantities. The modern method of recording measured quantities and

proceeding on the basis of digital electronics makes it possible—with limitations—to

neglect the intermediate thermostat and to determine an adequately precise course of

the baseline proceeding from one point in time to another as follows.

When the control unit is in equilibrium ti the following equation is valid

according to (2.1):

q tið Þ þ p2 tið Þ þ pSt2 tið Þ ¼ k � Fð Þ2 tið Þ � ΔT2;
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and for changes in the set-temperature difference ΔT2 by δΔT2 the following

equation is valid:

q tið Þ þ p2 tið Þ þ δp2 tið Þf g þ pSt2 tið Þ ¼ k � Fð Þ2 tið Þ � ΔT2 þ δΔT2 tið Þf g:

From both equations we obtain

k � Fð Þ2 tið Þ ¼ δp2 tið Þ=δΔT2 tið Þ:

Combining this with the first equation yields

q tið Þ þ p2 tið Þ þ pSt2 tið Þ ¼ δp2 tið Þ=δΔT2 tið Þ½ � � ΔT2

or, according (2.5),

pB tið Þ þ pSt2 tið Þ ¼ δp2 tið Þ=δΔT2 tið Þ½ � � ΔT2:

For ti < t0 ¼ 0 we have pB ti < 0ð Þ ¼ p2 t < 0ð Þ because q ti < 0ð Þ ¼ 0; hence

p2 ti < 0ð Þ þ pSt2 ti < 0ð Þ ¼ δp2 ti < 0ð Þ=δΔT2 ti < 0ð Þ½ � � ΔT2:

The quotient of this and the previous equation leads to

pB tið Þ þ pSt2 tið Þ½ �= p2 ti < 0ð Þ þ pSt2 ti < 0ð Þ½ �
¼ δp2 tið Þ=δΔT2 tið Þ½ �= δp2 ti < 0ð Þ=δΔT2 ti < 0ð Þ½ �:

Are all chosen changes in the set temperature difference at different points in time ti
of the same size δΔT2(ti), it follows that

pB tið Þ þ pSt2 tið Þ½ �= p2 t < 0ð Þ þ pSt2 t < 0ð Þ½ � ¼ δp2 tið Þ=δp2 t < 0ð Þ

or

pB tið Þ ¼ p2 t < 0ð Þ þ pSt2 t < 0ð Þ½ � � δp2 tið Þ=δp2 t < 0ð Þ � pSt2 tið Þ:

Hence, to work out the baseline pB(ti) without use of the intermediate thermostat

during the reaction run, i.e. proceeding from point in time to point in time, the set

temperature difference ΔT2 is to change at progressive points in time ti for a short
interval by the equal amount δΔT2 and then at thermal equilibrium the induced

change of the electric heating power δp2 is determined (Fig. 2.14). To obtain an

accurate baseline pB(ti), it is necessary on the one hand to choose a time interval

between the single measurements that is as small as possible, which allows one to

obtain as many determinations as possible; on the other hand, for reaction-kinetic

reasons, the temporarily changed temperatures may not cause a substantial
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deviation of the chemical conversion compared with the strictly isothermal run.

Therefore, the following conditions are necessary:

• The reaction must proceed relatively slowly (time constant as large as possible).

• The reaction must be insensitive to temperature (low activity constant).

In the case of a monotonously changing baseline pB(t), its course can be

approximated as follows (Fig. 2.15). When the reaction has completed, the same

Fig. 2.14 Baseline pB proceeding from one point in time to another

Fig. 2.15 Establishing approximate course of baseline pB
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volume of mixture must be taken out of the reaction mixture, which was dosed in

order to start the reaction (e.g. co-reactant, catalyst solution). The indicated change

in the electric heating powerΔp2 t ¼ 1ð Þ is nearly opposite and equal to the change
in the baseline ΔpB t ¼ 0ð Þ caused by the injection at the start of the reaction, i.e.

ΔpB t ¼ 0ð Þ ffi �Δp2 t ¼ 1ð Þ.
To establish the gross baseline, a straight line is drawn from pB t ¼ 0ð Þ to

pB t ¼ 1ð Þ ¼ p21. Even better would be to draw an exponentially curved line

because the chemical conversion and, hence, the consistency usually change in an

exponential way.

This procedure is based on the assumption that the consistency of a reaction

mixture changes synchronously and monotonously with the progress of the chem-

ical conversion. Normally this is the case; but it is not necessarily so. For example,

the heat-transfer coefficient decreases during the beginning of polymerization

because of growing viscosity, but then it can change as a result of gas being stirred

into the mixture (producing bubbles), which causes the effective viscosity to start

decreasing;

In addition, simultaneously occurring fluctuations in pressure can induce an

alternating gas hold-up (change in magnitude of bubbles) causing a fluctuation in

the heat-transfer coefficient. A similar change in the hold-up of a gas can also be

created during reaction by a change in the density or surface tension of the liquid

phase.

Measurements using the compact calorimeter TKR reveal that baselines very

often take an unexpected course (Figs. 2.16, 2.17, 2.18, 2.19, 2.20, 2.21, and 2.22).

Conclusion

A precise determination of the thermal reaction power q is only possible when the

precise baseline pB is known. This is valid for any type of calorimeter.

In particular, the prerequisite for a thorough thermokinetic investigation is the

precise determination of the thermal reaction power q. This applies for the

Fig. 2.16 Catalytic

hydrogenation of a nitrile

group
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Fig. 2.18 Nucleophilic

substitution at a halide of a

ketone with an amine

derivative in the presence of

the auxiliary base KOH in

solution

Fig. 2.17 Catalytic,

intramolecular

rearrangement of an amide

derivate

Fig. 2.19 The same

reactants as in Fig. 2.18 but

with use of auxiliary base

K2CO3

2.1 Devices for Discontinuous Reactions 27



evaluation of a simple rate function, demonstrated as follows (Fig. 2.23). The

theoretical courses of the reaction velocity r (respectively the thermal reaction

power q ¼ r � �ΔHλð Þ � V, see Sect. 4.1) for a rate function of order 1, 2, or 3 are

plotted using marks (points, stars, circles) as a logarithmic diagram versus time.

Fig. 2.20 Friedel–Crafts

alkylation followed by an

autocatalytic decomposition

Fig. 2.21 Hydrogenation

of an anthrachinon

derivative in solution

Fig. 2.22 Polymerization

in solution
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It is widely known that a logarithmic plot gives a straight line only for a reaction

velocity (thermal reaction power) of order 1. The plots show that there is only a

small curvature in the profile of order two and three up to a high degree of

conversion.

Considering that experimentally found data usually contain many imperfections,

a straight line can also be drawn to one’s best knowledge and belief through the

experimental data of reactions of order greater than one, for instance, up to a

conversion of 45 % for reactions of order three and 60 % for reactions of order two.

The situation is similar when
ffiffiffiffiffiffiffiffiffiffiffi
1=rð Þp

respectively
ffiffiffiffiffiffiffiffiffiffiffi
1=qð Þp

is plotted versus time

(Fig. 2.24). In this case, a straight line is theoretically valid for a rate function of

order two.

This means that, in practice, reaction rates of orders one, two, and three cannot

be distinguished up to relatively high conversions. The difference becomes evident

only by means of data measured during the final phase of the reaction. However, the

calorific effect during this range of reaction is usually rather small. Consequently,

the accuracy of the desired net curve is very closely associated with the precision in

the course of the baseline.

This principle stands to reason, especially with respect to the thermokinetic

analysis of the thermal reaction power of a complex chemical conversion

(i.e. analysis of the superposition of thermal reaction powers of individual reac-

tions, see Chap. 4) demands the precise registration of the baseline during the

complete reaction run.

Fig. 2.23 Plot of ln{r}
versus time for reaction

velocities of order n
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2.1.2 Non-isothermal Reaction

In the case of a non-isothermal reaction, the temperature within the measuring

kettle changes during the reaction run. There are three characteristic modes of

change in temperature

• Induced change in temperature within the thermally open measuring kettle.

• Change in temperature caused by the reaction itself within the measuring kettle

opaque to heat.

• Change in temperature caused by the reaction itself within the thermally open

kettle.

2.1.2.1 Induced Change in Temperature Within Thermally Open

Measuring Kettle (Temperature Program)

Figure 2.25 shows a flowchart of the apparatus; the control system R2 changes the

temperature of the measuring kettle T2 in such a way that it corresponds correctly to
the set temperature Tp(t) of the programming unit,T2 ¼ Tp, despite heat release due

to the reaction.

Fig. 2.24 Plot of
ffiffiffiffiffiffiffiffiffiffiffi
1=rð Þp

versus time for reaction

velocities of order n
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The temperature of the intermediate thermostat T1 is maintained as constant as

is, for that reason, the temperature difference T1 � TS by means of the control

system R1, which controls the heating power p1. The heat balances of the measuring

kettle respectively intermediate thermostat are

C2 � dT2=dt ¼ qþ pSt2 þ p2 � k � Fð Þ2 � T2 � T1ð Þ ð2:9Þ

respectively

0 ¼ k � Fð Þ2 � T2 � T1ð Þ þ pSt1þ p1 � k � Fð Þ1 � T1 � TSð Þ:

The combination of both balances gives the thermal reaction power q in the reaction
mixture

q ¼ k � Fð Þ1 � T1 � TSð Þ � pSt1
� �þ C2 � dT2=dt� p1 tð Þ þ p2 tð Þ þ pSt2 tð Þ½ �:

The first parenthetic expression is constant because (k �F)1 and pSt1 are independent
of the chemical conversion in the measuring kettle. The difference T1 � TSð Þ is

maintained as constant by the control system R1. Therefore, the equation for the

thermal reaction power is obtained as

q tð Þ ¼ constþ C2 � dT2=dt� p1 tð Þ þ p2 tð Þ þ pSt2 tð Þ½ �

or with respect to q¼ 0 and dT2/dt¼ 0 prior to the start of the temperature

programme at time t¼ t0:

Measuring-kettle
(Reactor) 

Intermediate thermostat
Base thermostat

Fig. 2.25 Flowchart of apparatus for non-isothermal reaction (temperature programme)
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q tð Þ ¼ p1 þ p2 þ pSt2½ �
prior

to start of

temperature programme

þ C2 � dT2

	
dt� p1 tð Þ þ p2 tð Þ þ pSt2 tð Þ½ �

during

temperature programme

or with regard to (2.3) and p1(t) + p2(t) + pM2(t) ¼ p(t), p(t< t0) ¼ p0

q tð Þ ¼ p0 þ C2 � dT2=dt� p tð Þ:

p0 þ C2 � dT2=dt is the baseline pB for determining the thermal reaction power q(t).

In the case of a constant change in temperature, dT2=dt ¼ β, we obtain

(Fig. 2.26)7

q tð Þ ¼ p0 þ C2 � β� p tð Þ ¼ pB � p tð Þ: ð2:10Þ

In contrast to the isothermal reaction, pB(t) cannot be measured synchronously with

p2(t); however, it can be calculated supplementally on the basis of the effective heat

Fig. 2.26 Working out the net curve q of a non-isothermal reaction with an induced, linear change

in temperature T2 tð Þ ¼ Tp0 þ β � t� t0ð Þ

7 In fact, the preceding baseline must be completed by a term that takes into account a small heat

exchange with the laboratory via the insulated inlet pipes and the cover of the measuring kettle.

The heat exchange varies with a temperature programme change T2. This term usually varies

approximately linearly based on experimentation. Hence, it is sufficiently integrated in the linearly

approximated evaluation of pB(t).
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capacity C2, which is, in the case of a not too quick change in temperature, a

homogeneous composition of the heat capacity CF of the reaction mass within the

measuring kettle and the effective heat capacity CMt of the measuring kettle itself,

i.e. the sprinkled wall of the measuring kettle, stirrer, baffles, temperature sensor

and regions of the inlet pipes:

C2 ¼ CF þ CMt:

• CF changes during the run of the reaction due to the change in the molecular

composition of the reaction mixture

• CF depends on temperature

• CMt is relatively independent of temperature and can be assumed to be an

apparatus constant.

The course of the effective heat capacity C2, which as a rule changes monoto-

nously during chemical conversion, is produced approximately as follows. From

the abrupt shift in heat power (vertical jump) Δp t ¼ t0ð Þ at the start of the

temperature programme Tp(t) at time t0 as well as Δp t ¼ tEð Þ at the end of the

temperature programme upon completion of the reaction at time tE
8 yields,

using (2.9),

p t ¼ t0ð Þ � p t < t0ð Þ½ �=β ¼ Δp t ¼ t0ð Þ=β ¼ C20,

p t ¼ tEð Þ � p t > tEð Þ½ �=β ¼ Δp t ¼ tEð Þ=β ¼ C2E:

With C2E � C20ð Þ= tE � t0ð Þ ¼ γ the temporal profile of the effective heat capacity

in the time interval t0 	 t 	 tE can be approximated to the first degree by means of

C2 ffi C20 þ γ � t� t0ð Þ:

A very large temperature increase ofT2 ¼ Tp can require a heating power p2(tE) which
exceeds the capacity of the power supply of the measuring kettle. In addition, the heat

flow k � Fð Þ2 � T2 tð Þ � T1 ¼constð Þ
� �

from the measuring kettle into the intermediate

thermostat can increase to such an extent that the heating power prior to the start of the

temperature programme p1 t < 0ð Þ, which is necessary for maintaining the heat

compensation capability during the total width of the running temperature programme,

can be beyond the capacity of the power supply of the intermediate thermostat.

Such overstepping of the limits of power supplies can be avoided if one gives up

on the idea of measuring accuracy using a simplified design, conveniently a

non-compact calorimeter without use of an intermediate thermostat, as follows.

Instead of the temperature T2 of the measuring kettle, the temperature TS of the
base thermostat is adjusted to the temperature programme: TS ¼ TP tð Þ, and now the

8Only when p(t> tE) agrees with p t < 0ð Þ ¼ p0 the reaction is really finished at the point in time

tE.
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temperature difference T2 tð Þ � TS is maintained as a constant by the controlled

heating power p2, i.e. it applies dT2=dt ¼ dTS=dt ¼ dTp=dt.
Because of these facts, the heat balance of the measuring kettle reads

C2 � dT2 tð Þ=dt ¼ qþ pSt2 þ p2 � k � Fð Þ2 � T2 tð Þ � TS½ �; ð2:11Þ

and prior to the start of the temperature programme TP(t) at t ¼ t0 the following

expression holds:

0 ¼ pSt2 t < t0ð Þ þ p2 t < t0ð Þ � k � Fð Þ2 t < t0ð Þ � T2 t < t0ð Þ � TS t < t0ð Þ½ �: ð2:12Þ

Because of the constant temperature difference T2 � TS½ � prior to, after and during

the temperature programme TS tð Þ ¼ TP tð Þ, the expression

T2 t � t0ð Þ � TS t � t0ð Þ½ � ¼ T2 t < t0ð Þ � TS t < t0ð Þ½ �
¼ p2 t < t0ð Þ þ pSt2 t < t0ð Þ½ �= k � Fð Þ2 t < t0ð Þ

results, along with, due to (2.11),

q ¼ �
C2 tð Þ � dT2 tð Þ=dt� pSt2 tð Þ þ k � Fð Þ2 t � t0ð Þ= k � Fð Þ2 t < t0ð Þ� �
� p2 t < t0ð Þ þ pSt2 t < t0ð Þ½ ��� p2 tð Þ:

C2 tð Þ � dT2 tð Þ=dt� pSt2 tð Þ þ k � Fð Þ2 t � t0ð Þ= k � Fð Þ2 t < t0ð Þ� � � p2 t < t0ð Þþ½�
pSt2

t < t0ð Þ�g gives the course of the baseline pB(t) versus time, knowledge of which is

necessary for evaluating the thermal reaction power q from the measured curve

p2(t).
Also in this case pB cannot be measured synchronously to p2(t) (Fig. 2.27).

To establish the baseline C2(t), pR2(t) and (kF)2(t) must be determined (Sect. 2.1.2.3

or 6.3).

Because C2, pSt2 and (k �F)2 change monotonously as a rule during the chemical

conversion and in addition approximately linearly with T2, to establish pB(t) in a

first approximation, a straight line can be drawn in the time interval t ¼ t0 up

to t ¼ tE from p2 t ¼ t0ð Þ up to p2 t ¼ tEð Þ. Because the thermal reaction powers

q t ¼ t0ð Þ respectively q t ¼ tEð Þ are still small respectively again small, p2(t0)
and p2(tE) correspond to pB(t) of the baseline.

In case of a linear temperature programme dT2=dt ¼ β, the effective heat

capacities C20 and C2E result from the jumps in heating power at t ¼ t0 and

t ¼ tE. Because of q t ¼ t0ð Þ ¼ 0, pSt2 t ¼ t0ð Þ ¼ pSt2 t < t0ð Þ and k � Fð Þ2 t ¼ t0ð Þ
¼ k � Fð Þ2 t < t0ð Þ respectively q t � tEð Þ ¼ 0, pSt2 t ¼ tEð Þ ¼ pSt2 t > tEð Þ and

k � Fð Þ2 t ¼ tEð Þ ¼ k � Fð Þ2 t > t0ð Þ it follows using (2.11) that

C2 t ¼ t0ð Þ � dT2 t ¼ t0ð Þ=dt ¼ C20 � β ¼ p2 t ¼ t0ð Þ � p2 t < t0ð Þ,
C2 t ¼ tEð Þ � dT2 t ¼ tEð Þ=dt ¼ C2E � β ¼ p2 t ¼ tEð Þ � p2 t > tEð Þ:
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2.1.2.2 Change in Temperature Because of Reaction Within Thermally

Closed Measuring Kettle (Adiabatic Condition)

Besides the induced and controlled change in temperature, caused by means of an

external heat supply (electric heater), a change in temperature without control can

take place by the heat release of the reaction itself. In adiabatic conditions, this

induced change in temperature occurs without heat loss to the surroundings. To

hinder heat transfer into the surroundings of the measuring kettle, the temperature

of the surroundings (intermediate thermostat) is adjusted to the changing temper-

ature of the reaction mixture at any moment (Fig. 2.28).

To be precise, this way of proceeding however, cannot attain an exact, thermal

insulation of the reaction mixture because of the following facts:

• The reaction mixture is separated from the filling of the intermediate thermostat

by a wall of finite heat capacity

• The heat-transfer coefficients from the reaction mixture into the inside surface of

the wall and from the thermostat fluid into the outside surface of the wall of the

measuring kettle are different

• The heat flows due to the change in temperature simultaneously from the

reaction mixture and the filling of the intermediate thermostat into the wall are

therefore different

• The mean temperature of the wall changes is temporarilly delayed compared

with the changing temperature of the measuring kettle and the intermediate

thermostat

Fig. 2.27 Non-isothermal

reaction (linear temperature

programme, simplified

apparatus)

2.1 Devices for Discontinuous Reactions 35



With

Tm Mean temperature within wall of measuring kettle9

Cm Corresponding mean heat capacity of measuring-kettle wall (see footnote 12)

α2m Heat-transfer coefficient: reaction mixture! inside wall of measuring

kettle

α1m Heat-transfer coefficient: intermediate thermostat! outside wall of

measuring kettle

(k�F)1 Heat-transfer coefficient: intermediate thermostat! socle thermostat10

the heat balances of the reaction mixture, the measuring-kettle wall and the

intermediate thermostat are

C2 � dT2=dt ¼ qþ pSt2 � α2m � T2 � Tmð Þ ð2:13Þ
Cm � dTm=dt ¼ α2m � T2 � Tmð Þ þ α1m � T1 � Tmð Þ ð2:14Þ
C1 � dT1=dt ¼ �α1m � T1 � Tmð Þ þ pSt1 þ p1 � k � Fð Þ1 � T1 � TSð Þ: ð2:15Þ

Because the intermediate thermostat is being controlled, we haveT1 ¼ T2 as well as

dT1=dt ¼ dT2=dt
11, and the sum of (2.13), (2.14) and (2.15) results in

Fig. 2.28 Scheme of apparatus for adiabatic measurement

9 Existing when the temperature T2 does not change too quickly.
10 Intermediate- and socle thermostat consist mainly of welded spiral tubes with turbulent flow, the

socle thermostat with an utmost quick throughput of a liquid with the constant entry temperature,

e.g. from a public supply (Fig. 2.11).
11 The usual temperature rise produces dT2/dt¼ dT1/dtffi dTm/dt as well as T1¼ T2¼ Tm+∂T, with
∂Tffi const. A very quick temperature rise causes dT2/dt¼ dT1/dt 6¼ dTm/dt as well as

T1¼ T2¼ Tm+∂T, with ∂T 6¼ const.
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C2 þ C1ð Þ � dT2=dtþ Cm � dTm=dt ¼ qþ pSt2 � α2m � T2 � Tmð Þ � α1m
� T1 � Tmð Þ þ pSt1 þ p1 � k � Fð Þ1 � T1 � TSð Þ þ α2m � T2 � Tmð Þ þ α1m
� T1 � Tmð Þ ¼ qþ pSt2 þ pSt1 þ p1 � k � Fð Þ1 � T2 � TSð Þ:

Fig. 2.29 shows the characteristic change in temperature T2 during an exothermic

reaction. From previous equation follows the equation determining the thermal

reaction power: q[T1(t)].

q ¼ k � Fð Þ1 � T1 � TSð Þ þ C2 þ C1ð Þ � dT1=dtþ Cm � dTm=dt� pSt2 � pSt1 � p1

or, when index 0 marks the start of the reaction,

q ¼ k � Fð Þ1 � T1 � TSð Þ � k � Fð Þ10 � T10 � TSð Þ þ C2 þ C1ð Þ � dT1=dt

� C2 þ C1ð Þ0 � dT1=dtð Þ0 þ Cm � dT1=dt� Cm0 � dT1=dtð Þ0 � pM2 � pM20ð Þ
� pM1 � pM10ð Þ � p1 � p10ð Þ:

Fig. 2.29 Characteristic course of temperature of an exothermic reaction. Vertical

distance between extrapolated straight lines T t < t0, q ¼ 0, pSt2 6¼ 0, pM1 6¼ 0ð Þ and

T t > tEnd of reaction, q ¼ 0, pSt2 6¼ 0, pM1 6¼ 0ð Þ, positioned in such a way that the areas F1 and

F2 are equal, corresponds in praxis to the jump in temperature by the abruptly released total heat of

reaction Q
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As a rule, only an approximate determination of the thermal reaction power q is

possible because there is insufficient knowledge of the dependence of (k�F)1, C2,

C1, Cm on temperature and the composition of the reaction mixture. As a rule, these

quantities must be calculated in a first approximation.

In the case of a relatively small dependence on temperature, dTm=dt ffi dT2=dt
¼ dT1=dt as well as pM1 � pM10ð Þ ffi 0 the following expression results:

q ffi k � Fð Þ10 � T1 � T1ð Þ0
� �þ C2 þ C1 þ Cmð Þ0 � dT1=dt� dT1=dtð Þ0

� �
� pM2 � pM20ð Þ � p1 � p10ð Þ:

As a rule, the amount of heat capacity of the measuring-kettle wall Cm cannot be

neglected, especially with a pressure kettle. Therefore, the heat contents of the inter-

mediate thermostat and the reaction mixture contribute substantially to the change in

temperature within the wall of the measuring kettle, which occurs in the ratio of the

transfer coefficients (α)1m and (α)2m, in which generally (α)1m is smaller than (α)2m.
Due to the heat loss from the reaction mixture into the measuring-kettle wall

deviate

• The temporal course of the temperature T2 ¼ T1

• The temporal course of the thermal reaction power q (due to the temperature

dependence of the reaction rate)

—with mutual dependence—from the courses under strictly adiabatic conditions.

Only if the heat flow out of the reaction mixture into the measuring-kettle wall is

marginal compared with the flow out of the liquid of the intermediate thermostat q
is almost completely used up to change the temperature of the reaction mass, i.e. the

adiabatic condition is virtually fulfilled. Both the recorded course of the tempera-

ture T2 ¼ T1 and the course of the thermal reaction power q correspond in praxis to
those in exact adiabatic conditions.

2.1.2.3 Change in Temperature Because of Reaction Within Thermally

Open Measuring Kettle (Isoperibolic Condition)

The thermal inertia of the control loop in an isothermal calorimeter prevents the

instantaneous compensation of an abruptly changing release of heat, for instance

caused at the start of a reaction by injection of the starting reactant into the reaction

batch. The equilibrium of regulation cannot be maintained immediately, i.e. in the

first moments we have ΔT2 tð Þ 6¼ ΔT2ðset valueÞ ¼ ΔT2 t < 0ð Þ.
In this situation, e.g. heat is briefly more quickly released than heat—which up to

now has been relevant for the maintenance of thermal equilibrium—flows simul-

taneously from the measuring kettle into the intermediate thermostat. But the

momentarily changed temperature difference T2(t)–T2(set value) between the mea-

suring kettle and the intermediate thermostat now causes for some time a varied

heat flow in such a way that the temperature returns after some time to the set value

(Fig. 2.30), in accordance with the working principle of the control system.
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When the time interval of the isothermal situation is small compared with the

previous non-isothermal phase, for the sake of simplification the measurements are

to be performed from the very beginning in non-isothermal conditions, i.e. without

heat compensation, hence with the electric heating power turned off, p2 ¼ 0. When

the reaction induces only a small change in the heat transfer coefficient, it can be

measured without use of the intermediate thermostat (Fig. 2.31).

Simultaneously with the heat release by reaction, a heat outflow or inflow

through the measuring-kettle wall takes place; the isoperibolic mode is present.

The equation of the thermal reaction power results from the heat balance according

to (2.9) with consideration of p2 ¼ 0 and TS ¼ const12,

qþ qMið Þ ¼ k � Fð Þ2 � T2 � TS½ � � pSt2 þ C2 � d T2 � TS½ �=dt: ð2:16Þ

The temporal course of the function d T2 � TSð Þ=dt is found either by proceeding

from one point in time to another using the slopes of tangents at the measured

course (T2� TS) or by its numeric differentiation. During the reaction changes

Fig. 2.30 Courses of temperature and heating power p2 during start of reaction whose power

q cannot be immediately compensated due to thermal inertia

12 qMi represents the sum of the caloric power of the physical and physicochemical processes

during and occasionally after dosing or injection (Chap. 6). The heat of mixture QMi is liberated

usually instantly during the injection of mixture to start the reaction, with the result that the

pre-starting temperature T2 t < 0ð Þ jumps abruptly at t0 ¼ 0 to T2 t < 0ð Þ þ δT0 ¼ T2 t ¼ 0ð Þ
(Fig. 2.30). C2 � δT0 corresponds to the liberated heat QMi ¼

ð
qMi � dt. When the mixing process

does not occur instantly, a kinetic analysis can only be approximated because (q + qMi) is not easily

analysable, i.e. to split into q and qMi. The course of the rate of heat release qMi should be

determined before the calorikinetic measurements are made, or QMi should be compensated as

far as possible by the use of an appropriately warmed-up injection mixture to start the reaction

kinetic measurements.
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occur in the heat capacity C2, the heat-transfer coefficient (k �F)2 and the stirring

power pSt2. The course of their changes for a small degree up to nearly 20 % can be

found by approximation as follows:

(k�F)2:
The stirring power prior to start of reaction t0 ¼ 0ð Þ has a constant value of pSt2
t < 0ð Þ and after the reaction has completed t > tEð Þ a constant value of pSt2(tE).
The heat-transfer coefficient (k �F)2 at the start of the reaction and following

completion of the reaction13 can be determined in such a way that before

the start and after the end of the reaction for two switched on heating powers

p2(1) and p2(2) the corresponding equilibrium temperatures T2(1) and T2(2) are
recorded and (k �F)2 calculated in accordance with (2.11), i.e. by means of

k � Fð Þ2 ¼ p2 1ð Þ � p2 2ð Þ½ �= T2 1ð Þ � T2 2ð Þ½ �. This results in k � F2ð Þt<0 and

Fig. 2.31 Scheme of isoperibolic measurement equipment. Characteristic course of temperature

of an exothermic reaction

13 The plot of ln T2 versus time gives a curve which turns into a straight line. From the transition tE
can be deduced, see e.g. Eqs. (2.25) and (2.26).

For measurements prior to the start of the reaction the measuring kettle must be filled with a

solution of all components without the reactant for the start of the reaction, and for measurements

after the reaction with the completely reacted mixture, with it filled up each time to the volume

equal to that after the start of the reaction.
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k � F2ð Þt�tE
. Because of the relatively small amount of injected mixture at the start of

the reaction, we have k � F2ð Þt<0 ffi k � F2ð Þt¼0. Hence, with the first approximation,

the course of the heat-transfer coefficient in the time interval of the measurement

0 	 t 	 tE can be provided by means of k � F2ð Þt¼tE
� k � F2ð Þt<0

h i.
tE ¼ β by

kFð Þ2 ffi k � F2ð Þt¼0 þ β � t: ð2:17Þ

pSt2:
According to (2.16) the temperatures prior to the start and after the end of the

reaction are T2 t<0ð Þ ¼ TS þ pSt2 t<0ð Þ= k � Fð Þ2 t<0ð Þ ¼ const1 and T2 t�Eð Þ ¼ TSþ
pSt2 t�tEð Þ= k � Fð Þ2 t�tEð Þ ¼ const2, in which pSt2 t<0ð Þ and pSt2 t�tEð Þ are determined

thanks to the knowledge of k � Fð Þ2 t<0ð Þ and k � F2ð Þt�tE
. Because of the small

amount of injected mixture at the start of the reaction, we have

pSt2 t¼0ð Þ ffi pSt2 t<0ð Þ. Using pSt2 t�tEð Þ � pSt2 t<0ð Þ
h i

=tE ¼ α produces approximately

the course of the stirring power in the time period 0 	 t 	 tE

pSt2 ffi pSt2 t<0ð Þ þ α � t: ð2:18Þ

C2:

The effective heat capacity C2 of the filling in the measuring kettle is composed of

the heat capacityCF ¼ cP � G of the reaction mixture and the effective heat capacity

CMt of the measuring kettle itself, i.e. part of measuring-kettle wall sprinkled by the

reaction mixture, stirrer, baffle, and temperature sensor,

C2 ¼ CF þ CMt ¼ cP � Gþ CMt: ð2:19Þ

C2 follows on the basis of

• The time constant κ ¼ C2=ðk � FÞ2 of the temperature decay following an

induced increase in the temperature ΔT2(t) of the measuring-kettle filling

• The currently known heat-transfer coefficient (k �F)2.
To produce the curve of temperature decay, the temperature T2 t < 0ð Þ (see

second part of footnote 13) prior to the start of the reaction must be increased by

switch-on of the heating power p2 from 0 up to p2 for a short time, i.e. from its

starting value T2 t < 0ð Þ ¼ T20 ¼ TS þ pSt2= k � Fð Þ2 by ΔT2 up to T2(p2). After the
electric heating power p2 is switched off, the temperature decreases due to (2.16)

according to the equation

T2 tð Þ � T20 ¼ T2 p2ð Þ � T20ð Þ � EXP � k � Fð Þ2=C2 � t
� �

¼ T2 p2ð Þ � T20ð Þ � EXP �t=κð Þ:

Plotting the natural logarithm of the temperature decay T2 tð Þ � T20½ � versus time

gives a straight line with a slope of 1/κ. From κ we obtainC2 t	0ð Þ ¼ κ � k � Fð Þ2. The
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same procedure with the completely reacted mixture yields C2 t�tEð Þ. Using

C2 t�tEð Þ � C2 t	0ð Þ
� �

=tE ¼ γ, the temporal course of the effective heat capacity C2

in the time interval 0 < t < tE can be found in a first approximation by

C2 ffi C2 t	0ð Þ þ γ � t: ð2:20Þ

In case that C2, (k�F)2 and PSt2 change during the reaction approximately > 20 %

the use of the intermediate thermostat is unconditionally necessary to determine the

accurate thermal reaction power q. The heat balances of the measuring kettle and

the intermediate thermostat are

C2 � dT2=dt ¼ qþ qMið Þ � k � Fð Þ2 � T2 � T1½ � þ pSt2;

C1 � dT1=dt ¼ k � Fð Þ2 � T2 � T1½ � � k � Fð Þ1 � T1 � TS½ � þ pSt1:

Combining both equations gives

qþ qMið Þ ¼C2 � dT2=dtþC1 � dT1=dtþ k �Fð Þ1 � T1�TSð Þ� pSt2� pSt1: ð2:21Þ

The heat-transfer coefficient (k�F)1 and the effective heat capacity C1 of the filling

in the intermediate thermostat are constant during the reaction. (k�F)1, C1 and C2

can be found using an analogous procedure to that just illustrated. The stirring

powers pSt2 and pSt1 must be measured (Sect. 6.3).

During very quick reactions the temperature sensor signalizes that the real

change in temperature of the filling in the measuring kettle has been temporarily

distorted (Fig. 2.31) because of the following circumstances.

The heat-transfer coefficient between the measuring kettle and the thermostat

has a defined, finite value in accordance with which the heat transfer between their

fillings occurs in a definite way: The process is marked by a characteristic thermal

time constant τRTh. Just so, a definite transfer coefficient exists for the heat flow

from the reaction mixture into the temperature sensor, i.e. the heat flow is also

marked by a characteristic time constant τF.
The change in temperature of the reaction mixture in the measuring kettle is

influenced by the heat release to the reaction and the heat flow from the reaction

mixture into the thermostat and into the temperature sensor.

Quasi-equality of the temperature T2 in the measuring kettle and the temperature

TF in the sensor, i.e. its temperature signal, is possible only when the time constant

τR of heat release by reaction is large compared with the time constant τF of the heat
flow into the sensor. This is not the case during a very quick reaction, because in

that case the actual temperature T2 in the reaction mixture reaches the sensor with a

delayed motion, i.e. the sensor signalizes the temporally distorted T2 as TF.
Without restriction of the universal validity, this is illustrated by means of a

reaction which runs with a constant rate of heat release q ¼ constð Þ and without
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changes in consistency qSt2, k � Fð Þ2 ¼ const
� �

. With β0 as the heat-transfer coeffi-
cient from the reaction mixture into the sensor, the rates of change in the actual

temperature of the mixture T2 and in the sensor signal TF are given by

CF � dTF=dt ¼ β
0 � T2 � TFð Þ ð2:22Þ

and

C2 � dT2=dt ¼ qþ qSt2 � k � Fð Þ2 � T2 � TSð Þ � β
0 � T2 � TFð Þ

¼ qþ qSt2 � k � Fð Þ2 � T2 � TSð Þ � CF � dTF=dt:
ð2:23Þ

Because of

• CF 
 C2, i.e. the sensor represents a negligibly small heat sink, the heat flow

from the reaction mixture into the sensor can be neglected

• qSt2 ¼ const, i.e. qSt2 ¼ k � Fð Þ2 � T20 � TSð Þ respectively T20 ¼ TS þ qSt2=
k � Fð Þ2

follows from (2.23) for the rate of change in the real temperature T2 of the mixture:

C2 � d T2 � T20ð Þ=dt ¼ q� k � Fð Þ2 � T2 � T20ð Þ: ð2:24Þ

The reaction starts at t ¼ 0 and is completed at t ¼ tE
14; the solution of Eq. (2.24),

i.e. the temporal run of the actual temperature T2 in the reaction mixture, is

for 0 < t 	 tE T2 ¼ a=b � 1� EXP �b � t½ �ð Þ þ T20 ð2:25Þ

and

for t > tE T2 ¼ a=b � 1� EXP �b � tE½ � � EXP �b � t� tEð Þ½ �ð Þ þ T20; ð2:26Þ

with

a ¼ q=C2 ¼ const, b ¼ k � Fð Þ2=C2 ¼ 1=tTh
� reciprocal time constant of heat-transfer kettle ! thermostat:

Combining (2.25) respectively (2.26) with (2.22) and solving the equations gives

TF, i.e. the course of temperature T2 in the reaction mixture over time signalized by

the temperature sensor,

TF ¼ κ � EXP �β � t½ � �EXP �b � t½ �f gþ γ � 1�EXP �β � t½ �f gþ T20 for 0< t	 tE

14 See Sect. 4.2.1.1.1.1.
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and

TF ¼ κ � 1� EXP �b � tE½ � � EXP �b � t� tEð Þ½ �f g þ κ � γð Þ � EXP �β � t½ �
þ κ � γð Þ � EXP �β � t� tEð Þ½ � þ T20 for t > tE;

with

β ¼ β
0
=CF ¼ 1=τF

� reciprocal time constant of heat transfer from reaction mixture into sensor,

κ ¼ a � β=b= β � bð Þ and γ ¼ a=b:

Figure 2.32 illustrates the typical temporal course of the signal difference TF during reactionð Þ
�TF prior to start of reactionð Þ ¼ TF � TF0 � T20ð Þ depending on the time constant τF of the

temperature sensor.

Summary

For kinetic analysis of recorded temperature curves of very quick reactions, the

thermal inertia of the sensor must be taken into consideration, i.e. to work out the

temporal course of the actual temperature T2 at the location of measurement the

distortion of the recorded temporal course TF must be antidistorted.

To be precise, the relation (k �F)2 � [T2� TS] for the description of the heat flow

from the measuring kettle is useable only under steady conditions, i.e. for a steady

temperature distribution in the wall of the measuring kettle, hence for

T2¼ constant. The relation is valid with good approximation just about when T2
changes in a quasi-static way. For an extremely quick release of heat by the

reaction, which causes an extremely quick change in the temperature of the reaction

mixture, the adjustment of the temperature distribution in the wall follows in a

delayed manner resulting from the wall’s ability to store heat. In that case, for the

Fig. 2.32 Signal difference TF � TF,0 � T20ð Þ of sensor temperature for different time constant τF
of sensor during a constant thermal reaction power, end of heat release at time point tE
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change in the heat flow one must take into consideration the dynamics of the

temperature distribution, i.e. the Fourier equation of heat conduction

δT=δt ¼ a �∇T

with

a � temperature coefficient of the wall,∇ � Nabla operator:

2.2 Device for Continuous Reaction

2.2.1 Isothermal Flow Calorimeter TKR

The design of the calorimeter for a continuous, isothermal reaction (Fig. 2.33)

corresponds essentially to the calorimeter for discontinuous reactions. A flow

measuring kettle,15 provided with thermally insulated inflow and outflow pipes

for the reaction mixture, is inserted in an intermediate thermostat, which in turn is

immersed in a base thermostat. The thermostats are filled with thermostat liquid.

Both the flow measuring kettle and the intermediate thermostat are provided with a

stirrer, baffles, an electric heater and a temperature sensor. The temperature TS of
the base thermostat is maintained at a chosen set value. The temperature differences

between the measuring kettle and the intermediate thermostat ΔT2 and between the
intermediate thermostat and the base thermostat ΔT1 are maintained at the chosen

set values by control of the corresponding electric heating powers p2 and p1. When

the control is in equilibrium the base thermostat displays the lowest temperature TS,
the intermediate thermostat a medium temperature TS þ ΔT1 and the flow measur-

ing kettle the highest temperature TS þ ΔT1 þ ΔT2. Heat flows from the measuring

kettle to the intermediate thermostat and from there to the base thermostat. The

single mixtures of reactant are continuously transported at a constant rate in

separate pipes. By regulation of a heater enclosing the pipes, the fluid mixtures

are brought to the correct temperature, TS þ ΔT1 þ ΔT2, just before entering the

flow measuring kettle (control system analogous to that in Fig. 2.37). In that way

15Using a conventional stirrer, the flow takes place continuously but weakly pulsating as a result of

the following causes:

(a) A low-pressure supply of inert gas on the filling of kettle

(b) A lengthened outflow pipe sticking through the cover of the measuring kettle by approxi-

mately 1 cm.

For a flooded flow measuring kettle a circular pendulum mixer is recommended for use instead

of a conventional stirrer (Sect. 2.5, Fig. 2.39).
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any pre-reaction within the inlet flow is avoided and in addition any heat effect

within the measuring kettle based on a temperature difference between inflow and

filling is excluded.

The heat (kF)2 �ΔT2 flows from the measuring kettle into the intermediate

thermostat owing to the temperature difference ΔT2, and the heat (k �F)1 �ΔT1
flows from the intermediate thermostat to the base thermostat owing to the tem-

perature difference ΔT1. qMi is the rate of physicochemical heat release by mixing,

and following the balance of heat powers in equilibrium of control the following

conditions apply:16

(a) Measuring kettle

qþ qMi þ p2 þ pSt2

Sum of all heat powers

in measuring kettle
¼
¼

k � Fð Þ2 � ΔT2

heat flow out of

measuring kettle

(b) Intermediate thermostat

Fig. 2.33 Principle of flow calorimeter TKR

16 If the reactant solutions being dosed are not brought to the temperature of the measuring

kettle, then qMi consists of the rates of heat release due to both physical dosing (physical heat

g � cp � TLaboratory � T2

� �
and physicochemical mixing (physicochemical heat).
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k � Fð Þ2 � ΔT2 þ p1 þ pSt1

Sum of all heat powers

in intermediate thermostat
¼
¼

k � Fð Þ1 � ΔT1:

heat flow out of

intermediate thermostat

This results in

qþ qMi ¼ k � Fð Þ1 � ΔT1 � pSt1
� �� p1 þ p2 þ pSt2½ �

The heat-transfer coefficient (k �F)1 and the stirring power pSt1 of the intermediate

thermostat are not influenced by the reaction within the measuring kettle; they are to

a certain extent apparatus constants. ΔT1 remains constant because p1 changes,

regulated by a control procedure, opposite and equal to the change in the heat flow

(k �F)2 �ΔT2 from the measuring kettle into the intermediate thermostat.

Hence

qþ qMi ¼ const� p1 þ p2 þ pSt2ð Þ
with 2:3ð Þ

¼ p1 þ p2 þ pM2ð Þ
prior to start

of dosing at tD0s

� p1 þ p2 þ pM2ð Þ
during continuous

dosing

or

qþ qMi ¼ p0 � p ð2:27Þ

with

p0 ¼ p1 þ p2 þ pM2ð Þt<tDos
and p ¼ p1 þ p2 þ pM2ð Þ:

The sum of the rates of heat release by reaction q and by mixing qMi in the

measuring kettle is determined by the subtraction of the sum of the electric heating

powers in the measuring kettle and in the intermediate thermostat as well as the

motor power of the measuring kettle during continuous dosing from the sum of

these powers prior to the start of continuous dosing (Fig. 2.34).

qMi is found in the following way. When the dosing is stopped at time ts, the
continuous mode of operation changes abruptly to the discontinuous mode. Since

no mixing occurs now, no heat from the mixture is released, i.e. at time ts the
heating electric power in the measuring kettle changes abruptly so that it is opposite

and equal to the rate of heat release by mixing qMi. Its quantity is a result of the

subtraction of the sum of the thermal powers of the continuous reaction

p t < tsð ÞCONT from the sum of the thermal powers of the discontinuous reaction

at time ts p t ¼ tsð ÞDISC. Hence,

qMi ¼ p tsð ÞDISC � p t < tsð ÞCONT:
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2.3 Device with Reflux Condenser for Isothermal,

Discontinuous Reaction (Isothermal Condition)

A reflux condenser (condenser-kettle embedded in an intermediate thermostat)

within a base thermostat is combined via a thermally insulated pipe with the

measuring kettle of a calorimeter for a discontinuous reaction (Fig. 2.35). Provided

that in the measuring kettle evaporable components are generated by a not-too-fast

chemical conversion, between the measuring kettle and the condenser there exists

with regard to the evaporable components a quasi-continual equilibrium.17

The following heat balances hold

Measuring kettle qþ qE þ p2 þ pSt2 ¼ k � Fð Þ2 � ΔT2 ð2:28Þ
Intermediate thermostat k � Fð Þ2 � ΔT2 þ p1 þ pSt1 ¼ k � Fð Þ1 � ΔT1 ð2:29Þ
Condenser=intermediate thermostat qC þ p3 þ pSt3 ¼ k � Fð Þ3 � ΔT3 ð2:30Þ

qC ¼ �qE ð2:31Þ

The addition of (2.28), (2.29), (2.30), and incorporating (2.31), results in

q ¼ k � Fð Þ1 � ΔT1 þ k � Fð Þ3 � ΔT3 � pSt1 � pSt3
� �� p1 þ p2 þ p3 þ pSt2½ �:

The terms in the first brackets are not influenced by the chemical conversion in the

measuring kettle, that is to say, they are apparatus constants. Hence, taking into

account (2.3) leads to

q ¼ const� p1 þ p2 þ p3 þ pM2½ �

Start of dosage

Steady state

Approaching
of steady state

End of dosage, start of
discontinuous operating condition

p(t < ts)

t = ts

p(t > ts)

qMi

q + qMi

po

P
ow

er
 p

Time

Fig. 2.34 Determination of

thermal reaction power

q and thermal mixing power

qMi of an isothermal,

continuous chemical

conversion

17 During quasi-continual equilibrium, the absolute amounts of the caloric evaporation power qE in
the measuring kettle (temperature T2) corresponds to the thermal condensation power qC in the

condenser kettle (temperature T3), that is, the sum of the powers cooling the vapour from

temperature T2 down to T3 and subsequent condensation with temperature T3.
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or

q ¼ p0 � p1 þ p2 þ p3 þ pM2½ � ð2:32Þ

with

p0 ¼ p1 þ p2 þ p3 þ pM2½ �t<0 ¼ const:

2.4 Device with Reflux Condenser for Isothermal,

Discontinuous Reaction (Boiling Condition)

While boiling a component of the reaction mixture (as a rule, the solvent) the

temperature does not change despite heat release from the reaction. As is well

known, the temperature remains unchanged as a result of more or less boiling.

Consequently, it is not possible to measure the nascent heat directly, i.e. by changes

in the compensating power of the electric heater18 in the measuring kettle.

Fig. 2.35 Compact

calorimeter and reflux

condenser for

discontinuous, isothermal

reaction

18 The prerequisite of such a measuring mode is the initiation of a change in temperature.
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However, under certain conditions, this measurement can be carried out indirectly

by measuring the rate of heat release from the condensation of vapour in the

condenser, which is recorded by the condenser/ intermediate thermostat

(Fig. 2.36). The conditions for equality of the thermal reaction power and the rate

of heat release by condensation are as follows:

• The time constant of the reaction must be large compared to the time constant of

the heat transfer from the condenser to the condenser/intermediate thermostat;

• The time constant of the reaction must be large compared to the time constant for

the adjustment of the thermal equilibrium in the coupled measuring kettle/

condenser system. In this way, the power compensation in the condenser/

intermediate thermostat occurs on the basis of quasi-continual thermal equilib-

rium. In that case, the amount of substance leaving the measuring kettle as

vapour in accordance with the released heat of the reaction per unit of time

corresponds to the amount of condensate in the condenser per unit of time.

Fig. 2.36 Schematic representation of measuring apparatus for reaction with reflux of a boiling

component of reaction mixture
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• The boiling point must be practically unaffected by the change in composition of

the reaction mixture caused by the chemical conversion. Otherwise, the reaction

heat would not be used solely for boiling but also to change the temperature

within the reaction mixture, i.e. the recorded rate of heat release by condensation

would differ from the exact rate of heat release by the reaction. Therefore, a

reaction mixture which is not too concentrated should be used.

If the boiling point changes very slowly or only slightly, in practice, the absolute

rates of heat release by the reaction and by condensation are equal.

2.5 Online Calorimeter (Sensor)

A prerequisite for the optimum, model-supported control of a chemical process is a

comprehensive knowledge of the state of the reaction mixture at all times during the

process. As a rule, only a few of the variables representing the state can be directly

measured.

Modern system theory [43] offers mathematical methods, which—on the basis

of these variables together with thermodynamics, chemical kinetics and a reactor

model—enable the estimation of additional state variables (e.g. Kalman–Bucy

filter, Luenberger observer). The more accurate the process model which is

assumed as a base, and the more numerous and meaningful the starting measured

variables are, the greater is the number and accuracy of the additional, estimated

state variables. Consequently, variables which are usually available

(e.g. temperature, pressure) should, if possible, be supplemented by further vari-

ables which are more meaningful.

Usually, chemical conversion takes place by parallel or consecutive, elementary
reactions19 accompanied by a release of heat. The amount of heat released during an

elementary reaction is directly proportional to the degree of conversion, and the rate

of its release is directly proportional to the rate of reaction. The proportionality

factor is a characteristic quantity for each elementary reaction, the enthalpy of

reaction. The recorded thermal reaction power is the superposition of the specific

thermal powers of those elementary reactions. The same holds for melting, con-

densing and mixing processes, which are often coupled with the chemical process

itself. Therefore, thermal reaction power is both a meaningful and always accessi-

ble quantity to be measured for the model-supported determination of the state of a

sought chemical process.

The rate of heat production in a tank reactor is generally determined by the

thermal balance of the system. Experience has shown that, when drawing up a

thermal balance for the reactor itself and its cooling jacket, both the stirrer power

19 See Sect. 4.1.
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and the heat loss rates due to convection and radiation cannot be accounted for

accurately.

To find the thermal reaction power in an ideally mixed tank reactor, it is

recommended to use an appropriately designed flow calorimeter placed as a sensor

in a short, thermally insulated by-pass. To equalize the specific rates of heat

production in the tank reactor and sensor, the latter must be designed in such a

way that both the composition and the temperature of the reaction mixture in the

sensor correspond to those in the tank reactor.

2.5.1 Working Mode and Design

The following measurement setup is proposed for the online determination of the

thermal reaction power (Figs. 2.37 and 2.38).

The setup is largely comprised of a continuous-flow, compensating calorimeter

which consists of a flooded measuring kettle housed in an intermediate thermostat,

which is enveloped by a base thermostat. The base thermostat and the intermediate

thermostat are filled with a thermostat liquid. The base thermostat, the intermediate

thermostat and the flow measuring kettle are each provided with a mixer, baffles

and temperature sensors. The mixer of the base and intermediate thermostats are

classic stirrers, and the mixer in the flooded measuring kettle is a circular pendulum

mixer. Its bearing is protected from contamination with the reaction mixture by

corrugated metal bellows, which is joined to the cover of the shaft to form a seal.

T4 – T2 = 0

T4 – T3 = 0

T4 = T3 = T2 > T1 > TS

T1 – Ts = const > 0

Temperature
control of

mass flow into
M.-kettle

Reactor

T4(t)

T2(t)

T3(t)

T1

P1

P2

TS

Measuring-
kettle

Base-
thermostat

Intermediate-
thermostat

Fig. 2.37 Scheme of online calorimeter (calorimeter sensor)
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Fig. 2.38 Direct view of online calorimeter (right), coupled with tank reactor (left)

Fig. 2.39 Circular pendulum mixer; top: bearing of mixer, bottom: design of mixer

2.5 Online Calorimeter (Sensor) 53



The mixer has the form of a three-dimensional, conically formed star with three

jags (Fig. 2.39). The rotational velocity of the stirrer in the base and intermediate

thermostats and the frequency of the circular pendulum in the measuring kettle are

kept constant by controlled electric motors without armature retroaction. The

measuring kettle and the intermediate thermostat are additionally provided with a

corrosion-resistant special electrical heater (lead, heating section, lead with a

resistance ratio of 1/400/1; Philips). DC power supplies are used, and the heating

power is given by the product of the voltage and intensity of the current. The

reaction mixture flows continuously from the tank reactor via a temperature-

controlled pipeline into the ideally mixed measuring kettle and from there back

into the reactor. The temperature of the base thermostat TS, which is chosen to be

substantially lower than the temperature T4 of the tank reactor, has a constant value.
The temperature difference between the intermediate thermostat and the base

thermostat T1 � TSð Þ is measured by temperature sensors and fed to a control

unit, which maintains a constant set value by control of the heating power p1 in the

intermediate thermostat. The value of the difference in set temperatures is chosen

such that the temperature T1 in the intermediate thermostat is lower than the

temperature T2 in the measuring kettle.

The temperature difference between the measuring kettle and the tank reactor

T2 � T4ð Þ is also measured and fed to a control unit, which by control of the heating

power p2 in the measuring kettle ensures that the temperature of the measuring

kettle T2 corresponds to the temperature T4 of the tank reactor. The difference in

temperature between the reactor and at the inlet to the measuring kettle T4 � T3ð Þ is
also fed to a control unit, which by regulation of an electric heating envelope of the

pipe ensures that the temperature T3 of the flowing reaction mass at the inlet into the

measuring kettle corresponds to the temperature in the reactor T4 and, thus, to the

temperature in the measuring kettle T2. The temperature drops in a stepwise manner

from the measuring kettle via the intermediate thermostat to the base thermostat:

T4 ¼ T3 ¼ T2 > T1 > TS.

The heat flow from the measuring kettle into the intermediate thermostat

changes generally with time due to

• Temperature fluctuation T4 ¼ T3 ¼ T2ð Þ of the tank reactor

• Change in the heat-transfer coefficient (measuring kettle! intermediate ther-

mostat) caused by the inevitable change in the physical properties of the content

in the measuring kettle according to chemical reaction or, often, because of an

accumulation of material on the wall of the measuring kettle (fouling).

Within the intermediate thermostat a change in the heat inflow is compensated

for by an opposite and equal change in the electric heating power p1, so that the set

temperature T1 remains constant, i.e. a constant heat flow from the intermediate

thermostat into the base thermostat is maintained. Provided the residence time in

the feed pipe can be neglected, the composition of the reaction mixture in the

measuring kettle corresponds to that in the tank reactor. This holds for a discontin-

uous reaction and with a sufficient degree for semi-continuous and continuous

reactions as long as the mean residence time of the reaction mixture in the
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measuring kettle is small in comparison to the time constant of the reaction.

Consequently, both the difference in the flow of enthalpy into and out of the

measuring kettle and the heat from mixing by the entry of the reaction mixture

into the measuring kettle are negligible.20

Therefore, the heat balance of the measuring kettle reads

C2 � dT2=dt ¼ qþ pSt2 þ p2 � k � Fð Þ2 � T2 � T1½ �: ð2:33Þ

The heat balance of the intermediate thermostat in control equilibrium is given by

0 ¼ k � Fð Þ2 T1ð Þ � T2 � T1½ � þ pSt1 þ p1 � k � Fð Þ1 � T1 � TS½ �:

Combining both equations yields the following relationship for the caloric reaction

power q:

q ¼ k � Fð Þ1 � T1 � TS½ � � pSt1
� �� p1 þ p2 þ pSt2f g þ C2 � dT2=dt:

The temperature T1 of the intermediate thermostat, the temperature TS of the base
thermostat, the rotational velocity of the stirrer and the viscosity of the liquid in the

intermediate thermostat, i.e. the stirring power pSt1 and the heat-transfer coefficient
(k �F)1 do not change. Therefore, the expression in parentheses on the left is

constant, allowing for a simplification of the equation:

20 This is illustrated, without restriction of the universal validity, by a monomolecular reaction of

order 1, see 4.2.1.1.1.3

• Discontinuous reaction in tank reactor:

cReactor ¼ cR0 � EXP �ktð Þ, cMkettle ¼ cR0 � EXP �ktð Þ
cR ¼ cMk:

• Semi-continuous reaction in tank reactor:

when cR0¼ 0 it follows that cR ¼ g=M=V=k � 1� EXP �ktð Þ½ �,

cMk ¼ g=M=V=k � 1= 1þ kτð Þ � EXP �ktð Þ þ kτ= 1þ kτð Þf g�
EXP � 1=τ þ kð Þð Þ½ �;

i.e. when kτ< 0.01, it follows with an error of <1 % that

cR ¼ cMk:

• Continuous reaction in tank reactor:

cR ¼ cRstat, cMk ¼ cRstat= 1þ kτð Þ;

i.e. when kτ< 0.01, it follows with an error of <1 % that

cR ¼ cMk:
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q ¼ const
0
T1; TSð Þ � p1 þ p2 þ pSt2f g þ C2 � dT2=dt:

Since the power loss in the bearing of the circular pendulum mixer in the measuring

kettle is guaranteed to remain unchanged during measurement and electric motors

without armature retroaction, i.e. DC disk-armature motors are used, relationship

(2.7) holds between the total motor power pM2 and the mixing power pSt2. There-
fore, the following expression results:

q ¼ const T1; TS;N2ð Þ � pþ C2 � dT2=dt ð2:34Þ

with

p ¼ p1 þ p2 þ pM2:

const(T1,TS,N2) is in a certain way an apparatus constant, which can be determined

for chosen values of T1, TS and N2 as follows. Before connection of the measuring

kettle [which is filled with a reactionless q ¼ 0ð Þ fluid] with the tank reactor, the

controlling unit of p2 is switched off, and instead, the heating power p2 is set at a
constant value. After temperature equilibrium dT2=dt ¼ 0ð Þ is achieved, the sum of

the powers p1, p2 and pM2 corresponds to the desired constant, i.e.

p1 þ p2 þ pM2 ¼ p ¼ const T1; TS;N2ð Þ:

The value of const (T1,TS,N2) remains unchanged as long as

• The thermostat liquid

• The contents of the liquid in the base and intermediate thermostats

• The speed of the mixers in the base and intermediate thermostats as well as the

measuring kettle, and

• The temperatures TS and T1 of the base and intermediate thermostats remain

unchanged.

The effective heat capacity C2 of the content in the flow measuring kettle

comprises the heat capacity CF of the reaction mixture and the effective heat

capacity CMt of the mixer, baffles, temperature sensor, wall of the measuring kettle,

and so forth:

C2 ¼ CF þ CMt:

CMt is, in contrast to CF, an apparatus constant
21 which can be elaborated by means

of the heat capacity CF of any liquid used to fill up the measuring kettle and the

associated effective heat capacity C2 as follows:

21CMt is relatively independent of temperature, more or less. CF, however, varies with changes in

temperature. However, because of the generally moderate temperature fluctuations in the tank

reactor, its influence can by first approximation also be neglected.
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• CF is given from the volume V of the measuring kettle, the known specific heat cp
of a chosen filling and its density ρ according to CF ¼ V � ρ � cp ¼ G � cp.

• The associated effective heat capacity C2 results from the time constant κ ¼ C2=
k � Fð Þ2 of a temperature decayT2 ! T1 over time of the flooded measuring kettle

and its heat-transfer coefficient (k �F)2. The determination of (k �F)2 and κ takes

place according to (2.33) as follows:

The heating power p2 in the measuring kettle is switched off; the slope

of the logarithmic plot of the temporal decay of the temperature difference

T2 tð Þ � T1 þ pSt2= k � Fð Þ2
� �

corresponds to the time constant κ and C2 can be

calculated by C2 ¼ κ � k � F2ð Þ.
At the beginning of the decrease it progresses as

T2 tð Þ � T1 þ pSt2= k � Fð Þ2
� � ffi T2 tð Þ � T1 due to pSt2= k � Fð Þ2 
 T1.

For two constant heating powers p2(1) and p2(2) the temperatures T2(1) and
T2(2) during control equilibrium should be registered.

This yields the heat-transfer coefficient according to (2.33)

k � Fð Þ2 ¼ p2 1ð Þ � p2 2ð Þ½ �= T2 1ð Þ � T2 2ð Þ½ �:

In the case of a discontinuous, semi-continuous or continuous reaction in the

tank reactor, the satisfactory values of the heat capacity CF and mass G in the filling

of the connected flooded measuring kettle are to be found by means of the

weighted-average method.22

22 The batch of the tank reactor is as follows:

Substance 1 with mass m1, density ρ1, specific heat cp1
Substance 2 with mass m2, density ρ2, specific heat cp2
Substance n with mass mn, density ρn, specific heat cpn.

The dosage with constant mass rates gi is as follows:

Substance 3 with rate g3, density ρ3, specific heat cp3
Substance m with rate gm, density ρm, specific heat cpm.

The weighted average method yields the following results (neglecting the effect of changes in

individual substances due to the reaction):

Average specific heat cp(t) of reaction mass:

cp tð Þ ¼ m1 � cp1 þ m2 � cp2 þ mn � cpn þ . . .þ g3 � t � cp3 þ . . .þ gm � t � cpm þ . . .

m1 þ m2 þ mn þ . . .þ g3 � tþ . . .þ gm � tþ . . .

Average density ρ(t) of reaction mass:

ρ tð Þ�1 ¼ m1=ρ1 þ m2=ρ2 þ mn=ρn þ . . . g3 � t=ρ3 þ . . .þ gm � t=ρm þ . . .

m1=m2 þ mn þ . . .þ g3 � tþ . . .þ gm � tþ . . .

CF ¼ ρ tð Þ � V � cp tð Þ ¼ Cp tð Þ � G tð Þ:
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Consequently, in Eq. (2.34) determining the rate of heat release q in the

measuring kettle, const(T1, TS, N2) and the effective heat capacity C2 are known.

p(t) and T2(t) are measured online. dT2(t)/dt can be determined using a numeric

online differentiation of T2(t). Experience has shown that the result of such a

numeric operation is usually unsatisfactory because of unavoidable fluctuations in

the measured course of T2(t). A determination of the thermal reaction power q by

means of numeric differentiation of T2 can be avoided using the stochastic estimate

algorithm of the Kalman–Bucy filter [6].

The quotient of the determined thermal reaction power q and the reaction mass

G in the measuring kettle yields the desired specific rate qs.
The most important prerequisite for using the online calorimeter to yield mean-

ingful results is that the content of the tank reactor should be uniformly mixed at a

uniform temperature. This applies to all types of sensors, which are designed to

display a measured value which is representative of the entire tank reactor. With

reaction mixtures which are homogenous or almost homogenous the measuring

system can be used without problems. The only condition is that the reaction mixture

must not be too viscous (v< 500 cSt); otherwise, temperature streaks would result,

which would interfere with the controllingmechanism.With heterogeneous reaction

mixtures, in which mass transfer between phases usually affects the rate of chemical

conversion, the stirring characteristics of the tank reactor should be adjusted in the

measuring kettle based on the rules of scale transfer in stirring systems.

2.5.2 Specification

The essential features of the online calorimeter are as follows:

• Material of measuring kettle, mixer, surface of heater, etc. Hastelloy C4

• Volume of flow measuring kettle 1,500 ml

• Temperature range (thermostat liquid: silicon fluid) essen-

tially the temperature range is determined by the boiling

point respectively freezing point of the thermostat liquid

�20 �C! 250 �C

• Maximum frequency of circular pendulum mixer 40 Hz

• PID control system

• Maximum electric heating power 500 W

• Resolution <2 W

• Maximum operating pressure 32 bar

• Time constant of reaction >1 h

• Kinematic viscosity v< 500 cSt

The endo- and exothermic chemical and physicochemical processes of the

following phase systems can be investigated:

• Liquid; liquid/liquid, liquid/solid.

• Sufficiently accurate: liquid/gas; liquid/solid/gas, in all cases: liquid as main

constituent.
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Chapter 3

Practical Hints

3.1 Standardization of Signal Accuracy of Electric Heating

Powers in a Measuring Kettle, Intermediate

Thermostat, and Reflux Condenser as well

as the Stirring Power in a Measuring Kettle

Despite the thoroughness of amperemeter, voltmeter, amplifier, analog-digital con-

verter etc. today, the possibility cannot be excluded that several homemade recording

units, though possessing such electric elements, give for the same actual test value

signals with differences that are beyond the range of tolerance. This is important

when the signals are intermediate values when establishing target quantities. For the

measurements of calorimeters this fact must also be taken into account. With

calorimeters for isothermal reactions, the accuracy of signals of the different actual

powers p1, p2 and pSt2 must be checked and, if necessary, be standardized as follows.

As described earlier, for set points

• Temperatures TS, ΔT1, ΔT2
• Rotational velocity of stirrer

• Degree of fillings of base thermostat, intermediate thermostat and measuring

kettle

the actual quantities p1, p2, pSt2 achieve fixed values at the control equilibrium. The

sum p1 + p2 + pSt2 + constMStL2¼ p1 + p2 + pM corresponds to (kF)1�ΔT1 � pSt1 +

constMStL2¼ const¼ p0. According to (2.1)–(2.4) the sum remains unchanged

after an induced change in p2 or pSt2.
1 For example, variation in the heating

power p2 in the measuring kettle by δp2 causes a change in the heat flow out of

the measuring kettle into the intermediate thermostat by δp2. To maintain the

1 For instance, variation in p2 due to changes in the set valueΔT2 to (ΔT2 + δΔT2), its change due to
varied manual setting, a variation in pSt2 due to a change in the consistency in the filling of the

measuring kettle.
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temperature difference ΔT1, the control system of the intermediate thermostat

changes the electric heating power p1 by making δp2 equal but opposite to it, i.e.,

δp1¼�δp2.
The same goes for changes in the stirring power pSt2. Because of the variation in

the stirring power by δpSt2, the control system of the measuring kettle changes the

heating power p2 by an opposite and equal amount, maintaining the temperature

difference ΔT2, i.e. we have δp2¼�δpSt2¼�δpM2.

As a rule, the first use of installed recording units indicates signals2 with

differences between δp2 and �δp1 or δp2 and �δpSt2 respectively �δpM2, which

are small but outside the range of tolerance. To eliminate the discrepancies in the

signal accuracies of the recording units, the accuracies for the signals of the heating

power p1 in the intermediate thermostat and of the stirring power pSt2 in the

measuring kettle must be adjusted to the signal accuracy of the recording unit of

power p2 in the measuring kettle. For that, factors f are installed in these measuring

systems using hardware or software by which the imperfect, inner outcomes are

multiplied for the purpose of improving the accuracy of the signals.

3.1.1 Heating Power in Intermediate Thermostat

The adjustment of the signal accuracy of the heating power p1 in the intermediate

thermostat must be performed first of all as follows: ΔT1 and ΔT2 (stirring power

pSt1¼ const) are set to such values that the value p10 is as small as possible

(e.g. 3 W) and the value p20 as large as possible (e.g.ffi 200 W) (Fig. 3.1).

ΔT2 must then be reduced by such an amount δΔT2 that q2 decreases by a

magnitude δp2 as large as possible (e.g. ffi 180 W). The signal of the compensating

increase δp1 of the heating power p1 in the intermediate thermostat is, for instance,

δp1<�δp2. This means that, although the sum of the actual quantities p1 + p2 + pSt2
remains unchanged p0, the signal indicates wrongly, instead of p0, a decreased sum
p

0
0. To adjust the signal p1 the factor f1 for the inner outcome in the recording unit

must be enlarged until the following result is obtained:

p
0
0 ¼ p0,

i.e.

δp1 ¼ �δp2:

3.1.2 Stirrer Power in Measuring Kettle

Now we can start to adjust the signal accuracy of the recording unit for the stirring

power pSt2. Because the stirring power cannot be measured directly but only

2 In what follows, signals of the actual quantities are denoted by boldface type.
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indirectly by means of the power pM2¼ pSt2 + pLoss¼ pSt2 + constMStL2 (see Sect.

2.1.1) of the driving motor, the adjustment must be taken place via iterative mode as

follows.

The measuring kettle is filled with a substance of high viscosity η under normal

pressure, for instance silicone fluid M1000. The rotational velocity of the stirrer

should be set at a high level, for example 1,500 rpm. A small volume of nitrogen

gas should be injected into the filling of the measuring kettle. Because of the

high turbulence in the liquid filling, this volume splits into countless small bubbles,

so that the initial high viscosity η decreases to a very small effective viscosity

ηeff. The controlled equilibrium for chosen set points TS, ΔT1, ΔT2 is represented
by the actual values p1, p2, pSt2 respectively pM2¼ pSt2 + constMStL2 as well

as their constant sum p0 (Fig. 3.2). The signal of the motor power is

pM2¼ pSt2+ constMStL2, the signals of the heating power in measuring kettle

and intermediate thermostat is p2 respectively p1(adjusted). Hence the sum of the

signalized powers is

p1 adjustedð Þ þ p2 þ pM2 not adjusted, f¼1ð Þ ¼ p1 adjustedð Þ þ p2

þ pSt2 þ constMStL2ð Þ not adjusted, f¼1ð Þ

¼ p0 ¼ const:

A pressure stroke in the measuring kettle compresses the small nitrogen bubbles

into tiny vesicles, so that the previous high viscosity η results. Because of that, the
stirring power increases by δpSt2. The control system of the measuring kettle

Fig. 3.1 Adjustment of

signal accuracy for heating

power p1 in intermediate

thermostat to signal

accuracy for heating power

p2 in measuring kettle
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changes p2 to an opposite and equal value, i.e. we have δpSt2¼�δp2, and the

sum of the actual quantities p1 + p2 + pM2 remains unchanged p0. If the recording

unit indicates a motor power signal that is smaller than the value

pM2¼ pSt2 + constMStL2, i.e. δpSt2< δpSt2, then the signal p decreases from p0 to

p
0
0 (Fig. 3.2).

3 To obtain p0
0 ¼ p0, the adjustment factor f must be increased up to a

value f1. However, this first instance of equality does not mean that we now have

δpSt2¼�δp2, but only δpM2¼�δp2, because the pSt2 part of p
0
M2 is less enlarged

than the const0MStL2 part because p0St2< const0MStL2(p2)
¼ PL2. Hence, the adjust-

ment must be continued in succession in an iterative mode.

To this end, the measuring kettle is decompressed. This leads to an expansion of

the tiny vesicles, by which a small viscosity ηeff is renewed. Because of f1> f, the
indicated p

00
0 is now larger than p0. This value p

00
0 is to be used as the new starting

value p0 for the adjusting procedure. The adjusting work is successful,

i.e. δpSt2¼�δp2, when further (i) pressure rises/drops, vice versa, produce no

change in the sum of the signalized powers p1, p2 and pM2¼ pSt2+ pL2; hence

p0 ið Þ ¼ p0 i
00

� �
¼ p0 i

0000
� �

¼ � � � ¼ � � �

Fig. 3.2 Iterative adjustment of signal accuracy of stirring power pSt2 to signal accuracy of

heating power p2 of measuring kettle

3 The compensation of the heat flow change δΔT2�(k�F)2 by δp1 is correctly indicated because p1
has already been adjusted.
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3.1.3 Intermediate Thermostat of the Reflux Condenser

Following adjustment of the accuracy of the measuring signals of the stirring power

pSt2 and the electric heating power p1 in the intermediate thermostat, the accuracy

of the signal of the heating power p3 in the intermediate thermostat of the reflux

condenser can be adjusted. The procedure is the same as with the signal of the

heating power p1 in the intermediate thermostat, as follows.

The batch in the measuring kettle must be a solution of a low-boiling-point

component in a high-boiling-point liquid (for instance ethyl alcohol in ethylene

glycol). The set points of the temperatures TS, ΔT1, ΔT2 in the calorimeter respec-

tively TSC, ΔT3 in the reflux condenser unit are chosen to be of such magnitudes

that, for example, during evaporation in the measuring kettle and condensation in

the reflux condenser the heating power p2 in the measuring kettle is large respec-

tively the heating power p3 in the intermediate thermostat of the condenser is as

small as possible. A change of the set temperature in the measuring kettle by δΔT2
to T2 + δΔT2 changes

• The thermal evaporation power in the measuring kettle by δpE,
• The heat flow out of the measuring kettle into the intermediate thermostat by

δΔT2�(k�F)2,
• The thermal condensation power by δp3.

The first two variations are compensated by the change δp2 in the electric heating
power p2 in the measuring kettle. According to (2.28), for the two parts of δp2 the
following expressions are valid:

δ1p2 ¼ �δpE
δ2p2 ¼ δΔT2 � k � Fð Þ2:

Because of (2.28)–(2.31) we obtain the results

δ1p2 ¼ �δp3 and δ2p2 ¼ �δp1;

i.e. the part δ1p2 of δp2 concerning evaporation is opposite and equal to the change

in the heating power p3 of the intermediate thermostat of the condenser, the part

δ2p2 concerning heat flow is opposite and equal to the change in the heating power

p1 in the intermediate thermostat of the calorimeter. Hence, according to (2.32), the

sum [p1 + p2 + p3 + pM2] of the actual powers remains unchanged at value p0.
When the signal [p1(adjusted) + p2+ p3(not adjusted) + pM2(adjusted)] offers a value p

0
0

which is smaller, for instance, than p0, i.e. δp3<�δ1p2, the adjusting factor f3
improving the signal p3 of the intermediate thermostat of the condenser must be4

increased until p00 is equal to p0, i.e. δp3¼�δ1p2.

4 The compensation of the heat flow change δΔT2�(k�F)2 by δp1 is correctly indicated because p1
has already been adjusted.
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3.2 Attenuation of Interference Due to the Occasional

Phenomenon of Vaporization and Condensation

Within the Calorimeter During Isothermal Reactions

The inner surface of the measuring kettle wall always has a lower temperature than

the filling within the measuring kettle. When the laboratory temperature is consid-

erably lower than the temperature in the measuring kettle, the temperature in certain

regions of the pipes5 which extend from the cover of the measuring kettle via the

intermediate and base thermostats up to the laboratory (see Figs. 2.5 and 2.10) can

differ from the temperature in the measuring kettle. Therefore, depending on the

vapour pressure of the different species in the reaction mixture, more or less distinct

evaporation and condensation on the fluctuatingly exposed areas of the inner wall of

the measuring kettle and in zones of the pipes take place. Evaporated components

condense there fluctuatingly, and the heat from the condensation passes into the

metal. When the condensation occurs only

• On the inner surface of the measuring-kettle wall

• On the zones of the pipes within the intermediate thermostat

the deranging heat effect is involved in the total heat balance, hence the correct

estimation of the thermal reaction power is assured according to (2.4). Of course,

this is the case all the more when the intensity of evaporation decreases because of a

diminution of vapour pressure caused by an injection of reactants at the start of the

reaction or because of the change in the composition of the reaction mixture by the

chemical conversion.

However, when the vapour extends owing to a high diffusion rate to the zones of

the pipes located in the base thermostat or even in the laboratory, it is necessary to

quiet the evaporation dynamics. This takes place by increasing the pressure with an

inert gas because the diffusion coefficient becomes inversely proportional to the

increasing pressure according to the kinetic theory of ideal gases. Much more

effective is this brake effect with the vapour phase. Because of the diminution of

the rate of diffusion by means of a sufficiently high increase in pressure, the region

of condensation can be restricted to zones within the intermediate thermostat.

As a rule, tests show that a pressure load of two to three times the boiling pressure

of the involved species is sufficient to prevent from falsification of the measuring

results.

5 Used for dosage of the reaction mixture, measurement of pressure and as a holder system of the

stirrer bearing/shaft.
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3.3 Instantaneous Dosing of Granule Material

Both for conventional and calorimetric investigations, to elaborate the reaction

kinetics, it is usually advantageous to use the mode of discontinuous working. For

this, the reactor should be prefilled with a mixture of defined, reactionless compo-

sition, the mixture brought to the temperature of the chemical conversion and the

reaction started by an instantaneous dosing of the starting reactants, which should

also be brought to the temperature of the mixture. Then certain defined physico-

chemical processes (mixing, solving, dispersing, evaporating, precipitating) occur

in the reaction mixture, coupled with the chemical conversion.

It is widely known that this process can be carried out without a problem using a

liquid injection mass by means of, for instance, a piston syringe with temperature

control, pushed by gas pressure or by means of a powerful quick-action pressure-

feed pump with temperature control. However, the quasi-instantaneous dosing of

granule material, brought to the exact temperature of the batch, against pressure is

not possible by means of conventional dosing equipment (conveyor worm). For this

kind of dosage, the rotary dosing unit is suitable (Fig. 3.3). A cylindrical chamber is

installed in the measuring kettle. Its cover is removable for the purpose of filling.

The bottom, however, is fixed to the stirrer shaft. Symmetrically one-half of a

lattice stirrer is in a higher position on the bottom within the chamber; the other half

is in a lower position of the bottom and juts out into the measuring kettle. The

cylindrical jacket—secured by means of sealing rings (which do not tend to swell

up) on the cover and bottom pressure—can be pulled up parallel to the stirrer shaft

using a hydraulic lifting unit. For this action the motor is stopped for a moment but

is started again after a very short period of time at the previous rotational velocity.

The batch of the chamber is centrifuged outward and, by rapid stirring, dispersed

instantaneously. This way of dosing combines

• The exact conformity of the temperatures in the batch and the added substance

• Quasi-instantaneous dosing and quasi-instantaneous distribution.

3.4 Instantaneous Dosing of Slurry

During the time necessary to achieve exact thermal equilibrium in the calorimeter

(approximately 1 h), which is the prerequisite for the start of a strictly isothermal

measurement, a thermally instable substance in the chamber of the rotary dosing

unit is changed to an unknown degree. A thermally instable substance must

therefore be brought to the temperature of the reaction in as short a time as possible

and then dosed as quickly as possible. It is advisable to dose thermally instable

solids in the form of slurry using a dosing unit described as follows.

A longish chamber is installed in the vertical direction above the dosage inlet of

the measuring kettle in the calorimeter. It is surrounded by an electric heating

jacket. The end of the chamber above the inlet is conically formed and closed by a
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pressure-tight, relatively great ball valve. The upper part of the chamber is remov-

able for filling with slurry. The cover has an inlet pipe for pressure strokes. A small

stirrer driven by an electric motor via a magnet cluster ensures that

• A batch of solid/liquid disperses to produce slurry

• The dispersed solids do not clump but a homogenously distributed slurry is

maintained

Fig. 3.3 Rotary dosing unit within measuring kettle for instantaneous mixing of a mass (liquid,

granule material) at the exact temperature of the batch
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• The slurry is brought very quickly to the reaction temperature by the controlled

heating jacket

• The slurry is dosed quasi-instantly without complications after the ball valve is

opened

3.5 Diminution of Interferences on Evaluation of Non-

isothermal Net Measuring Results

The prerequisite for the usability of the determining equations for the thermal

reaction power q or the temperature,6 derived earlier, is that the temperature TS of
the base thermostat remains at a constant level during measurement or changes at

least quasi-statically, i.e. in a quasi-continual equilibrium state of the total system.

The following possibilities are appropriate for this purpose:

(a) Use of a base thermostat with a high-heat-capacity filling

(infinitely large heat reservoir)

(b) Control of temperature TS by means of a regulation system.

Tests with a calorimeter (measuring kettle, intermediate thermostat and base

thermostat) reveal

for (a) Only a base thermostat of an unusable size has a sufficiently high heat

capacity

for (b) Sporadic temperature fluctuations of irregular intensity, which mutually

and strongly interfere with the electric heating powers and temperatures,

cannot be eliminated even if one has installed additional baffles, several

stirrers and a centrifugal pump.7

Because of this fact, indirect control of the temperature TS is used. For that, a

relatively small, precisely regulated socle thermostat with a temperature T0 having
maximum fluctuations of δT0ffi 0.02 �C brings the temperature of the base thermo-

stat (30 L volume for a small measuring kettle, 50 L for a large one) to the

temperature TS by means of a heat exchanger. The heat exchanger is uniformly

distributed within the base thermostat. The temperature fluctuations δT0 in the socle
thermostat are transmitted in an extremely attenuated form to the base thermostat,

so that for a base thermostat without a load, δTSffi 0 holds.

6With the exception of non-isothermal experiments by an induced change in the temperature of a

simplified apparatus (Sect. 2.1.2.1).
7 The small change in the temperature TS of the base thermostat in the beginning due to the initial

stirrer power or heat exchange with the occasionally slow and steadily changing surroundings

(temperature in laboratory) occurs in a quasi-static way owing to the high heat capacity.
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This temperature constancy of the base thermostat, coupled with the controlled

temperatures of the intermediate thermostat and measuring kettle,8 holds true

• Strictly for isothermal processes within the boundary conditions of the control

dynamics,

• With restrictions for non-isothermal process.

The temperature T2Set in the measuring kettle in the case of both the isothermal and

non-isothermal runs of the reaction must be obtained in an iterative manner.

In the first step

• The temperature T0 of the socle thermostat is adjusted lower than the tempera-

ture T2set of the measuring kettle, i.e. the temperature of the isothermal reaction

respectively the start of the temperature programme

• The electric heating power p1 in the intermediate thermostat and p2 in the

measuring kettle are fixed,

p1 at a low respectively high value (depending on whether a decrease or an

increase in the heat-transfer coefficient (k�F)2 during the chemical conversion

is expected)

p2 at a value higher than the assumed peak in the thermal reaction power during

the run of reaction.

After thermal equilibrium is established9 the values ΔT1stationary as well as

ΔT2stationary are registered. As a rule, the temperature T2stationary deviates from the

desired temperature T2set. Therefore, the temperature T0 of the socle thermostat

must be increased or diminished two or three times until the temperature T2 of the
measuring kettle equals the value T2set.

• For the isothermal process (Fig. 2.1), the control is started with the last registered

ΔT values, ΔT1set¼ΔT1stationary andΔT2set¼ΔT2stationary. During the course of a

8With constant rotational velocity of all stirrers.
9 Thermal equilibrium means that there are constant heat flows over time, i.e. stationary heat flows

in the calorimeter system:

• From the measuring

kettle

– supplied by the electric heating power p2 and stirring power pSt2 –

into the intermediate

thermostat

• From the intermediate

thermostat

– increased by the electric heating power p1 and the stirring power pSt1
minus a tiny heat loss to the laboratory due to the dosing pipes and the

stirrer bearing application –into the base

thermostat

• From the base

thermostat

– changed by the stirring power of the base thermostat as well as heat

loss by radiation and convection into the laboratory –

into the socle

thermostat
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physicochemical process10 the heat transfer coefficient (k�F)2 changes, and

therefore the heat flow from the measuring kettle into the intermediate thermo-

stat changes as well. In the case of a not-too-dynamic process, the change in heat

flow is compensated by an opposite and equal change in the electric heating

power p1 in the intermediate thermostat.

Hence, the heat flow from the intermediate thermostat into the base thermostat does

not change, and the temperature TS is maintained.

• During a non-isothermal process in the regular apparatus (Fig. 2.26), the tem-

perature T2 of the measuring kettle changes in such a way that, despite heat

release due to the reaction, T2 corresponds to the set temperature Tp(t) of a

programming unit, i.e. T2(t)¼ Tp(t). When a change in temperature takes place

with a moderate gradient, the varying heat flow into the intermediate thermostat

can be compensated by the electric heating power p1 despite thermal inertia.

Hence, the heat flow from the intermediate thermostat into the base thermostat

remains unchanged, i.e. its temperature TS remains constant.

In a simplified apparatus, the temperature TS of the base thermostat is changed in a

well-controlled manner according to set-temperature programme Tp(t).
In the isoperibolic working mode in the regular apparatus, p2 is set to be

constant,11 with the consequence that the start of heat release cannot be compen-

sated. More precisely, ΔT2 changes and initiates a variation in the initially constant
heat flow12 from the measuring kettle to the intermediate thermostat. If only a

moderate change in the heat flow takes place, the heating power of the intermediate

thermostat p1 is able to compensate the variation by an opposite and equal alter-

ation. In such cases, the temperature T1 of the intermediate thermostat as well as the

temperature of the base thermostat TS remain unchanged. However, the case of an

intensive, abruptly starting or frequently fluctuating calorific process within the

measuring kettle leads only to an incomplete compensation of the thermal effects in

the intermediate thermostat. The control equilibrium cannot be maintained because

of the relatively high thermal inertia of the system. As a result, a change occurs in

the temperature T1 of the intermediate thermostat with a reversion to the temper-

ature T2 in the measuring kettle as well as to the heat flow into the base thermostat.

This also varies principally more or less the temperature TS of the base thermostat,

again with a feedback effect on T1 and T2.
Therefore, to obtain net measuring results that are useful for kinetic interpreta-

tions of isoperibolic operations, it is advisable to work without an intermediate

thermostat (Fig. 2.31), because then we have

10 The rate of heat release (e.g., heat of mixing, heat of reaction) in the measuring kettle is

compensated by opposite and equal changes in the electric heating power p2.
11 It is advisable to set p2¼ 0.
12 In addition, the heat flow can vary also due to the changing heat-transfer coefficient (k�F)2 owing
to the reaction.
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• The measuring kettle is in close contact with the (base-)thermostat with a high

heat capacity

• There is a relatively simple relation between the temperature T2 of the measuring

kettle and the temperature TS of the base thermostat

• The interpretation values can be elaborated by only two mutually interfering

temperature profiles

To determine the transfer value (k�F)2 (Sect. 2.1), the electric heating power p2
is, for example, switched on with the constant power p20. Therefore, T2 and TS
change according to

dT2=dt ¼ p20 þ pSt2 � T2 � TSð Þ � k � Fð Þ2
� ��

C2

dTS=dt ¼ T2 � TSð Þ � k � Fð Þ2
� �� TS � T0ð Þ � k � Fð ÞS

� ��
CS:

With A ¼ p20 þ pSt2½ �=C2, B ¼ k � Fð Þ2=C2, C ¼ k � Fð Þ2=CS, D ¼ T0,

E ¼ k � Fð ÞS=CS we obtain

dT2=dt ¼ Aþ B � TS � B � T2

dTS=dt ¼ D � E� Cþ Eð Þ � TS þ C � T2:

The solution of the equation system gives the functional equations of TS(t) and T2(t)

TS ¼ A � Cþ B � D � Eð Þ=B=E

þ k1 � C � EXP � Bþ Cþ Eð Þ=2þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

B� C� Eð Þ2=4þ B � C
n or

� t
� 	

þ k2 � C � EXP � Bþ Cþ Eð Þ=2þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

B� C� Eð Þ2=4þ B � C
n or

� t
� 	

:

T2 ¼ B � D � Eþ A � Cþ A � Eð Þ=B=E

þ k1 � Cþ E� Bð Þ=2þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

B� C� Eð Þ2=4þ B � C
n or� 	

� EXP � Bþ Cþ Eð Þ=2þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

B� C� Eð Þ2=4þ B � C
n or

� t
� 	

þ k2 � Cþ E� Bð Þ=2�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

B� C� Eð Þ2=4þ B � C
n or� 	

� EXP � Bþ Cþ Eð Þ=2�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

B� C� Eð Þ2=4þ B � C
n or

� t
� 	

:

The discussion of the result shows that T2(t) changes at the beginning owing to

(k�F)S< (k�F)2 respectively C2�CS,
13 i.e. E�C<B, much quicker than TS(t)

(Fig. 3.3). TS(t) is nearly constant during some range of the starting phase; the

13Around 400 W/�C or 1600 W/�C respectively around 120000 J/�C or 2000000 J/�C.
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change in temperature TS(t) of the base thermostat is at least very small, in

comparison to the change in temperature T2(t) of the measuring kettle.

In the following phase, TS(t) also changes perceptibly, and soon a quasi-constant
difference is achieved:

T2 tð Þ � TS tð Þ ffi pSt2 þ p20ð Þ= k � Fð Þ2
� �

:

This difference is, so to speak, mowing on the level of the continuously changing

temperature TS(t) of the base thermostat.14

TS(t) and T2(t) asymptotically approach in the following time the peak values:

TSM t ¼ 1ð Þ respectively T2M t ¼ 1ð Þ ¼ TSM t ¼ 1ð Þ þ pSt2 þ p20ð Þ= k � Fð Þ2.15

In the starting phase, the temperature T2 of the measuring kettle and the

temperature TS of the base thermostat are still undistorted, especially TS ffi TS0.

In this range, useful interpretive data can be measured to determine the rate of heat

Fig. 3.4 Temporal course of temperatures T2 in measuring kettle and TS in (directly contiguous)

base thermostat with high heat capacity after switching on respectively off the constant heating

power p20 within measuring kettle. The heat capacity of the base thermostat is considerably higher

than that of the measuring kettle

14 These changes entail maintaining a quasi-equilibrium state, phenomenologically in comparison

with the raising of a ship due to a rising water level, with the distance of the deck to the water level

remaining quasi-constant.
15 If the heating power p20 is switched off, then the process reverses, i.e. the temperature T2 of the
measuring kettle and the temperature TS of the base thermostat return to their initial values. For

example, switch off of p2 takes place in order to determine the effective heat capacity C2. See

Sect. 2.1.2.3.
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release according to the determining equation (2.16). However, if the interpretive

data are measured in a situation of already perceptibly changed TS, only a gross

elaboration of q is possible, even if TS0 is replaced by TS(t), because both T2 and TS
are already differently distorted (Fig. 3.4).

The determination of interpretive data from the measured curves becomes more

accurate again for times withT20 tð Þ � T20 ffi TS tð Þ � TS0; nevertheless, errors in

the order of magnitude of some percent are to be expected.

Conclusion

The following circumstances are favourable for investigating chemical conversions

under isoperibolic conditions:

• Low concentration of reaction mixture,

• Low time constant of reaction.

The total amount of heat released is relatively small, and therefore a change in

the temperature of a base thermostat with a high heat capacity is almost

unnoticeable while taking measurements.

72 3 Practical Hints



Chapter 4

Thermokinetic Analysis

4.1 Introduction

The terminus chemical reaction kinetics encompasses the fundamental laws

according to the course of a chemical conversion.

An elementary reaction is a chemical conversion in which only one reaction

takes place by a single molecular process, i.e. without forming intermediate prod-

ucts, and it is irreversible.

Its reaction kinetics, provided a conversion in a liquid and homogeneous

mix, is elaborated when the stoichiometry and the relevant function of the reac-

tion velocity is determined. Stoichiometry is the description of the minimum,

integral, molar conversion of reacting moles (reactants) j to the produced

moles (products or resultants) i in accordance with the scheme

v1 þ v2 þ . . .þ vj�1 þ vj þ . . .! . . .þ vi�1 þ vi . . .. The integral quantities vj/i
are called stoichiometric coefficients. They have different signs, i.e. the numerical

values vj of the reactants j are negatively defined, and the numerical values vi of
the products i are positively defined. The reaction is finished after a large number

of conversions according to the stoichiometry (formula conversions).

Its entire or extensive reaction rate is defined as the number λ1 of stoichiometric

conversions (formula conversions) in the total amount of reaction mixture per unit

of time [36],

rentire ¼ dλ=dt:

1 λ� normalized degree of progress � Ni=j � Ni=j

� �
0

h i
=vi=j of an elementary reaction with the

stoichiometry v1 þ v2 þ . . .þ vj�1 þ vj þ . . .! . . .þ vi�1 þ vi þ . . . � number of formula

conversions.
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This definition is unhelpful in practical applications, because the operating method

always requires knowledge of the total amount of the reaction mixture. Moreover, a

local reaction rate cannot be stated; but this is necessary for the description of an

open reactor. Therefore, it is advisable to link the formula conversions per unit of

time with a quantity which gives the dimensions of the reaction system. For liquid,

homogeneous systems, the volume V of the reaction mixture is used. In practical

applications, this specific or intensive reaction velocity is simply denoted by the

reaction rate

rspecific ¼ rentire=V ¼ dλ=dt=V ¼ r: ð4:1Þ

The thermoanalytical procedure for determining the reaction kinetics is based on

the law of thermodynamics that the released amount of heatQ during an elementary

reaction is proportional to the number λ of the performed conversions according to

the stoichiometry (formula conversions). The proportionality factor is the amount

of heat by reaction which is released due to one formula conversion. Qλ¼1 corre-

sponds to the negative change in enthalpy per formula conversion. It reads as

Q ¼ λ � �ΔHλð Þ: ð4:2Þ

According to (4.1) the rate of heat release or thermal reaction power q, i.e. the heat
released in volume V per unit of time, is given by

q ¼ r � �ΔHλð Þ � V: ð4:3Þ

Between the change in the number of formula conversions dλ and the change in the
number of moles dN of reactants j respectively of products i exists the relation

dNj=i ¼ vj=i � dλ: ð4:4Þ

Corresponding to this, the heat of reaction with relation to the reacted moles

(reactants) j respectively to the resultant moles (products) i is2

�ΔHj=i

� � ¼ �ΔHλð Þ=vj=i: ð4:5Þ

Therefore, the numerical values of ΔHj and ΔHi are often different with respect to

the absolute value and always have opposite signs (see footnote2).

The numerical values of the totally released amount of heat

2 In practise the value �ΔHλð Þ= vj
�� �� is used as the heat of reaction �ΔHj

� �
.
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Q j=ið Þ1 ¼ Nj t¼0ð Þ=i t¼1ð Þ � �ΔHj=i

� � ¼ cj t¼0ð Þ=i t¼1ð Þ � V � �ΔHλð Þ=vj=i; ð4:6Þ

with cj(t ¼ 0), ci(t ¼ 1) i.e. concentration of the reactants j at t¼ 0 or of the products i

at t ¼ 1, which are in stoichiometric relation, are equal with respect to their

absolute values and always have different signs.

As a rule, a chemical conversion occurs via a system of elementary reactions ξ
running in parallel or consecutive stages. The superposition of the individual

thermal powers qξ(t) of the elementary reactions gives the measurable rate of heat

release

q tð Þ ¼ Σqξ tð Þ:

Applying the principle of superposition yields

q ¼ Σ rξ � �ΔHλξ
� �� � � V; ð4:7Þ

Q1j=i ¼
X

Qξ1j=i ¼
X

cj t¼0ð Þ=i t¼1ð Þ � V � �ΔHλξ
� �

=vξj=i; ð4:8Þ

with

• rξ the rate function of the elementary reaction ξ.
• �ΔHλξ

� �
is the heat of the reaction per formula conversion of the elementary

reaction ξ.

In the case of a not-too-complex system of reaction, the mechanism of reaction,

together with the relevant rates of reaction rξ and the heats of reaction �ΔHλξ
� �

,

can be worked out from the courses of the recorded thermal reaction powers over

time, measured under varied conditions. The elaboration can be made easier with

the aid of additional life signs of the conversion during a run, for example

• Measuring the pressure change within the measuring kettle during a reaction;

• Determining additional test values, for instance the composition of the reaction

mixture following completion of the reaction.3

• Kinetic analysis of partial reactions;

• Injecting certain other reactants of the reaction mixture during the reaction run.

or with other aids.

The exact aid which should be used changes from reaction system to reaction

system and cannot, as a rule, be predicted. Indications of suitable aids usually

become evident during the interpretation and discussion of the first kinetic

measurements.

As already mentioned, the reactants of a mixture usually take part simulta-

neously in two, three or more elementary conversions, forming temporary interme-

diate products. The practise of the chemical industry often follows from work based

3 In any case performable by conventional methods of analysis.
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on simplified assumptions about the technically oriented, formal kinetics, i.e. an

overall stoichiometry and a relevant simplified overall rate of reaction4 which

accomplish somewhat sufficiently the special requirements of technical production.

However, the classical kineticist usually makes every effort to break down a

chemical process to its elementary reactions, so that the process under different

boundary conditions (e.g. temperature, type of reactor, procedure of production)

can be predicted in detail.

Conclusion

Just like the elaboration of chemical reaction kinetics by conventional modes, a

thermokinetic analysis is not as a rule brought to a conclusion by the performance of

only certain measurements. Thermokinetic analysis requires intensive interpreta-

tion effort, directly coupled with experimentation. A complex mechanism cannot be

broken down by an inflexible a priori plan for experiments or an a priori concept for

elucidation,5 but only by the use of knowledge, empathy, feeling for detection, and,

last but not least, intuition (see Sect. 4.3).

According to the theory and its verification by means of experimental examina-

tion, an elementary reaction is characterized by the following features [5, 11, 14,

16, 36, 44]:

• The chemical reaction takes place by a single molecular process, i.e. without

forming perceptible intermediate products, in accordance with the stoichiometry

. . .þ vj�1 þ vj þ . . .þ . . .! . . .þ vi�1 þ vi þ . . .þ . . .
• In an ideal diluted solution the concentrations (real mol number of educts in

the volume unit of the reaction mixture) sets the tone for the drive for a reaction

(see Sect. 4.4).

The general rate functional in the reaction velocity equation is a power

function of the concentrations of reactants cj whose powers αj correspond to

the absolute values of the integer coefficients vj of the relevant stoichiometric

equation6

: � : � cj�1αj�1 � cαjj � : � :
h i

¼ : � : � cj�1 vj�1j j � cj vjj j � : � :
� �

:

The proportional factor, the rate coefficient k, is constant in an ideal diluted

solution and characteristic of the reaction system.

4 The formation and disappearance of temporary intermediate species are not expressed in the

stoichiometry. It is an overall statement.
5 Especially by stereotype, misunderstood use of software.
6 In the technically oriented, formal kinetics, characterized by overall stoichiometry and overall

reaction velocity, the powers αj in the function of the rate equation usually do not correspond to the
stoichiometric coefficients vj.
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• Hence, the rate function r for the ideal diluted reaction mixture reads7,8

r ¼ dλ=dt=V ¼ dNj=vj=dt=V ¼ k � �: � cj�1 vj�1j j � cj vjj j � :�
� �

: ð4:9Þ

• The enthalpy of reaction ΔHλ is given by the stoichiometric sum of the molar

enthalpies Hζ ¼ δH=δNζ
� �

p,T
of the moles ζ participating in the reaction9

ΔHλ ¼ Σvζ � Hζ: ð4:10Þ

• The rate coefficient k respectively the enthalpy of reaction ΔHλ depends on the

temperature, in practise, according to

Arrhenius equation : k ¼ k0 � EXP �E=RTð Þ

with

frequency factor k0, activation energy E, ideal gas constant R
respectively

Kirchhoff 0s law : ΔHλ T2ð Þ ¼ ΔHλ T1ð Þ þ
ð
T1!T2

ΔCp � dT;

with

ΔCp ¼ Σvζ � Cpζ, in which Cpζ ¼ δHζ=δT
� �

p,N
is the molar heat of the reaction

component ζ at constant pressure p

According to (4.9) it is perfectly obvious to carry out thermal measurements

under isothermal conditions. By such separate investigations the following items

can be worked out:

7 The criteria are certainly necessary but not sufficient to explain the fact that a chemical

conversion is an elementary reaction: When a chemical conversion is an elementary reaction, it

is fact that a single molecular process of the stoichiometry vj ! vi by the reaction rate r ¼ kΠcj
vjj j

takes place; but from the experimental result that a chemical conversion takes place by the

stoichiometry vj ! vi and the reaction rate r ¼ kΠcj
vjj j, it does not follow inescapably that it is

an elementary reaction, because the conversion by a system of elementary reactions can also lead

to this experimental result (pp. 80 and 82). The possibility of detection of an elementary reaction

depends in the end, whether the process can be dissected. Hence, the idea of the elementary

reaction has a somewhat philosophical character, to be compared with the initial idea of an atom as

the smallest elementary building block.
8When all α are zero, with exception of αj, and we have, for example, αj ¼ 0 respectively 0.5

respectively 1 respectively 2, then we have a reaction rate (or function) of order 0 respectively 0.5

respectively 1 respectively 2.
9H is the total enthalpy of the reaction mixture.
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• The dependency of the reaction rate on the concentrations of the reactants,

i.e. the part of rate function . . . � cj�1vj�1 � cjvj � cjþ1vjþ1 � . . .
� �

;

• The dependency of the reaction rate on the temperature, i.e. k(T );
• The dependency of the enthalpy of reaction on the temperature, i.e. ΔHλ(T).

In comparison, we must perform a thermokinetic analysis of the interpretive

data, extracted with unreliable accuracy [21, 44] from measured q and T curves of

non-isothermal reactions by the simultaneous evaluation of the part of the reaction

rate function (. �. � cjvj �. �.), of the rate coefficient k(T ) and of the reaction enthalpy

ΔHλ(T ). This analytical method is therefore considerably far more prone to error

[44]. As a rule, the elaboration of the precise kinetics of complex chemical

conversions based on non-isothermal investigation cannot be performed.

By increasing the level of concentration, a mutual interference of all constituents

in the reaction mixture arises. The interference affects both the rate of reaction and

the enthalpy of reaction.

In highly concentrated reaction mixtures the change in the interference resulting

from a change in the composition by reaction is ascertainable even during the

course of the chemical conversion (see Sect. 4.4).

4.2 Elucidation of Rate and Enthalpy of Reaction

on the Basis of Mathematical–Analytical Relations

4.2.1 Isothermal, Discontinuous Reaction

To measure the thermal reaction power q during a discontinuous reaction, the

measuring kettle is pre-filled with part of the reactants, and to start the reaction,

the last part is instantaneously injected. The mixing usually occurs instantly

compared with the following reaction time. The reaction mixture is homogenized

with respect to both concentration and temperature by intensive stirring. The

homogenous reacting mixture remains for a certain amount of time in the measur-

ing kettle, after which the run of the conversion is completed. The change in the

composition of the reaction mixture takes place uniformly, i.e. the measuring kettle

has the characteristics of an ideal mixed batch reactor.

The thermokinetic analysis of the measuring results starts with a hypothesis. A

mechanism, the stoichiometry and the relevant function equations of the reaction

rates are assumed [4, 10, 14, 16, 36, 44]. From that, the run of both concentrations

and thermal reaction power versus time are calculated on the basis of (4.2)–(4.9) [1,

9, 18]. Then we examine whether the measuring results are in accordance with the

calculated ones. If there is insufficient congruence between the two, the hypothesis

must be revised. Hence, the thermokinetic elaboration of the kinetics of a chemical
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conversion is based on the principle of validation, that all measured temporal

courses of the thermal reaction power and the concentrations of reactants and

products measured during many different kinds of experiments are in harmony

with the assumed rate functions rξ and heats of reaction �ΔHλξ
� �

.

To be able to validate the results quickly, it is advisable that a large variety of

mathematical-analytical results be available. Such a variety is established at first by

a thermokinetic discussion of different reaction systems in an ideal diluted solution.

To that end, the fact that all physical properties fundamentally change during the

chemical conversion, as does the volume V of reaction, must be taken into account.

This means that the concentration cj/i, i.e. the mol number of the components j

respectively i per unit of volume reaction mixture, changes not only as a result of a

decrease respectively increase in the mol number of component j respectively i, but

also as a result of the synchronous change in the volume of the mixture due to the

reaction. Hence, the total change in the concentration per unit of time is composed

of the partial change dcj=i=dt
� �

V¼const due to the reaction and the partial change

dcj=i=dt
� �

r¼0 due to expansion dV=dt > 0ð Þ or contraction dV=dt < 0ð Þ. Hence, it
reads

dcj=i=dt ¼ vj=i � r � cj=idV=dt=V: ð4:11Þ

This equation represents the correlation between the rate of change in concentra-

tion, the rate of change in formula conversion and the rate of change in volume.

The change in the constituents in solutions during a chemical reaction generally

has only a small effect on the density of the reaction mixture. As a rule, the change

in volume can be neglected: dV=dt ffi 0.

4.2.1.1 Constant-Volume Reaction

In what follows, a constant-volume reaction is supposed; owing to (4.11) it holds

that

dcj=dt=vj ¼ r: ð4:12Þ

4.2.1.1.1 System of Reactions Kinetically Characterized by a Single Rate

Function

4.2.1.1.1.1 Rate Function of Order 0

When the rate of an irreversible chemical conversion of the stoichiometry v1 þ . . .
þvj�1 þ vj þ . . .! . . .þ vi�1 þ vi . . .þ : does not depend explicitly on any reac-

tant concentrations cj, the rate of reaction is constant. The simplest rate equation is a

rate function of order 0.

4.2 Elucidation of Rate and Enthalpy of Reaction on the Basis of Mathematical–. . . 79



According to (4.2), (4.4) and (4.12) the function of r is10

r ¼ dλ=dt=V ¼ dNj=vj=dt=V ¼ dcj=dt=vj ¼ k ð4:13Þ

and according to (4.3) the thermal reaction power is

q tð Þ ¼ r � �ΔHλð Þ � V ¼ k � V � �ΔHλð Þ ¼ const: ð4:14Þ

The conversion runs at a constant velocity until at point in time tE all reactant mols

Nj are consumed respectively all stoichiometric product molsNi are formed (Fig. 4.1).

Fig. 4.1 Rate function of order 0; Isothermal, discontinuous, constant-volume reaction

q ¼ k � �ΔHλð Þ � V

10 This chemical conversion is not an elementary reaction. r is, rather, the overall rate function of a
conversion by a system of elementary reactions, in which the effects of the concentrations due to

special physicochemical circumstances do not apply explicitly during the course of the process.

The origin of a reaction rate of order 0 is illustrated by the example of a reaction system with the

simple overall stoichiometry �1A! 1B (Michaelis–Menten Mechanisms) [36]:

Reactant A (a large amount) reacts by an elementary reaction with an educt C (a small amount)

reversibly (Sect. 4.2.1.1.2.7) to the intermediate product D, which reacts by an elementary

reaction to product B, by which C is replenished: Aþ C$ D,D! Bþ C. The rate of production

of B and the rate of change in the intermediate product D are dcB=dt ¼ k3 � cD (1) and dcD=dt ¼ k1
�cA � cC � k2 � cD � k3 � cD respectively. Because the amount of reactant C and, therefore, the amount

of the intermediate product D are very small, naturally there is little free variation for their temporal

changes, and soon we have, when k3 � k2 � k1 (2), dcD=dt ¼ 0, i.e. cD ¼ k1 � cA � cC= k2 þ k3ð Þ.
Because of cC ¼ cC0 � cD it follows that cD ¼ k1 � cA � cC0 � cDð Þ= k2 þ k3ð Þ or

cD ¼ k1 � cA � cC0= k2 þ k3 þ k1 � cAð Þ. Equations (1) and (2) result in dcB=dt ¼ k1 � k3 � cA � cC0=
k2 þ k3 þ k1 � cAð Þ ¼ k3 � k1=k2 � cA � cC0= 1þ k1=k2 � cAð Þ. When cA � k1=k2, we obtain

dcB=dt ¼ k3 � cC0, i.e. the production of B occurs by a constant rate. Only when cA is decreased

down tocA � k1=k2 does the production occur at a rate of order 1. The greater k1/k2 is, the smaller the

transition zone is.
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The integration of (4.13) gives

cj ¼ cj t ¼ 0ð Þ þ vj � k � t ¼ cj0 þ vj � k � t: ð4:15Þ

From this follows the value of the rate coefficient

k ¼ �cj0=vj=tE: ð4:16Þ

The heat of the reaction from (4.14) results in

�ΔHλð Þ ¼ q=k=V:

4.2.1.1.1.2 Rate Function of Order 0.5

The rate of a chemical conversion with the stoichiometry v1 þ . . .þ vj�1 þ vj þ . . .
! . . .þ vi�1 þ vi þ . . .þ : must be proportional to the root of reactant j. The rate
function is of order 0.511:

11 Because of αj ¼ 0:5 6¼ vj
�� �� and all α 6¼ αj � 0, the conversion is not an elementary reaction. The

conversion occurs via a system of elementary reactions. r is the overall reaction rate. The origin of
a rate function with order 0.5 is illustrated by the conversion of the stoichiometry �1A! 1P1
þ1P2 þ 1BP1 þ 1BP2 [in which BP1 þ BP2 (by-products)� P1 þ P2 (desired products)], with an

elementary starting reaction, a loop of two much quicker elementary reactions and a certain

relatively slow terminating elementary reaction (Rice–Hertzfeld mechanisms) [36].

The conversion starts by splitting A into two components:

A�k1 ! Dþ BP1 starting reaction (1)

BP1 does not take part in the subsequent reaction. In contrast, D starts a relatively quick loop:

Dþ A�k2 ! Eþ P1 producing reaction (2)

E�k3 ! Dþ P2 producing reaction (3)

The conversion is terminated by the formation of the by-product BP2
2E�k4 ! BP2 terminating reaction (4)

By step 2, D reacts with A to form product P1 and the intermediate product E, which forms product

P2 and replenishes D by step 3. D initiates a new loop (2, 3) to form the desired products.

Simultaneously, E decreases by the combination step 4, in which the by-product BP2 is formed.

According to (4.9) and (4.34) (Sect. 4.2.1.1.2), the decrease rate of A and the change rates of D and

E are

�dcA=dt ¼ k1 � cA þ k2 � cD � cA ¼ k1 � cA � 1þ k2=k1 � cDð Þ,
dcD=dt ¼ k1 � cA � k2 � cA � cD þ k3 � cE,
dcE=dt ¼ k2 � cA � cD � k3 � cE � k4 � cE2:

(5)

Using Bodenstein’s steady-state approximation (Sect. 4.3) after a short time the following equa-

tions hold:

dcD=dt ¼ k1 � cA � k2 � cA � cD þ k3 � cE � 0,

dcE=dt ¼ k2 � cA � cD � k3 � cE � k4 � cE2 � 0:
(6)

The addition of both equations gives

cE ¼ k1=k4ð Þ0:5 � cA0:5: Substituting this into (6) yields cE ¼ k1=k2 þ k3=k2 � k1=k4ð Þ0:5 � cA�0:5:
Combining this with (5) yields

�dcA=dt ¼ k1 � cA � 2þ k3= k1 � k4ð Þ0:5 � cA�0:5
� �

:

In the case that k1 and k4 are significantly smaller than k2 and k3 (the prerequisite for quasi

complete conversion of A to the products P1 and P2) the previous equation changes to

�dcA=dt ¼ k3 � k1=k4ð Þ0;5 � cA0;5 � dc P1þP2ð Þ=dt

4.2 Elucidation of Rate and Enthalpy of Reaction on the Basis of Mathematical–. . . 81



r ¼ dNj=dt=vj=V ¼ dcj=dt=vj ¼ k � cj0:5: ð4:17Þ

The integration of Eq. (4.17) gives

cj
0:5 � cj t¼0ð Þ0:5 ¼ cj

0:5 � cj0
0:5 � vj � k=2 � t: ð4:18Þ

At the point in time tE ¼ �2 � cj00:5=k=vj ð4:19Þ

all moles of reactant j are consumed. Combining (4.17), (4.18), (4.19) and (4.3)

gives the temporal course of the thermal reaction power:

q tð Þ ¼ k � c0:5j t¼0ð Þ � V � 1� t=tEð Þ � �ΔHλð Þ ¼ k � c0:5j0 � V � 1� t=tEð Þ � �ΔHλð Þ:

q decreases (Fig. 4.2) from the starting value q t ¼ 0ð Þ ¼ k � c0:5j0 � V � �ΔHλð Þ
linearly with the slope

κ ¼ �k � c0:5j0 � V � �ΔHλð Þ=tE ¼ vj � k̇ � V � �ΔHλð Þ=2:

The rate coefficient k and the heat of reaction �ΔHλð Þ yield, from the values κ and
q t ¼ 0ð Þ ¼ q0

k ¼ κ=q0=vj � 2 � c0:5j0

and

�ΔHλð Þ ¼ vj � q0=
�
κ=2=cj0

�
=V

Fig. 4.2 Rate function of order 0.5; Isothermal, discontinuous, constant-volume reaction:

q ¼ k � cj00:5 � V � �ΔHλð Þ � 1� t=tEð Þ
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4.2.1.1.1.3 Reaction Function of Order 1

The rate of a chemical conversion with the stoichiometry v1 þ . . .þ vj�1 þ vj þ . . .
! . . .þ vi�1 þ vi þ . . .must be proportional to the first power of the concentration

of reactant j12:

r ¼ dNj=dt=vj=V ¼ dcj=dt=vj ¼ k � cj:

The solution of the differential equation is

cj ¼ cj0 � EXP vj � k � t
� �

: ð4:20Þ

For the temporal course of the caloric reaction power q we obtain using (4.3)

q tð Þ ¼ k � cj0 � V � �ΔHλð Þ � EXP vj � k � t
� �

: ð4:21Þ

Plotting13 the natural logarithm of q(t) versus time t (Fig. 4.3) gives a straight line,

ln q tð Þf g ¼ ln k � cj0 � V � �ΔHλð Þ	 
þ vj � k � t ¼ ln Φf g þ κ � t;

with the slope κ ¼ vj � k and the point of intersection with the ordinate, ln{ϕ}, in
which

ϕ ¼ q t ¼ 0ð Þ ¼ q0 ¼ k � cj0 � V � �ΔHλð Þ:

The rate coefficient k follows from the slope κ:

k ¼ κ=vj:

The heat of the reaction can be calculated using a point of intersection with the

ordinate ln{ϕ}:

�ΔHλð Þ ¼ ϕ=k=cj0=V:

4.2.1.1.1.4 Rate Function of Order 2

The rate of a chemical conversion with the stoichiometry v1 þ . . .þ vj�1 þ vj þ . . .
! . . .þ vi�1 þ vi . . .þ . . . must be proportional to the square in concentration of

12When j is the sole reactant and vj ¼ �1, the reaction can be an elementary one. However, it need

not be so because a system of elementary reactions with the same overall stoichiometry can also

yield an overall reaction rate of order 1: see the illustrated Rice–Herzfeld mechanism, however,

with the terminating reaction Dþ E! BP2.
13 In the case of negative q-values, ln{|q(t)|} must be plotted; the procedure for interpretation is

similar.
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reactant j or to the product of two reactants j and jþ σ with equal starting

concentrations and equal stoichiometric coefficients, cj0 ¼ c jþσð Þ0, vj ¼ vjþσ
� �

r ¼ dNj=dt=vj=V ¼ dcj=dt=vj ¼ k � cj2: ð4:22Þ

Integration of the equation gives

cj
�1 ¼ cj0

�1 � vj � k � t: ð4:23Þ

The temporal course of the thermal reaction power reads, according to (4.3), (4.22)

and (4.23),14

q ¼ k � cj2 � V � �ΔHλð Þ
qj j�1=2 ¼ k � V � �ΔHλð Þj j½ 	�1=2 � cj�1

or

¼ k � V � �ΔHλð Þj j½ 	�1=2 � cj0
�1 � vj � k � t

� �
¼ k � V � �ΔHλð Þj j½ 	�1=2 � cj0�1 � k � V � �ΔHλð Þj j½ 	�1=2 � vj � k � t
¼ k � V � �ΔHλð Þj j½ 	�1=2 � cj0�1 � V � �ΔHλð Þj j½ 	�1=2 � k1=2 � vj � t:

Combining this with (4.6) gives

Fig. 4.3 Rate function of order 1; Isothermal, discontinuous, constant-volume reaction

q ¼ k � cj0 � V � �ΔHλð Þevj�k�t

14 If vj 6¼ vjþσ and cj0=c jþσð Þ0 ¼ vj=vjþσ hold, then

cj
�1 � cj0

�1 ¼ vjþσ � k � t and q�1=2

¼ vjþσ=vjk � V � �ΔHλð Þj j� ��1=2 � cj0�1 � V � �ΔHλð Þj j½ 	�1=2 � k1=2 � vjþσ � t
respectively

cjþσ�1 ¼ c jþσð Þ0�1 � vj � k � t and q�1=2

¼ vj=vjþσk � V � �ΔHλð Þj j� ��1=2 � c�1jþσð Þ0 � V � �ΔHλð Þj j½ 	�1=2 � k1=2vj � t
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qj j�1=2 ¼ k � Qj1
�� �� � cj0 � vj�� ��� ��1=2 þ cj0= Qj1

�� �� � k � vj�� ��� �1=2 � t: ð4:24Þ

Plotting 1=
ffiffiffiffiffiffi
qj jp

versus time (Fig. 4.4) gives as a result a straight line with

• Slope κ ¼ cj0 � k � vj
�� ��� Qj1

�� ��� �1=2
• Point of intersection with the ordinate ϕ ¼ k � vj

�� �� � Qj1
�� �� � cj0� ��1=2

.

With κ, ϕ and (4.6) we obtain the rate coefficient k and the absolute amount of

heat of reaction �ΔHλj j,

k ¼ κ=ϕ=cj0= vj
�� ��

and

�ΔHλj j ¼ vj
�� �� � κ � ϕ � V � cj0

� ��1
;

with

�ΔHλð Þ < 0 when q < 0 and �ΔHλð Þ > 0 when q > 0:

4.2.1.1.1.5 Rate Function of Order n (>0; 6¼1)
The rate of a chemical reaction with the stoichiometry v1 þ � � � þ vj�1 þ vj þ � � �
! � � � þ vi�1 þ vi þ � � � must be proportional to the power n (>0, but 6¼1) in the

concentration of reactant j

r ¼ dNj=dt=vj=V ¼ dcj=dt=vj ¼ k � cjn:

Fig. 4.4 Rate function of order 2; Isothermal, discontinuous, constant-volume reaction

qj j�1=2 ¼ k � vj � Qj1cj0
�� ���1=2 þ k � vj � cj0=Qj1

�� ���1=2 � t
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Integration of the equation for n 6¼ 1 leads to

cj
1�n ¼ cj0

1�n þ 1� nð Þ � vj � k � t: ð4:25Þ

From (4.3) and (4.25) follows the determining equation for the thermal reaction

power

qj j 1�nð Þ=n ¼ k � V � �ΔHλð Þj j½ 	 1�nð Þ=n � cj1�n
¼ k � V � �ΔHλð Þj j½ 	 1�nð Þ=n � cj0 1�nð Þ þ k � V � �ΔHλð Þj j½ 	 1�nð Þ=n � 1� nð Þ � vj � k � t:

Combining this with (4.6) and rearranging results in

qj j 1�nð Þ=n ¼ vj
�� �� � k � Qj1

�� �� � cn�1j0

h i 1�nð Þ=n
þ n� 1ð Þ � cj0

n�1� Qj1
�� ��n�1 � vj�� �� � kh i1=n

� t:

Plotting qj j 1�nð Þ=n
versus time (Fig. 4.5) gives a straight line with

• Slope κ ¼ n� 1ð Þ � cj0
n�1� Qj1

�� ��n�1 � vj�� �� � kh i1=n
• Point of intersection with the ordinate ϕ ¼ vj

�� �� � k � Qj1
�� �� � cn�1j0

h i 1�nð Þ=n
.

The combination of κ and ϕ with (4.6) yields the rate coefficient k and the

absolute amount of the heat of the reaction │�ΔHλ│:

Fig. 4.5 Rate function of order n (>0; 6¼1); Isothermal, discontinuous, constant-volume reaction

qj j 1�nð Þ=n ¼ vj
�� ���k�jQj1

�� � cj0n�1� � 1�nð Þ=n þ n� 1ð Þ cj0
n�1 � vj

�� ���k�jQj1
��n�1h i1=n

� t
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k ¼ κ=ϕ=cj0
n�1� vj

�� ��= n� 1ð Þ;

�ΔHλj j ¼ vj
�� �� � n� 1ð Þ � V � κ � ϕ1= n�1ð Þ � cj0

h i�1
;

with

�ΔHλð Þ < 0 when q < 0 and �ΔHλð Þ > 0 when q > 0:

A comparison of the thermal reaction power q for conversions with rate orders

n greater and smaller than 1 shows that q decreases down to zero for order 0 
 n
< 1 within a finite time interval and for orders n � 1 after infinite time.

4.2.1.1.1.6 Rate Function is a Product of Two Partial Orders 1, One
Reactant in Surplus

The rate of a chemical conversion with the stoichiometry v1 þ � � � þ vj�1 þ vj þ � � �
! � � � þ vi�1 þ vi þ � � �must be proportional to the product of the concentrations of

reactants j and j + σ with powers of value 1:

r ¼ dNj=dt=vj=V ¼ dcj=dt=vj ¼ k � cj � cjþσ: ð4:26Þ

The stoichiometric coefficient of reactant j + σ is larger than that of reactant j. The

reactant j + σ in comparison to reactant j is present in finite surplus.

We have

c jþσð Þ0 � cj0
� �

=cj0 ¼ δ ð4:27Þ

and

vjþσ=vj ¼ γ;

hence, due to (4.4),

cjþσ ¼ c jþσð Þ0 � cj0 � cj
� � � γ: ð4:28Þ

By that and (4.26), the rate of change in the concentration cj becomes

dcj=dt ¼ vj � k � 1þ δ� γð Þ � cj0 � cj þ vj � k � γ � cj2:

The solution of the equation reads15

15 Describing EXP �vj � k � 1þ δ� γð Þ � cj0 � t
� �

by means of series, we see that Eq. (4.29) with

γ ¼ 1 turns for the limiting case δ! 0 to the Eq. (4.23).
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cj¼ cj0
�

1þ γ= 1þδ� γð Þf g �EXP �vj �k � 1þδ� γð Þ �cj0; �t
� �� γ

�
1þ δ� γð Þf g� �

:

ð4:29Þ

On the basis of (4.3), (4.6) and (4.26)–(4.29), we obtain as the result the thermal

reaction power:16

q ¼ vj � Qj1 � k � 1þ δ� γð Þ � cj0 � 1þ γ= 1þ δ� γð Þf g � EXP �vj � k � 1þ δ� γð Þ � cj0 � t
� ��

γ= 1þ δ� γð Þ � 1þ γ= 1þ δ� γð Þ½ 	 � EXP �vj � k � 1þ δ� γð Þ � cj0 � t
� �	 
2

:

ð4:30Þ

For t� 0 the term γ= 1þ δ� γð Þ in the denominator can be neglected in comparison

to the term 1þ γ= 1þδ� γð Þ½ 	 �EXP �vj �k � 1þ δ� γð Þ �cj0 � t
� �	 
2

; with the result

that the relation for t� 0 becomes

q t� 0ð Þ ¼ vj �Qj1 � k � 1þ δ� γð Þ= 1þ γ= 1þ δ� γð Þf g � cj0
�EXP vj � k � 1þ δ� γð Þ � cj0 � t

� �
¼ vj �Qj1 � k � 1þ δ� γð Þ2= 1þ δð Þ � cj0 �EXP vj � k � 1þ δ� γð Þ � cj0 � t

� �
:

ð4:31Þ

Plotting ln{q} versus time17 (Fig. 4.6) gives a curve achieving a straight line with

• Slope

κ ¼ vj � k � 1þ δ� γð Þ � cj0; ð4:32Þ

• Point of intersection with the ordinate ln{ϕ},
with

ϕ ¼ vj � Qj1 � k � cj0 � 1þ δ� γð Þ2= 1þ δð Þ: ð4:33Þ

The combination of (4.32), (4.33) and (4.6) yields the relations for calculating

the rate coefficient k and the heat of reaction (�ΔHλ):

k ¼ κ=cj0=vj 1þ δ� γð Þ
�ΔHλ ¼ ϕ � vj � 1þ δð Þ� κ � cj0 � 1þ δ� γð Þ� �

:

16 Describing EXP �vj � k � 1þ δ� γð Þ � cj0 � t
� �

by means of series, we see that Eq. (4.30) with

γ ¼ 1 turns for the limiting case δ! 0 to the Eq. (4.24).
17 In the case of negative q-values, ln{|q(t)|} is must be plotted; the procedure of interpretation is

similar.
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4.2.1.1.2 System of Reactions Kinetically Characterized by Several Rate

Functions

Two chemical conversions can be characterized by the same type of reaction rate,

for instance, a reaction of order 1. Nevertheless, one conversion runs by a single

elementary reaction, the other occurs via a multiplicity of simultaneous or conse-

cutive elementary reactions—as has already been demonstrated. When the rates of

the partial reactions are of similar orders of magnitude, ascertainable intermediate

resultants are produced, and as a rule, it is not just the initial reactants that

determine the course of conversion versus time.

For these complex reaction systems consisting of several elementary reactions ξ it
follows that, owing to the superposition principle and relations (4.1), (4.4), and (4.11),

dnj=j ¼
X

v j=ið Þξ � dλξ

respectively

dnj=j=dt=V ¼
X

v j=ið Þξ � rξ ¼ dcj=i=dtþ cj=idV=dt=V:

With V¼ const we obtain

Fig. 4.6 Rate function: directly proportional to the product of the two reactants j and jþ σ :
r ¼ k � cj � cjþσ; finite surplus of reactant jþ σ, different stoichiometric coefficients c jþσð Þo � cj0

� �
=cj0 ¼ δ, vjþσ=vj ¼ γ; isothermal, discontinuous, constant-volume reaction

q ¼ v � Qj1 � k � 1þ δ� γð Þ � cj0 � 1þ γ= 1þ δ� γð Þf g � EXP �vj � k � 1þ δ� γð Þ � cj0 � t
� �

=

γ= 1þ δ� γð Þ � 1þ γ= 1þ δ� γð Þ½ 	 � EXP �vj � k � 1þ δ� γð Þ � cj0 � t
� �	 
2
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dcj=i=dt ¼
X

v j=ið Þξ � rξ: ð4:34Þ

The rate of consumption respectively of formation dcj/i/dt of reactants j respectively
resultants i are a linear combination of the single rates of reaction rξ and the

stoichiometric coefficients v(j/i)ξ.

4.2.1.1.2.1 Two Coupled Parallel Reactions

4.2.1.1.2.1.1 Rate Functions of Order 0

The simplest, complex conversion consists in forming simultaneously two different

products via two reactions starting from one reactant

A����!r1,ΔHλ1
B

A����!r2,ΔHλ2
C

with

• The stoichiometric coefficients v(j,i)ξ

vA1 ¼ �1, vA2 ¼ �1, vB1 ¼ 1, vB2 ¼ 0, vC1 ¼ 0, vC2 ¼ 1;

• The rate functions of order 0

r1 ¼ k1 and r2 ¼ k2:

According to (4.34), the rate of consumption in A and the rates of formation in B

and C are

dcA=dt ¼
X

vAξ � rξ ¼ vA1 � r1 þ vA2 � r2 ¼ � k1 þ k2ð Þ
dcB=dt ¼

X
vB � rξ ¼ r1 ¼ k1

dcC=dt ¼
X

vC � rξ ¼ r2 ¼ k2:

The solution of the equation system is

cA ¼ cA0 � k1 þ k2ð Þ � t,
cB ¼ cB0 þ k1 � t,
cC ¼ cC0 þ k2 � t:

ð4:35Þ

The consumption in A as well as the formation in B and C are completed at time

tEA ¼ cA0= k1 þ k2ð Þ: ð4:36Þ

The formation in B and C occurs uniformly. At any time
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cB � cB0ð Þ= cC � cC0ð Þ ¼ cB t¼1ð Þ � cB0
� �

= cC t¼1ð Þ � cC0
� � ¼ k1=k2 ð4:37Þ

is valid; moreover,

cB t¼1ð Þ � cB0
� �

=cA0 ¼ k1= k1 þ k2ð Þ, cC t¼1ð Þ � cC0
� �

=cA0

¼ k2= k1 þ k2ð Þ: ð4:38Þ

�ΔHλ1ð Þ and �ΔHλ2ð Þ are the heats of production in B and C, respectively. With

(�ΔHλ), the overall heat of consumption of A, we obtain for the thermal reaction

power according to (4.7),

q ¼ k1 � �ΔHλ1ð Þ þ k2 � �ΔHλ2ð Þ½ 	 � V
¼ k1 þ k2ð Þ � V � �ΔHλð Þ: ð4:39Þ

The heat release takes place at a constant rate, q 0 
 t 
 tEAð Þ ¼ k1 þ k2ð Þ � V �
�ΔHλð Þ; up to the abrupt stop at time tEA (Fig. 4.7). On the basis of the time tEA of

the end of heat release, the initial concentration cA0 of A and (4.36) yields for the

sum of the rate coefficients

k1 þ k2ð Þ ¼ cA0=tEA:

The rate coefficients k1 and k2 result from (4.37), (4.38), the final concentrations

cB(t¼1) and cC(t¼1), and k1 þ k2ð Þ:

k2 ¼ k1 þ k2ð Þ� cB t¼1ð Þ � cB0
� �

= cC t¼1ð Þ � cC0
� �þ 1

� �
,

k1 ¼ k1 þ k2ð Þ � k1 þ k2ð Þ� cB t¼1ð Þ � cB0
� �

= cC t¼1ð Þ � cC0
� �þ 1

� �
:

The overall heat of the reaction �ΔHλð Þ follows from the value of the constant thermal

reaction power q(0
 t
 tEA) and the constant reaction volume V owing to (4.39)18

�ΔHλð Þ ¼ q 0 
 t 
 tEAð Þ= k1 þ k2ð Þ=V:

Furthermore, with (4.39), we may apply

�ΔHλð Þ ¼ k1= k1 þ k2ð Þ � �ΔHλ1ð Þ þ k2= k1 þ k2ð Þ � �ΔHλ2ð Þ
¼ Ω1 � �ΔHλ1ð Þ þΩ2 � �ΔHλ2ð Þ: ð4:40Þ

18 �ΔHλð Þ results also from the total amount of heat released according to

�ΔHλð Þ ¼
ð
q � dt= CA0 � Vð Þ.
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An additional, independent thermal correlation of �ΔHλ1ð Þ �ΔHλ2ð Þ and �ΔHλð Þ
does not exist, i.e. despite the knowledge of k1, k2 respectivelyΩ1,Ω2 and �ΔHλð Þ,
the heats of the reaction �ΔHλ1ð Þ and �ΔHλ2ð Þ cannot be found.

However, because of the uniform consumption in A respectively formation in B

and C, knowledge of this is only of academic interest. At any time the relation of the

single thermal reaction power is constant, and the course of the temporal rate of

global heat release is formed by the kinetically balanced overall heat of the reaction

�ΔHλð Þ according to (4.39). It is possible to determine single heats of a reaction

only when the rates of formation in B or C are changed by specifically influencing

catalysts. By two different values of reactivity, I and II, the following expressions

are valid in this case:

ΔHλ Ið Þ ¼ Ω1 Ið Þ � ΔHλ1 þΩ2 Ið Þ � ΔHλ2
ΔHλ IIð Þ ¼ Ω1 IIð Þ � ΔHλ1 þΩ2 IIð Þ � ΔHλ2:

From the combination of the equations we obtain

ΔHλ2 ¼ ΔHλ IIð Þ �Ω1 IIð Þ=Ω1 Ið Þ � ΔHλ Ið Þ½ 	= Ω2 IIð Þ �Ω1 IIð Þ=Ω1 Ið Þ �Ω2 Ið Þ½ 	

and

ΔHλ1 ¼ ΔHλ Ið Þ �Ω2 Ið Þ=Ω1 Ið Þ � ΔHλ2:

An analogous procedure is also possible when the temperature dependency of the

rate coefficients k1 and k2 differs but the dependency of the heats of reaction on

temperature can be neglected.

Fig. 4.7 Coupled parallel reactions A����!r1,ΔHλ1
B

A����!r2,ΔHλ2
C
.

Rate functions of order 0; isothermal, discontinuous, constant-volume reactions

q ¼ k1 þ k2ð Þ � V � �ΔHλð Þ
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If one of the reactions can be stopped by the addition of an inhibitor, �ΔHλð Þ
corresponds to the heat of the active reaction; in this case, the other heat of the

reaction can be elaborated by (4.39).

4.2.1.1.2.1.2 Rate Functions of Order 1

Starting from one reactant by two reactions, two products are formed:

A����!r1,ΔHλ1
B

A����!r2,ΔHλ2
C

with

• The stoichiometric coefficients v(j,i)ξ

vA1 ¼ �1, vA2 ¼ �1, vB1 ¼ 1, vB2 ¼ 0, vC1 ¼ 0, vC2 ¼ 1;

• The rate functions of order 1

r1 ¼ k1 � cA and r2 ¼ k2 � cA:

According to (D34), for the rate of consumption in A and the rates of formation

in B and C we get

dcA=dt ¼
X

vAξ � rξ ¼ vA1 � r1 þ vA2 � r2 ¼ � k1 þ k2ð Þ � cA,
dcB=dt ¼

X
vB � rξ ¼ r1 ¼ k1 � cA,

dcC=dt ¼
X

vC � rξ ¼ r2 ¼ k2 � cA:

The solutions of the equations are as follows:

cA ¼ cA0 � EXP � k1 þ k2ð Þ � t½ 	,
cB ¼ cB0 þ k1= k1 þ k2ð Þ � cA0 � 1� EXP � k1 þ k2ð Þ � t½ 	ð Þ,
cC ¼ cC0 þ k2= k1 þ k2ð Þ � cA0 � 1� EXP � k1 þ k2ð Þ � t½ 	ð Þ:

ð4:41Þ

The consumption in A and the formation in B and C occur uniformly. At any time

cB � cB0ð Þ= cC � cC0ð Þ ¼ cB t¼1ð Þ � cB0
� �

=
�
cC t¼1ð Þ � cC0 ¼ k1=k2 ð4:42Þ

is valid; moreover,

cB t¼1ð Þ � cB0
� �

=cA0 ¼ k1= k1 þ k2ð Þ, cC t¼1ð Þ � cC0
� �

=cA0 ¼ k2= k1 þ k2ð Þ: ð4:43Þ

According to (4.7), the determining equation of the thermal reaction power holds:
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q ¼ k1 � �ΔHλ1ð Þ þ k2 � �ΔHλ2ð Þf g � cA0 � V � EXP � k1 þ k2ð Þ � t½ 	
¼ k1 þ k2ð Þ � cA0 � V � �ΔHλð Þ � EXP � k1 þ k2ð Þ � t½ 	: ð4:44Þ

The plot of ln{q} versus time,19 (Fig. 4.8) gives a straight line with a

slope of (k1 + k2) and the point of intersection with the ordinate

ln q t ¼ 0ð Þf g ¼ ln k1 þ k2ð Þ � cA0 � V � �ΔHλð Þf g. According to (4.42) and (4.43),

from the slope k1 þ k2ð Þ and the concentrations cB t¼1ð Þ and cC t¼1ð Þ result the rate
coefficients k1 and k2

k2 ¼ k1 þ k2ð Þ� cB t¼1ð Þ � cB0
� �

= cC t¼1ð Þ � cC0
� �þ 1

� �
,

k1 ¼ k1 þ k2ð Þ � k1 þ k2ð Þ� cB t¼1ð Þ � cB0
� �

= cC t¼1ð Þ � cC0
� �þ 1

� �
:

From the point of intersection ln q t ¼ 0ð Þf g, the initial concentration cA0 and the

reaction volume V follows the overall heat of the reaction20

�ΔHλð Þ ¼ q t ¼ 0ð Þ= k1 þ k2ð Þ=cA0=V:

The overallheat of the reaction is due to (4.44):

�ΔHλð Þ ¼ k1= k1 þ k2ð Þ � �ΔHλ1ð Þ þ k2= k1 þ k2ð Þ � �ΔHλ2ð Þ
¼ Ω1 � �ΔHλ1ð Þ þΩ2 � �ΔHλ2ð Þ: ð4:45Þ

As in the previous case, an additional independent thermal correlation of �ΔHλ1ð Þ,
�ΔHλ2ð Þ and �ΔHλð Þ does not exist. Because of that, the single heats of reactions
�ΔHλ1ð Þ and �ΔHλ2ð Þ cannot be determined. However, because of the uniform

Fig. 4.8 Coupled parallel reactions, rate functions of order 1; isothermal, discontinuous, constant-

volume reactions

q ¼ k1 þ k2ð Þ � cA0 � V � �ΔHλð Þ � EXP�� k1 þ k2ð Þ � t

19 In the case of negative q-values ln{|q(t)|} must be plotted; the procedure of interpretation is

similar.
20 �ΔHλð Þ results also from the total amount of heat released according to

�ΔHλð Þ ¼
ð
q � dt= cA0 � Vð Þ.
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consumption in A respectively production in B and C, knowing this is only of

academic interest. At any time the relation between the single rates of heat

production is constant and the temporal course of the measured heat release is

formed by the kinetically balanced overall heat of the reaction �ΔHλð Þ according to
(4.44). As in the previous case, the determination of the single reaction heats is only

possible when the formation rates in B or C are changed by specifically influencing

catalysts. For two different reaction activities I and II the following equations are

valid:

ΔHλ Ið Þ ¼ Ω1 Ið Þ � ΔHλ1 þΩ2 Ið Þ � ΔHλ2,

ΔHλ IIð Þ ¼ Ω1 IIð Þ � ΔHλ1 þΩ2 IIð Þ � ΔHλ2:

Combining the equations gives

ΔHλ2 ¼ ΔHλ IIð Þ �Ω1 IIð Þ=Ω1 Ið Þ � ΔHλ Ið Þ½ 	= Ω2 IIð Þ �Ω1 IIð Þ=Ω1 Ið Þ �Ω2 Ið Þ½ 	

and

ΔHλ1 ¼ ΔHλ Ið Þ �Ω2 Ið Þ=Ω1 Ið Þ � ΔHλ2:

An analogous procedure is also possible when the temperature dependency of the

rate coefficients k1 and k2 is different, and the dependency of the heats on tempe-

rature can be neglected. If one of the reactions can be stopped by the addition of an

inhibitor, then �ΔHλð Þ corresponds to the heat of the active reaction; the other heat
of the reaction is then determined by (4.45).

4.2.1.1.2.1.3 Rate Functions of Order 1 Respectively 2

The formation of two products starting from one reactant occurs by two reactions:

A����!r1,ΔHλ1
B

A����!r2,ΔHλ2
C

with

• The stoichiometric coefficients v(j,i)ξ

vA1 ¼ �1, vA2 ¼ �2, vB1 ¼ 1, vB2 ¼ 0, vC1 ¼ 0, vC2 ¼ 1;

• The rate function of order 1 respectively 2

r1 ¼ k1 � cA and r2 ¼ k2 � cA2:

According to (4.34), the rates of consumption in A as well as formation in B and

C are
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dcA=dt ¼
X

vAξ � rξ ¼ vA1 � r1 þ vA2 � r2 ¼ �k1 � cA � 2 � k2 � cA2,

dcB=dt ¼
X

vB � rξ ¼ r1 ¼ k1 � cA,
dcC=dt ¼

X
vC � rξ ¼ r2 ¼ k2 � cA2:

Using 2 � k2=k1 ¼ ' the solution to the equation system reads

cA ¼ 1= cA0
�1 þ 'ð Þ � EXP k1 � tð Þ � '½ 	,

cB ¼ '�1 � ln c�1A0 þ '
� � � EXP k1 � tð Þ � '
� ��

cA0
�1 � EXP k1 � tð Þð Þ	 


,

cC ¼ '�1 � ln cA0
�1 � EXP k1 � tð Þ=	 cA0

�1 þ 'ð Þ � EXP k1 � tð Þ � '

� �þ '=cA0�1 � '

�	
cA0
�1 þ 'ð Þ � EXP k1 � tð Þ � '½ 	
:

For this reason and with (4.7) the temporal course of the thermal reaction power

becomes

q ¼ k1 � cA � �ΔH1ð Þ þ k2 � cA2 � �ΔH2ð Þ½ 	 � V
¼ k1 � �ΔH1ð Þ � V� cA0

�1 þ 'ð Þ � EXP k1 � tð Þ � '
	 


þ k2 � �ΔH2ð Þ � V� cA0
�1 þ 'ð Þ � EXP k1 � tð Þ � '

	 
2
:

ð4:46Þ

For t� 0 the second term versus the first one can be neglected; the following result

is obtained:

q t�0ð Þ ffi cA0 � k21 � V � �ΔH1ð Þ= k1 þ 2 � k2 � cA0ð Þ � EXP �k1 � tð Þ: ð4:47Þ

The plot of ln{q} versus time (Fig. 4.9) gives a curve turning in a straight line with

slope κ and the point of intersection with the ordinate ln{ϕ} in which21

ϕ ¼ cA0 � k21 � V � �ΔH1ð Þ= k1 þ 2 � k2 � cA0ð Þ� �	 

:

The rate coefficient k1 corresponds to the slope κ:

k1 ¼ κ:

k2, ΔHλ1 and ΔHλ2 can be evaluated by determining equations on the basis of

quantities to be obtained from the measured thermal reaction power q:

• Specific intersection of ordinate ln ϕ=Vf g ¼ ln ϕsf g,
• Specific initial value of thermal reaction power q t ¼ 0ð Þ=V ¼ qs 0ð Þ,
• Specific total heat of reaction

ð
t¼0!1

q � dt=V ¼ Qs /ð Þ.

21 In the case of negative q-values, ln{|q(t)|} is plotted; the procedure of interpretation is similar.
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With (4.46) and (4.47) the following correlations appear:

qs 0ð Þ ¼ k1 � cA0 � �ΔH1ð Þ þ k2 � cA02 � �ΔH2ð Þ,
ϕs ¼ cA0 � k21 � �ΔH1ð Þ= k1 þ 2 � k2 � cA0ð Þ,

Qs /ð Þ ¼ cB1 � �ΔH1ð Þ þ cC1 � �ΔH2ð Þ:
ð4:48Þ

For k2, ΔHλ1 and ΔHλ2 it follows that

(a)

�ΔH1ð Þ ¼ Aþ Bþ Eð Þ=2=D�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
Aþ Bþ Eð Þ2=4=D2 � F=D

�q
;

with

A ¼ k1 � cA0,
B ¼ k21 � cA02=2=cC/ � Qs 1ð Þ=ϕs,

C ¼ k1 � cA0=2 � Qs 1ð Þ,
D ¼ k1

2 � cA02=2 � cB1=cC1=ϕs,

E ¼ k1 � cA0=2 � cB1=cC1,
F ¼ qs 0ð Þ þ k1 � cA0=2 � Qs 1ð Þ2;

(b) �ΔH2ð Þ ¼ Qs 1ð Þ � cB1 � �ΔH1ð Þ½ 	=cC1;

(c)
k2 ¼ k1

2 � �ΔH1ð Þ=2=ϕs � k1=cA0=2:

Fig. 4.9 Coupled parallel reactions; rate functions of order 1 respectively 2: isothermal, discon-

tinuous, constant-volume reactions

q ¼ k1 � �ΔH1ð Þ= c�1A0 þ '
� � � EXP k1 � tð Þ � '

	 
þ k2 � �ΔH2ð Þ= c�1A0 þ '
� � � EXP k1 � tð Þ � '

	 
2
h i

� V
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4.2.1.1.2.1.4 Rate Functions Are the Product of Two Partial Orders 1

A coupled conversion consists of the formation of two different products starting

from two reactants by two parallel reactions:

Aþ B����!r1,ΔHλ1
C

Aþ B����!r2,ΔHλ2
D

with

• The stoichiometric coefficients v(j,i)ξ

vA1 ¼ �1, vA2 ¼ �1, vB1 ¼ �1, vB2 ¼ �1, vC1 ¼ 1, vC2 ¼ 0, vD1 ¼ 0, vD2 ¼ 1;

• The rate functions: proportional to the product of two partial orders 1:

r1 ¼ k1 � cA � cB und r2 ¼ k2 � cA � cB:

• Equal initial concentrations of reactants

cA0 ¼ cB0:

According to (4.34), the rates of consumption in A and B and the rates of

formation in C and D are

dcA=dt ¼
X

vAξ � rξ ¼ � k1 þ k2ð Þ � cA � cB,
dcB=dt ¼

X
vBξ � rξ ¼ � k1 þ k2ð Þ � cA � cB,

dcC=dt ¼
X

vCξ � rξ ¼ k1 � cA � cB,
dcD=dt ¼

X
vDξ � rξ ¼ k2 � cA � cB:

The solution of the equation system is

cA ¼ cB ¼ cA0= cA0 � k1 þ k2ð Þ � tþ 1½ 	,
cC ¼ k1 � cA0= k1 þ k2ð Þ= cA0 � k1 þ k2ð Þ � tþ 1½ 	 þ cC0,

cD ¼ k2 � cA0= k1 þ k2ð Þ= cA0 � k1 þ k2ð Þ � tþ 1½ 	 þ cD0:

The consumption in A and B and the production in C and D occur uniformly.

During the entire run of the conversion the following expressions are valid:

• cA ¼ cB

• cC�cC0ð Þ= cD�cD0ð Þ¼ cC t¼1ð Þ�cC0
� ��

cD t¼1ð Þ�cD0
� � ¼ k1=k2; ð4:49Þ
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• cC t¼1ð Þ�cC0
� �

=cA0¼ k1= k1þk2ð Þ and cD t¼1ð Þ�cD0
� �

=cA0

¼ k1= k1þk2ð Þ: ð4:50Þ

If �ΔHλ1ð Þ and �ΔHλ2ð Þ are the heats of formation in C and D and �ΔHλð Þ is the
overall heat of the reaction in relation to consumed A, then, according to (4.7), for

the thermal reaction power, we obtain

q ¼ cA0
2 � k1 � �ΔHλ1ð Þ þ k2 � �ΔHλ2ð Þ½ 	 � V= cA0 � k1 þ k2ð Þ � tþ 1½ 	2

¼ cA0
2 � k1 þ k2ð Þ � V � �ΔHλð Þ= cA0 � k1 þ k2ð Þ � tþ 1½ 	2 ð4:51Þ

respectively

q�1 ¼ cA0 � k1 þ k2ð Þ � tþ 1½ 	2� cA0
2 � k1 þ k2ð Þ � V � �ΔHλð Þ� �

or

qj j�1=2 ¼ 1=
ffiffiffiffiffiffi
qj j

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k1 þ k2ð Þ= V � �ΔHλj jð Þ½ 	

p
� tþ 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cA02 � k1 þ k2ð Þ � V � �ΔHλj j½ 	

p
:

Plotting 1=
ffiffiffiffiffiffi
qj jp

versus time (Fig. 4.10) leads to a straight line with

• Slope κ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k1 þ k2ð Þ= V � �ΔHλj jð Þ½ 	p

;

• Point of intersection with the ordinate ϕ ¼ 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cA02 � k1 þ k2ð Þ � V � �ΔHλj j½ 	p

.

Fig. 4.10 Coupled parallel reactions Aþ B����!r1,ΔHλ1
C

Aþ B����!r2,ΔHλ2
D
. Overall enthalpy ΔHλ, rate functions:

product of two partial orders 1 cAO ¼ cBO; isothermal, discontinuous, constant-volume reactions

qj j�1=2 ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k1 þ k2ð Þ= V � �ΔHλj jð Þ½ 	p � tþ 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2A0 � k1 þ k2ð Þ � V � �ΔHλj j� �q
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From κ and ϕ result the sum of the rate coefficients k1 and k2 and the absolute

amount of the overall heat of the reaction �ΔHλð Þ:

k1 þ k2 ¼ κ=ϕ=cA0,
�ΔHλj j ¼ κ � ϕ � V � cA0ð Þ�1,
�ΔHλð Þ < 0 when q < 0 and �ΔHλð Þ > 0 when q > 0:

By means of the concentrations cB t¼1ð Þ and cC t¼1ð Þ, as well as (4.49) and (4.50), the
rate coefficients k1 and k2 are obtained:

k2 ¼ k1 þ k2ð Þ= cB t¼1ð Þ � cB0
� �

= cC t¼1ð Þ � cC0
� �þ 1

� �
,

k1 ¼ k1 þ k2ð Þ � k1 þ k2ð Þ= cB t¼1ð Þ � cB0
� �

= cC t¼1ð Þ � cC0
� �þ 1

� �
:

The connection of the overall enthalpy of reaction with the single enthalpies of

reaction reads, according to (4.51),

k1 � �ΔHλ1ð Þ þ k2 � �ΔHλ2ð Þ ¼ k1 þ k2ð Þ � �ΔHλð Þ:

An additional independent correlation of �ΔHλ1ð Þ, �ΔHλ2ð Þ and �ΔHλð Þ does not
exist.

However, because of the uniform consumption in A respectively production in B

and C, knowing that independent correlation does not exist, the knowledge of the

single enthalpies is only of academic interest. At any time the relation of the single

rates of heat release is constant, and the course of the total heat release is formed by

the kinetically balanced overall heat of the reaction �ΔHλð Þ according to (4.51).

The determination of the single heats of the reaction is only possible when the rates

of formation in B or C are changed by specifically influencing the catalysts or

inhibitors as well as by measurements under different temperatures, when the

dependency of the rate coefficients k1 and k2 on the temperature are different and

the dependency of the heats of reaction on the temperature can be neglected.

4.2.1.1.2.1.5 Rate Function is a Product of Two Partial Orders 1, One
Component in Surplus

A coupled reaction occurs by the parallel formation of two products starting from

two reactants by two reactions,

Aþ B����!r1,ΔHλ1
C

Aþ B����!r2,ΔHλ2
D

with

• The stoichiometric coefficients v(j,i)ξ:
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vA1 ¼ �1, vA2 ¼ �1, vB1 ¼ �1, vB2 ¼ �1, vC1 ¼ 1, vC2 ¼ 0, vD1 ¼ 0, vD2 ¼ 1;

• The rate functions: proportional to the product of two partial orders 1

r1 ¼ k1 � cA � cB and r2 ¼ k2 � cA � cB:

The component B is in surplus with respect to A,

It is

cB0 � cA0ð Þ=cA0 ¼ δ ð4:52Þ
cB ¼ cB0 � cA0 � cAð Þ: ð4:53Þ

According to (4.34) the rates of consumption in A and B and the rates of formation

in C and D are

dcA=dt ¼ dcB=dt ¼ � k1 þ k2ð Þ � δ � cA0 � cA þ cA
2

� �
; ð4:54Þ

dcC=dt ¼ k1 � δ � cA0 � cA þ cA
2½ 	,

dcD=dt ¼ k2 � δ � cA0 � cA þ cA
2½ 	:

Consumption in A and B and the formation in C and D occur uniformly, i.e. from

(4.54) arise

cC � cC0ð Þ= cA0 � cAð Þ ¼ cC1 � cCð Þ=cA0
� ¼ k1= k1 þ k2ð Þ,

cD � cD0ð Þ= cA0 � cAð Þ ¼ cD1 � cDð Þ=cA0
� ¼ k2= k1 þ k2ð Þ,

cC � cC0ð Þ= cD0 � cD0ð Þ ¼ cC1 � cC0ð Þ= cD1 � cD0ð Þ ¼ k1=k2:

ð4:55Þ

The solution of Eq. (4.54) is

cA ¼ cA0= 1þ 1=δf g � EXP k1 þ k2ð Þ � δ � cA0 � tð Þ � 1=δ½ 	:

Using (4.3), (4.52), (4.53) and (4.54) leads to the temporal course of the thermal

reaction power:

q ¼ cA0
2 � V � �ΔHλð Þ � k1 þ k2ð Þ � δ � 1þ 1=δf g

� EXP k1 þ k2ð Þ � δ � cA0 � t½ 	= 1=δ� 1þ 1=δð Þ � EXP k1 þ k2ð Þ½ 	 � δ � cj0 � t
	 
2

: ð4:56Þ

The term 1/δ in the denominator, compared with the term 1þ 1=δð Þ�
EXP k1 þ k2ð Þ � δ � cA0 � t½ 	, can be neglected for t� 0 and the relation changes to

q t� 0ð Þ ¼ cA0
2 � V � �ΔHλð Þ � k1 þ k2ð Þ � δ= 1þ 1=δð Þ � EXP � k1 þ k2ð Þ � δ � cA0 � t½ 	

¼ cA0
2 � V � �ΔHλð Þ � k1 þ k2ð Þ � δ2= 1þ δð Þ � EXP � k1 þ k2ð Þ � δ � cA0 � t½ 	:
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Plotting ln{q} versus time22 (Fig. 4.11) a curved line appears which changes to a

straight line with

• Slope κ ¼ k1 þ k2ð Þ � δ � cA0
• Intersection of the ordinate ln{ϕ}

with

ϕ ¼ cA0
2 � V � �ΔHλð Þ � k1 þ k2ð Þ � δ2= 1þ δð Þ:

κ and ϕ give as a result the sum of the rate coefficients k1 and k2 as well as the
heat of the reaction (�ΔHλ):

k1 þ k2ð Þ ¼ κ=cA0=δ
�ΔHλ ¼ ϕ � 1þ δð Þ= κ � cA0 � V � δ½ 	:

From (4.55) and (4.56) and the concentrations cC1 and cD1 we obtain the rate

coefficients k2 and k1:

Fig. 4.11 Coupled parallel reactions Aþ B����!r1,ΔHλ1
C

Aþ B����!r2,ΔHλ2
D
. Overall enthalpy of reaction ΔHλ, rate

functions: product of two partial orders 1; isothermal, discontinuous, constant-volume reactions

cB0 � cA0ð Þ=cA0 ¼ δ

q ¼ c2j0 � V � �ΔHλð Þ � k1 þ k2ð Þ � δ � 1þ 1=δf g � EXP k1 þ k2ð Þ � δ � cj0 � t
� �

=

1=δ� 1þ 1=δð Þ � EXP k1 þ k2ð Þ � δ � cj0 � t
� �	 
2

22 In the case of negative q-values, ln{|q(t)|} is plotted; the procedure of interpretation is similar.
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k2 ¼ k1 þ k2ð Þ� cB t¼1ð Þ � cB0
� �

= cC t¼1ð Þ � cC0
� �þ 1

� �
,

k1 ¼ k1 þ k2ð Þ � k1 þ k2ð Þ� cB t¼1ð Þ � cB0
� �

= cC t¼1ð Þ � cC0
� �þ 1

� �
:

From (4.54) follows the correlation of the overall heat of the reaction �ΔHλð Þ and
the heats of reactions �ΔHλ1ð Þ and �ΔHλ2ð Þ:

k1 � �ΔHλ1ð Þ þ k2 � �ΔHλ2ð Þ ¼ k1 þ k2ð Þ � �ΔHλð Þ:

An additional independent correlation of �ΔHλ1ð Þ, �ΔHλ2ð Þ and �ΔHλð Þ does not
exist.

However, because of the uniform consumption in A respectively production in B

and C, the knowledge of this is only of academic interest. At any time the relation

between the single rates of heat release is constant, and the course of the total heat

release is formed by the kinetically balanced overall heat of the reaction �ΔHλð Þ
according to (4.56). The determination of the individual heats of reaction is only

possible when the rates of formation in B or C are changed by specifically

influencing the catalysts or inhibitors as well as by measurements under different

temperatures, when the dependency of the rate coefficients k1 and k2 on the

temperature are different and the dependency of the heats of the reaction on

temperature can be neglected.

4.2.1.1.2.2 Two Non-coupled Parallel Reactions

4.2.1.1.2.2.1 Rate Functions of Order 0

The simplest non-coupled conversion consists of the following two reactions,

which occur side by side without mutual influence:

A����!r1,ΔHλ1
B

C����!r2,ΔHλ2
D

with

• The stoichiometric coefficients v( j,i)ξ

vA1 ¼ �1, vA2 ¼ 0, vB1 ¼ 1, vB2 ¼ 0, vC1 ¼ 0, vC2 ¼ �1, vD1 ¼ 0, vD2 ¼ 1;

• The rate functions of order 0

r1 ¼ k1 und r2 ¼ k2:

According to (4.34), the rates of consumption in A and C are
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dcA=dt ¼
X

vAξ � rξ ¼ vA1 � r1 ¼ �k1,

dcC=dt ¼
X

vCξ � rξ ¼ vC2 � r2 ¼ �k2:

The solutions of the equations are

cA ¼ cA0 � k1 � t,
cC ¼ cC0 � k2 � t:

The consumptions in A and C occur at constant rates and end abruptly at the points

in time

tEA ¼ cA0=k1 and tEC ¼ cC0=k2: ð4:57Þ

The thermal reaction power is described by

q ¼ q1 þ q2 ¼ k1 � V � �ΔHλ1ð Þ þ k2 � V � �ΔHλ2ð Þ: ð4:58Þ

The course of q versus time is just like the side profile of a two-level staircase

(Fig. 4.12). Up to tE1 the constant rate of heat release comprises the thermal powers

of the consumptions in A and C, i.e. q ¼ q1 þ q2ð Þ; in the time after that up to the

abrupt fall to zero at time tE2 q is given solely by the constant heat release of the

continual conversion of the still existing amount of A or C, i.e. q ¼ q1 or 2.

Fig. 4.12 Non-coupled parallel reactions A����!r1,ΔHλ1
B

C����!r2,ΔHλ2
D
. Rate-functions of order 0; isothermal,

discontinuous, constant-volume reactions

q ¼ q1 þ q2 ¼ k1 � V � �ΔHλ1ð Þ þ k2 � V � �ΔHλ2ð Þ
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To determine the rate coefficients k1 and k2 as well as the heats of the reaction
�ΔHλ1ð Þ and �ΔHλ2ð Þ a calorimetric investigation is performed first with equi-

molar use of A and C and, in addition, the times tE1 and tE2 of the step-like change in
the constant heat release are recorded. The measurement is repeated using a surplus

of one of the reactants. When tE1 remains unchanged and tE2 increases, the

conversion of the used reactant is the slow reaction, {cslow,kslow}.
When tE2 remains unchanged and tE1 increases, the conversion of this reactant is

the quicker reaction, {cquick, kquick}.

kslow, kquick and (ΔHλ)slow, (ΔHλ)quick yield, by means of (4.57, 4.58),

kquick ¼ c0quick=tE1
�ΔHλð Þquick ¼ q 0 < t 
 tE1ð Þ � q tE1 < t 
 tE2ð Þ½ 	=kquick=V

�
:

kslow ¼ c0slow=tE2
�ΔHλð Þslow ¼ q tE1 < t 
 tE2ð Þ�=kslow=V:

4.2.1.1.2.2.2 Rate Functions of Order 1

The non-coupled reaction consists of the following two conversions, which occur

side by side without mutual influence:

A����!r1,ΔHλ1
B

C����!r2,ΔHλ2
D

with

• The stoichiometric coefficients v( j,i)ξ

vA1 ¼ �1, vA2 ¼ 0, vB1 ¼ 1, vB2 ¼ 0, vC1 ¼ 0, vC2 ¼ �1, vD1 ¼ 0, vD2 ¼ 1;

• The rate functions of order 1

r1 ¼ k1 � cA and r2 ¼ k2 � cC:

According to (4.34), the rates of consumption in A and C are

dcA=dt ¼
X

vAξ � rξ ¼ vA1 � r1 ¼ �k1 � cA,
dcC=dt ¼

X
vCξ � rξ ¼ vC2 � r2 ¼ �k2 � cC:

The solution of the equations reads

cA ¼ cA0 � EXP �k1 � t½ 	,
cC ¼ cC0 � EXP �k2 � t½ 	:
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As temporal course of the thermal reaction power yields

q ¼ q1 þ q2
¼ k1 � cA0 � V � �ΔHλ1ð Þ � EXP �k1 � t½ 	 þ k2 � cC0 � V � �ΔHλ2ð Þ � EXP �k2 � t½ 	:

The plot of ln{q} versus time (Fig. 4.13) gives a curve which turns into a straight

line for t� 0.23 The slope of the straight line corresponds to the rate coefficient of

the slow reaction, either k1 or k2.
From the point of intersection with the ordinate ln q1or2 t ¼ 0ð Þf g results the heat

of the slow reaction

�ΔHλ 1 or 2ð Þ
� � ¼ q 1 or 2ð Þ t ¼ 0ð Þ� k 1 or 2ð Þ � c A or Cð Þ0 � V

� �
:

The plot of ln q� q 1 or 2ð Þ
n o

versus time is a straight line whose slope corresponds

to the rate coefficient of the quick reaction. From the point of intersection with the

ordinate follows the heat of this reaction.

A second calorimetric measurement with changed initial concentration of one of

the two reactants reveals the slow reaction: when the measured thermal reaction

Fig. 4.13 Non-coupled parallel reactions A����!r1,ΔHλ1
B

C����!r2,ΔHλ2
D
. Rate functions of order 1, isothermal,

discontinuous, constant-volume reactions

q ¼ q1 þ q2 ¼ k1 � cA0 � V � �ΔHλ1ð Þ � EXP �k1 � t½ 	 þ k2 � cC0 � V � �ΔHλ2ð Þ � EXP �k2 � t½ 	

23 In the case of negative q-values, ln{|q(t)|} must be plotted; the procedure of interpretation is

analogous.
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power is only increased in the initial part, the conversion of the used reactant is the

quick reaction; when, in comparison with that, the whole course of the thermal

reaction power is increased, the conversion of this reactant is the slow reaction.

With k1 ¼ k2 ¼ k the expression of thermal reaction power changes into

q ¼ k � V � cA0 � �ΔHλ1ð Þ þ cC0 � �ΔHλ2ð Þ½ 	 � EXP �k � t½ 	:

In this case the plot ln{q}24 versus time is a straight line with slope k and point of

intersection with the ordinate ln q t ¼ 0ð Þf g, in which

q t ¼ 0ð Þ ¼ k � V � cA0 � �ΔHλ1ð Þ þ cC0 � �ΔHλ2ð Þ½ 	:

From the integration of q over the total reaction time we obtainð
t¼0!1

q � dt ¼ Q/ ¼ V � cA0 � �ΔHλ1ð Þ þ cC0 � �ΔHλ2ð Þ½ 	 ; this means that there

is no additional, independent thermal correlation of ΔHλ1 and ΔHλ2. However, to

quantify the thermal reaction power the heats of the single reaction must be known.

These quantities can be determined by means of separately performed conversions.

If it is not possible to obtain pure reactants A and C for this purpose, the conversion

of the reaction mixture must be performed at a temperature in which k1 and k2 differ
significantly due to the reaction’s different dependency on temperature.

4.2.1.1.2.3 Consecutive Reaction, Two Stages

4.2.1.1.2.3.1 Rate Functions of Order 0

The simplest, consecutive reaction is the following formation of a product C,

starting from reactant A, in two stages via an ascertainable intermediate product B:

A����!r1,ΔHλ1
B����!r2,ΔHλ2

C

with

• The stoichiometric coefficients v(j,i)ξ

vA1 ¼ �1, vA2 ¼ 0, vB1 ¼ 1, vB2 ¼ �1, vC1 ¼ 0, vC2 ¼ 1;

• The rate functions of order 025

24 In the case of negative q-values, ln{|q(t)|} must be plotted; the procedure of interpretation is

analogous.
25 In view of an ascertainable consecutive reaction only k2< k1 makes sense. For k2� k1 C is

immediately formed from A by a one-stage reaction.
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r1 ¼ k1 and r2 ¼ k2: ð4:59Þ

According to (4.34), the rates of consumption in A and change in B and

formation in C are

dcA=dt ¼
X

vAξ � rξ ¼ vA1 � r1 þ vA2 � r2 ¼ �k1,
dcB=dt ¼

X
vBξ � rξ ¼ vB1 � r1 þ vB2 � r2 ¼ k1 � k2,

dcC=dt ¼
X

vCξ � rξ ¼ vC1 � r2 ¼ k2:

A is consumed after the time

tEA ¼ cA0=k1; ð4:60Þ

B is consumed after the time

tEB ¼ cA0 þ cB0ð Þ=k2: ð4:61Þ

The temporal courses of the concentrations are described by

cA ¼ cA0 � k1 � t for 0 
 t 
 tEA,
cB ¼ cB0 þ k1 � k2ð Þ � t for 0 
 t 
 tEA;

cB ¼ cB0 t¼tEAð Þ � k2 � t� tEAð Þ for tEA 
 t 
 tEB,
cC ¼ cC0 þ k2 � t for 0 
 t 
 tEB:

The reactions �ΔHλ1ð Þ and �ΔHλ2ð Þ are the heats of formation in B respectively

in C, it follows from (4.59), according to (4.7), that for the measurable thermal

reaction power q

q ¼ q1 þ q2,
¼ k1 � V � �ΔHλ1ð Þ þ k2 � V � �ΔHλ2ð Þ, ð4:62Þ

with

k1 ¼ 0 for t > tEA

and

k1 ¼ 0 and k2 ¼ 0 for t > tEB > tEA:
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The measured thermal reaction power (Fig. 4.14) is constant up to an abruptly

terraced change at time tEA. In the time t 
 tEA the thermal reaction power

is composed of the rates of heat release due to the conversions of both A and B,

q ¼ q1 þ q2ð Þ; in the time tEA < t 
 tEB, i.e. after the consumption in A up to the

consumption in B, the measured thermal reaction power q corresponds only to the

thermal reaction power due to the consumption in B, i.e. q ¼ q2.
From (4.61) we obtain k2:

k2 ¼ cA0 þ cB0ð Þ=tEB:

�ΔHλ2ð Þ follows according to

�ΔHλ2ð Þ ¼ q tEA < t 
 tEBð Þ= k2 � Vð Þ:

Due to (4.60) the following relation is valid:

k1 ¼ cA0=tEA:

In accordance with (4.62), the following equation holds:

�ΔHλ1ð Þ ¼ q 0 < t 
 tEAð Þ � q tEA < t 
 tEBð Þ½ 	= k1 � Vð Þ:

Fig. 4.14 Two-stage consecutive reaction A����!r1,ΔHλ1
B����!r2,ΔHλ2

C. Rate functions of order 0;

isothermal, discontinuous, volume-constant reaction

q ¼ q1 þ q2 ¼ k1 � V � �ΔHλ1ð Þ þ k2 � V � �ΔHλ2ð Þ
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4.2.1.1.2.3.2 Reaction Functions of Order 1

A consecutive reaction occurs by the formation of a product C from a reactant A in

two stages via the ascertainable intermediate resultant B:

A����!r1,ΔH1
B����!r2,ΔH2

C

with

• The stoichiometric coefficients v( j,i)ξ

vA1 ¼ �1, vA2 ¼ 0, vB1 ¼ 1, vB2 ¼ �1, vC1 ¼ 0, vC2 ¼ 1;

• The rate functions of order 1

r1 ¼ k1 � cA and r2 ¼ k2 � cB: ð4:63Þ

According to (4.34), the rates of change in A and B are

dcA=dt ¼
X

vAξ � rξ ¼ vA1 � r1 ¼ �k1 � cA,

dcB=dt ¼
X

vBξ � rξ ¼ vB1 � r1 þ vB2 � r2 ¼ k1 � cA � k2 � cB:

With cB0 ¼ 0, the solution of the equation system is

cA ¼ cA0 � EXP �k1 � t½ 	,
cB ¼ k1= k2 � k1ð Þ � cA0 � EXP �k1 � t½ 	 � EXP �k2 � t½ 	f g: ð4:64Þ

For the measurable thermal reaction power q it follows from (4.64) and (4.7) that

q¼ q1þ q2
¼ k1 � �ΔHλ1ð Þ � cA0 �V �EXP �k1 � t½ 	 þ k1 � k2= k2� k1ð Þ � cA0 �V � �ΔHλ2ð Þ�

EXP �k1 � t½ 	 �EXP �k2 � t½ 	ð Þ
¼ k1 � �ΔHλ1ð Þ � cA0 �V� k1 � k2= k1� k2ð Þ � cA0 �V � �ΔHλ2ð Þf g �EXP �k1 � t½ 	 þ

k1 � k2= k1� k2ð Þ � cA0 �V � �ΔHλ2ð Þf g �EXP �k2 � t½ 	
¼ α �EXP �k1 � t½ 	 þ β �EXP �k2 � t½ 	:

ð4:65Þ

Plotting ln{q} versus time26 (Fig. 4.15) an initially curved line results which turns

into a straight line ln{qSlow} whose slope indicates the rate coefficient of the

26 In the case of negative q-values, ln{|q(t)|} must be plotted; the procedure of interpretation is

analogous.
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relatively slow reaction, i.e. either k1 or k2. The point of intersection with the

ordinate ln{q0Slow} is either

ln αf g ¼ ln k1 � �ΔHλ1ð Þ � cA0V � k1 � k2= k1 � k2ð Þ � cA0 � �ΔHλ2ð Þf g
or

ln βf g ¼ ln k1 � k2= k1 � k2ð Þ � cA0 � �ΔHλ2ð Þf g;
ð4:66Þ

depending on whether the first stage (formation of B, k1) or the second stage

(formation of C, k2) is the relatively slow reaction. The plot of ln q� qSlowf g versus
time gives a straight line ln{qQuick} with the point of intersection with the ordinate

ln{q0Quick}. The slope of the straight line corresponds to the rate coefficient of the

relatively quick reaction.

Which of the reactions (4.1, 4.2) is relatively slow cannot be determined directly,

only indirectly by thermodynamic assistance. To this end one of the two heats of

reaction �ΔHλ1ð Þ or �ΔHλ2ð Þ is estimated based on the heats of formation,27

calculated from the incremental method in tabular form. Then, by means of the two

possibilities of (4.66), a test is conducted to determine which of the assumptions

(k1< k2 or k1> k2) gives the smallest deviation between the calculated values (α
respectively ß) and the measured intersection values (q0Slow respectivily q0Quick).
Now, with the coordinated ln{α}, ln{ß}, ln{q0Slow} and ln{q0Quick} the precise

Fig. 4.15 Two-stage, consecutive reaction A����!r1,ΔHλ1
B����!r2,ΔHλ2

C. Rate functions of order 1;

isothermal, discontinuous, constant-volume reaction q¼q1þq2¼α�EXP �k1 �tð Þþβ �EXP �k2 �tð Þ

27 The second heat of reaction is determined on the basis of �ΔHλ1ð Þ � cA0 � V þ �ΔHλ2ð Þ�f
cA0 � Vg ¼

ð
t¼0!1

q � dt.
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heats of reaction �ΔHλ1ð Þ respectively �ΔHλ2ð Þ can be calculated on the basis

of (4.66).28

If k1 ¼ k2 ¼ k, then the following equation results from (4.65), using the rule of

de l’Hospital:

q ¼ k � �ΔHλ1ð Þ � cA0 � V � EXP �k � t½ 	 þ k2 � �ΔHλ2ð Þ � cA0 � V � t � EXP �k � t½ 	
¼ k � �ΔHλ1ð Þ � cA0 � V þ �ΔHλ2ð Þ � cA0 � V � k � tf g � EXP �k � t½ 	
¼ k � Φ1 þ Φ2 � k � tf g � EXP �k � t½ 	;

with

�ΔHλ1ð Þ � cA0 � V ¼ Φ1 and �ΔHλ2ð Þ � cA0 � V ¼ Φ2: ð4:67Þ

k, �ΔHλ1ð Þ and �ΔHλ1ð Þ are worked out as follows:

For the rate of the thermal reaction power q (Fig. 4.16) at t¼ 0 the following

equation is valid:

q 0ð Þ ¼ k �Φ1: ð4:68Þ

The derivation of q with respect to time gives

dq=dt ¼ �k2 � Φ1 þ k2 � Φ2 � k3 � Φ2 � t
� � � EXP �k � t½ 	:

Setting this equal to zero yields the point in time tExtreme, at which q passes the peak
value

tExtreme ¼ Φ2 � Φ1ð Þ=Φ2=k: ð4:69Þ

In addition to that, the following equation is valid:

Φ1 þ Φ2 ¼
ð
t¼0!1

q � dt: ð4:70Þ

From (4.68), (4.69) and (4.70) results a quadratic determining equation for Φ1:

2 � Φ1
2 þ �q 0ð Þ � tExtreme �

ð
t¼0�>1

q � dt

 �

� Φ1 þ q 0ð Þ � tExtreme �
ð
t¼0!1

q � dt ¼ 0

28 For instance,

ln q0Slowf g ¼ ln αf g ¼ ln k1 � �ΔHλ1ð Þ � cA0 �V� k1 � k2= k1� k2ð Þ � cA0 � �ΔHλ2ð Þf g when k1 < k2

or
ln q0Slowf g ¼ ln βf g ¼ ln k1 � k2= k1 � k2ð Þ � cA0 � �ΔHλ2ð Þf g when k2 < k1:
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with the solution

Φ1 ¼ q 0ð Þ � tExtreme þ
ð
t¼!1

q � dt

 �

=4

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

q 0ð Þ � tExtreme þ
ð
t¼0�>1

q � dt

 �2

=16� q 0ð Þ � tExtreme þ
ð
t¼0!1

q � dt

 �

=2

" #vuut :

The values

q 0ð Þ initial thermal reaction power

tExtreme time at which q passes the peak valueð
t¼0!1

q � dt total amount of released heat

can be taken from the q-curve.
k is determined by (4.68), Φ2 by (4.70) and ΔHλ1 and ΔHλ2 by (4.67).

k ¼ q 0ð Þ=Φ1,

Φ2 ¼
ð
t¼0!1

q � dt� Φ1,

�ΔHλ1ð Þ ¼ Φ1= cA0 � Vð Þ,
�ΔHλ2ð Þ ¼ Φ2= cA0 � Vð Þ:

Fig. 4.16 Consecutive, two-stage reaction. Rate functions of order 1, isothermal, discontinuous,

constant-volume reactions

q ¼ k � �ΔHλ1ð Þ � cA0 � V þ �ΔHλ2ð Þ � cA0 � V � k � tf g � EXP �k � t½ 	
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4.2.1.1.2.3.3 First Stage Irreversible: Rate Function of Order 1
Second Stage Reversible29: Rate Functions of Forward and
Backward Reaction of Order 1

The two-stage, consecutive reaction consists of the irreversible formation of an

ascertainable intermediate product B from a reactant A as well as the following

reversible formation of the final product C:

A����!r1,ΔHλ1
B�����������! ��������������

r2,ΔHλ2

r3,ΔHλ3¼�ΔHλ2

C

with

• The stoichiometric coefficients v(j,i)ξ

vA1 ¼ �1, vA2 ¼ 0, vA3 ¼ 0, vB1 ¼ 1, vB2 ¼ �1, vB3 ¼ 1, vC1 ¼ 0, vC2 ¼ 1,

vC3 ¼ �1;

• The rate functions of order 1

r1 ¼ k1 � cA, r2 ¼ k2 � cB and r3 ¼ k3 � cC: ð4:71Þ

According to (4.34) the rates of change in A, B and C are

dcA=dt ¼
X

vAξ � rξ ¼ vA1 � r1 þ vA2 � r2 þ vA3 � r3 ¼ �k1 � cA,
dcB=dt ¼

X
vBξ � rξ ¼ vB1 � r1 þ vB2 � r2 þ vB3 � r3 ¼ k1 � cA � k2 � cB þ k3 � cC,

dcC=dt ¼
X

vCξ � rξ ¼ vC1 � r1 þ vC2 � r2 þ vC3 � r3 ¼ k2 � cB � k3 � cC:

The solution of the equation system for cB0¼ 0 and cC0¼ 0 reads

cA ¼ cA0 � EXP �k1 � t½ 	,
cB ¼ cA0 � 1� EXP �k1 � t½ 	ð Þ � k2 � cA0 � 1= k2 þ k3ð Þ � EXP �k1 � t½ 	= k2 þ k3 � k1ð Þf

þ EXP � k2 þ k3ð Þ � t½ 	 � k1= k2 þ k3 � k1ð Þ= k2 þ k3ð Þg, ð4:72Þ

cC ¼ k2 � cA0 � 1= k2 þ k3ð Þ � EXP �k1 � t½ 	= k2 þ k3 � k1ð Þf
þ EXP � k2 þ k3ð Þ � t½ 	 � k1= k2 þ k3 � k1ð Þ= k2 þ k3ð Þg:

From that follow

29 See Sect. 4.2.1.1.2.7.
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cB1 ¼ cA0 � 1� k2= k2 þ k3ð Þð Þ,
cC1 ¼ k2 � cA0 � k2 þ k3ð Þ,

cC1=cB/ ¼ k2=k3:
ð4:73Þ

Due to (4.7), (4.71) and (4.72), the thermal reaction power is expressed by

q¼
X

rξ � �ΔHλξ
� �� � �V ¼ r1 � �ΔHλ1ð Þ þ r2 � �ΔHλ2ð Þ þ r3 � �ΔHλ3ð Þ½ 	 �V

because of �ΔHλ3ð Þ ¼ � �ΔHλ2ð Þ
¼ r1 � �ΔHλ1ð Þ þ r2 � �ΔHλ2ð Þ � r3 � �ΔHλ2ð Þ½ 	 �V
¼ �

cA0 � �ΔHλ1ð Þ � k1� cA0 � �ΔHλ2ð Þ � k1 � k2= k1� k2� k3ð Þf g �EXP �k1t½ 	
þ cA0 � �ΔHλ2ð Þ � k1 � k2ð Þ= k1� k2� k3ð Þf g �EXP � k2þ k3ð Þt½ 	� �V

¼ q1 t¼ 0ð Þ �EXP �k1t½ 	 þ q2 t¼ 0ð Þ �EXP � k2þ k3ð Þt½ 	:
ð4:74Þ

The correlation (4.74) corresponds formally to the previously discussed two-stage,

consecutive, irreversible reaction (4.65) and k3¼0 (4.74) changes to (4.65). Hence,

the kinetic analysis takes place in a similar way. When ln{q} is plotted against time30

(Fig. 4.17) yields a curved line turning into a straight line with the slope κ2.
In contrary to the totally irreversible two-stage, consecutive reaction (4.65) it can

be assumed a priori that the following expression holds: k1 > k2þ k3ð Þ.31 This

means that the slope of the ending straight line κ2 is the sum of the rate coefficients

k2 and k3.
The plot of ln q tð Þ � q2 tð Þf g ¼ ln q1 tð Þf g against time gives a straight line which

corresponds to the rate coefficient k1.
From (4.73) and (4.74) we obtain

30 In the case of negative q-values, ln{|q(t)|} must be plotted; the procedure of interpretation runs

analogously.
31When the equilibrium achieved between B and C is quicker than the consumption rate of A, the

temporal course of the formation in B and C corresponds more or less to the course of a coupled

parallel reaction, the plot of ln{q} over time yields in the case (k2 + k3)� k1 over the total reaction
time approximately a straight line with slope κ¼ k1: in that case, (4.72) changes to

cA ¼ cA0 � EXP �k1 � t½ 	; ðaÞ
cB ffi cA0 � 1� k2= k2 þ k3ð Þf g � 1� EXP �k1 � t½ 	f g ¼ cA0 � k3= k2 þ k3ð Þ � 1� EXP �k1 � t½ 	f g;
cC ffi cA0 � k2= k2 þ k3ð Þ � 1� EXP �½f k1 � t	g:

This results in

cB=cC ¼ cB/=cC/ ffi k3=k2 ðbÞ
and

cB/=cA0 ffi k3= k2 þ k3ð Þ, cC/=cA0 ffi k2= k2 þ k3ð Þ: ðcÞ
Relations (a), (b) and (c) are in accordance with (4.41), (4.42) and (4.43).
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k1 ¼ κ1,
k2 ¼ κ2= 1þ cB1=cC1ð Þ,
k3 ¼ κ2 � k2,

�ΔHλ2ð Þ ¼ q2 t ¼ 0ð Þ=cA0=V= k1 � k2
�
= k1 � k2 � k3ð Þ	 


,

�ΔHλ1ð Þ ¼ q1 t ¼ 0ð Þ þ cA0 � V � �ΔHλ2ð Þ � k1 � k2= k1 � k2 � k3ð Þ½ 	=k1=cA0=V
¼ q t ¼ 0ð Þ=k1=cA0=V:

If k1¼ (k2 + k3)¼ k it follows from (4.74) using the rule of de l’Hospital that

q ¼ k � �ΔHλ1ð Þ � cA0 � V � EXP �k � t½ 	 þ k � k2 � �ΔHλ2ð Þ � cA0 � V � t � EXP �k � t½ 	
¼ k � �ΔHλ1ð Þ � cA0V þ �ΔHλ2ð Þ � cA0 � V � k2 � tf g � EXP �k � t½ 	

¼ k � Φ1 þΦ2 � k2 � tf g � EXP �k � t½ 	;

in which

Φ1 ¼ �ΔHλ1ð Þ � cA0 � V and Φ2 ¼ �ΔHλ2ð Þ � cA0 � V: ð4:75Þ

The course of the thermal reaction power against time (Fig. 4.18) is similar to the

course of a two-stage, irreversible, consecutive reaction (Fig. 4.16) with rates of

order 1 as well as equal rate coefficients, k1¼ k2.

Fig. 4.17 k1 6¼ k2 þ k3 Consecutive reaction consisting of an irreversible starting stage and a

reversible, subsequent stage A��������!r1,ΔHλ1
B�����������! ��������������

r2,ΔHλ2

r3,ΔHλ3¼�ΔHλ2
C. Rate-functions of order 1, r1 ¼ k1

�cA; r2 ¼ k2 � cB; r3 ¼ k3 � cC; isothermal, discontinuous, constant-volume reactions

q ¼ q1 t ¼ 0ð Þ � EXP �k1 � t½ 	 þ q2 t ¼ 0ð Þ � EXP � k2 þ k3ð Þ � t½ 	
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For the initial thermal reaction power at time t¼ 0 the following equation is

valid:

q 0ð Þ ¼ k �Φ1: ð4:76Þ

The differentiation of q with respect to time yields

dq=dt ¼ �k2 � Φ1 þ k � k2 � Φ2 � k2 � k2 � Φ2 � t
� � � EXP �k1 � t½ 	:

Setting this equal to zero we obtain the time at which q passes the peak value:

tExtreme ¼ 1=k � Φ1=Φ2=k2: ð4:77Þ

Furthermore, we get

Φ1 þ Φ2�Equilibrium ¼
ð
t¼0!1

q � dt; ð4:78Þ

with

Φ2�Equilibrium ¼ V � cB1 � �ΔHλ2ð Þ,
with regard to 4:73ð Þ

¼ V � cA0 � �ΔHλ2ð Þ � k2=k:
ð4:79Þ

Fig. 4.18 Consecutive reaction consisting of a starting irreversible step and a reversible,

subsequent step
A��������!r1,ΔHλ1

B�����������! ��������������
r2,ΔHλ2

r3,ΔHλ3¼�ΔHλ2

C

k1 ¼ k2 þ k3 ¼ k
. Isothermal, discontinuous, constant-volume

reactions
q ¼ k � Φ1 þ Φ2 � k2 � tf g � EXP �k � t½ 	
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The combination of (4.76), (4.79) and (4.78), as well as rearrangement, gives

Φ1 ¼ q 0ð Þ � tExtreme þ
ð
t¼0!1

q � dt

 �

=4

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

q 0ð Þ � tExtreme þ
ð
t¼0!1

q � dt

 �2

=16� q 0ð Þ � tExtreme þ
ð
t¼0!1

q � dt

 �

=2

" #vuut :

The values

q 0ð Þ initial thermal reaction power

tExtreme time at which q passes the peak valueð
t¼0!1

q � dt total amount of released heat

can be found from the q-curve.
k is determined by (4.76), k2 by (4.73), Φ2 by (4.77), and ΔHλ1 and ΔHλ2

according to (4.75). This results in the following equations:

k ¼ q 0ð Þ=Φ1,

k2 ¼ cC1=cA0 � k,
Φ2 ¼ Φ1=k2= 1=k � tExtremeð Þ,
�ΔHλ1ð Þ ¼ Φ1= cA0 � Vð Þ,
�ΔHλ2ð Þ ¼ Φ2= cA0 � Vð Þ:

4.2.1.1.2.4 Autocatalytic Reaction

4.2.1.1.2.4.1 Rate Function of Intrinsic Reaction of Order 0; Rate Function
of Catalysed, Parallel Reaction of Order 0, Its Rate Coefficient
Directly Proportional to Concentration of Product

The simplest, autocatalytic reaction follows a coupled conversion:

A����!r1,ΔHλ1
B intrinsic

A����!r2,ΔHλ2
B catalytic

with

• The stoichiometric coefficients v(j,i)ξ

vA1 ¼ �1, vA2 ¼ �1, vB1 ¼ 1, vB2 ¼ 1;

• The rate functions32

32 Or 1 and 2 conversely.
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r1 ¼ k1 and r2 ¼ F cBf g ¼ k2 � cB:

The rate function of the first reaction, the intrinsic reaction, is of order 0. The rate

of the second catalysed, parallel reaction is a function F of the concentration of the

product B respectively of a by-product, formed in tiny amounts, which is directly

proportional to B. Hence, the second reaction starts only in the presence or with the

appearance of B or its by-product.

In the assumed case, F ¼ k2 � cB.
According to (4.34), we have

• The rate of consumption in A

dcA=dt ¼
X

vAξ � rξ ¼ vA1 � r1 þ vA2 � r2 ¼ �k1 � k2 � cB

¼ �k1 � k2 � cA0 � cA þ cB0ð Þ
due to the balance cB�cB0¼cA0�cA

¼ � k1 þ k2 � cA0 þ cB0ð Þ½ 	 þ k2 � cA:

• The rate of formation in B is

dcB=dt ¼
X

vBξ � rξ ¼ vB1 � r1 þ vB2 � r2 ¼ k1 þ k2 � cB:

The solutions of the equations are

cA ¼ k1 þ k2 � cA0 þ cB0ð Þ½ 	=k2 � k1=k2 þ cB0½ 	 � EXP k2 � tð Þ; ð4:80Þ
cB ¼ �k1=k2 þ k1=k2 þ cB0½ 	 � EXP k2 � tð Þ:

Equation (4.7) yields the following temporal course of the thermal reaction power:

q ¼
X

qξ ¼ q1 þ q2 ¼ r1 � V � �ΔHλ1ð Þ þ r2 � V � �ΔHλ2ð Þ
because of ΔHλ1 ¼ ΔHλ2 ¼ ΔHλ

¼ r1 þ r2ð Þ � V � �ΔHλð Þ ¼ k1 þ k2 � cB0ð Þ � V � �ΔHλð Þ
¼ V � �ΔHλð Þ � k1 þ k2 � cB0½ 	 � EXP k2 � tð Þ:

Plotting ln{q}33 versus time (Fig. 4.19) gives a straight line with slope κ and

the point of intersection with the ordinate ln{ϕ}, with

ϕ ¼ V � �ΔHλð Þ � k1 þ k2 � cB0½ 	. The straight line ends abruptly at the time tE, at
which A is consumed. From (4.80) we obtain

33 In the case of negative q-values, ln{|q(t)|} must be plotted; the procedure of interpretation is

analogous.
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tE ¼ ln k1 þ k2 � cA0 þ cB0ð Þ½ 	= k1 þ k2 � cB0½ 	f g=k2:

The heat of reaction is given by the amount of total heat

ð
t¼0!tE

q � dt released up to
the time tE:

�ΔHλð Þ ¼
ð
t¼0!tE

q � dt=cA0=V:

The slope κ corresponds to the rate constant k2:

k2 ¼ κ:

The rate constant k1 is given by k2, �ΔHλð Þ and {ϕ} according to

k1 ¼ ϕ=V= �ΔHλð Þ � k2 � cA0 þ cB0ð Þ:

4.2.1.1.2.4.2 Rate Function of Intrinsic Reaction of Order 1; Rate Function
of Catalysed Parallel Reaction of Order 1, Its Rate Coefficient
Directly Proportional to Concentration of Product

The scheme of the reaction is

A����!r1,ΔHλ1
B intrinsic

A����!r2,ΔHλ2
B catalytic

with

Fig. 4.19 Autocatalytic reaction
A����!r1,ΔHλ1

B

A����!r1,ΔHλ2
B

r1 ¼ k1; r2 ¼ f cBf g ¼ k2 � cB
isothermal, discontinuous, constant-volume reactions

q ¼ V � �ΔHλð Þ � k1 þ k2 � cB0½ 	 � EXP k2 � tð Þ
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• The stoichiometric coefficients v(j,i)ξ

vA1 ¼ �1, vA2 ¼ �1, vB1 ¼ 1, vB2 ¼ 1;

• The rate functions

r1 ¼ k1 � cA, r2 ¼ F cBf g � cA ¼ k2 � cB � cA:

The rate function of the first, intrinsic reaction is of order 1, which also holds for

the parallel reaction. However, its rate coefficient is a function F of the concentra-

tion of product B or of a negligibly tiny amount of a by-product which is formed by

a parallel reaction directly proportional to B. Hence, the second reaction starts only

in the presence or due to the appearance of B or of a by-product. We obtain

F ¼ k2 � cB.
According to (4.34), the rate of change in A reads

dcA=dt ¼
X

vAξ � rξ ¼ vA1 � r1 þ vA2 � r2 ¼ �k1 � cA � k2 � cB � cA
¼ � k1 þ k2 � cBð Þ � cA
¼ � k1 þ k2 � cA0 � cA þ cB0ð Þ½ 	 � cA
¼ � k1 þ k2 � cA0 þ cB0ð Þ½ 	 � cA þ k2 � cA2:

ð4:81Þ

The solution of the equation is

cA ¼ k2= k1 þ k2 cA0 þ cB0ð Þð Þ þ 1=cA0 � k2= k1 þ k2 cA0 þ cB0ð Þð Þ½ 	 � EXP k1 þ k2 � cA0 þ cB0ð Þ � t½ 	f g�1:
ð4:82Þ

With k1 þ k2 � cA0 þ cB0ð Þ ¼ α and k2 � cA0 ¼ β; and (4.7) results for the course

of the thermal reaction power versus time the following equation:

q ¼
X

qξ ¼ q1 þ q2 ¼ r1 � V � �ΔHλ1ð Þ þ r2 � V � �ΔHλ2ð Þ
¼ r1 þ r2ð Þ � V � �ΔHλð Þ

with ΔHλ1 ¼ ΔHλ2 ¼ ΔHλ

¼ cA0 �V � �ΔHλð Þ � 1� β=αð Þ � EXP α � tð Þf g= β=αþ 1� β=α½ 	 � EXP α � tð Þf g2:
ð4:83Þ

For t� 0 it follows that

q t� 0ð Þ ¼ α2= α� βf g � cA0 � V � �ΔHλð Þ � EXP �α � tð Þ: ð4:84Þ
Plotting ln{q} against time34 (Fig. 4.20) gives a curved line turning into a straight

line with slope α and the point of intersection with the ordinate ln{ϕ}
with

34 In the case of negative q-values, ln{|q(t)|} must be plotted; the procedure of interpretation is

analogous.
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q¼ cA0 �V � �ΔHλð Þ � 1� β=αð Þ � EXP α � tð Þf g= β=αþ 1� β=α½ 	 � EXP α � tð Þf g2:
ϕ ¼ α2= α� βf g � cA0 � V � �ΔHλð Þ:

From the point of intersection with the ordinate ln{ϕ} we obtain the heat of the

reaction

�ΔHλð Þ ¼ ϕ � α� βf g=α2=cA0=V: ð4:85Þ

From the slopes αI and αII of the two measured curves for (cA0+cB0)I and (cA0+cB0)II
we obtain the rate coefficients

k2 ¼ αI � αIIð Þ= cA0 þ cB0ð ÞI � cA0 þ cB0ð ÞII
� �

; ð4:86Þ
k1 ¼ αII � k2 � cA0 þ cB0ð ÞII: ð4:87Þ

Fig. 4.20 Autocatalytic, parallel reactions;

A����!r1,ΔHλ1
B

A����!r2,ΔHλ2
B

ΔHλ1 ¼ ΔHλ2 ¼ ΔHλ
r1 ¼ k2 � cA; r2 ¼ f cBf g � cA ¼ k2 � cB � cA

Isothermal, discontinuous, constant-volume reactions
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4.2.1.1.2.4.3 The Rate Function of an Intrinsic Reaction Is the Product of Two
Partial Orders 1; The Rate Function of Catalysed, Parallel Reaction
Is the Product of Two Partial Orders 1, Its Rate Coefficient Being
Directly Proportional to the Concentration of the Product

The scheme of the reaction is

Aþ B����!r1,ΔHλ1
C,

Aþ B����!r2,ΔHλ2
C,

with

• The stoichiometric coefficients v(j,i)ξ

vA1 ¼ �1, vA2 ¼ �1, vB1 ¼ �1, vB2 ¼ �1, vC1 ¼ 1, vC2 ¼ 1;

• The rate functions

r1 ¼ k1 � cA � cB, r2 ¼ F cCf g � cA � cB ¼ k2 � cC � cA � cB:

The rate function of the first, intrinsic reaction is directly proportional to the

product of both reactants, and the rate function of the second reaction is, too.

However, its rate coefficient is a function F of the concentration of product C or

of a negligibly tiny amount of a by-product which is formed directly proportional to

C by a parallel reaction. Hence, the second reaction starts only in the presence of or

due to the appearance of C or its by-product. We have F¼ k2�cC.
According to (4.34), the rate of change in A is

dcA=dt ¼
X

vAξ � rξ ¼ vA1 � r1 þ vA2 � r2 ¼ �k1 � cA � cB � k2 � cC � cA � cB
because of

cB ¼ cA � cA0 þ cB0 and cC ¼ cA � cA0 þ cC0

¼ k1 � cB0 � k1 � cA0 � k2 � cA0 � cC0 � k2 � cA02 þ k2 � cB0 � cC0 þ k2 � cB0 � cA0
� �
� cA þ k1 þ 2 � k2 � cA0 þ k2 � cC0 � k2 � cB0ð Þ � cA2 � k2 � cA3:

ð4:88Þ

A solution of the differential equation in the explicit form cj¼ f(t) does not exist.
Nevertheless, a thermokinetic analysis on the basis of algebraic relations is possible

with satisfactory approximation if there is

cB0 � cA0, cC0:

For this condition, Eq. (4.88) achieves the simple form

dcA=dt ¼ � k
0
1 þ k

0
2 � cA0 þ cC0ð Þ

h i
� cA þ k

0
2 � cA2;

with the constant, pseudo rate coefficients
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k
0
1 ¼ k1 � cB0 and k

0
2 ¼ k2 � cB0;

i.e. because B is in a large surplus compared with A and C, the concentration cB0
changes during a small conversion only to a low degree. Therefore Eq. (4.83) holds

for the description of the temporal course of the thermal reaction power during the

measurement. Hence, the determination of the pseudo rate coefficients k
0
1 and k

0
2 as

well as the heats of the reaction �ΔHλð Þ ¼ �ΔHλ1ð Þ ¼ �ΔHλ2ð Þ result by means of

(4.83)–(4.85).

The actual rate coefficients k1 and k2 result from the analysis of a number of

measurements. To this end, the measuring kettle is pre-filled with a large charge of

B. Then small portions of component A are added n times successively, each time

following the consumption of the prior portion. With good approximation for the

single measurement (n) the following equations are valid:

• Volume of reaction:

Vn ¼ Vbatch of B0 þ
X

n¼1!n
δVA-portion nð Þ

Initial concentrations:

• cA0,n ¼ Aportion n=Vn

• cC0,n ¼ CInitial moles of series þ
X

n¼1!n�1Aportion nð Þ
� �

=Vn for n¼1:j

• cB0,n ¼ BInitial moles of series �
X

n¼1!n�1Aportion nð Þ
� �

=Vn Summation term¼0j :

Hence, k
0
1n and k

0
2n change from measurement to measurement owing to

the number of

• Added δVA-portion,

• Already formed mols C,

• Residual moles B.

Because of (4.82) the quantities αn ¼ k
0
1n þ k

0
2n � cA0 þ cC0ð Þn ¼ k1 � cB0,n þ k2�

cB0,n � cA0 þ cC0ð Þn and βn ¼ k
0
2 � cA0,n ¼ k2 � cB0,n � cA0,n differ for the single mea-

surements, i.e. the slopesαn and the points of intersectionwith the ordinate ln{ϕn} of the

extrapolated straight lines which result from the plot of ln{qn(t)} for t� 0 (Fig. 4.21a).

Plotting αn/cB0,n against cA0 þ cC0ð Þn yields a straight line (Fig. 4.21b) whose slope

corresponds to k2, and the point of intersection with the ordinate corresponds to k1.
Equation (4.85) gives the heat of the reaction for any point ϕn of intersection

with the ordinate:

�ΔHλð Þ ¼ ϕn � α� βf gn=αn2=cA0,n=Vn: ð4:89Þ

Whether we like it or not, because of the inevitable errors of measurement, the

values of the heat of the reaction, calculated on the basis of the different ϕn, vary

around the exact value.
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4.2.1.1.2.5 Autocatalytic, Competing, Consecutive Reaction in Two Stages

4.2.1.1.2.5.1 Rate Function of Intrinsic Reaction of Both Stages of Order 0; Rate
Function of Catalysed, Parallel Reactions of Order 0, Their Rate
Coefficients Directly Proportional to Concentration of Product

The simplest, autocatalytic, competing, consecutive reaction consists of two suc-

cessive conversions A! Bþ ς, Bþ A! Cþ ς, in which the first and the second

conversion occur by both intrinsic and autocatalysed steps:

1
�

A����!r1,ΔHλI
Bþ ς

3
�

Bþ A����!r3,ΔHλII
Bþ ς

2
�

A ����!r2 ςð Þ,ΔHλI
Bþ ς

4
�

Bþ A ����!r4 ςð Þ,ΔHλII
Cþ ς

stage I

stage II

with

Fig. 4.21 Autocatalytic, parallel reactions

Aþ B����!r1,ΔHλ1
C

Aþ B����!r2,ΔHλ2
C

ΔHλ1 ¼ ΔHλ2 ¼ ΔHλ
r1 ¼ k1 � cA � cB; r2 ¼ f cCf g � cA � cB ¼ k2 � cC � cB � cA

Isothermal, discontinuous, constant-
volume reactions

qn ¼ cA0,n � Vn � �ΔHλð Þ � 1� βn=αnð Þ � EXP αn � tð Þf g= βn=αn þ 1� βn=αn½ 	 � EXP αn � tð Þf g2
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• The stoichiometric coefficients v(j,i)ξ

vA1 ¼ �1, vA2 ¼ �1, vA3 ¼ �1, vA4 ¼ �1,
vB1 ¼ 1, vB2 ¼ 1, vB3 ¼ �1, vB4 ¼ �1,
vς1 ¼ 1, vς2 ¼ 1, vς3 ¼ 1, vς4 ¼ 1,

vC1 ¼ 0, vC2 ¼ 0, vB3 ¼ 1, vB4 ¼ 1;

• The rate functions

r1 ¼ k1 and r2 ¼ F cζ
	 
 ¼ k2 � cζ,

r3 ¼ k3 and r4 ¼ F cζ
	 
 ¼ k4 � cζ: ð4:90Þ

The rate functions for steps 1 and 3 are constants and for steps 2 and 4 linear

functions F of the concentration of product ς. None of the rate functions

depend explicitly on the concentrations of reactant A and the intermediate

product B.

Owing to the rate functions, we have a kind of hybrid of a competing,

consecutive reaction and a parallel reaction. Both stages start simultaneously at

time t ¼ 0. Only the cases k1 > k3 and k2 > k4 make sense; otherwise A would

react by a one-stage reaction to C and ς without producing the intermediate

resultant B.

According to (4.34) we have

• The rate of consumption in A

dcA=dt ¼
X

vAξ � rξ ¼ � k1 þ k3ð Þ � k2 þ k4ð Þ � cς

¼ �κintrins � κautoc � cA0 � cA þ cς0ð Þ

due to

mol balance cζ � cζ0 ¼ cA0 � cA and with k1 þ k3ð Þ¼ κintrins and k2 þ k4ð Þ¼ κautoc

¼ � κintrins þ κautoc � cA0 þ cς0ð Þ½ 	 þ κautoc � cA;
ð4:91Þ

• The rate of formation in ς

dcς=dt ¼
X

vςξ � rξ ¼ κintrins þ κautoc � cς:

The solutions of the equations are

cA ¼ κintrins þ κautoc � cA0 þ cζ0
� �� �

=κautoc � κintrins=κautoc þ cζ0
� � � EXP κautoc � tð Þ,

cζ ¼ �κintrins=κautoc þ κintrins=κautoc þ cζ0
� � � EXP κautoc � tð Þ:

ð4:92Þ

Equations (4.7), (4.90), and (4.92) result in the temporal course of the thermal

reaction power:
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q IþIIð Þ ¼
X

qξ ¼ r1 þ r2½ 	 � V � �ΔHλIð Þ þ r3 þ r4½ 	 � V � �ΔHλIIð Þ
¼ φI � �ΔHλIð Þ þ φII � �ΔHλIIð Þ þ ψ I � �ΔHλIð Þ þ ψ II � �ΔHλIIð Þ½ 	 � EXP κautoc � tð Þf g � V;

ð4:93Þ

with

• φI ¼ k1 � k2 � κintrins=κautoc, φII ¼ k3 � k4 � κintrins=κautoc;

• ψI ¼ k2 � κintrins=κautoc þ cζ0
� �

, ψII ¼ k4 � κintrins=κautoc þ cζ0
� �

:

Experience shows that the enthalpies of reaction ΔHλI and ΔHλII differ in order of

magnitude by a factor of two to three at the most. In contrast, the rate coefficients k2
and k4 are larger than the rate coefficients k1 and k3 in order of magnitude by powers

of ten (there is otherwise no ascertainable autocatalysis). Thus, we have

φI � �ΔHλIð Þ þ φII � �ΔHλIIð Þ � ψ I � �ΔHλIð Þ þ ψ II � �ΔHλIIð Þ:

This means that the plot of ln q IþIIð Þ
n o

versus time (Fig. 4.22) turns at t� 0 into a

straight line with a slope κautoc and the point of intersection with the ordinate

ln ϕIþII
	 


. ϕIþII corresponds in praxis to ψ I � �ΔHλIð Þ þ ψ II � �ΔHλIIð Þ½ 	 � V.
When A is consumed at time tE IþIIð Þ, the straight line ends abruptly. According to

(4.92), we obtain

tE IþIIð Þ ¼ ln κintrins þ κautoc � cA0 þ cζ0
� �� �

= κintrins þ κautoc � cζ0
� �� �

=κautoc: ð4:94Þ

Fig. 4.22 Autocatalytic, competing, consecutive reaction in two stages:

A����!r1,ΔHλI
Bþ ς, A�����!r2 ςð Þ,ΔHλI

Bþ ς stage I

Bþ A����!r3,ΔHλII
Cþ ς, Bþ A�����!r4 ςð Þ,ΔHλII

Cþ ς, stage II

r1 ¼ k1; r2 ¼ f cς
	 
 ¼ k2 � cς

r3 ¼ k3; r4 ¼ f cς
	 
 ¼ k4 � cς
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The following relations apply:

q IþIIð Þ t ¼ 0, cζ0 ¼ 0
� � ¼ k1 � �ΔHλIð Þ þ k3 � �ΔHλIIð Þ½ 	 � V;

q IþIIð Þ t ¼ 0, cζ0 6¼ 0
� � ¼ k1 þ k2 � ζ0 � �ΔHλIð Þ þ k3 þ k4 � ζ0 �ΔHλIIð Þ½ 	 � V;ð

q IþIIð Þdt ¼ cBðt�tE IþIIð ÞÞ þ cCðt�tE IþIIð ÞÞ
� � � �ΔHλIð Þ þ cC t�tE IþIIð Þð Þ � �ΔHλIIð Þ	 
 � V:

ð4:95Þ

The quantities k1, k2, k3, k4, ΔHλI and ΔHλII cannot be elaborated solely from

relations (4.93), (4.94) and (4.95) of the reaction system I + II. The separate

calorimetric investigation of the second stage II Bþ A! Cþ ςð Þ is needed in

addition. This can be caused by the use of inhibitors with specific effects.

In that case it follows from (4.91), (4.92) and (4.93) due to k1¼ 0 and k2¼ 0 that

cA ¼ k3 þ k4 � cA0 þ cζ0
� �� �.

k4 � k3 þ k4 þ cζ0
� � � EXP k4 � tð Þ; ð4:96Þ

q IIð Þ tð Þ ¼ k3 þ k4 � cζ0
� � � V � ΔHλII � EXP k4 � t½ 	:

Plotting ln{q(II)} over time35 (Fig. 4.23) gives a straight line with slope κII ¼ k4 and
the point of intersection with the ordinate ln{ϕII} with

ϕII ¼ k3 þ k4 � cς0ð Þ � V � ΔHλII. When A is consumed, the straight line ends

abruptly at time tE IIð Þ ¼ ln k3 þ k4 � cA0 þ cς0ð Þð Þ= k3 þ k4 � cς0ð Þ½ 	=k4.
With the additional quantities κII and ϕII k1, k2, k3, k4, ΔHλI and ΔHλII can be

found.

• The heat of reaction �ΔHλIIð Þ is given from the total amount of heat released up

to the time tE(II) of the abrupt end of reaction

�ΔHλII ¼
ð
t¼0!tE IIð Þ

q IIð Þ � dt=cA0=V:

• The rate constant k4 corresponds to the slope κII of the straight line

k4 ¼ κII:

• From the point of intersection ln{ϕII} and k4 it follows that

k3 ¼ ϕII=V= �ΔHλ2ð Þ � k4 � cζ0:

• The rate coefficient k2 is calculated due to (4.91) by means of κautoc (Fig. 4.22)
and k4:

35 In the case of negative q-values, ln{|q(t)|} must be plotted; the procedure for interpretation is

analogous.
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k2 ¼ κautoc � k4:

• The rate coefficient k1 results by means of κautoc, k3 and tE(I+II) according to

(4.94):

k1 ¼ κautoc � cA0 þ cζ0
� �� cζ0 � EXP κautoc � tE IþIIð Þ

� �� �	 

=

EXP κautoc � tE IþIIð Þ
� �� 1

	 
� k3:

• From (4.95) we obtain

�ΔHλIð Þ ¼
ð
t¼0!tE IþIIð Þ

q IþIIð Þ � dt� cC t�tE IþIIð Þð Þ � �ΔHλIIð Þ
" #.

cB t�tE IþIIð Þð Þ þ cC t�tE IþIIð Þð Þ
� �

=V:

4.2.1.1.2.6 Rhythmic Reaction

The following system of conversion is discussed:

A�����!r1,ΔHλ1
B I

B�����!r2,ΔHλ2
C II

C�����!r3,ΔHλ3
D III

Reactant A converts via the intermediate products B and C to the final product

D. The stoichiometric coefficients are

Fig. 4.23 Second stage of autocatalytic, consecutive reaction:

A����!r1,ΔHλI
Bþ ς, A�����!r2 ςð Þ,ΔHλI

Bþ ς stage I

Bþ A����!r3,ΔHλII
Cþ ς, Bþ A�����!r4 ςð Þ,ΔHλII

Cþ ς stage II

4.2 Elucidation of Rate and Enthalpy of Reaction on the Basis of Mathematical–. . . 129



vA1 ¼ �1, vA2 ¼ 0, vA3 ¼ 0; vB1 ¼ 1, vB2 ¼ �1, vB3 ¼ 0;
vC1 ¼ 0, vC2 ¼ 1, vC3 ¼ �1; vD1 ¼ 0, vD2 ¼ 0, vD3 ¼ 1:

The rate functions are [32]

r1 ¼ k1 cBð Þ � cA ¼ k1 � cB � cA,
r2 ¼ k2 cCð Þ � cB ¼ k2 � cC � cB,

r3 ¼ k3 � cC:

Because the rate coefficients of reactions I and II are directly proportional to the

concentration of the corresponding product B respectively C, stages I and II are

autocatalytic reactions, i.e. during the run of the conversion oscillations can be

originated.36 To start the reaction, B and C must exist at least in marginal

amounts or be produced by intrinsic parallel reactions. Here the latter option is

neglected simplifying the illustration of the conversion, which is in any case

not simple but already, apart from that, a mathematically and analytically

complex.

According to (4.34), the rates of change in A, B, C and D are

36 The second postulate of the classical thermodynamics of chemical equilibrium states or quasi-

static progress via an infinite sequence of equilibrium states requires

• that in a closed reactor the chemical conversions of the overall stoichiometry

:þ Ai þ :þ :! :þ Bj þ :
� �

must be marked by a monotonous decrease in the free energy

G of the reaction systems, at all reaction times ΔG(t)<0;

• that, as a consequence, the overall reaction for constant temperature and constant pressure

achieves monotonously, i.e. without overstepping, exceeding, understepping or falling back, an

equilibrium.

Hence, during the conversion the concentrations of intermediate products pass their peak

values or quickly achieve stationary values.

A real chemical conversion takes place as non-quasi-static progress. The corresponding

thermodynamics of non-equilibrium states or of non-quasi-static progress far from equilib-

rium[15] leads one to deduce that oscillations of the concentrations can occur when

• The mechanism of the reaction is sufficiently complex and

the reactants of the reaction :þ Ai þ :! þBj þ :
� �

are incapable of reacting at a considerable

velocity directly or by intermediate products to Bj, so that, instead of that, a process can occur

via another complex but far quicker mechanism;

for instance, a mechanism functions in such a way that within a sequence of succeeding steps at

least one intermediate product acts as a catalyst or inhibitor one step ahead. The retrocoupling

causes an acceleration or braking of the intermediate step by which oscillations can originate.•
The state of the reaction system is sufficiently far from thermodynamic equilibrium. The

decrease in free energy supplies the driving force for the oscillations. By approaching the

equilibrium state, the driving force respectively the amplitudes of the oscillations get closer to

the value zero with the effect that all concentrations make their way to the equilibrium values

more and more monotonously.•
The concentrations of educts and products do not oscillate, only the concentrations of certain

intermediate resultants.
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dcA=dt ¼
X

vAξ � rξ ¼ �k1 � cB � cA,
dcB=dt ¼

X
vBξ � rξ ¼ k1 � cB � cA � k2 � cC � cB,

dcC=dt ¼
X

vCξ � rξ ¼ k2 � cC � cB � k3 � cC,
dcD=dt ¼

X
vDξ � rξ ¼ k3 � cC:

A solution in the explicit form ci/j¼ fi/j(t) does not exist, hence there is no function

q(t) of the thermal reaction power:

q ¼
X

qξ ¼ q1 þ q2 þ q3 ¼ r1 � V � �ΔHλ1ð Þ þ r2 � V � �ΔHλ2ð Þ þ r3 � V � �ΔHλ3ð Þ:

Because mathematical-analytical solutions do not exist, stages I–III must be investi-

gated separately to elaborate the kinetic and thermal data ki and ΔHλI; for instance,

• Reaction I without C; mode of evaluation: autocatalytic reaction,

Sect. 4.2.1.1.2.4.1, results in k1 and ΔHλ1
• Reaction III without A and B; mode of evaluation: reaction of order

1, Sect. 4.2.1.1.1.3, results in k3 and ΔHλ3
• Reaction II and III without A; mode of evaluation: the initial value of the thermal

reaction power q t ¼ 0ð Þ, ΔHλ3 and the total amount of released heat result in k2
and ΔHλ2:

1. From the total amount of released heatð
t¼0!1

qð Þ � dt ¼ cB0 � �ΔHλ2ð Þ � V þ cB0 þ cC0ð Þ � �ΔHλ3ð Þ � V�

we obtain

�ΔHλ2 ¼
ð
t¼0!1

q � dt� cB0 þ cC0ð Þ � �ΔHλ3ð Þ � V
� �

=cB0=V:

2. From the initial value of the thermal reaction power

q t ¼ 0ð Þ ¼ k2 � cB0 � cC0 � V � �ΔHλ2ð Þ þ k3 � cC0 � V � �ΔHλ3ð Þ

we obtain

k2 ¼ q t ¼ 0ð Þ � k3 � cC0 � V � �ΔHλ3ð Þ½ 	=cB0=cC0=V= �ΔHλ2ð Þ
¼ q t ¼ 0ð Þ � k3 � cC0 � V � �ΔHλ3ð Þ½ 	=cC0=

ð
t¼0!1

q � dt� cB0 þ cC0ð Þ � �ΔHλ3ð Þ
� �

=V:

Figures 4.24 and 4.25 show examples of numeric calculations with assumed

values kξ and ΔHλξ and c0(j/i). It can be seen that the concentrations of the

intermediate products B and C during their temporal decrease distinctively oscil-

late; the frequency and the amplitude of the oscillation diminish. Against that,

reactant A decreases respectively the final product D increases more or less
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Fig. 4.24 Thermal reaction power of rhythmic reaction A!B!C!D; isothermal, discontinuous,

constant-volume reaction

r1 ¼ k1 cBð Þ � cA ¼ k1 � cB � cA, r2 ¼ k2 cCð Þ � cB ¼ k2 � cC � cB, r3 ¼ k3 � cC
k1 ¼ 1 ml=mol=s , k2 ¼ 25 ml=mol=s , k3 ¼ 2� 10�3 ml=mol=s

cA0 ¼ 1� 10�3, cB0 ¼ 5� 10�5, cC0 ¼ 5� 10�6, cD0 ¼ 0 mol=ml, �ΔHλξ
� � ¼ 80 kJ=mol,

V ¼ 1, 000 ml

Fig. 4.25 Course of concentrations of rhythmic reactionA!B!C!D; isothermal, discontinuous,

constant-volume reaction

r1 ¼ k1 cBð Þ � cA ¼ k1 � cB� cA, r2 ¼ k2 cCð Þ � cB ¼ k2 � cC � cB, r3 ¼ k3 � cC
k1 ¼ 1 ml=mol=s , k2 ¼ 25 ml=mol=s , k3 ¼ 2� 10�3 ml=mol=s

cA0 ¼ 1� 10�3, cB0 ¼ 5� 10�5, cC0 ¼ 5� 10�6, cD0 ¼ 0 mol=ml, �ΔHλξ
� � ¼ 80 kJ=mol,

V ¼ 1, 000 ml
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monotonously over time without a distinctive oscillation (always dA/dt< 0, always

dD/dt> 0). The intensities of the oscillating thermal reaction powers q1, q2, q3 as
well as their superposition, the measurable thermal overall reaction power q, decay
with decreasing frequency and amplitude.

4.2.1.1.2.7 Reversible Reaction

A reversible conversion differs from an irreversible conversion in that, besides the

conversion of the reactants with respect to products according to the stoichiometry

v1I þ v2I þ v3I þ . . .! vζI þ . . .þ vnI reaction I forward reactionð Þ;

simultaneously a retro-conversion of these products with respect to those reactants

occurs according to the stoichiometry

vζII þ . . .þ vnII ! v1II þ v2II þ v3II reaction II backward reactionð Þ:

Both reactions run over the same path due to the second law of thermodynamics.

When the rate of the forward reaction and the rate of the backward reaction are

equal, i.e. formation corresponds to consumption, the conversion has achieved

equilibrium. For the stoichiometric coefficients the following equation is valid:

vζII ¼ �vζI ζ ¼ 1, 2, . . . , n, . . .ð Þ:

When the number of formula conversions are λI t ¼ 0ð Þ ¼ 0, λII t ¼ 0ð Þ ¼ 0,

and the initial concentrations are cζ t ¼ 0ð Þ ¼ cζ0,
we obtain due to (4.4) and (4.34) the relation

cζ ¼ cζo þ vζI � λI þ vζII � λII ¼ cζo þ vζI � λI � λIIð Þ ¼ cζo þ vζI � λ

with λ ¼ λI � λII as number of the overall formula conversion.

The reaction takes place uniformly, and we get

cζ ¼ cζ0 þ vζI=v1I � c1 � c10ð Þ ζ ¼ 2, 3 . . . , nð Þ:

For the purpose of simplifying arduous integrations for the thermokinetic analysis

of reversible reactions, it is desirable to describe the reaction progress by means of

the distance Өζ of the concentration of component ζ from its concentration at

equilibrium cζ1 [35]. We have according to (4.4),

c10 þ v1 � λ ¼ c1 ¼ c11 þ θ1
cζ0 þ vζ � λ ¼ cζ ¼ cζ1 þ θζ

ð4:97Þ

with the simplified marking of the coefficients v, i.e.
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v1 instead of v1I and vζ instead of vζI:

Hence, we have

λ ¼ c11 � c10 þ θ1ð Þ=v1 ¼ cζ1 � cζ0 þ θζ
� �

=vζ
¼ c11 � c10ð Þ=v1 þ θ1=v1 ¼ cζ1 � cζ0

� �
=vζ þ θζ=vζ:

In a state of equilibrium we have, by definition, θ1 ¼ θζ ¼ 0, which yields

λ t ¼ 1ð Þ ¼ λ1 ¼ c11 � c10ð Þ=v1 ¼ cζ1 � cζ0
� �

=vζ

with the consequence that

θ1=v1 ¼ θζ=vζ or θζ ¼ vζ=v1 � θ1:

At the start of the reaction at the moment t¼ 0 we have λ¼ 0; hence37

θ1 t ¼ 0ð Þ ¼ v1=vζ � cζ t ¼ 0ð Þ � cζ1
� � ¼ c1 t ¼ 0ð Þ � c11; ð4:98Þ

i.e., due to cζ t ¼ 0ð Þ ¼ cζ0 ¼ 0;

θ1 t ¼ 0ð Þ ¼ �v1=vζ � cζ1:
Due to (4.97) we obtain

cζ ¼ cζ1 þ vζ=v1 � θ1: ð4:99Þ

4.2.1.1.2.7.1 Rate Functions of Forward and Backward Reaction of Order 1

The simplest reversible conversion occurs when two species in dilute solution

change into each other via the following two elementary reactions I and II:

A �����!rI,ΔHλI
B I �����

rII,ΔHλII
II

With the stoichiometric coefficients v(j,i)ξ respectively rate functions rξ

vAI ¼ �1, vBI ¼ 1, rI ¼ k1 � cA I

vAII ¼ 1, vBII ¼ �1, rII ¼ k2 � cB II:

37 Example: 1A$ 1Bþ 2C,

with cA0 6¼ 0, cB0 ¼ 0, cC0 ¼ 0 : θ1 t ¼ 0ð Þ ¼ cA0 � cA1 ¼ �1=1 � 0� cB1ð Þ ¼ �1=2�
0� cC1ð Þ ¼ cB1 ¼ cC1=2
with cA0 ¼ 0, cB0 6¼ 0, cC0 6¼ 0 : θ1 t ¼ 0ð Þ ¼ 0� cA1 ¼ �1=1 � cB0 � cB1ð Þ ¼ �1=2�
cC0 � cC1ð Þ ¼ cB1� cB0 ¼ cC1 � cC0ð Þ=2 ¼ �cA1:
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We have according to (4.99) changing the marking of θ by θ1 ¼ θA ¼ θ,

cA ¼ cA1 þ θ and cB ¼ cB1 � θ: ð4:100Þ

Using (4.34) and (4.100) we get the rate of change in A

dcA=dt ¼
X

v j;ið Þξ � rξ ¼ �k1 � cA þ k2 � cB ¼ dθ=dt

¼ �k1 � cA1 þ θð Þ þ k2 � cB1 � θð Þ
¼ �k1 � cA1 þ k2 � cB1 � k1 þ k2ð Þ � θ:

At equilibrium of the reaction we have θ ¼ 0 and dθ=dt ¼ 0, hence

k1 � cA1 ¼ k2 � cB1; ð4:101Þ

and thus

dθ=dt ¼ � k1 þ k2ð Þ � θ

and38

θ ¼ θ t ¼ 0ð Þ � EXP � k1 þ k2ð Þ � t½ 	: ð4:102Þ

The thermal reaction power reads, according to (4.7),

q ¼
X

rξ � �ΔHλξ
� �� � � V ¼ rI � �ΔHλIð Þ þ rII � �ΔHλIIð Þ½ 	 � V ð4:103Þ

¼ k1 � cA � �ΔHλIð Þ½ 	 þ k2 � cB � �ΔHλIIð Þ � V due to 4:99ð Þ
¼ k1 � cA1 þ θð Þ � �ΔHλIð Þ þ k2 � cB1 � θð Þ � �ΔHλIIð Þ½ 	 � V
¼ k1 � cA1 þ θð Þ � �ΔHλIð Þ � k2 � cB1 � θð Þ � �ΔHλIð Þ½ 	 � V
¼ k1 � cA1 � k2 � cB1ð Þ � �ΔHλIð Þ þ k1 þ k2ð Þ � θ � �ΔHλIð Þ½ 	 � V

due to 4:101ð Þ
¼ k1 þ k2ð Þ � θ � �ΔHλIð Þ½ 	 � V due to 4:102ð Þ
¼ k1 þ k2ð Þ � �ΔHλIð Þ � V � θ t¼0ð Þ � EXP � k1 þ k2ð Þ � t½ 	: ð4:104Þ

38 Starting from A, i.e. cA0 6¼ 0, cB0 ¼ 0, it follows, with (4.102) and (4.98), that

cA � cA1 ¼ cA0 � cA1ð Þ � EXP � k1 þ k2ð Þ � t½ 	 ¼ cB1 � EXP � k1 þ k2ð Þ � t½ 	:
Starting from B, i.e. cB0 6¼ 0, cA0 ¼ 0, it follows, with (4.102) and (4.98), that

cB � cB1 ¼ cB0 � cB1ð Þ � EXP � k1 þ k2ð Þ � t½ 	 ¼ cA1 � EXP � k1 þ k2ð Þ � t½ 	;
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4.2.1.1.2.7.1.1 Case (A!)

Starting from A, i.e. cA0 6¼ 0 and cB0 ¼ 0, according to (4.99) the following

expression is valid:

θ t ¼ 0ð Þ ¼ cB1 ¼ cA0 � cA1: ð4:105Þ

By means of (4.104) the temporal course of the thermal reaction power reads

q A!ð Þ ¼ k1 þ k2ð Þ � cB1 � V � �ΔHλIð Þ � EXP � k1 þ k2ð Þ � t½ 	
¼ k1 þ k2ð Þ � cA0 � cA1ð Þ � V � �ΔHλIð Þ � EXP � k1 þ k2ð Þ � t½ 	

because of 4:101ð Þ and 4:105ð Þ
¼ k1 � cA0 � V � �ΔHλIð Þ � EXP � k1 þ k2ð Þ � t½ 	
¼ q A!ð Þ0 � EXP � k1 þ k2ð Þ � t½ 	:

ð4:106Þ

4.2.1.1.2.7.1.2 Case (B!)

Starting from B, i.e. cA0 ¼ 0 and cB0 6¼ 0, according to (4.99) we have

θ t ¼ 0ð Þ ¼ �cA1 ¼ cB1 � cB0; ð4:107Þ

and due to (4.104) we obtain

q B!ð Þ ¼ � k1 þ k2ð Þ � cA1 � V � �ΔHλIð Þ � EXP � k1 þ k2ð Þ � t½ 	
¼ k1 þ k2ð Þ � cB1 � cB0ð Þ � V � �ΔHλIð Þ � EXP � k1 þ k2ð Þ � t½ 	

because of 4:101ð Þ and 4:107ð Þ
¼ �k2 � cB0 � V � �ΔHλIð Þ � EXP � k1 þ k2ð Þ � t½ 	
¼ q B!ð Þ0 � EXP � k1 þ k2ð Þ � t½ 	:

ð4:108Þ

The plots of ln q A!ð Þ
��� ���n o

and ln q B!ð Þ
��� ���n o

versus time (Fig. 4.26) give in both cases

a straight line with slope κ ¼ k1 þ k2.
We obtain k1, k2 and �ΔHλIð Þ ¼ �ΔHλIIð Þ as follows. According to (4.106)

respectively (4.108), the thermal reaction power at the start of reactions q0 is

q A!ð Þ0 ¼ k1 � cA0 � V �ΔHλIð Þ respectively q B!ð Þ0 ¼ �k2 � cB0 � V � �ΔHλIð Þ:

From κ and q A!ð Þ0, q B!ð Þ0 it follows that

k2 ¼ κ= 1� cB0 � q A!ð Þ0= cA0 � q B!0ð Þ
� �h i

,

k1 ¼ κ � k2,
�ΔHλIð Þ ¼ � �ΔHλIIð Þ ¼ q A!ð Þ0=k1=cA0 ¼ �q B!ð Þ0=k2=cB0:

�ΔHλIð Þ and �ΔHλIIð Þ result also from the amount of total released heat Q1,

starting from A or B:
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•
Q A!ð Þ1 ¼

ð
t¼0!1

q A!ð Þdt

¼
ð
t¼0!1

k1 � cA0 � V � �ΔHλIð Þ � EXP � k1 þ k2ð Þ � t½ 	
dt ¼ k1=κ � cA0 � V �
�� ΔHλ1

	 �

and

•
Q B!ð Þ1 ¼

ð
t¼0!1

q B!ð Þdt

¼
ð
t¼0!1

�k2 � cB0 � V � �ΔHλIð Þ � EXP � k1 þ k2ð Þ � t½ 	f gdt ¼ �k2=κ � cB0 � V � �ΔHλIð Þ;

hence

�ΔHλIð Þ ¼ � �ΔHλIð Þ ¼ Q A!ð Þ1 � κ=k1cA0=V ¼ �Q B!ð Þ1 � κ=k2=cB0=V:

4.2.1.1.2.7.2 The Rate Functions of a Forward Reaction of Order 1, Backward
Reaction Is a Product of Two Partial Orders 1

Another simple reversible conversion occurs when three species in solution change

into one another by two elementary reactions I and II:

A�����!
rI,ΔHλI

B þ C
I �����

rII,ΔHλII II

The stoichiometric coefficients v(j,i)ξ respectively the rate functions rξ

Fig. 4.26 Reversible reaction A�����!rI,ΔHλI
B I �����

rII,ΔHλII II
;

Isothermal, discontinuous, constant-volume reaction

q A!ð Þ ¼ q A!ð Þ0 � EXP � k1 þ k2ð Þ � t½ 	; q B!ð Þ ¼ q B!ð Þ0 � EXP � k1 þ k2ð Þ � t½ 	
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vAI ¼ �1, vBI ¼ 1, vCI ¼ 1; rI ¼ k1 � cA,
vAII ¼ 1, vBII ¼ �1, vCII ¼ �1; rII ¼ k2 � cB � cC:

According to (4.99) with θ1 ¼ θA ¼ θ the following expression is valid:

cA ¼ cA1 þ θ, cB ¼ cB1 � θ and cC ¼ cC1 � θ: ð4:109Þ
The rate of change in A reads, due to (4.34),

dcA=dt ¼
X

vζξ � rξ ¼ �k1 � cA þ k2 � cB � cC
¼ dθ=dt ¼ �k1 � cA1 þ θð Þ þ k2 � cB1 � θð Þ � cC1 � θð Þ
¼ �k1 � cA1 þ k2 � cB1 � cC1 � k1 þ k2 � cB1 þ cC1ð Þ½ 	 � θ þ k2 � θ2:

In a state of equilibrium we have θ ¼ 0 and dθ=dt ¼ 0, hence

k1 � cA1 ¼ k2 � cB1 � cC1; ð4:110Þ
and therefore, with α ¼ k1 þ k2 � cB1 þ cC1ð Þ and β ¼ k2,

dθ=dt ¼ �α � θ þ β � θ2:

The solution of the equation reads39

θ ¼ 1= β=αþ 1=θ t¼0ð Þ � β=α
� � � EXP α � t½ 		 


¼ α � θ t¼0ð Þ � EXP �α � t½ 	= αþ β � θ t¼0ð Þ � EXP �α � t½ 	 � 1
�	 


:
ð4:111Þ

According to (4.7), the thermal reaction power becomes

39 (a) Starting from A, so at t ¼ 0 cA0 6¼ 0 and cB0 ¼ cC0 ¼ 0, we have cB1 ¼ cC1 and, due to

(4.98), θ t ¼ 0ð Þ ¼ cA0 � cA1 ¼ cB1 ¼ cC1. With that it follows from (4.109) and (4.111)

that

cA ¼ cA1 þ cA0 � cA1ð Þ � α � EXP �α � t½ 	= αþ β � cA0 � cA1ð Þ � EXP �α � t½ 	 � 1ð Þf g
¼ cA1 þ cB1 � α � EXP �α � t½ 	= αþ β � cB1

� � EXP �α � t½ 	 � 1ð Þ	 

¼ cA1 þ cC1 � α � EXP �α � t½ 	= αþ β � cC1

� � EXP �α � t½ 	 � 1ð Þ	 

:

(b) Starting from B and C, so at t ¼ 0 cA0 ¼ 0 and cB0 ¼ cB0 6¼ 0, we have cB1 ¼ cC1; and due
to (4.98), θ t ¼ 0ð Þ ¼ cB1 � cB0 ¼ cC1 � cC0 ¼ �cA1. With that it follows from (4.109)

and (4.111) that

cA ¼ cA1 þ cB1 � cB01ð Þ � α � EXP �α � t½ 	= αþ β � cB1 � cB0ð Þ � EXP �α � t½ 	 � 1ð Þf g
¼ cA1 þ cC1 � cC01ð Þ � α � EXP �α � t½ 	= αþ β � cC1 � cC0

� � EXP �α � t½ 	 � 1ð Þ	 

¼ cA1 � cA1 � α � EXP �α � t½ 	= α� β � cA1

� � EXP �α � t½ 	 � 1ð Þ	 

:
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q ¼
X

rξ � �ΔHλξ
� �� � � V ¼ rI � �ΔHλIð Þ þ rII � �ΔHλIIð Þ½ 	 � V

¼ k1 � cA � �ΔHλIð Þ þ k2 � cB � cB � �ΔHλIIð Þ½ 	 � V
due to 4:109ð Þ

¼ k1 � cA1 þ θð Þ � �ΔHλIð Þ þ k2 � cB1 � θð Þ � cCθð Þ � �ΔHλIIð Þ½ 	 � V
¼ k1 � cA1 þ θð Þ � �ΔHλIð Þ � k2 � cB1 � θð Þ � cC1 � θð Þ � �ΔHλIð Þ½ 	 � V
¼ k1 � cA1 � k2 � cB1 � cC1ð Þ � �ΔHλIð Þ þ k1 þ k2 � cB1 þ cC1ð Þ � θ þ k2 � θ2

	 
 � �ΔHλIð Þ� � � V
due to 4:110ð Þ

¼ k1 þ k2 � cB1 þ cC1ð Þ � θ � k2 � θ2
	 
 � �ΔHλIð Þ� � � V;

with α ¼ k1 þ k2 � cB1 þ cC1ð Þ and β ¼ k2 ð4:112Þ
¼ α�θ�β�θ2



� �ΔHλIð Þ

� �
�V

by means of ð4:111Þ;
¼ α � �ΔHλIð Þ � V � 1=θ t ¼ 0ð Þð Þ � β=α

�
� EXP α � t½ 	= β=αþ 1=θ t ¼ 0ð Þ � β=αð Þ � EXP α � tð Þf g2: ð4:113Þ

For t� 0 we have β=α� 1=θ t ¼ 0ð Þ � β=αð Þ � EXP α � tð Þ and this yields

q t� 0ð Þ ¼ α2 � �ΔHλIð Þ � V � EXP �α � t½ 	= α=θ t ¼ 0ð Þ � β=αð Þ: ð4:114Þ

Plotting the natural logarithm of the absolute amount of the thermal reaction power

q versus time

• Starting from A: ln q A!ð Þ
��� ���n o

• Starting from B and C: ln q BþC!ð Þ
��� ���n o

give curves which turn for times t� 0 into straight lines with the slope α

¼ k1 þ k2 � cB1 þ cC1ð Þ (Fig. 4.27).

4.2.1.1.2.7.2.1 Case (A!)

Starting from A, i.e. cA0 6¼ 0 and cB0 ¼ cC0 ¼ 0, the equation cB1 ¼ cC1 is valid,

and according to (4.98),

θ t ¼ 0ð Þ ¼ cA0 � cA1 ¼ cB1 ¼ cC1: ð4:115Þ

Due to (4.112) it follows that

α ¼ k1 þ k2 � 2 � cB1 and β ¼ k2: ð4:116Þ

The amount of heat released up to the achieved equilibrium is
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Q A!ð Þ1 ¼
ð
t¼0!1

q A!ð Þdt ¼ V � �ΔHλIð Þ � θ t ¼ 0ð Þ ¼ V � �ΔHλIð Þ � cB1
ð4:117Þ

and the initial value of the thermal reaction power at t¼ 0 according to (4.110),

(4.113), (4.115), (4.116) and (4.117) is

q A!ð Þ0 ¼ �ΔHλIð Þ � V � k1 � cA0 ¼ Q A!ð Þ1=cB/ � k1 � cA0: ð4:118Þ

The rate coefficients k1 and k2 and the heats of reaction �ΔHλIð Þ ¼ � �ΔHλIIð Þ
result from q A!ð Þ0, Q A!ð Þ1 and α as follows:

from (4.110), due to cB1 ¼ cC1 and cA0 � cA1 ¼ cB1 ¼ cC1, we have

cB1 ¼ 0:5 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k1=k2ð Þ2 þ 4 � cA0 � k1=k2
n or

� k1=k2

� �
;

combining with (4.116) gives as a result

k2 ¼ α2 � k21
� �

= 4 � cA0 � k1ð Þ; ð4:119Þ

from (4.116) and (4.118) it follows that

Fig. 4.27 Reversible reaction

A�����!rI,ΔHλI
Bþ C I

 �����
rII,ΔHλII

II

rI ¼ k1 � cA, rII ¼ k2 � cB � cC
: isothermal, discontinuous, constant-volume reaction

q ¼ α � �ΔHλIð Þ � V � 1=θ t ¼ 0ð Þð Þ ¼ β=α
� � EXP α � t½ 	= β=αþ 1=θ t ¼ 0ð Þ � β=αð Þ � EXP α � tð Þf g2
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α=k1 ¼ 1þ 2 � Q A!ð Þ1 � k2 � cA0=q A!ð Þ0; ð4:120Þ

combining with (4.119) and (4.120) gives the rate coefficient k1:

k1 ¼ q A!ð Þ0=Q A!ð Þ1 � √ q A!ð Þ0=Q A!ð Þ1
� �2

� 2 � q A!ð Þ0 � α=Q A!ð Þ1 þ α2

 �

;

due to (4.117) the heat of the reaction is determined by

�ΔHλIð Þ ¼ Q A!ð Þ1=V=cB1
combined with 4:120ð Þ

¼ Q A!ð Þ1=V � 2=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k1=k2ð Þ2 þ 4 � cA0 � k1=k2
n or

� k1=k2

� �
:

4.2.1.1.2.7.2.2 Case (B+C!)

a) Starting from B and C with cA0 ¼ 0 and cB0 ¼ cC0 at t ¼ 0 we have cB1 ¼ cC1;
and according to (4.98),

θ t ¼ 0ð Þ ¼ cB1 � cB0 ¼ cC1 � cC0 ¼ �cA1: ð4:121Þ

Corresponding to (4.112) we have

α ¼ k1 þ k2 � 2 � cB1 and β ¼ k2: ð4:116Þ

The amount of released heat in the time up to the establishment of equilibrium is

Q BþC!ð Þ1 ¼
ð
t¼0!1

q BþC!ð Þdt ¼ V � �ΔHλIð Þ � θ t ¼ 0ð Þ ¼ �V � �ΔHλIð Þ � CA1

ð4:122Þ

and the initial thermal reaction power at t¼ 0 according to (4.110), (4.113), (4.116),

(4.121) and (4.122) is

q BþC!ð Þ0 ¼ � �ΔHλIð Þ � V � k2cB02 � Q BþC!ð Þ1=cA1 � k2 � cB02: ð4:123Þ

The rate coefficients k1 and k2 and the heat of reaction �ΔHλIð Þ ¼ � �ΔHλIIð Þ
result from q BþC!ð Þ0, Q BþC!ð Þ1 and α as follows:

The combination of (4.110), (4.120), (4.121), (4.122), and (4.123) leads to

H � k14 �M � k13 � N � k12 � O � k1 þ p ¼ 0

with
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H ¼ Q BþC!ð Þ1,
M ¼ 4 � q BþC!ð Þ0,
N ¼ 2 � Q BþC!ð Þ1 � α2 � 8 � q BþC!ð Þ0 � α,
O ¼ 4 � q BþC!ð Þ0 � α2,
P ¼ Q BþC!ð Þ1 � α4;

k1 results according to the method of zero position40;

the combination of (4.110) and (4.116) gives

k2 ¼ α2 � k1
2

� �
= 4 � cA0 � k1ð Þ;

the heat of the reaction follows by means of (4.110), (4.121) and (4.122):

�ΔHλIð Þ ¼ � �ΔHλIIð Þ ¼ Q BþC!ð Þ1=V= cB1 � cB0ð Þ
¼ Q BþC!ð Þ1=V= 0:5 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k1=k2ð Þ2 þ 4 � cB0k1=k2

n or
� k1=k2

� �
� cB0


 �
:

b) Starting from B and C with cA0 ¼ 0, but cB0 6¼ cC0 at t ¼ 0 we have

cB1 6¼ cC1;

and according to (4.98),

θ t ¼ 0ð Þ ¼ cB1 � cB0 ¼ cC1 � cC0 ¼ �cA1: ð4:124Þ

Because of (4.112) and (4.123) we have

α ¼ k1 þ k2 � cB1 þ cC1ð Þ ¼ k1 þ k2 � 2 � cB1 þ cC0 � cB0ð Þ and β
¼ k2: ð4:125Þ

The amount of heat released in the time up to achieving equilibrium is

Q BþC!ð Þ1 ¼ ,

ð
q BþC!ð Þ � dt ¼ V � �ΔHλIð Þ � θ t¼0ð Þ ¼ �V � �ΔHλIð Þ � cA1 ð4:126Þ

and the initial value of the thermal reaction power at t¼ 0 is, according to (4.110),

(4.113), (4.116), (4.121), and (4.122),

q BþC!ð Þ0 ¼ � �ΔHλIð Þ � V � k2 � cB0 � cC0 ¼ Q BþC!ð Þ1=cA1 � k2 � cB0 � cC0: ð4:127Þ

The rate coefficients k1 and k2 and the heat of the reaction

�ΔHλIð Þ ¼ � �ΔHλIIð Þ result from q BþC!ð Þ0,Q BþC!ð Þ1 and α as follows:

Combining (4.110) and (4.124) gives as result

40 By the use of the conventional methods of literature.
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cB1 ¼ 0:5 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k1=k2 þ cC0 � cB0ð Þ2 þ 4 � k1=k2 � cB0

h ir
� k1=k2 � cC0 þ cB0


 �
:

ð4:128Þ

Combining (4.125) and (4.128) yields for the slope α of the straight line of ln

q(t� 0), Fig. 4.21,

α ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k1 þ k2 � cC0 � cB0ð Þf g2 þ 4 � k1 � k2 � cB0

h ir

By rearrangement we oftain k2 as a function f1 of α and k1

k2 ¼ �0:5=O � P�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P2 � 4 � O � N� �q� �

¼ f 1 α; k1f g ð4:129Þ

with

N ¼ k21 � α2,
P ¼ 2 � k1 � cC0 þ cB0ð Þ,
O ¼ cC0 þ cB0ð Þ2:

Substituting (4.129) into (4.128) yields cB1 as a function f2 of α and k1:

cB1 ¼ f 2 α; k1f g: ð4:130Þ

From the combination of (4.127), (4.121) and (4.130) it follows that

0 ¼ q BþC!ð Þ0 � Q
BþC!ð Þ1 � cB0 � cC0 � f 1 α; k1f g= cB0 � f 2 α; k1f gð Þ: ð4:131Þ

Due to (4.131) we get k1 according to the method of zero position, and k2 can
now be deduced from (4.129) respectively (4.125).

The combination of (4.124), (4.127) and (4.128) gives the heat of the reaction

�ΔHλIIð Þ ¼ � �ΔHλIð Þ ¼ �Q BþC!ð Þ1=V=cA/ ¼ Q BþC!ð Þ1=V= cB1 � cB0ð Þ
¼ Q BþC!ð Þ1=V=

�
0:5 �

n ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k1=k2 þ cC0 � cB0

�
2 þ 4 � k1=k2 � cB0

� �q
�k1=k2 � cC0 þ cB0

o
� cB0

�
:

4.2.1.2 Variable-Volume Reaction

The chemical conversion in a liquid reaction mixture can occasionally be accom-

panied by an evident change in volume, for instance using more or less diluted

liquid reactants. This case represents (4.11), the correlation of the rate of reaction,

the rate of change in concentration and the rate of change in volume
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vj � r ¼ dNj=dt=V ¼ dcj=dtþ cj � dV=dt=V: ð4:132Þ

The change in volume of the reaction mixture as a consequence of chemical

conversion is very complex. For simple conversions which do not run via consec-

utive reactions, in practise it is assumed in a first approximation that the reaction

volume changes linearly to the fractional conversion41 X of the component j

dominating the reaction,42

V ¼ V0 � 1þ υ � Xð Þ ¼ V0 � 1þ υ � Nj0 � Nj

� �
=Nj0

� �
; ð4:133Þ

in which υ is the relative change in volume between the initial volume V0 and the

final volume VX¼1 with the complete conversion of the dominating component j:

υ ¼ VX¼1 � V0ð Þ=V0:

By differentiation of (4.133) there arises

dV=dtð Þ=V ¼ �υ=cj0=dNj=dt
� �

=V:

Combining this with (4.132) yields

dcj=dt ¼ vj � r þ vj � υ � cj=cj0 � r ¼ r � vj � 1þ υ � cj=cj0
� �

: ð4:134Þ

4.2.1.2.1 System of Reactions Kinetically Characterized by a Single Rate

Function

4.2.1.2.1.1 Rate Function of Order 0

A reaction with a rate function of order 0, r ¼ k, (4.134) leads to

dcj=dt ¼ vj � r � 1þ υ � cj=cj0
� �

¼ vj � k � 1þ υ � cj=cj0
� �

¼ vj � k þ vj � k � υ=cj0 � cj:

The solution of the equation is43

cj ¼ cj0 þ cj0=υ
� � � EXP vj � k � υ=cj0 � t

� �� cj0=υ: ð4:135Þ

In contrast to a constant-volume reaction, the concentration changes not linearly

41Henceforth called simply conversion.
42 For parallel and simultaneous reactions the single changes in volume must be added.
43 The description ofEXP �vj � k � υ=cj0 � t

� �
by series gives for the limiting case υ! 0, Eq. (4.15).
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but exponentially and the reaction is finished at the point in time

tE ¼ �cj0=vj=k=υ � ln υþ 1ð Þ.44 The combination of (4.133) and (4.135) gives as

result the temporal course of the volume:

V ¼ V0 � EXP �vj � k � υ=cj0 � t
� �

and the temporal course of the thermal reaction power45

q ¼ r � �ΔHλð Þ � V ¼ k � �ΔHλð Þ � V0 � EXP �vj � k � υ=cj0 � t
� �

: ð4:136Þ

The calculated thermal reaction power of a variable-volume reaction of order

0 does not remain constant, in contrast to the constant-volume reaction of order

0, but changes exponentially. This results from the assumption that not the entire

reaction rate rentire ¼ dλ=dt but the specific one rspecific ¼ rentire=V ¼ dλ=dt=V ¼ r
is constant over time.

4.2.1.2.1.2 Rate Function of Order 1

For a chemical conversion with a rate function of order 1, in accordance with

(4.134), the following equation is valid:

dcj=dt ¼ vj � r � 1þ υ � cj=cj0
� �

¼ vj � k � cj � 1þ υ � cj=cj0
� �

¼ vj � k � cj þ vj � k � υ=cj0 � cj2:

The solution of the equation reads46

cj ¼ cj0 � EXP vj � k � t
� �

= 1þ υ � 1� EXP vj � k � t
� �� �	 


:

Combining this with (4.133) gives the temporal change in the volume of the

reaction mixture

V ¼ V0 � 1þ υ � 1� EXP vj � k � t
� �� �	 


:

The temporal course of the thermal reaction power reads

q ¼ r � �ΔHλð Þ � V ¼ k � cj � �ΔHλð Þ � V ¼ k � �ΔHλð Þ � cj0 � V0 � EXP vj � k � t
� �

:

A comparison of the results for a constant-volume conversion with variable-volume

conversion, both with rate of order 1, shows

44 The description of ln υþ 1½ 	 by series gives for the limiting case υ! 0, Eq. (4.16).
45 The description by series gives for the limiting case υ! 0, Eq. (4.14).
46 The description by series gives for the limiting case υ! 0, Eq. (4.20).
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• The temporal courses of the thermal reaction powers are equal [for assumption

(4.133)],

• The temporal courses of the concentrations differ from each other:

c tð ÞV¼const > c tð ÞV 6¼const f or υ > 0,

c tð ÞV¼const < c tð ÞV 6¼const f or υ < 0:

4.2.1.2.1.3 Rate Function of Order n

For a chemical process with a rate function of order n n > 0; 6¼ 1ð Þ we have,

according to (4.133),

dcj=dt ¼ vj � r
¼ vj � k � cjn � 1þ υ � cj � =cj0

� �
¼ vj � k � cjn þ vj � k � υ=cj0 � cjnþ1:

A solution of the equation in the explicit formcj ¼ f tð Þdoes not exist and, therefore,
no function V ¼ g tð Þ respectively q ¼ h tð Þ.

4.2.2 Isothermal, Continuous Reaction

In contrast to the discontinuous run of a chemical conversion which gives for a

quantity47 a series of values over time, a continuous run gives only one value of the

quantity. This raises the question of why a kinetic investigation should be

conducted by the continuous run of a reaction. Experience has shown that

• The kinetics of certain reactions, especially copolymerization, is primarily

worked out on the basis of continuous runs.

• The kinetics discovered by discontinuous runs can be examined with respect to

correctness.

• Only in this way can principally exact enthalpies of reaction be determined.

In industrial practise, reaction kinetics are often elaborated on the basis of stereo-

typically planned, discontinuous runs. Therefore, results with respect to kinetics should

be examined by means of experiments under changed operating conditions. Only in

this way is it possible to detect whether the used simplifications are defensible or

whether the discovered mechanism and the elicited rate function must be corrected.

One possibility proposes a isothermal, calorimetric investigation of continuous

runs, in which the measuring kettle of the calorimeter functions as a totally mixed

throughput reactor48: the inlet stream in the measuring kettle is nearly instanta-

neously mixed by a quickly agitating mixer. There are differences in either

47 Or several different quantities, for instance concentration, pressure or electric conductivity etc.
48 See Sect. 2.2.1.
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concentration temperature; the contents are completely mixed. Thus, the exit

stream out of the measuring kettle has the same composition as the reaction mass

within the kettle.49 Because the composition is uniform at any moment in time, the

balance concerns the total volume V of the measuring kettle.

The stoichiometry and the reaction rates of a system of reactions commonly

reads as follows:

. . .þ . . .þ . . . þ . . .! . . .þ . . . þ . . .þ . . . ,
v1,ξ�1 þ . . .þ . . . vj,ξ�1 . . . þ . . .! . . .þ vi,ξ�1 þ . . .þ . . . , rξ�1
v1, ξ þ . . .þ . . . vj,ξ . . . þ . . .! . . .þ vi,ξ þ . . .þ . . . , rξ

v1,ξþ1 þ . . .þ . . . vj,ξþ1 . . . þ . . .! . . .þ vi,ξþ1 þ . . .þ . . . , rξþ1
. . .þ . . .þ . . . þ . . .! . . .þ þ . . .þ . . . ,

The material balance for components i and j of the reaction mass reads

V � dcj, i=dt ¼ vin � c j;ið Þ0 � vout � cj, i þ V �
X

ξ
v j;ið Þξ � rξ
� �

;

with


 vin respectively vout volumetric inflow respectively outflow of mea-

suring kettle


 c(j,i)o respectively cj,i concentrations of reactants j and products i of

inflow respectively within measuring kettle


 cl0 respectively c1 concentration of component j ¼ 1 of inflow

respectively within measuring kettle


 X1 ¼ vin � c10 � vout � c1ð Þ=
vin � c10ð Þ

fractional conversion of component j ¼ 1 of

inflow respectively within measuring kettle


 λξ number of formula conversions, reaction ξ

 ΔHλξ enthalpy of reaction ξ

 V volume of measuring kettle


 rξ ¼ dλξ=dt=V ¼ dN j;ið Þξ=dt
=v j;ið Þξ=V ¼ dc j;ið Þξ=dt=v j;ið Þξ

rate of reaction ξ

In steady state dcj, i=dt ¼ 0
� �

the fractional conversion of reaction component

1 is

X1 ¼ �V �
X

ξ
v1ξ � rξ
� �

= vin � c10ð Þ: ð4:137Þ

For the thermal reaction power the following equation is valid according to (4.7):

49 There is no connection between a continuously and a discontinuously operating calorimeter

unless it is considered as representing the facts of a certain moment in time in a discontinuously

operating calorimeter.

4.2 Elucidation of Rate and Enthalpy of Reaction on the Basis of Mathematical–. . . 147



q ¼
X

ξ
rξ � �ΔHλξ

� �h i
� V: ð4:138Þ

4.2.2.1 Constant-Volume Reaction

In what follows constant-volume reactions are assumed, i.e. vin ¼ vout ¼ v.

4.2.2.1.1 System of Reactions Kinetically Characterized by a Single Rate

Function

4.2.2.1.1.1 Rate Function of Order n

The rate of a chemical process with the stoichiometry v1 . . .þ vj�1 þ vj þ . . .! . . .
þ vi�1 þ vi þ . . . is a power function of the concentration of reactant 1:

r ¼ k � c1n:

From (4.138) and (4.137) it follows that

r ¼ q= V � �ΔHλð Þ½ 	 ð4:139Þ

and

X1 ¼ �V � v1 � r= v � c10½ 	

¼ �v1 � q= v � c10 � �ΔHλð Þ½ 	:
with 4:139ð Þ ð4:140Þ

The rate function r ¼ k � c1n can be transformed into a function based on the

conversion X1 [22]

r ¼ k � c1n ¼ k � c10n � 1� X1½ 	n:

From that we obtain, using (4.139) and (4.140),

q= V � �ΔHλð Þ½ 	 ¼ k � c10n � 1þ v1 � q= v � c10 � �ΔHλð Þf g½ 	n:

Taking logarithms gives as a result

log q= V � �ΔHλð Þð Þf g ¼ log k � cl0nf g þ n
� log 1þ v1 � q= v � c10 � �ΔHλð Þ½ 	f g: ð4:141Þ

Equation (4.140) of the heat of reaction �ΔHλð Þ for the continuous run of the

reaction gives, by means of the fractional conversion X1 and the thermal reaction

power q,

148 4 Thermokinetic Analysis



�ΔHλ ¼ �v1 � q= v � c10 � X1½ 	:

Plotting log q τð Þ= V � �ΔHλð Þ½ 	f g versus log 1þ v1 � q τð Þ= v � c10 � �ΔHλð Þf g½ 	f g on
the basis of measured results q(τ) by different residence times τ ¼ V=v, i.e. different
v but unchanged inlet concentration c1o (Fig. 4.28) gives, due to (4.141), a straight

line. Its slope κ corresponds to the order n of the reaction rate. The point of the

interception with the ordinate log{Φ1} at the abscissa value 1 corresponds to log

{k � c10n}. The result is

n ¼ κ
k ¼ Φ1=cl0

n:

4.2.2.1.1.2 Rate Function: Product of Partial Orders n and m

The rate function is the product of concentrations of reactants 1 and j with powers

n and m:

r ¼ k � c1n � cjm:

Because of the stoichiometric relation c1 � c10ð Þ=v1 ¼ cj � cj0
� �

=vj in combination

with the fractional conversion X1 it follows that

r ¼ k � c10n � cj0m � 1� X1ð Þn � 1� X1 � c10 � vj=cj0=v1
� �m

: ð4:142Þ

Using (4.139) and (4.140) we obtain

Fig. 4.28 Isothermal, continuous, constant-volume reaction: stoichiometry v1 þ . . .þ vj�1 þ vj
þ . . .! . . .þ vi�1 þ vi þ . . .; rate function r ¼ k � c1n
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q= V � �ΔHλð Þ½ 	¼ k �c10n �cj0m � 1þv1 �q= v �c10 � �ΔHλð Þf g½ 	n

� 1þv1 �q= v �c10 � �ΔHλð Þf g�c10 �vj=cj0=v1
� �m

¼ k �c10n �cj0m � 1þv1 �q= v �c10 � �ΔHλð Þf g½ 	n � 1þvj �q= v �cj0 � �ΔHλð Þ	 
� �m
:

Taking logarithms gives

log q= V � �ΔHλð Þ½ 	f g ¼ log k � cl0n � cj0m
	 
þ

n � log 1þ v1 � q= v � c10 � �ΔHλð Þ½ 	f gþ
m � log 1þ vj � q= v � cj0 � �ΔHλð Þ� �	 


:

To determine the partial order n, measurements with cj0 � cl0 are

carried out so that the last term compared with the next to last can be neglected.

Plotting q τð Þ= V � �ΔHλð Þ½ 	 from measurements with different residence times

τ¼V/v as well as unchanged inlet concentrations c10 and cj0 versus

1þ v1 � q τð Þ= v � c10 � �ΔHλð Þf g½ 	 (Fig. 4.29a) yields a straight line. Its slope κn
gives the order n of the reaction rate regarding c1:

n ¼ κn:

The heat of the reaction is known by means of the fractional conversion and the

thermal reaction power according to (4.139):

�ΔHλ ¼ �v1 � q= v � c10 � X1½ 	:

To determine the partial order m of the rate on the basis of now known partial order

n, (4.142) is rearranged with the result that

Fig. 4.29 Isothermal, continuous, constant-volume reaction: stoichiometry v1 þ . . .þ vj�1 þ vj
þ . . .! . . .þ vi�1 þ vi þ . . .; rate function r¼ k �c1n �cjm
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r ¼ k � c10n � 1� X1ð Þn � cj0 � X1 � c10 � vj=v1
� �m

:

This gives

r= c10 � 1� X1ð Þ½ 	n ¼ k � cj0 � X1 � c10 � vj=v1
� �m

:

By means of (4.139) and (4.140) it follows that

q= V � �ΔHλð Þ½ 	= c10 þ v1 � q=v= �ΔHλð Þ½ 	n ¼ k � cj 0 þ vj � q=v= �ΔHλð Þ� �m
or

log q= V � �ΔHλð Þ½ 	=c10 þ v1 � q=v= �ΔHλð Þnf g
¼ log kf g þ m � log cj 0 þ vj � q=v= �ΔHλð Þ	 


:

To determine both the power m and the rate coefficient k, measurements with

different residence times τ ¼ V=v must be carried out. Plotting log
	
q= V � �ΔHλð Þ½ 	

=
�
c10 þ v1 � q=v= �ΔHλð Þn
 versus log cj0 þ vj � q τð Þ=v= �ΔHλð Þ� �	 


(Fig. 4.29b)

gives a straight line. Its slope κm corresponds to the order m of the rate with respect

to cj, the ordinate value log{Φ2} at the abscissa value 1 corresponds to log{k}.
Therefore, we have

m ¼ κm,
k ¼ Φ2:

4.2.3 Non-isothermal, Discontinuous Reaction

Calorimetric investigations under non-isothermal conditions are usually carried out

using a discontinuous measurement method. Such a method is concerned with

• Induced changes in temperature within the thermally open measuring kettle,

• Changes in temperature caused by the reaction itself within the measuring kettle

opaque to heat,

• Changes in temperature caused by a reaction within a thermally open measuring

kettle.

For the kinetic analysis of the thermal reaction power q of a reaction running

under non-isothermal conditions, the following condition can be used as a base:

• The rate function r of a reaction under isothermal condition (4.1) is valid also for

a run under non-isothermal conditions.50,51, i.e.

50 See Sect.4.1.
51 A common assumption, but discussed in the literature of thermodynamics to this day, e.g. [33].
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A change in temperature does not interfere with the power coefficients │vj│,
only with the rate coefficient k due to the Arrhenius equation

dλ=dt=V ¼ r ¼ k Tð Þ � . . . � . . . � cj�1vj�1 � cj vjj j � . . . � . . .
� �

¼ k0 � EXP �E=RTð Þ � . . . � . . . � cj�1vj�1 � cjvj � . . . � . . .
� � ð4:143Þ

• The relation between the rate of the stoichiometric formula conversion and the

enthalpy of the reaction ΔHλ is given by

dλ=dt ¼ q= �ΔHλ Tð Þð Þ: ð4:144Þ

• Analogously to (4.4) and (4.132) a change in the reaction volume is described by

V ¼ V T;Xð Þ ¼ V T t ¼ 0ð Þð Þ � 1þ υ Tð Þ � X½ 	
¼ V0 Tð Þ � 1þ υ Tð Þ � λ=λ1½ 	; ð4:145Þ

with υ Tð Þ ¼ 0 for a constant-volume reaction.

For sufficiently small changes in temperature the following can be used as base:

• V0 Tð Þ ffi const ¼ V0 T t ¼ 0ð Þ½ 	 ¼ V0;

• υ Tð Þ ffi const ¼ υ T t ¼ 0ð Þ½ 	 ¼ υ0;

• ΔHλ Tð Þ ffi const ¼ ΔHλ T t ¼ 0ð Þ½ 	 ¼ ΔHλ0;

i.e. it can be sufficiently precisely assumed that

dλ=dt ¼ q= �ΔHλ0ð Þ; ð4:146Þ
V ¼ V T;Xð Þ ¼ V Xð Þ ¼ V0 � 1þ υ0 � λ=λ1ð Þ: ð4:147Þ

4.2.3.1 Constant-Volume Reaction

As a rule, for a reaction in solution the change in volume of the reaction mixture due

to the reaction is negligibly small, i.e. υ0 ¼ 0.

Hence, the following expressions are valid

V ¼ const ¼ V0;

dλ=dt ¼ q= �ΔHλ0ð Þ ¼ A tð Þ ; ð4:148Þ

λ1 � λð Þ ¼
ð
t!1

q � dt= �ΔHλ0ð Þ ¼ B tð Þ ð4:149Þ

or
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λ=λ1 ¼ 1�
ð
t!1

q � dt= �ΔHλ0ð Þ=λ1; ð4:150Þ

�ΔHλ0ð Þ ¼
ð
0!1

q � dt=λ1

¼ �vj �
ð
0!1

q � dt=Nj0

¼ vi �
ð
0!1

q � dt=Ni1

ð4:151Þ

due to (4.4):

Nj � Nj0 ¼ vj � λ� λ0ð Þ and Ni � N10 ¼ vi � λ� λ0ð Þ

¼ vj � λ and Ni ¼ vi � λ,
due to λ0 ¼ 0, Nj1 ¼ 0 and N10 ¼ 0

hence

λ1 ¼ Nj0=� vj respectively Ni1=vi

and

Nj ¼ �vj � λ1 þ vj � λ ¼ �vj � λ1 � λð Þ: ð4:152Þ

4.2.3.1.1 System of Reactions Kinetically Characterized by a Single Rate

Function

4.2.3.1.1.1 Rate Function of Order n

The rate of a chemical conversion with the stoichiometry v1 þ . . .þ vj�1 þ vj þ
. . .! . . .þ vi�1 þ vi þ . . . is proportional to the concentration of reactant j to the

power n:

r ¼ k � cjn:

According to (4.143) during the reaction run at any point of time t, the following

expression is valid:

dλ=dt ¼ A tð Þ ¼ k0 � EXP �E=RTð Þ � cjn � V0:

The quotient of dλ/dt for two arbitrary points in time t1 and t2 respectively for the

relevant temperatures T1 and T2 is [13]
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A1=A2 ¼ EXP �E=RTð Þ � Nj
n

� �
1
= EXP �E=RTð Þ � Nj

n
� �

2

¼ EXP �E=RTð Þ � λ1 � λð Þn½ 	1= EXP �E=RTð Þ � λ1 � λð Þn½ 	2
due to 4:152ð Þ

¼ EXP �E=RTð Þ � B tð Þn½ 	1= EXP �E=RTð Þ � B tð Þn½ 	2:
with 4:149ð Þ

ð4:153Þ

Taking natural logarithms of (4.153) gives as a result the linear relation52

ln A1=A2½ 	=ln B1=B2½ 	 ¼ n� E=R � 1=T1 � 1=T2½ 	=ln B1=B2½ 	

or

y ¼ n� E=R � x ð4:154Þ

with

y ¼ ln A1=A2½ 	=ln B1=B2½ 	
x ¼ 1=T1 � 1=T2ð Þ=ln B1=B2½ 	 ffi 4 � δT2 � δT1ð Þ= 2TS þ 2ΔT0 þ δT1 þ δT2ð Þ2=ln B1=B2½ 	:

The plot of y versus x gives a straight line (Fig. 4.29). Its slope κ corresponds to the
activation temperature, and its intersection Φ with the ordinate gives the order of

reaction

κ ¼ E=R,
Φ ¼ n:

Now, because of the known order n of the rate, the rate coefficient k is also

determined due to (4.1), (4.143), and (4.152):

k ¼ Vn�1 � �vj � λ1 � λð Þ� ��n � dλ=dt
with 4:148ð Þ, 4:149ð Þ

¼ �vj
� ��n � V0

n�1 � A tð Þ � B tð Þ�n:
ð4:155Þ

Because of the knowledge of k, the pre-exponential factor k0 is also known due to

the Arrhenius equation:

k ¼ k0 � EXP �E=RTð Þ:

52 1=T1�1=T2¼ T2�T1ð Þ= T2 �T1ð ÞffiΔT21=T
2¼ΔT21= T1þT2ð Þ=2½ 	2¼ 4 �ΔT21= TSþΔT0þδT1þTSþΔT0þδT2ð Þ
¼ 4 � TSþΔT0þδT2ð Þ� TSþΔT0þδT1ð Þ½ 	= 2TSþ2ΔT0þδT1þδT2ð Þ2
¼ 4 � δT2�δT1ð Þ= 2TSþ2ΔT0þδT1þδT2ð Þ2,

in which δT1¼ T t1ð Þ�T t¼0ð Þ¼T t1ð Þ�T0;δT2¼T t2ð Þ�T t¼0ð Þ¼T t2ð Þ�T0;ΔT0¼T t¼0ð Þ�TS¼T0�TS

(see Fig. 2.1; 2.26)
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4.2.3.1.1.2 The Rate Function Is a Product of Partial Orders n and m

The rate function is

r ¼ k � cjn � cjþ1m:

Combining (4.143), (4.149), and (4.152) gives as a result

dλ=dt¼A tð Þ ¼ k0 �EXP �E=RTð Þ �cjn �cj�1m �V0

¼ k0 �EXP �E=RTð Þ � �vj � λ1�λð Þ=V0

� �n � �vj�1 � λ1�λð Þ=V0

� �m �V0

¼ k0 �EXP �E=RTð Þ � λ1�λð Þnþm � �vj
� �n � �vjþ1� �m �V0

� nþm�1ð Þ

¼ k0 �EXP �E=RTð Þ �B tð Þnþm � �vj
� �n � �vj�1� �m �V� nþm�1ð Þ

0 :

We obtain the following result:53

ln A1=A2½ 	=ln B1=B2½ 	 ¼ nþ mð Þ � E=R � 1=T1 � 1=T2½ 	=ln B1=B2½ 	

respectively

y ¼ nþ mð Þ � E=R � x;

with

y ¼ ln A1=A2½ 	=ln B1=B2½ 	;
x ¼ 1=T1 � 1=T2ð Þ=ln B1=B2½ 	
ffi 4 � δT2 � δT1ð Þ= 2TS þ 2ΔT0 þ δT1 þ δT2ð Þ2=ln B1=B2½ 	:

The plot of y versus x gives a straight line whose slope κ corresponds to the

activation temperature, and its intersection with the ordinate Φ gives the sum of

the orders,

κ ¼ E=R,
Φ ¼ nþ m:

To determine the partial orders n and m, a conversion must be carried out for

example with a very large surplus of reactant j (or j + 1, depending on the useful-

ness) so that the process runs at a rate of

r ¼ dλ=dt=V0 ¼ k � cjn � cjþ1m ¼ k � cj ffi const
	 
n � cjþ1m ¼ k

0 � cjþ1m:

m is found out analogously to the procedure described earlier in Sect. 4.2.3.1.1.1.

By means of the already known overall order Φ¼ (m + n) n is also determined.

53 See notice in Sect. 4.2.3.1.1.1.
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Knowledge of the partial orders n and m allows for the calculation of the rate

coefficient k analogously to the procedure described earlier in Sect. 4.2.3.1.1.1.

From

dλ=dt ¼ A tð Þ ¼ k � cjn � cj�1m � V0

¼ k � λ1 � λð Þnþm � �vj
� �n � �vjþ1� �m � V0

� n þ m�1ð Þ

¼ k � B tð Þnþm � �vj
� �n � �vj�1� �m � V� n þ m�1ð Þ

0

it follows that

k ¼ �vj
� ��n � �vj�1� ��m � V nþm�1ð Þ

0 � A tð Þ � B tð Þ� nþmð Þ: ð4:156Þ

4.2.3.2 Variable-Volume Reaction

For a reaction in a concentrated liquid reaction mixture, for instance using barely

diluted liquid reactants, the change in volume during the reaction can have an

effect.

For υ0 6¼ 0 the following expressions are valid

dλ=dt ¼ q= �ΔHλ0ð Þ; ð4:146Þ

λ1 � λð Þ ¼
ð
t!1

q � dt= �ΔHλ0ð Þ; ð4:149Þ

λ=λ1 ¼ 1�
ð
t!1

q � dt= �ΔHλ0ð Þ=λ1; ð4:150Þ

�ΔHλ0ð Þ ¼
ð
0!1

q � dt=λ1
due to 4:152ð Þ

¼ �vj=Nj0 �
ð
0!1

q � dt

¼ vi=Ni1 �
ð
0!1

q � dt:

ð4:151Þ

For the variability of volume, the following equation is valid according to (4.150)

using (4.147) as a base:

V ¼ V0 � 1þ υ0 � λ=λ1ð Þ

¼ V0 � 1þ υ0 � 1�
ð
t!1

q � dt= �ΔHλ0ð Þ=λ1
� �� �

: ð4:157Þ

From that, due to (4.146), (4.157), we obtain
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dλ=dt=V ¼ q= �ΔH0ð Þ= V0 � 1þ υ0 � 1�
ð
t!1

q � dt= �ΔHλ0ð Þ=λ1
� �� �
 �

¼�vj � q=
ð
0!1

q � dt=Nj0= V0 � 1þ υ0 � 1�
ð
t!1

q � dt=
ð
0!1

q � dt
� �� �
 �

¼ A
0
tð Þ:

ð4:158Þ

With (4.149), (4.151) and (4.157) we get

λ1�λð Þ=V¼ λ1�λð Þ
�

V0 � 1þυ0 � 1�
ð
t!1

q �dt= �ΔHλ0ð Þ=λ1
� �� �
 �

¼ λ1�λð Þ
�

V0 � 1þυ0 � 1�
ð
t!1

q �dt=
ð
0!1

q �dt
� �� �
 �

¼
ð
t!1

q �dt= ΔHλ0ð Þ= V0 � 1þυ0 � 1�
ð
t!1

q �dt=
ð
0!1

q �dt
� �� �
 �

¼ λ1 �
ð
t!1

q �dt=
ð
0!1

q �dt= V0 � 1þυ0 � 1�
ð
t!1

q �dt=
ð
0!1

q �dt
� �� �
 �

:

This means that, due to (4.152),

Nj=V ¼Nj0 �
ð
t!1

q � dt=
ð
0!1

q � dt= V0 � 1þ υ0 � 1�
ð
t!1

q � dt=
ð
0!1

q � dt
� �� �
 �

ð4:159Þ

¼ B
0
tð Þ:

4.2.3.2.1 System of Reactions Kinetically Characterized by a Single Rate

Function

4.2.3.2.1.1 Rate Function of Order n

The rate of a chemical conversion with the stoichiometry v1 þ . . .þ vj�1 þ vj þ . . .
! . . .þ vi�1 þ vi þ . . . is proportional to the concentration of reactant j to the

power n:

r ¼ k � cjn:

A change in the volume of the reaction mixture occurs during the chemical process.

The procedure of the kinetic analysis is analogous to that carried out for the

constant-volume reaction.

With (4.143) and (4.158) for any point in time we have

dλ=dt=V ¼ A
0
tð Þ ¼ k0 � EXP �E=RTð Þ � cjn:

The quotient of dλ/dt/V for two times t1 and t2 (temperatures T1 and T2) reads
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A
0
1=A

0
2 ¼ EXP �E=RTð Þ � Nj=V

� �n� �
1
= EXP �E=RTð Þ � Nj=V

� �n� �
2

¼ EXP �E=RTð Þ � B0� �
1
= EXP �E=RTð Þ � B0� �

2
:

because of 4:159ð Þ

Taking logarithms yields the linear relation54

ln A
0
1=A

0
2

h i
=ln B

0
1=B

0
2

h i
¼ n� E=R � 1=T1 � 1=T2½ 	=ln B

0
1=B

0
2

h i

or

y ¼ n� E=R � x;

with

y ¼ ln A
0
1=A

0
2

h in o
=ln B

0
1=B

0
2

h in o
;

x ¼ 1=T1 � 1=T2ð Þ=ln B
0
1=B

0
2

h i
ffi 4 � δT2 � δT1ð Þ= 2TS þ 2ΔT0 þ δT1 þ δT2ð Þ2=ln B

0
1=B

0
2

h i
:

The plot of y versus x gives a straight line, analogously to Fig. 4.30. Its slope κ
corresponds to the activation temperature; the intersection with the ordinateΦ gives

the order of the rate

κ ¼ E=R,
Φ ¼ n:

The kinetic interpretation of measured curves of reactions under non-isothermal

conditions is clearly labour-intensive work and is especially very sensitive to

measurement errors. Even small errors of the values q and T and the additive

quantities C, kF, qSt and V will cause a perceptible and momentous change in the

auxiliary quantities A and B and cause an important variance in the elaborated

kinetic parameters k, n and E. For the sake of correctness it is advisable to choose

such conditions of the reaction (temperature, concentration level)—if that is some-

how possible—that the reaction runs at least for a large part of the total conversion

under isothermal conditions. Errors that arise by extrapolating the curve qmeasured

under isothermal conditions during the final run rearward to the non-isothermal

initial phase (Fig. 2.31) are generally smaller than those caused by the described

non-isothermal interpretation method.

54 See note in Sect. 4.2.3.1.1.1 and Fig. 5.18.
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4.2.3.3 System of Reactions Kinetically Characterized by Several Rate

Functions

It is evident that a non-isothermal kinetic analysis, even in the case of a simple

reaction, is very labor intensive and especially prone to errors. It stands to reason

that the analysis of a system of reactions is usually much more complex. A kinetic

analysis on the basis of mathematical-analytical relations is usually impossible. A

kinetic analysis is only practicable by an interactive procedure between numeric

calculations and experimental results on the basis of common optimization

methods.55

The most essential elements are as follows:

• Reaction mechanism, stoichiometries

• Rate function of single reactions ξ

rξ ¼ kξ0 � EXP �Eξ=RT
� � � . . . � cj�1vξj�1 � cjvξj � cjvξjþ1 � . . .

� �
• Generalized relation (4.143)

dλξ=dt ¼ qξ= �ΔHλξ
� �

• Superposition of single thermal reaction powers (4.7)

q ¼
X

ξ
qξ
� �

:

Fig. 4.30 Non-isothermal, discontinuous, volume-constant reaction: stoichiometry

v1 þ . . .þ vj�1 þ vj þ . . . ! . . .þ vi�1 þ vi þ . . .; rate function r ¼ k � cjn

55 See Sect. 4.3.
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4.3 Elaboration of Rate Function and Enthalpy of Reaction

on Basis of Electronic Data Processing (Numeric

Evaluation)

The preceding treatment shows that the evaluation of kinetics on the basis of

mathematical-analytical relations is rather difficult with just relatively simple

reaction systems, even if the underlying curves are measured under isothermal

conditions.56 A neat mathematical treatment of complex reactions is mostly impos-

sible due to analytically unsolvable systems of differential equations. Therefore,

there has been no lack of attempts to make it easier to solve systems of kinetic

differential equations using methods of approximation as follows.

• The concentrations of intermediate products are negligibly small,

assumption : cintermediate-products ¼ 0:

• Bodenstein hypothesis:

The concentrations of intermediate products are negligibly small compared to the

concentrations of reactants and products.

First assumption as previouslyð Þ : cintermediate products ¼ 0:

Additionally, compared to the reactants and products, the temporal changes

in the concentrations of intermediate products can be neglected.

Second assumption : dcintermediate-products=dt ¼ 0;

i.e. Bodenstein’s steady-state approximation.

• Method of quasi-stationary intermediate products.

The second assumption dcintermediate-products=dt ¼ 0
� �

of the Bodenstein

hypothesis as a consequence of the first assumption cintermediate-products ¼ 0
� �

is

certainly plausible; but seen from a mathematical viewpoint the first assumption

is neither a necessary nor a sufficient condition for justification of the second

assumption. Therefore, for the method of quasi-stationary intermediate products

the first assumption is disregarded and only quasi-stationary intermediate prod-

ucts are assumed,

assumption : dcintermediate-products=dt ¼ 0:

• The equilibrium approximation:

56 See Sect. 5.1.1.
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for a reaction system including reversible stages it is assumed that the rates of the

forward and backward stages are much larger than the rates of the irreversible

stages:

assumption: equilibrium is achieved instantly.

The methods of approximation are mathematically very useful; nevertheless, the

analysis of complex processes is labor intensive. In addition, the quality of the

approximation can usually not be indicated. Therefore, in the age of electronic data

processing it is more reliable, easier and more convenient to calculate the temporal

course of both the concentrations and the thermal reaction power by means of

computers. For this purpose we elaborate on the basis of both a presumed mecha-

nism of the reaction and the relevant rate functions the relations for the rate of

change in the concentration of each reactant, of each intermediate product and of

each product as well as the corresponding functions of the thermal reaction power

using (4.1), (4.3), (4.4), (4.7) and (4.9). The obtained system of equations is solved

by numeric calculation. For this we need, in addition to the mathematical relations

and their initial values, the orders of rates, the rate coefficients and the enthalpies of

reactions (if necessary, estimated first). We obtain the temporal course of the

concentrations of the participating species, the temporal course of the thermal

reaction power of each stage and the temporal course of its superposition, i.e. the

measurable thermal reaction power. The calculated results are compared with the

measured quantities. In case of a deviation, the parameters of the rates and

enthalpies as well as, if necessary, the reaction model itself are varied many

times until the numeric and experimental results sufficiently correspond. Any

further conformance between a new experiment and its calculation confirms the

elaborated reaction kinetics, but it is not a mathematically definitive demonstration,

such as the proof from n to n + 1.

The more complex the mechanism which is to be discussed for the interpretation

of the recorded reaction courses, the larger the probability that the run of the

reaction can be interpreted also by a somewhat different, complex mechanism,

especially due to the restricted accuracy in measurement. The number of mecha-

nisms which is compatible with the recorded data can be large. To be precise, after

the calorimetric analysis, the measured data are not inconsistent with the assumed

mechanism, rates and heats of the reaction.57

The more plentiful and variable experimental data can be compared with the

numerical results, the more successful the thermokinetic analysis, i.e. the analysis is

not only mathematically correct in a restricted frame but in addition physicochem-

ically elaborated.

• In addition to the temporal courses of both the thermal reaction power and

concentration of the reactants and products of the overall reaction, the courses

of concentration as well as the thermal reaction powers of the appropriate partial

reactions should be investigated.

57 The same goes for the elaboration of kinetics on the basis of classical chemical analysis.
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• The use of ATR-IR spectroscopy is very helpful.

• Additional life signs of the chemical process should be measured, for instance

changes in the heat-transfer coefficient (k�F), changes in pressure, changes in

electrical conductivity, changes in the viscosity of the reaction mixture. The

addition of more reactants, intermediate products or other products during

reaction run would yield very helpful information.

• Approximate data of similar reactions can be used for orientation.

Nowadays, electronic data processing makes it easier to discuss kinetic models.

Meanwhile, various kinetic interpretations are included in standard software pack-

ages (parameter optimization by the gradient method or global search method), for

instance sequential quadratic programming (SQP), general reduced gradient (GRG),

simulated annealing (SA), evolution strategies and simplex algorithms [38, 39].

Indeed, the use of this software makes elaboration much easier; however, it may

lead to making stereotypes and may encourage careless work. It has been said that all

that glitters is not gold does not take into account that only a manifold, intensive and

meticulous experimental investigation is the most important prerequisite for a thor-

oughly elaborated interpretation.

Conclusion

If the underlying reaction mechanism, the stoichiometry, the rate functions and the

enthalpy of reaction are acceptable beyond a shadow of a doubt and the experi-

mental quantities are correct, the elaboration of the reaction coefficients and

enthalpies of reaction can take place automatically by numerical calculation. The

available determination algorithms are in such a stage of development that a large

number of the quantities can be elicited simultaneously. However, only in rare cases

is the first, assumed reaction model correct.

Therefore, the elaboration of a precise kinetics is characterized by numerous

actions, in which the mechanism, the stoichiometries, the rate functions and the

enthalpies of reactions must be changed, and very often additional experiments are

necessary, i.e. the initial way of proceeding very often needs to be changed.

In other words, as a rule, thermokinetic analysis is not brought to completion

by carrying out only some measurements; it requires simultaneously intensive

interpreation work (close interplay between measurements and interpretation).

Complex processes can be dissected neither by an a priori conception of exper-

iments nor by an a priori scheme of interpretation, but principally only by means of

knowledge, experience, instinctive feel for detection and intuition, just like the

working out of chemical kinetics on the basis of conventional, analytical chemistry.

The general experience is that the interactive working method is the most

successful procedure. For that the kinetic parameters are determined by the

aforementioned routine software, in which however the optimizing procedure is

controlled by the kineticist (optimization method on the basis of the flexible,

sensitive, human intellect). The most important part of the elaboration is the

experimenter because he has an overall knowledge of the chemical correlation,
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the message of the experiments, the chemical analysis and the accuracy of the

individual measuring results.

4.4 Influence of Molecular Interaction on Thermal

Reaction Power

Because of the increase in the concentrations in the reaction mixture, the mutual

influence of all the species within the mixture (reactants, intermediate products,

products, by-products and solvent) becomes more and more ascertainable. This

occurrence affects the thermal reaction power because the interaction sets the tone

for both the enthalpy and the rate of reaction.

To formulate the general rate function of heat release, it is convenient to

represent the reactivity of mutually affected actual reactants in a concentrated

mixture by virtual reactants without interacting with the surroundings. For that, in

relations (4.9) and (4.10) the following replacements are made:

• The concentrations of the actual reactants cj ¼ Nj=V by the concentrations of

virtual reactants, i.e. a changed number of species j per unit volume, which

represents without interaction the reactivity of the mutually affected real reac-

tants j, called activities aj, linked with the real concentrations cj by

aj ¼ f j cεð Þ � cj, in which the “correcting quantity” i.e. activity coefficient fj(cε)

depends on the real concentrations cε of all components ε of the mixture and

achieves a value of 1 when the mixture is ideally diluted;

• The molar enthalpies Hζ and the molar heat Cζ of the actual species ζ by the

partial molar enthalpies Hζ ¼ δH=δNζ
� �

p,T,N 6¼Nζ respectively the partial molar

heats Cζ ¼ δHζ=δT
� �

p,N
, which also depend on the concentrations cε of all

actual components ε, achieve in the ideally diluted mixture a value of Hζ
respectively Cζ.

Due to (4.1) and (4.4) the general rate function r and the enthalpy of reaction

are58,59

58 For the technically oriented formal kinetics, characterized by the overall stoichiometry and the

overall rate function, the powers in the rate equation usually do not agree with the stoichiometric

coefficients vj.
59 Simple illustrative example:

In a concentrated mixture runs the elementary reaction 1A!. . .. The activity coefficient of

reactant A does not change during the run, for example fA cεð Þ ¼ konst ¼ 0:5. The rate of reaction
is, according to (4.160), r ¼ k � aA ¼ k � fA cεð Þ � cA, realð Þ ¼ k � 0:5 � cA, realð Þ. This means that the

mutual interaction acts as if in the actual mixture only half of the really present A moles originate

without interaction the propelling force for the run of the reaction. The concentration of the virtual

reactants corresponds to 0.5�cA,real.
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r ¼ dλ=dt=V ¼ dNj=vj=dt=V ¼ k � . . . � . . . � aj�1vj�1 � aj vjj j � . . . � . . .
� �

¼ k � . . . � . . . � f j�1 cεð Þ vj�1j j � cj�1vj�1 � f j cεð Þ vjj j � cj vjj j � . . . � . . .
h i

¼ k � . . . � . . . � f j�1 cεð Þ vj�1j j � f j cεð Þ vjj j � . . . � . . .
h in o

� . . . � . . . � cj�1vj�1 � cj vjj j � . . . � . . .
� �

¼ k cεð Þ � . . . � . . . � cj�1vj�1 � cj vjj j � . . . � . . .
� �

ð4:160Þ

and

ΔHλ cεð Þ ¼
X

vζ � Hζ cεð Þ: ð4:161Þ

The part . . . � . . . � cj�1vj�1 � cj vjj j � . . . � . . .
	 


in the general rate function r corre-

sponds to the one in an ideal diluted solution; the effect of mutual influence

is represented exclusively by the part . . . � . . . � f j�1 cεð Þ vj�1j j � f j cεð Þ vjj j � . . . � . . .
h i

which corresponds to the rate coefficient k(cε). In the limiting case of an ideally

diluted solution, all fj(cε) achieve the value 1 and k(cε) corresponds to the constant

value k. Hence, the rate coefficient and the enthalpy of reaction are usually not

constants but quantities whose values change because of the degree of interaction.

This can already occur noticeably in very strong concentrated mixtures during the

run of a chemical process owing to the change in the chemical composition.60

However, these alterations are usually small compared with those by large jumps

in the level of concentration; see an example of the change in enthalpy of reaction in

[20], Table 4.1.

For a middle level of concentration, the interaction changes during the chemical

reaction only slightly. Because of the unavoidable errors in measurements, it is, as a

rule, impossible to detect clearly changes in both the rate coefficient and the

enthalpy of reaction. For the complete run of a reaction, both a rate function with

an average rate coefficient k cεð Þ and an average enthalpy of the reaction ΔHλ cεð Þ
are usually worked out. With an alteration in the steps of the concentration level, the

average values change stepwise.

During a chemical process in a strong concentrated solution, the rate coefficients

and the enthalpies of reaction vary noticeably owing to the considerable change in

the composition. The mutual influence changes to such a degree that the analysis of

different reaction phases gives as a result plainly different average rate coefficients

and average enthalpies of reaction.

It is no surprise that it is extremely difficult to determine the rate-function for the

complete course of the reaction. Only for extremely rare cases it can be elaborated

60 Consequently, the enthalpy of reactionΔHλ and the rate coefficient k are to be taken no longer as
a characteristic property of the combination of substances but as a measure of the thermodynamic

state of the reaction mixture. Hence, to determine a defined reaction coefficient and a defined

enthalpy of reaction, the composition of the reaction mixture is not allowed to change by the

reaction. Strictly speaking, the measurements are to be carried out by a continuous run of the

reaction (Sects. 2.2.1 and 4.2.2) or, in practise, also by a discontinuous run of the reaction in cases

where only a small conversion occurs.
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– On one hand the ideal61 partial function [. . . � . . . �cj|vj| �. . . �. . .] representing

exclusively the motor of reaction, i.e. the real driving force on the reaction

– And on the other hand the related ideal partial function [k � . . . � . . . �fj(cε)|vj| �. . .
�. . .] representing exclusively the mutual influence of all components ε on the

reactants.

As a rule, the typical working procedure allows for sloppy and rather careless

work when analyzing for the related characteristic dependencies, i.e. allows to

include the real influence of the one or the other reactant on the function [k �. . .�. . .�
fj(cε)

|vj| �. . . �. . .] of the reaction coefficient k(cε) falsely in the function [. . . � . . . �
cj
|vj| �. . . �. . .] of the real reaction motor.

The result is a formal kinetics, characterized by

• A non-ideal function of the rate coefficient k# cε 6¼j
� �

not representing the real

effect of mutual influence of components

• Coupled with a non-ideal partial function [. . . � . . . �cj|vj#|�. . . �. . .] not representing
the real driving force on the reaction

As an illustration serves the constant-volume elementary reaction A! B.
with

• Stoichiometric coefficients vA ¼ �1 and vB ¼ 1

• Initial concentration of the product cB0 ¼ 0

• Mol balance cA0 ¼ cA þ cB
• Rate function (4.160) r ¼ k � aA vAj j ¼ k � aA ¼ k � fA cεð Þ � cA
• Thermal reaction power (4.3) q ¼ k � fA cεð Þ � cA � �ΔHλ cεð Þð Þ � V:

To illustrate activity aA as simply as possible we assume

Table 4.1 Effect of concentration level in solutions of HCL and NaOH at 25 �C on neutralization

enthalpy and on its temperature coefficient

[mol in

liter H2O]

�ΔHλ
[kcal/formula

conversion]

(δΔHλ/δT )p
[cal/K/formula

conversion]

[mol in

liters

H2O]

�ΔHλ
[kcal/formula

conversion]

(δΔHλ/δT )p
[cal/K/formula

conversion]

0extrapolated 13,320 10 17,130

3 14,245 �53 11 17,655

4 14,555 12 18,195

5 14,915 13 18,735

6 15,300 14 19,260

7 15,715 15 19,825

8 16,155 16 20,415 �42
9 16,630

61With respect to physicochemical criteria on the rate function of a elementary reaction (4.9) and

(4.160) see Sect. 4.1.
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• The activity aA ¼ fA cεð Þ � cA of reactant A decreases over the course of the

reaction solely by the appearance of product B, and

the relative decrease in the activity coefficient fA from the initial value fA0(cε) is
directly proportional to the product yield cB/cA0

fA cεð Þ ¼ fA0 cεð Þ � 1� ß cεð Þ � cB=cA0f g ¼ fA0 cεð Þ � 1� ß cεð Þ � cA0 � cAf g=cA0½ 	
¼ fA0 cεð Þ � 1� ß cεð Þ þ ß cεð Þ � cA=cA0½ 	

with ß(ce) as the degree of interaction.
• The enthalpy of reaction ΔHλ(cε) keeps unchanged during the course of the

reaction ΔHλ cεð Þ ¼ const ¼ ΔHλ.

In the case of an ideally diluted solution, the degree of interaction ß(cε) is by
definition zero and the activity coefficient fA cεð Þ ¼ fA0 cε ffi 0ð Þ ¼ 1. During the

complete run of the reaction, the activity aA corresponds to the real concentration

cA. Therefore, according to (4.160), we obtain the rate function

r ¼ k � aA
¼ k � fA cεð Þ � cA ¼ k � fA0 cε ffi 0ð Þ � cA ¼ k � 1 � cA ¼ k � cA:

The heat release takes place due to (4.3) at the rate

q ¼ r � �ΔHλ cε ffi 0ð Þð Þ � V ¼ k � cA � �ΔHλð Þ � V:

The interpretation of q(t) in accordance with Sect. 4.2.1.1.1.3 gives as a result that

the reaction runs in the diluted mixture according to the reaction function of order

1. The rate coefficient k and the enthalpy of reaction ΔHλ are constants.

In the case of a medium level of concentration, the degree of interaction is

ß(cε) 6¼ 0, but it is still small. Hence, because of (4.160), the reaction function reads

r ¼ k � aA
¼ k � fA cεð Þ � cA ¼ k � fA0 cε > 0ð Þ � 1� ß cεð Þ þ ß cεð Þ � cA=cA0½ 	 � cA:

Corresponding to (4.3), for the thermal reaction power the following equation is

valid:

q ¼ k � fA0 cε > 0ð Þ � 1� ß cεð Þ þ ß cεð Þ � cA=cA0½ 	 � cA � �ΔHλ cεð Þð Þ � V
¼ k � fA0 cε > 0ð Þ � 1� ß cεð Þ þ ß cεð Þ � cA=cA0½ 	 � cA � �ΔHλð Þ � V:

Because of ß(cε)ffi 0 the change in the activity coefficient due to the change in the

composition of the reaction is small during the run. Its effect both on the rate of

reaction and heat release is in the framework of experimental error and not

perceptible. The interpretation of q(t) in accordance with Sect. 4.2.1.1.3 leads to a

rate function of order 1,
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r ¼ k cεð Þ � cA;

however, with an average rate coefficient k cεð Þ ffi k � fA cεð Þ as well as a constant

enthalpy of reaction ΔHλ.

In the case of a highly concentrated reaction mixture the degree of interaction

ß(cε) is clearly greater than zero. Therefore, the progress of the reaction affects the

activity coefficient in an important way. For an uncomplicated illustration is

assumed: 0� ß cεð Þ ¼ 1.

Hence, the following reaction function is valid:

r ¼ k � aA ¼ k cεð Þ � cA ¼ k � fA cεð Þ � cA
¼ k � fA0 cε � 0ð Þ � 1� ß cεð Þ þ ß cεð Þ � cA=cA0½ 	 � cA
¼ k � fA0 cε � 0ð Þ � cA=cA0f g � cA:

According to (4.3) the thermal reaction power becomes

q ¼ k cεð Þ � cA � �ΔHλ cεð Þð Þ � V ¼ k � fA0 cε � 0ð Þ � cA=cA0f g � cA � �ΔHλ cεð Þð Þ � V
¼ k � fA0 cε � 0ð Þ � cA=cA0f g � cA � �ΔHλð Þ � V:

ð4:162Þ

An uncritical thermokinetic investigation of measured results holds the possibility

of an elaborated kinetic interpretation with the result of a technically oriented,

formal kinetics. For instance, if the reaction is carried out for several temperatures

but for the sake of simplicity only for a single initial concentration cA0, then the

analysis according to Sect. 4.2.1.1.1.4 gives as a result that the reaction runs such

that it corresponds to a rate function of order 2, the constant rate coefficient k(cε)
depends on the temperature, and the enthalpy of reaction ΔHλ is constant.

However, additional experiments62 with different initial concentration cA0
reveal that

• Certainly, the rate of heat release q changes formally corresponding to a reaction

rate of order 2,

but the rate coefficient changes inversely to the initial concentration cA0,
contrary to a true rate function of order 2.

• The initial value q0 of the thermal reaction power increases directly proportion-

ally to cA0

1. In contrast to a reaction which runs in fact according to a rate function of

order 2, whose q0 changes quadratically with respect to the initial concentra-

tion cA0, i.e. q0 ¼ k � cA02 � ΔHλ � V.
2. In accordance with a reaction which runs according to a rate function of order

1 whose q0 changes directly proportionally to the concentration cA0, i.e.
q0 ¼ k � cA0 � ΔHλ � V.

62Which give as results the same value ΔHλ, within the framework of allowed errors.
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Hence, the kinetic interpretation must take into account that the reaction of each

experiment starts according to a reaction rate of order 1. This is in harmony with

(4.160), according to which the powers of the partial function [. . . �. . . � cj|vj| �. . . �. . .]
of the rate function correspond to the positive value of the stoichiometric coeffi-

cients vj (in this example: . . . � . . . � cj vjj j � . . . � . . .
� � ¼ cj

vAj j� � ¼ cA½ 	1). The produc-
tion of B however initiates the diminution of the activity of the molecules A,

slowing down the process. According to (4.160), the decrease in activity can

be described using the ideal function of the rate coefficient k cεð Þ ¼
k � fA cεð Þ vAj j

h in o
¼ k � fA cεð Þf g. Assuming—using trial and error—a linear

decrease in the activity coefficient versus the yield cB/cA0 of product B we obtain

fA cεð Þ ¼ fA0 cε � 0ð Þ� 1� ß � cB=cA0½ 	 ¼ fA0 cε � 0ð Þ � 1� ß � cA0 � cAð Þ=cA0½ 	.
Combining this with the partial function [cA] and assuming ß ¼ 1 we obtain rate

function

r ¼ k � fA0 cε � 0ð Þ � cA=cA0f g � cA;

with

• The ideal coefficient function k � fA cεð Þ vAj j
h in o

¼ k � fA0 cε � 0ð Þ � cA=cA0f g
• The ideal concentration function c

vAj j
A ¼ cA

This elaborated rate function describes, together with ΔHλ cεð Þ ¼ const ¼ ΔHλ ,

the measured curves q, i.e. q calculated accords with (4.162).

The arbitrary combination of the dependency of the coefficient function on the

concentration cA with the concentration function gives the rate function

r# ¼ k � fA0 cε � 0ð Þ=cA0f g � cA2 ¼ k# cε 6¼A
� � � cA vA#j j;

with

• The non-ideal partial function cA
vA#j j� � ¼ cA

2,

• The non-ideal partial function k# cε 6¼A
� � ¼ k � fA0 cε � 0ð Þ=cA0f g

with respect to the physicochemical criteria (4.9) and (4.160), an extremely unsat-

isfactory result.

Of course, from a mathematical point of view, r and r# are identical, and both

confirm, therefore, that

• The initial value of the thermal reaction power q0 increases linearly by cA0, i.e.

q0 ¼ r or r#
	 


0
� �ΔHλð Þ � V ¼ k � fA0 cε � 0ð Þ � cA0f g � �ΔHλð Þ � V;

• The thermal reaction power q of a single experiment runs formally according to

a rate of order 2, in which each rate coefficient decreases reciprocally to the

initial concentration cA0

q ¼ roderr
#

	 
 � �ΔHλð Þ � V ¼ k � fA0 cε � 0ð Þ=cA0f g � cA2 � �ΔHλð Þ � V:

Nevertheless,
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• only the first expression of the rate function, r, is in accordance with the criteria

of the general rate function of an elementary reaction (4.160);

• the second expression, r#, does not agree with it.

• In addition, there is always the simplest correlation between the ideal expression

and other physicochemical relations, for instance the law of massaction.63

For the purpose of an uncomplicated illustration, some arbitrary assumptions

were necessary because an exact thermokinetic analysis of strong concentrated

reaction mixtures based on mathematical-analytical solutions is usually impossible,

owing in particular to the really complex dependency of the reaction enthalpy on

the concentration. As a rule, it is necessary to use a numeric procedure on the basis

of routine software (parameter optimization by a gradient method or global search

method). As already mentioned, its really potential application holds, however, the

peril of an uncritical, stereotypical use, i.e. in using it one often forgets that only a

manifold, intensive and meticulous experimental investigation allows for a math-

ematically and physicochemically thorough elaboration, i.e. to determine the ideal

reaction function.

In many cases of technical practise, non-ideal reaction functions are elaborated

from rarely varied experiments, so to speak, plain mathematical solutions. As a rule,

such kinetics can be used only in a limited operating range (e.g., temperature,

concentration, pressure, type of reactor).64

4.5 Estimating the Equilibrium Constant by

Thermokinetic Measurements

It is generally known that the rates r1 and r2 of the forward and backward reaction of
a reversible conversion system correspond at equilibrium to each other. Therefore,

for an elementary conversion, for the equilibrium concentrations (cj;i)E due to

(4.160) the following relation is obtained:

. . . � ci vij j � . . .
� �

E

�
. . . � cj vjj j � . . .
� �

E
¼ k1 cεð ÞE=k2 cεð ÞE ¼ KK: ð4:163Þ

As has already been verified, k1(cε)E, k2(cε)E and, hence, KK are at higher concen-

tration levels usually not constants but quantities which change from equilibrium

63 See Sect. 4.5.
64 The question of the real mechanism and the ideal rate function is from a technical point of view

usually less important. The most important consideration is whether the evaluated kinetics can

predict the formation of the products and gives the optimal conditions for the process (technically

oriented kinetics). Kinetics’ precision (i.e. costs of elaboration) must be weighed against its

benefits.
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state to equilibrium state—depending on the initial concentrations cεo—continu-

ously or for a stepwise alteration step by step.65

The law of mass-action of the thermodynamic theory states that the relation

... �ai vij j � ...
� ��

... � aj vij j � ...
� �

¼ ... � f i cεð Þ vij j �ci vij j � ...
h i.

... � f j cεð Þ vjj j �cj vjj j � ...
h i

¼ ... � f i cεð Þ vij j � ...
h i.

... � f j cεð Þ vjj j � ...
h i

�
h
... � ci vij j � ...

i.
... � cj vjj j � ...
� � ð4:164Þ

between the activities of the reactants aj¼cj � f j cεð Þ, the products ai¼ci � f i cεð Þ and the
stoichiometric coefficients vj/i the conversion achieve at equilibrium a constant value

KTh. The constant is a feature of the conversion in the reaction mixture. The quotient of

(4.163) and (4.164) gives the correlation between the thermodynamic equilibrium

constant KTh and the kinetic equilibrium quantity KK of a reversible elementary

conversion

KTh ¼ KK � . . . � f i cεð ÞE vij j � . . .
h i.

. . . � f j cεð ÞE vjj j � . . .
h i

: ð4:165Þ

If the rate coefficients k(cε)E on the basis of thermokinetic analysis are elaborated or

KK is determined by means of the concentrations in equilibrium cj;i,E due to (4.163),
the thermodynamic equilibrium constant KTh is determined by means of the activity

coefficients fj;i(cε)E.
The following elementary, reversible conversion will help to clarify:

Aþ B$r1
r2
C

with

• Stoichiometric coefficients

vA ¼ �1, vB ¼ �1 and vC ¼ 1

• Mol balance

cA0 ¼ cA þ cC
cB0 ¼ cB þ cC

• Ideal rate functions

r1 ¼ k1 � aA � aB ¼ k1 cεð Þ � cA � cB
r2 ¼ k2 � aC ¼ k2 cεð Þ � cC

• Rate coefficients

65With an ideally (practically large) diluted reaction mix all activity coefficients fj,i(cε)E reach the
limiting value 1, the rate coefficients k1(cε)E, k2(cε)E the limiting values k1, k2 and the kinetic

equilibrium quantity KK the limiting, characteristic value k1/k2.
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k1 cεð Þ ¼ k1 � fA cεð Þ � f B cεð Þ
k2 cεð Þ ¼ k2 � f C cεð Þ

• Thermodynamic equilibrium constant

KTh ¼ aCE= aAE � aBEð Þ ¼ k1=k2

The activity coefficient fj;i(cε) is

• fA cεð Þ ¼ fA0 � 1� cC=cA0ð Þ ¼ fA0 � cA=cA0

(The activity of A decreases solely by the formation of C)

• f B cεð Þ ¼ f B0= 1� cC=cB0ð Þ ¼ f B0 � cB0=cB,

i.e. the activity of B increases solely by the formation of C

• f C cεð Þ ¼ f C0 ¼ const:

(The activity of C itself remains unchanged.)

Due to (4.163), we obtain for the kinetic equilibrium quantity

KK ¼ k1 cεð ÞE=k2 cεð ÞE ¼ k1=k2 � cB0=cA0 � f A0 � f B0=f C0 � cA=cBð ÞE
6¼ KTh ¼ k1=k2:

The value of the kinetic equilibrium quantity KK differs from the thermodynamic

equilibrium constant KTh by the factor cB0/cA0 � fA0 � fB0/fC0 � (cA/cB)E, and, of

course, according to (4.165) KTh results from KK by setting the available activity

coefficients at equilibrium fj;i(cε)E:
66

KTh¼ k1 cεð ÞE=k2 cεð ÞE � . . . � f i cεð ÞE vij j � . . .
h i

= . . . � f j cεð ÞE vjj j � . . .
h i

¼KK � . . . � f i cεð ÞE vij j � . . .
h i

= . . . � f j cεð ÞE vjj j � . . .
h i

¼ k1=k2 �cB0=cA0 � fA0 � f B0=f C0 �cAE=cBE � f C0= fA0 � cAE=cA0ð Þ � f B0 � cB0=cBEð Þ½ 	
¼ k1=k2:

However, in practise, the activity coefficients fj;i(cε)E are usually not available or

cannot be determined with the necessary precision.67 Hence, calorimetric and

66 In principle, a relation similar to (4.126) can also be established with the use of any non-ideal

rate function r#—in which (see previous section) respective reactant concentrations cζ are trans-

ferred from the ideal partial function of the rate coefficient k(cε) into the ideal partial function

. . . � cj�1 vj�1j j � cj vjj j � . . .
� �

of the concentrations really driving on the reaction—because r� and r#

are identical from the mathematical point of view. However, the relations are more complex

depending on the degree of change in the ideal form.
67 Determination methods for systems of two or more components are known in the literature.
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classical kinetic investigations for the determination of the thermodynamic equi-

librium constant KTh of concentrated reaction mixtures are useless, even in the case

of elementary reactions. Only measurements in ideal (in practise, large, diluted)

solutions enables the determination of KTh via rate coefficients.

There are more difficulties, even in the case of diluted reaction mixtures, with

respect to determining the equilibrium constant from an overall kinetics because the

partial orders in the rate functions of the forward and backward reactions usually do

not coincide with the positive values of the stoichiometric coefficients of the overall

stoichiometry.

In such cases, one must first elaborate the system of reversible elementary

reactions, which form the basis of the reversible overall process [19, 34]. If it

becomes evident that one elementary reaction is dominant for the rate of the overall

process, a “stoichiometric correction number” v can be stated. v is the number of

stoichiometric conversions of this elementary reaction which are necessary for one

stoichiometric conversion of the overall process. To calculate the thermodynamic

constant KTh of the overall reaction, the kinetic equilibrium quantity KKoverall ¼
k1=k2ð Þoverall (quotient of the rate coefficients of the overall forward and backward

reactions) is raised to the power v:

k1=k2ð Þoverallv ¼ KKoverallð Þv ¼ KTh:

If no elementary reaction predominates for the rate of the overall conversion, the

stoichiometry of each elementary reaction ξ is multiplied by an integer factor vξ, so
that the sum of these varied elementary stoichiometries corresponds to the overall

stoichiometry, i.e. the intermediate products in the sum are eliminated. For the

thermodynamic equilibrium constant it follows that

KTh ¼ k1Forw=k1Backwð Þv1 � k2Forw=k2Backwð Þv2 � . . . � kξForw=kξBackw
� �vξ � . . . �

¼ KTh1
v1 � KTh2

v2 � . . . � KThξ
vξ � . . . �

It is evident that the amount of work involved in determining the thermodynamic

constant KTh via rate coefficients and its faultiness is considerable. Therefore, it is

preferable to determine KTh on the basis of measurement of the concentrations in

sufficiently diluted reaction mass at equilibrium by means of classical chemical

analysis according to of (4.164) with fζ(cε)¼ 1.
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Chapter 5

Examples of Thermokinetic Investigations

5.1 Isothermal, Discontinuous, Constant-Volume
Reactions

5.1.1 Reaction of a Sulphide with Hydrogen Peroxide

As an example of the elaboration of a kinetics on the basis of

• Data of non-isothermal, discontinuous reactions

• Mathematical-analytical relations

the catalytic consecutive reaction of a substituted sulphide with hydrogen peroxide

to sulpho acid is discussed:

R1 � S� R2 þ 3H2O2 ! R
0
1 � R

0
2 � SO3H� R

0
3:

The process takes place in three stages:

(1) from sulphide to sulphoxid, (2) to sulphone (3) to sulpho acid:

R1 � S� R2����!
r1,ΔH1

H2O2, Cat
R1 � SO� R2����!

r2,ΔH2

H2O2, Cat

R1 � SO2 � R2����!
r3,ΔH3

H2O2, Cat
R
0
1 � R

0
2 � SO3H� R

0
3:

© Springer International Publishing Switzerland 2015
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The stoichiometric coefficients are

vR1�S�R2,1 ¼ �1, vH2O2,1 ¼ �1, vR1�SO�R2,1 ¼ 1, vR1�SO2�R2,1 ¼ 0,

v
R
0
1�R02�SO3H�R03,1 ¼ 0,

vR1�S�R2,2 ¼ 0, vH2O2,2 ¼ �1, vR1�SO�R2,2 ¼ �1, vR1�SO2�R2,2 ¼ 1,

v
R
0
1�R02�SO3H�R03,2 ¼ 0,

vR1�S�R2,3¼ 0, vH2O2,3 ¼ �1, vR1�SO�R2,3 ¼ 0, vR1�SO2�R2,3 ¼ �1,
v
R
0
1�R02�SO3H�R03,3 ¼ 1:

ð5:1Þ

It is known that acids (such as sulphuric acid, nitric acid) catalyse the first stage; the

second and third stages require additionally the use of potassium permanganate or

sodium molybdate as catalyst.

To conduct the kinetic investigation, the measuring kettle of the calorimeter is

filled with a batch of sulphide, Na2MoO4, H2O2 and xylene because the industrial

production is run under conditions of cooling by reflux. The batch is brought to

reaction temperature and H2O2 is injected simultaneously at the start of the reaction.

Figure 5.1 shows, for T¼ 50 �C, the temporal course of the caloric reaction

power after instantaneous addition of different amounts of H2O2 (50 %).

The conversion has the following appearance

• The characteristic course of the thermal reaction power is independent of the

amount of the abruptly injected H2O2:

after a certain time tE of uniform decay, the caloric reaction power decreases

relatively abruptly and in a short time interval reaches the value zero;

• The time tE increases by the increased addition of H2O2;

• The typical reaction does not change by increasing the concentration by the

reduction of the aqueous part in the batch;

Fig. 5.1 Course of thermal reaction power q during oxidation of sulphide (95.5 % purity) for

different amounts of dosed H2O2 (50 % purity)
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• But the thermal reaction power increases; in contrast, the time interval up to the

beginning of the almost abrupt decay of the rate of heat release diminishes.

• By the additional dose of H2O2 the phenomenon recurs, i.e. the thermal reaction

power continues until it stops abruptly again after a time interval.

• When the added amount of H2O2 exceeds the stoichiometric amount for the total

oxidation of the reaction system, the thermal reaction power no longer stops

abruptly but decreases gradually to zero.

• When the first dosed amount of H2O2 exceeds the amount necessary for com-

plete oxidation, the thermal reaction power diminishes, right away monoto-

nously, to zero.

• The oxidation of sulphoxid or sulphon shows the same characteristic behaviour.

Obviously, the reaction steps are not elementary reactions, because the caloric

reaction power respectively rate of reaction depends only on the concentration of

sulphide, sulphoxid or sulphon but does not depend on the concentration of the

reactant H2O2. Such a phenomenon occurs under special conditions when the

catalyst first reacts reversibly with one of the reactants (Michaelis Menton mech-

anism); in the present case:

Aþ Cat ��������!
r
0
1
,ΔHλ1

r
0
2
,ΔHλ2

A ¤ Cat

Bþ A ¤ Cat����!
r
0
3
,ΔHλ3

Cþ Cat

with

A : H2O2

B : sulphide, sulphoxid, sulphone

C : sulphoxid, sulphone, sulpho acid

Cat : sodium molybdate

Stoichiometric coefficients

vA1 ¼ �1, vKat1 ¼ �1, vA ¤ Cat1 ¼ 1, vB1 ¼ 0, vC1 ¼ 0,

vA2 ¼ 1, vKat2 ¼ 1, vA ¤ Cat2 ¼ �1, vB2 ¼ 0, vC2 ¼ 0,

vA3 ¼ 0, vKat3 ¼ 1, vA ¤ Cat3 ¼ �1, vB3 ¼ �1, vC3 ¼ 1:

The intermediate product A ¤Cat represents a, so to speak, activated H2O2; obvi-

ously, only in this state is a reaction with B for the production of C possible, by

which the catalyst Cat returns to replenish the complex A ¤Cat by means of the

reservoir of A.

On the assumption that both the achievement of equilibrium and the following

reaction occur by elementary steps, for the rate of change in the intermediate

product A ¤Cat and the rate of formation in the oxidized product C we obtain,

corresponding to (4.9) and (4.34),
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dcA ¤ Cat=dt ¼ k
0
1 � cA � cCat � k

0
2 � cA ¤ Cat � k

0
3 � cA ¤ Cat � cB

dcC=dt ¼ k
0
3 � cA ¤ Cat � cB: ð5:2Þ

Because the catalyst and, consequently, the activated intermediate complex A ¤Cat

are present only in very small concentrations, naturally there is not much leeway for

this to change, and after a short initial phase the following equation holds

(Bodenstein hypothesis):

k
0
1 � cA � cCat � k

0
2 � cA ¤ Cat � k

0
3 � cA ¤ Cat � cA ¼ 0:

With the initial concentration of the catalyst cCat0 we obtain, according to the mol

balance, cCat ¼ cCat0 � cA�Cat;

cA ¤ Cat ¼ k
0
1 � cA � cCat0

h i.
k
0
2 þ k

0
3 � cB þ k

0
1 � cCat

h i
:

A¤Cat does not fall into a state of congestion after the initial phase. Therefore, the

rate of formation in the oxidized product C, the rates of consumption in reactants A

and B and the rate of circulation in the intermediate complex A ¤Cat correspond to

one another. According to (5.2) the following equation is valid:

�dcA=dt ¼ �dcB=dt ¼ dcC=dt

¼ k
0
3 � k

0
1 � cCat0 � cA � cB

.
k
0
2 þ k

0
3 � cB þ k

0
1 � cA

h i
: ð5:3Þ

If the conversion velocity of reactant B with the intermediate complex A ¤Cat is

essentially smaller than the velocity at which chemical equilibrium is achieved

between A, Cat and A ¤Cat, i.e. k
0
3 � k

0
2 < k

0
1, (5.3) changes to

�dcA=dt ¼ �dcB=dt ¼ dcC=dt ¼ k
0
3 � cCat0 � cB � γ

with

γ ¼ k
0
1=k

0
2 � cA

.
1þ k

0
1=k

0
2 � cA

h i
:

The factor γ is a function of cA. γ sets the tone for the temporal course of the overall

rate. Within the range of high concentration with k
0
1=k

0
2 � cA � 1 the factor γ is

constant, i.e. ffi 1. The intermediate complex A ¤Cat is present in the largest

possible concentration (ffi cCat0 ). The reaction rate is only proportional to the

concentration of B, and the reaction runs at a rate of order 1:

�dcA=dt ¼ �dcB=dt ¼ dcC=dt ffi k
0
3 � cCat0

h i
� cB ¼ k cCat0f g � cB ¼ r: ð5:4Þ
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If the concentration of A during the conversion decreases to the range of small

concentration with k
0
1=k

0
2 � cA � 1, then the factor γ holds:

γ ffi k
0
1=k

0
2 � cA:

The intermediate complex A�Cat is not present now in practically unchanged

concentration ffi cCat0ð Þ but changes directly proportionally to cA. We obtain the

following results:

�dcA=dt ¼ �dcB=dt ¼ dcC=dt ¼ k
0
3 � k

0
1=k

0
2

� �
� cCat0 � cB � cA

¼ k cCat0f g � cA � cB: ð5:5Þ

The transition from the range with γ ffi 1, i.e. (5.4), to a range with γ ffi k
0
1=k

0
2 � cA,

i.e. (5.5), takes place more abruptly depending on the relation k
0
1/k

0
2, i.e. the larger

the thermodynamic equilibrium constant of the equilibrium between A, Cat and

A�Cat, the more abrupt the transition.1

The course of the measured thermal reaction power versus time shows this

occurrence in the form of a suddenly starting decay at tE1, already reaching after

a short time virtually the value zero at tE2 (Fig. 5.1). Hence, the transition of the

reaction rate from (5.4) to (5.5) occurs immediately before the complete consump-

tion of H2O2 at tE2. Therefore, for simplification it is taken as a basis that the

oxidation process runs according to the rate function (5.4) up to the complete

conversion of H2O2 at the time tE, for which the following expression holds:

tE1 < tE < tE2, and tE is determined according to

Q ¼
ð
tE1!tE2

q measurementð Þ
n o

dt ¼
ð
tE1!tE

q due to 5:4ð Þ
n o

dt:

The thermokinetic interpretation of the measured course of the thermal reaction

power of the oxidation of sulphide via sulphoxid and sulphon up to sulpho acid is

started on a trial basis according to the assumption of quasi-elementary steps, the

stoichiometry and (5.1), (4.9), (4.34), with

dcR1�S�R2=dt ¼ �r1 ¼ k1 � cR1�S�R2: ð5:6Þ
dcR1�SO�R2=dt ¼ r1 � r2 ¼ k1 � cR1�S�R2 � k2 � cR1�SO�R2: ð5:7Þ
dcR1�SO2�R2=dt ¼ r2 � r3 ¼ k2 � cR1�SO�R2 � k3 � cR1�SO2�R2: ð5:8Þ

dc
R
0
1�R02�SO3H�R03=dt ¼ r3 ¼ k3 � cR1�SO2�R2: ð5:9Þ

dcH2O2=dt¼�r1� r2� r3
¼�k1 � cR1�S�R2� k2 � cR1�SO�R2� k3 � cR1�SO2�R2: ð5:10Þ

1 Compare, formally, the transition behaviour of the Langmuir adsorption isotherm.
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The solution of the equation system (5.6), (5.7) and (5.8) gives

cR1�S�R2= cR1�S�R2ð Þ0 ¼ EXP �k1 � tð Þ ð5:11Þ
cR1�SO�R2= cR1�S�R2ð Þ0 ¼ k1= k2 � k1ð Þ � EXP �k1 � tð Þ � EXP �k2 � tð Þ½ 	 ð5:12Þ
cR1�SO2�R2= cR1�S�R2ð Þ0 ¼ k1 � k2 � k2 � k1ð Þ�1 � k2 � k3ð Þ�1 � EXP �k2 � tð Þ

h

� k1 � k3ð Þ�1 � EXP �k1 � tð Þ þ k2 � k1ð Þ
� k1 � k3ð Þ�1 � k2 � k3ð Þ�1 � EXP �k3 � tð Þ

i

¼ k1 � k2 � k2 � k1ð Þ�1 � k1 � k3ð Þ�1 � k2 � k3ð Þ�1

� k1 � k3ð Þ � EXP �k2 � tð Þ � k2 � k3ð Þ½
� EXP �k1 � tð Þ þ k2 � k1ð Þ � EXP �k3 � tð Þ	: ð5:13Þ

The relative concentrations cR10–R20SO3H–R30/(cR1–S–R2)0 and cH2O2/(cR1–S–R2)0 result
from the mol balance in the following way:

• Integration of the sum of (5.6), (5.7), (5.8) and (5.9) gives

0 ¼ cR1�S�R2 � cR1�S�R2ð Þ0
� �þ cR1�SO�R2 � cR1�SO�R2ð Þ0

� � þ
þ cR1�SO2�R2 � cR1�SO2�R2ð Þ0

� �þ h
c
R1
0�R20�SO3H�R30

� c
R1
0�R20 �SO3H�R30

� �
0

i
:

or with (5.11), (5.12), (5.13) and

cR1�SO�R2ð Þ0 ¼ cR1�SO2�R2ð Þ0 ¼ c
R1
0�R20�SO3H�R30

� �
0

� ¼ 0

it follows that

c
R1
0�R20 �SO3H�R30 = cR1�S�R2ð Þ0 ¼ 1þ k2 � k1ð Þ�1 � k1 � EXP �k2 � tð Þ � k2 � EXP �k1 � tð Þ½ 	

þ k1 � k2 � k2 � k1ð Þ�1 � � k1 � k3ð Þ�1 � EXP �k1 � tð Þ

� k2 � k3ð Þ�1 � EXP �k2 � tð Þ � k2 � k1ð Þ
� k1 � k3ð Þ�1 � k2 � k3ð Þ�1 � EXP �k3 � tð Þ�

¼ 1þ k2 � k1ð Þ�1 � k1 � EXP �k2 � tð Þ½
� k2 � EXP �k1 � tð Þ	 � k1 � k2 � k2 � k1ð Þ
� k1 � k3ð Þ�1 � k2 � k3ð Þ�1 � k1 � k3ð Þ½
� EXP �k2 � tð Þ � k2 � k3ð Þ � EXP �k1 � tð Þ
þ k2 � k1ð Þ � EXP �k3 � tð Þ	: ð5:14Þ
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• By the addition of (5.9) and (5.10), subtraction of (5.7) and 2�(5.6) and integra-

tion of the result we obtain

cH2O2 � cH2O2ð Þ0
� �þ c

R1
0�R20�SO3H�R30 � c

R1
0 �R20�SO3H�R10

� �
0

h i
� cR1�SO�R2 � cR1�SO�R2ð Þ0
� �� 2 � cR1�S�R2 � cR1�S�R2ð Þ0

� � ¼ 0

or with (5.11), (5.12), (5.13) and c
R1
0�R20�SO3H�R30

� �
0
¼ cR1�SO�R2ð Þ0 ¼ 0

it follows that

cH2O2= cR1�S�R2ð Þ0 ¼ cH2O2ð Þ0= cR1�S�R2ð Þ0 � 3þ �
k1 � k2ð Þ�1 � k1 � EXP �k2 � tð Þ � k2 � EXP �k1 � tð Þ½ 	

þ k1 � k2 � k1 � k2ð Þ�1 � k1 � k3ð Þ�1 � k2 � k3ð Þ�1

�� k2 � k3ð Þ � EXP �k1 � tð Þ � k1 � k3ð Þ � EXP �k2 � tð Þ

� k2 � k1ð Þ � EXP �k3 � tð Þ�	� k1 � k1 � k2ð Þ�1

� EXP �k1 � tð Þ � EXP �k2 � tð Þ½ 	 þ 2 � EXP �k1 � tð Þ
¼ cH2O2ð Þ0= cR1�S�R2ð Þ0 � 3

� �

þ 2þ k1 � k2 � k1 � k2ð Þ�1 � k1 � k3ð Þ�1 � k1 � k1 � k2ð Þ�1 � k2 � k1 � k2ð Þ�1
h i

� EXP �k1 � tð Þ þ 2 � k1 � k1 � k2ð Þ�1 � k1 � k2 � k1 � k2ð Þ�1 � k2 � k3ð Þ�1
h i

� EXP �k2 � tð Þ þ k1 � k2 � k2 � k3ð Þ�1 � k1 � k3ð Þ�1
h i

� EXP �k3 � tð Þ

¼ cH2O2ð Þ0= cR1�S�R2ð Þ0 � 3
� �þ A1 � EXP �k1 � tð Þ þ A2 � EXP �k2 � tð Þ þ A3

�EXP �k3 � tð Þ
¼ cH2O2ð Þ0= cR1�S�R2ð Þ0 � 3

� �þ F1 tð Þ þ F2 tð Þ þ F3 tð Þ: ð5:15Þ

The value 3 corresponds to the stoichiometric coefficient of hydrogen peroxide

in the overall reaction R1 � S� R2 þ 3H2O2 ! R
0
1 � R

0
2 � SO3H� R

0
3.

cH2O2ð Þ0= cR1�S�R2ð Þ0 � 3
� �

represents the final, relative concentration of H2O2

after the complete oxidation of the batch. The concentration drops during the

conversion monotonously to the final concentration according to (5.15). When the

injected relative amount of the hydrogen peroxide exceeds the stoichiometric value

3, its final relative concentration is greater than zero: cH2O2ð ÞE= cR1�S�R2ð Þ0 > 0
� 	

.

When the injected relative amount of the hydrogen peroxide is smaller than 3,

cH2O2ð Þ0= cR1�S�R2ð Þ0 < 3
� 	

, we obtain formally a negative final concentration:

cH2O2ð ÞE= cR1�S�R2ð Þ0 < 0
� 	

. However, the concentration reaches a value of zero

at time tE<1, i.e. the injected H2O2 is used up and the oxidation stops abruptly at

time tE (in reality: in the form of a curve sharply sloping to zero in shortest time).
Hence, the procedure for determining the rate coefficients k1, k2, k3 is obvious:

The plot of ln 3� cH2O2ð Þ0= cR1�S�R2ð Þ0
� 	

versus the measured points of time tE
of the ends of the reaction yields, according to (5.15), a curved line which turns into

a straight line Fslowest (Fig. 5.2) whose slope corresponds to the rate coefficient of

the slowest reaction, i.e. k1, k2 or k3. The point of interception with the ordinate is

either
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ln A1f g ¼ ln 2 þ k1 � k2 � k1 � k2ð Þ�1 � k1 � k3ð Þ�1
n

� k1 � k1 � k2ð Þ�1 � k2 � k1 � k2ð Þ�1
o
:

or

ln A2f g ¼ ln 2 � k1 � k1 � k2ð Þ�1 � k1 � k2 � k1 � k2ð Þ�1 � k2 � k3ð Þ�1
n o

ð5:16Þ

or

ln A3f g ¼ k1 � k2 � k2 � k3ð Þ�1 � k1 � k3ð Þ�1
n o

;

depending on whether the first stage (formation of sulphoxid), the second stage

(formation of sulphon) or the third stage (formation of sulpho acid) is the

slowest step.

The plot of ln 3� cH2O2ð Þ0= cR1�S�R2ð Þ0
� �� Fslowest

� 	
against tE gives a curve

which also turns into a straight line Fsecond slowest whose slope corresponds to the

rate coefficient of the second slowest step. The slope can be k1, k2 or k3 and the point
of intersection with the ordinate can be

ln A1f g ¼ ln 2 þ k1 � k2 � k1 � k2ð Þ�1 � k1 � k3ð Þ�1
n

� k1 � k1 � k2ð Þ�1 � k2 � k1 � k2ð Þ�1
o
:

Fig. 5.2 Test of reaction model, determination of rate coefficients
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or

ln A2f g ¼ ln 2 � k1 � k1 � k2ð Þ�1 � k1 � k2 � k1 � k2ð Þ�1 � k2 � k3ð Þ�1
n o

or

ln A3f g ¼ k1 � k2 � k2 � k3ð Þ�1 � k1 � k3ð Þ�1
n o

:

Also, the plot of ln 3� cH2O2ð Þ0= cR1�S�R2ð Þ0
� �� Fslowest � Fsecond slowest

� 	
against tE gives a straight line Fquick. Its slope corresponds to the rate coefficient

of the quickest step, i.e. k1 or k2 or k3. The point of intersection with the ordinate is

either

ln A1f g ¼ ln 2 þ k1 � k2 � k1 � k2ð Þ�1 � k1 � k3ð Þ�1
n

� k1 � k1 � k2ð Þ�1 � k2 � k1 � k2ð Þ�1
o
:

or

ln A2f g ¼ ln 2 � k1 � k1 � k2ð Þ�1 � k1 � k2 � k1 � k2ð Þ�1 � k2 � k3ð Þ�1
n o

or

ln A3f g ¼ k1 � k2 � k2 � k3ð Þ�1 � k1 � k3ð Þ�1
n o

:

It is impossible to recognize directly the slowest, second slowest or quick reaction

stage. This takes place indirectly. For that, an assumption on is made a trial basis

assigning k1, k2 and k3 to the slopes of the three straight lines F. By that is made

simultaneously the assignment of ln A1, ln A2 and ln A3 to the corresponding points

of the intersection of the straight lines with the ordinate. Then it is tested whether

the calculated ln Ai and the measured intersection points coincide. If not, a second,

different assignment is made, and so on. At most six different assumptions are

checked.

Figures 5.2 and 5.3 show the plots of ln 3� cH2O2ð Þ0= cR1�S�R2ð Þ0
� 	

versus tE for

the measured data at temperatures T ¼ 25 �C and T ¼ 50 �C. The result of the

trial-and-error procedure gives k1 � k2 > k3.
Now, on the basis of the known rate coefficients k1, k2 and k3, the heats of

reaction can be determined as follows. Due to (4.7), (4.34), (5.4), (5.11), (5.12) and

(5.13), the determining equation of the thermal reaction power reads
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q ¼ q1 þ q2 þ q3
¼ r1 � �ΔHλ1ð Þ � V þ r2 � �ΔHλ2ð Þ � V þ r3 � �ΔHλ3ð Þ � V
¼ k1 � cR1�S�R2 � �ΔHλ1ð Þ � V þ k2 � cR1�SO�R2 � �ΔHλ2ð Þ � V þ k3 � cR1�SO2�R2
� �ΔHλ3ð Þ � V
¼ k1 � cR1�S�R2ð Þ0 � V � �ΔHλ1ð Þ � EXP �k1 � tð Þ
þ k2 � k1 � k2 � k1ð Þ�1 � cR1�S�R2ð Þ0 � V � �ΔHλ2ð Þ � EXP �k1 � tð Þ � EXP �k2 � tð Þ½ 	
þ k1 � k2 � k3 � k2 � k1ð Þ�1 � k1 � k3ð Þ�1 � k2 � k3ð Þ�1 � cR1�S�R2ð Þ0 � V � �ΔHλ3ð Þ
� k1 � k3ð Þ � EXP �k2 � tð Þ � k2 � k3ð Þ � EXP �k1 � tð Þ þ k2 � k1ð Þ � EXP �k3 � tð Þ½ 	
¼ k1 � �ΔHλ1ð Þ þ k2 � k1 � k2 � k1ð Þ�1 � �ΔHλ2ð Þ � k1 � k2 � k3 � k2 � k1ð Þ�1�

k1 � k3ð Þ�1 � �ΔHλ3ð Þ � cR1�S�R2ð Þ0 � V � EXP �k1 � tð Þ
þ k1 � k2 � k3 � k2 � k1ð Þ�1 � k2 � k3ð Þ�1 � �ΔHλ3ð Þ � k2 � k1 � k2 � k1ð Þ�1�
�ΔHλ2ð Þ � cR1�S�R2ð Þ0 � V � EXP �k2 � tð Þ
þ k1 � k2 � k3 � k1 � k3ð Þ�1 � k2 � k3ð Þ�1 � �ΔHλ3ð Þ � cR1�S�R2ð Þ0 � V � EXP �k3 � tð Þ
¼ B1 � EXP �k1 � tð Þ þ B2 � EXP �k2 � tð Þ þ B3 � EXP �k3 � tð Þ
¼ I1 tð Þ þ I2 tð Þ þ I3 tð Þ:

ð5:17Þ

Plotting ln{q} versus time t (Fig. 5.4) yields a curved line which turns into a straight
line. Its slope gives the value of the rate coefficient of the slowest stage, i.e. k3 as
determined. Hence, the straight line represents ln{I3(t)} and the point of its inter-

cept with the ordinate is, according to (5.17),

ln B3f g ¼ ln
��

k1 � k2 � k3 � k1 � k3ð Þ�1 � k2 � k3ð Þ�1 � �ΔHλ3ð Þ
� cR1�S�R2ð Þ0 � V

	
:

Fig. 5.3 Examination of reaction model, determination of rate coefficients k
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The plot of ln{(q� I3)} against time t gives a curve ending as a straight line whose

slope corresponds to the rate coefficients of the second slowest reaction, i.e. k2.
Therefore, the straight line tallies with ln{I2(t)} and the point of its intercept with

the ordinate is in accordance with (5.17)

ln B2f g ¼ ln k1 � k2 � k3 � k2 � k1ð Þ�1 � k2 � k3ð Þ�1 � �ΔHλ3ð Þ
hn

� k2 � k1 � k2 � k1ð Þ�1 � �ΔHλ2ð Þ
i
� cR1�S�R2ð Þ0 � V

o
:

From the plot of ln{(q� I3� I2)} versus t we get a straight line. Its slope corre-

sponds with the rate coefficient of the quick stage, i.e. k1, as determined previously.

The ordinate intercept is, according to (5.17),

ln B1f g ¼ ln
��
k1 � �ΔHλ1ð Þ þ k2 � k1 � k2 � k1ð Þ�1 � �ΔHλ2ð Þ

� k1 � k2 � k3 � k2 � k1ð Þ�1 � k1 � k3ð Þ�1 � �ΔHλ3ð Þ� � cR1�S�R2ð Þ0 � V
	
:

Using the relations B3, B2 and B1 as well as the rate coefficients k1, k2 and k3 we
calculate the enthalpies of reaction:

�ΔHλ1ð Þ ¼ 216 kJ=formula conversion,

�ΔHλ2ð Þ ¼ 314 kJ=formula conversion,

�ΔHλ3ð Þ ¼ 356 kJ=formula conversion:

Checking whether the linear dependence of the rate coefficients on the concentra-

tion of catalyst cCat0 is valid – as the first elementary hypothesis of the catalytic

Fig. 5.4 Determination of enthalpies of reaction from course of thermal reaction power

5.1 Isothermal, Discontinuous, Constant-Volume Reactions 183



elementary mechanism entails – the oxidation is carried out at different concentra-

tions of the catalyst. Figures 5.5, 5.6, 5.7 and 5.8 show that the linear dependence

applies only for the formation in sulpho acid. For the formation in sulphoxid

respectively sulphon acid the dependencies of the rate coefficients on cCat0 have

the powers 1.1 respectively 1.5.

Obviously, the reaction rates are overall rates which describe the dynamics of the

oxidation sufficiently, see footnote11 in 4.2.1.1.1.2.

Figures 5.5, 5.6, 5.7 and 5.8 show furthermore that the addition of either

sulphuric acid or xylene does not have any effect on the value of the rate coeffi-

cients. They are only a function of the temperature and concentration of the catalyst.

The Arrhenius equation (Fig. 5.9) describes the temperature dependency. Hence,

k1 ¼ ko1 Tð Þ � c1:1Cat0
¼ kH1 � EXP �E1=RTð Þ � c1:1Cat0

; ð5:18Þ
k2 ¼ ko2 Tð Þ � c1:5Cat0

¼ kH2 � EXP �E2=RTð Þ � c1:5Cat0
,

k3 ¼ ko3 Tð Þ � cCat0 ¼ kH3 � EXP �E3=RTð Þ � cCat0 ;

with

Fig. 5.5 Dependency of rate coefficient k3 on concentration of catalyst cCat0
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kH1 ¼ 2:05
 109 s�1 mol�1:1 g1:1
� �

,E1 ¼ 38:78 kJ=mol,

kH2 ¼ 5:45
 1014 s�1mol�1:5 g1:5
� �

,E2 ¼ 63:76 kJ=mol,

kH3 ¼ 1:29
 1012 s�1mol�1 g1
� �

,E3 ¼ 70:04 kJ=mol:

The different values of the activity energy E1, E2 and E3 causes the rate of formation

in the desired product sulphon to increase by increasing the temperature at a rate

which is greater than the rate of sulphon formation, so that the greatest possible

yield of sulfphon is reduced by increasing the temperature. Admittedly, the max-

imum yield is not only affected by the temperature but also by the amount of added

catalyst, because of the different dependencies of the rates of formation and

consumption on the concentration of the catalyst. By increasing the concentration

of the catalyst, the rate of formation in sulphon increases more than the rate of its

consumption. For a given temperature and used amount of catalyst the maximum

yield is reached at an optimal time topt.
For a discontinuous conversion the optimal reaction time topt batch is found by

differentiating (5.13) and setting to zero

Fig. 5.6 Dependency of rate coefficient k2 on concentration of catalyst cCat0
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k1 � k2 � k3ð Þ � EXP k3 � k1ð Þ � topt
� �� k2 � k1 � k3ð Þ

� EXP k3 � k2ð Þ � topt
� �

¼ k3 � k2 � k1ð Þ: ð5:19Þ

Rearrangement of the relation to the explicit expression topt ¼ f 2 k1; k2; k3ð Þ is not
possible. Nevertheless, because of the elaborated kinetic fact that k1 � k2, k3, a
direct calculation with sufficient accuracy is possible; k1 � k2, k3 means that the

formation of sulphoxid from sulphide occurs – compared with the following

relatively slow reactions to sulphon and sulpho acid – almost instantly

(Fig. 5.10). Because of that, the exact equation (5.19) shrinks in good approxima-

tion to

�k2 � k1 � EXP
�
k3 � k2ð Þ � toptbatch ffi �k3 � k1:

Corresponding to the slowness of the consecutive stages, no distinct peak exists;

rather, there is an elongated maximum. Hence, its temporal position is sufficiently

precisely determined by

Fig. 5.7 Dependency of rate coefficient k1 on concentration of catalyst cCat0
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toptbatch ¼ ln k3=k2ð Þ= k3 � k2ð Þ: ð5:20Þ

The combination of (5.18) and (5.20) gives topt batch as a function of the temper-

ature and concentration of the catalyst:

toptbatch ¼ kH3=kH2 � EXP E2 � E3ð Þ=RT½ 	
� c�0:5Cat0

= kH3 � EXP �E3=RT½ 	 � cCat0 � kH2 � EXP �E2=RT½ 	 � c1:5Cat0

� �
:

ð5:21Þ

Combining (5.13), (5.20) and (5.21) and considering k1� k2, k3 yields the maxi-

mum concentration of the desired product sulphon as a function of temperature and

amount of catalyst:

Fig. 5.8 Dependency of rate coefficient k2 on concentration of catalyst cCat0
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cR1�SO2�R2= cR1�S�R2ð Þ0
� �

max
¼ Smax

¼ k2= k3 � k2ð Þ � EXP k2 � toptbatch
� �� EXP k3 � toptbatch

� �� 	
¼ k2= k3 � k2ð Þ � k3=k2ð Þ�k2= k3�k2ð Þ � k3=k2ð Þ�k3= k3�k2ð Þ

h i

¼ k2=k3ð Þk3= k3�k2ð Þ

¼ kH2=kH3 � EXP E3 � E2ð Þ=RT½ 	 � cCat0 0:5
� 	1=

�
1�kH2=kH3�EXP E3�E2ð Þ=RT½ 	� cCat00:5

�
:

ð5:22Þ

It is advisable to determine the dosage of H2O2 according to the amount which is

consumed at the optimal oxidation time topt batch. This amount (H2O2)oOptimum can

Fig. 5.9 Dependency on temperature of rate coefficients ko1, ko2 and ko3 according to Arrhenius

relation
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be calculated by setting (5.15) to zero, resolving to (cH2O2)0/(cR1–S–R2)0 using (5.22)
and considering k1� k2, k3. The result is

cH2O2ð Þ0Optimum= cR1�S�R2ð Þ0 ¼ 3 � 2 � EXP �k2 � toptbatch
� � � k2= k2 � k3ð Þ�

EXP �k3 � toptbatch
� � � EXP �k2 � toptbatch

� �� 	 ¼ 3 � 2 � EXP �k2 � toptbatch
� �

�Smax: The dosage of H2O2 at the constant rate v instead of injection increases the

optimal reaction time topt. At the beginning of the total dosing time tDos the inflowing
H2O2 oxidizes during the time δtd0s ¼ V � cR1�S�R2ð Þ0= v � ρH2O2=MH2O2ð Þ virtually
only the batch of sulphide to sulphoxid because of k1� k2, k3. Practically, only at that
point in time do consecutive oxidations start (Fig. 5.11). The following expression is

valid:

toptbatch� toptsemibatch < toptbatchþ tdos
� �

:

The rule of thumb gives a well-founded

toptsemibatch ffi toptbatchþ δtdos
� �

:

Figure 5.12 shows for a batch process the temporal courses of

• The maximum concentration of sulphon R1–SO2–R2

• The relevant amount of residual sulphide R1–S–R2

• The optimal reaction time

• The optimal amount of H2O2

Fig. 5.10 Fundamental course of relative concentrations versus time after instantaneous dosage of

H2O2 in a batch of R1–S–R2, by which (cH2O2)0/(cR1–S–R2)0< 3, an isothermal, discontinuous

conversion, constant-volume reaction
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depending on the amount of catalyst used at temperatures of 25 and 50 �C.
Figures 5.13 and 5.14 present for both temperatures the analytically found

concentrations of sulphon after consumption of H2O2 depending on the dosed

amount of H2O2. Because of the scattered analyses, the optimal dosage of H2O2

cannot be determined exactly. Nevertheless, despite the scattered values it can be

seen that the experimental results slightly exceed the optimum value calculated

according to (5.13) and indicated in Fig. 5.12. The difference increases even with

Fig. 5.11 Fundamental course of relative concentrations versus time for constant, continuous

dosing of H2O2 in a batch of R1–S–R2, by which (cH2O2)0/(cR1–S–R2)0< 3, in time interval tDos

Fig. 5.12 Isothermal batch process, 25 and 50 �C, maximum concentration of sulphon cR1–SO2–R2/
(cR1–S–R2)0, associated optimal reaction time topt, residual concentration of sulphide cR1–S–R2/(cR1–
S–R2)0 and optimal dosage (cH2O2)0/(cR1–S–R2)0 depending on concentration of catalyst cCat0
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the temperature. There is very good reason to suppose that the increased use of

H2O2 is caused by the decomposition of H2O2, by which oxygen is released.

Impurities in substances in the reaction mass (sulphide, xylene) and on the surface

of the measuring-kettle wall give rise to the catalysis of the initially very small

intrinsic decomposition of H2O2. The mingling of H2O2 in the filling leads to a

slight increase in the pressure in the measuring kettle. Based on the rate of pressure

increase, a mean formation of approximately 5
 10–6 resp. 1
 10–6 moles H2O2/s

at 50 �C rsp. 25 �C is found.

Fig. 5.13 Measured concentration R1 � S� R2= R1 � S� R2ð Þo depending on added amount of

H2O2 50 %½ 	,T ¼ 50�

Fig. 5.14 Measured concentration R1 � S� R2= R1 � S� R2ð Þ0 depending on added amount of

H2O2 50 %½ 	,T ¼ 25�
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5.1.2 Belousow–Zhabotinski Reaction in a Closed Reactor

One of the most interesting results of the thermodynamics of irreversible processes

(thermodynamics far from equilibrium) is the realization that reaction systems in

open or closed reactors under special premises are able to oscillate.2 One of the

early discovered, popular and intensively investigated reactions is the Belousow–

Zhabotinski reaction. The overall process is the oxidation of malonic acid by means

of bromate in sulphuric aqueous solution in the presence of the catalyst cerium:

2BrO�3 þ 3CH2 COOHð Þ2 þ 2Hþ ��������!Ce=H2O=H2SO4

2BrCH COOHð Þ2 þ 3CO2 þ 4H2O:

During the discontinuous conversion in a closed reactor under conditions of oscil-

lation, the reactants and the products do not perform damped oscillations, but the

catalyst alternates in the time after an inducing and a finishing phase of the overall

reaction rhythmically between two degrees of oxidation via certain intermediate

reactions. Detailed detective work revealed that all in all 20 intermediate reactions

run [12].

The course of conversion has already been photometrically, polarographically and

barometrically recorded. The polarographic measurement, almost free of inertia, has

revealed a sawtooth-shaped oscillation. Calorimetric investigation has been carried

out until now only in micro calorimeters by differential thermal analysis DTA

(non-isothermal) and by differential-scanning-calorimetry DSC (quasi-isothermal).

The calorimetric inertia of the control systems is too large to enable the system to

record correctly sawtooth-shaped oscillations, i.e. relatively abrupt changes in reac-

tion power. The characteristic course can only be distortedly recorded.

The author has therefore tried to measure the thermal reaction power as well as

the change in pressure due to CO2 produced in the bench scale calorimeter TKR

under virtually isothermal conditions. The level of the pH-value, prerequisite for

the start of oscillations, is produced by an injection of strong concentrated sulphuric

acid into the batch, which is already brought to the set temperature of the reaction.

The unavoidable stroke of heat due to the abruptly released large amount of heat of

dilution cannot be compensated completely, even despite having pre-chilled

sulphuric acid and electric heating power p2 temporarily reduced to zero

(Fig. 5.15). The result is a large jump in temperature within the reaction mixture,

so that the set temperature respectively the equilibrium of control is achieved

relatively late.

During this time the induction phase of the oscillation has already finished,

i.e. the oscillation is already started.

During the further, isothermal progress of the reaction the amplitude of the

oscillations (recognizable by periodical cut-ins along the course of the measured

thermal reaction power) increases from approximately 5 W up to approximately

2 See Sect. 4.2.1.1.2.6.
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about 10 W and then towards the end of the conversion decreases to zero. The time

of oscillation increases instantly – also in the beginning phase of the descending

amplitude. The slow motion reveals that the characteristic oscillation shape is

similar to the usual sawtooth. From the area between the baseline pB and the

curve of the heating power p2, both extrapolated rearwards towards the time zero,

yields by approximation an overall heat of reaction of

�ΔHλ ffi 1, 383 kJ=formula conversion:

The overall heat of reaction per mol oxidized malonic acid is

�ΔHmalonic acid ¼ �ΔHλð Þ= νmalonic acidj j ¼ �ΔHλð Þ= �3j j
ffi 461 kJ=molmalonic acid:

5.1.3 Reaction of Formic Acid with Hexamethylene-
Diisocynate

As an example of the elaboration of a reaction kinetic

• from the data of an isothermal, discontinuous conversion

• on the basis of numerical calculation

is discussed the initial phase of the multiple-stage, consecutive reaction of the

aliphatic diisocynate hexamethylene-diisocyanate H and formic acid A to a variety

of products Pξ:

Fig. 5.15 Temporal course of thermal reaction power of Belousow–Zhabotinski reaction in a

closed reactor under virtually isothermal conditions

5.1 Isothermal, Discontinuous, Constant-Volume Reactions 193



Hþ A����!NCO
P1����!

NCO=Pξ
P2����!

NCO=Pξ
Pξ ! . . .

For the thermokinetic measurement, the batch of hexamethylene-diisocyanate is

brought to the reaction temperature 90 �C and a small amount of formic acid (p.a.)

instantly injected to start the reaction. The injection causes an instantaneous, large

heat stroke, and the pressure rises slightly. Then follows a monotonous decrease in

the thermal reaction power accompanied by a slow increase in pressure. The same

goes for the instant addition of larger amounts or for the successive addition of

small amounts. Continuous, constant dosing causes a quick and linear temperature

increase and a slow increase in the pressure. At the end of dosing the increase in

temperature stops abruptly and at this moment the temperature starts to decay.

The analysis of the produced gas shows for all cases a mixture of CO2 and

CO. The relation of the components in samples of gas, taken during the further

course of the reaction, changes favourably for CO.

From the heat stroke in the initial phase the quantity 59 kJ/molA results as heat

from the process. The value is much larger than the value of a usual physicochem-

ical process (e.g. heat of mixture).

With the purpose of reducing the dynamics of the obviously initial chemical

processes, which at high temperatures evidently run almost instantly, and to have a

dampening effect on the subsequent consecutive reactions the temperature is reduced

to 0 �C and lower. Figure 5.16, for instance, shows the positive results. It can be seen

that the thermal reaction power at first decreases monotonously, then increases,

passing a peak, and then decreases again, approaching almost zero. The initial change

in pressure after the injection of A is negligibly small. However, during the phase of

increase in the thermal reaction power the pressure now increases quickly to achieve,

after an S-shaped course, a nearly constant (i.e. minimally changing) run. In the

analysis of the formed gas, a mixture of CO2 and CO with far more than 90 % CO2

is detected. Thus, it is assumed that during the initial phase and in particular during the

following relatively short-term increase in the renewed heat release no or only an

unimportant part of the injected formic acid decomposes.

A numericmethod then gives a satisfying validation of the experimental results only

when the following reaction mechanism is assumed. Hexamethylene-diisocyanate H

and formic acid A first form the additive compound H¤A, which arranges by a further

reversible step a ring R, stabilized by a hydrogen-bridge linkage.3 The additive

compound H¤A is unstable and forms, separating CO2, the first product P1 and in

consecutive reactions a variety of products Pξ, in Fig. 5.16 summarily denoted by

3 In principle, the existence of the hydrogen-bridge linkage can be proved by infrared spectros-

copy. At the time of the calorimetric investigation there existed only the method of IR illumination

of cells. However, the IR beam was absorbed totally despite the fact that extremely thin fluid layers

were used. Today the proof can easily be carried out by the attenuated total reflection infrared

spectroscopy, ATR-IR method, quod sit perficiendum.
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FP. However, this variety arises perceptibly only at reaction temperatures above 50 �C
by consecutive reactionswith the surplus hexamethylene-diisocynate. There also occur

side reactions of subsequent products, separating CO.

The formation of the first product P1 obviously occurs by autocatalysis, an usual

occurrence in the chemistry of isocyanides (i.e. formation of urethane). For this

formation, a relatively short-lived by-product BP is assumedwith catalysing properties:

The stoichiometric coefficients are

Fig. 5.16 Thermal reaction power q and relation CO2/A0 during reaction of hexamethylene-

diisocyanate (H) and formic acid (A) p.a. 5.81 g F; 171 g H, i.e. in large excess; T¼ 0 �C;
rpm¼ 1,500�ΔHλreaction step(n)¼ 18/21/92/92 kJ/formula conversion isothermal, discontinuous

conversion. H ¤ A means additive compound of H and A
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vA1 ¼ �1 , vA2 ¼ 0, vA3 ¼ 0, vA4 ¼ 0, vA5 ¼ 0, vA6 ¼ 0, vA7 ¼ 0, vA8 ¼ 0,

vAf1 ¼ 0 , . . . , vAff ¼ ? 0 at T ¼ 0ð Þ
vH ¤ A ¼ 1 , vH ¤ A2 ¼ �1, vH ¤ A3 ¼ 1, vH ¤ A4 ¼ �1, vH ¤ A5 ¼ �1,
vH ¤ A6 ¼ 1, vH ¤ A7 ¼ �1, vH ¤ A8 ¼ �1, vH ¤ Af1 ¼ 0, . . . , vAff ¼ ? 0 at T ¼ 0ð Þ

vR1 ¼ 0, vR2 ¼ 1, vR3 ¼ �1, vR4 ¼ 0, vR5 ¼ 0, vR6 ¼ 0, vR7 ¼ 0, vR8 ¼ 0,

vRf1 ¼ 0, . . . , vRff ¼ ? 0 at T ¼ 0ð Þ
vP11 ¼ 0, vP12 ¼ 0, vP13 ¼ 0, vP14 ¼ 1, vP15 ¼ 1, vP16 ¼ 0, vP17 ¼ 0,

vP18 ¼ 0, vP1f1 ¼ �1, . . . , vB1ff ¼ ? 0 at T ¼ 0ð Þ
vBP1 ¼ 0, vBP2 ¼ 0, vBP3 ¼ 0, vBP4 ¼ 0, vBP5 ¼ 0, vBP6 ¼ 1, vBP7 ¼ 1,

vBP8 ¼ �1, vBPf1 ¼ 0 , . . . , vBPff ¼ ? 0 at T ¼ 0ð Þ
vH1 ¼ �1, vH2 ¼ 0, vH3 ¼ 0, vH4 ¼ 0, vH5 ¼ 0, vH6 ¼ 0, vH7 ¼ 0, vH8 ¼ 0,

vHf1 ¼ 0, . . . , vHff ¼ ? 0 at T ¼ 0ð Þ:

According to (4.34), the rates of change in concentration are

dcF=dt ¼ � r1,
dcH¤F=dt ¼ r1 � r2 þ r3 � r4 � r5 � r6 � r7,
dcR=dt ¼ r2 � r3,
dcP1=dt ¼ r4 þ r5 � rf1 ffi 0 at 0 �Cð Þ,
dcBP=dt ¼ r6 þ r7 � r8,
dcH=dt ¼ � r1 � rf1 þ

P
rfff g ffi 0 at 0 �Cð Þ,

dcEP=dt ¼ r8 þ rf1 þ
P

rfff g ffi 0 at 0�Cð Þ:

Only the following expressions of the rate functions fit sufficiently the experimental

results:

r1 ¼ k
0
1 � cH ffi const at T ¼ 0ð Þ � cA, r2 ¼ k2 � cH ¤ A, r3 ¼ k3 � cR, r4 ¼ k4 � cH ¤ A;

r5 ¼ k
0
5 � cH ¤ A � cNP, r6 ¼ k6 � cH ¤ A, r7 ¼ k

0
7 � cH ¤ A � cBP, r8 ¼ k8 � cBP, r8

¼ k8 � cBP, rf1, rff ¼ ? ffi 0 at 0 �Cð Þ;

with

k
0
5 ¼ k5= cA þ cH ¤ A þ cR þ cP1 þ cBP þ cEPð Þ respectively

k
0
7 ¼ k7= cA þ cH ¤ A þ cR þ cP1 þ cBP þ cEPð Þ:

Figure 5.16 shows optimally fitted curves of a measurement at 0 �C using

k1
0�cH0¼ k1, rf1¼ kf1�cP1, rff¼ 0 and the following rate coefficients and heats of

reaction:
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k1 ¼ 8:33
 10�3 s�1 �ΔHλ1 ¼ 16:4 kJ=formula conversion,

k2 ¼ 4:63
 10�3 s�1 �ΔHλ2 ¼ 20:9 kJ=formula conversion,

k3 ¼ 4:63
 10�6 s�1 �ΔHλ3 ¼ �20:9 kJ=formula conversion,

k4 ¼ 1:68
 10�11 s�1 �ΔHλ4 ¼ 92:1 kJ=formula conversion,

k5 ¼ 1:01 s�1 �ΔHλ5 ¼ 92:1 kJ=formula conversion,

k6 ¼ 1:28
 10�13 s�1 �ΔHλ6 ¼ 92:1 kJ=formula conversion,

k7 ¼ 1:39
 10�1 s�1 �ΔHλ7 ¼ 92:1 kJ=formula conversion,

k8 ¼ 3E� 4 s�1 �ΔHλ8 ¼ � ,

kf1 ffi 1E� 6 s�1 �ΔHλf1 ¼ � :

An ascending temperature increases the rates of the reactions as well as the

catalysis. The activation temperature E/R of the intrinsic initial steps is approxi-

mately 10,000 K.

The catalysis is sensitive to foreign substances and impurities. For instance, the

increase of the tiny residual concentration of oxalic acid in the usually available

formic acid (p.a.) by the addition of a small amount of this acid stops the catalysis;

in contrast, the addition of acetic acid, which is also present in the remained

impurity of the formic acid (p.a.), does not show any effect. The catalytic process

changes when the fluid residue of the distillation of formic acid (p.a.) instead of

formic acid (p.a.) is used. In that case, the course of the caloric reaction power

shows two, three or more consecutive wave lines and simultaneously in the course

of the pressure CO2/CO three or more successive stair lines depending on the

duration of the distillation of the usually available formic acid (p.a.).

If one uses monoisocyanate (e.g. phenyl-isocyanate) instead of the aliphatic

diisocyanate, catalysis does not take place, just as with toluidine-diisocyanate. In

contrast, the use of isophorone-diisocyanate shows catalysis.

5.2 Non-isothermal, Discontinuous, Constant-Volume
Reaction

5.2.1 Reaction of an Amine Hydrochloride and an Alkali
Nitrite

As an example of a kinetic analysis of a quick reaction

• From the data of a non-isothermal, discontinuous conversion

• On the basis of mathematical-analytical relations

the irreversible conversion of an amino hydrochloride A and an alkali nitrite B in

hydrochloric, aqueous solution to a heterocyclic resultant F is discussed.

By a first step the salt C is formed (as well as the by-products D and E)
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Aþ B����!r1,ΔHλ1

H2O,HCl
Cþ D þ E;

with

stoichiometric coefficients vA1 ¼ �1, vB1 ¼ �1, vC1 ¼ 1, vD1 ¼ 2, vE1 ¼ 1:

In a second step the intramolecular closure of the intermediate product C to the

desired heterocyclic, final product F (as well as the production of by-product G)

takes place:

C����!r2,ΔH2
Fþ G;

with

stoichiometric coefficients vC2 ¼ �1, vF2 ¼ �1, vF2, vG2 ¼ 1:

It is known that the conversion runs too quickly to perform a calorimetric investi-

gation under isothermal conditions. Hence, the investigation must be carried out

using the isoperibolic procedure.

To carry out the investigation, a batch of amino hydrochloride in the measuring

kettle is brought to a reaction temperature of 50 �C and a pH-value of 0.7. To start

the reaction, the stoichiometric amount of aqueous alkali nitrite at 50 �C is injected

in a time interval of less than 2 s. Figure 5.17 shows the temporal course of the

natural logarithm of the difference between the measured and the initial tempera-

ture T2 � T20ð Þ after the start of injection. The reaction in the solution increases

immediately upon dosing, achieves a maximum at the end of dosing and then

decreases monotonously. The temperature decay slows down after about 10 s for

a short time. Visual control of the process reveals the precipitation of solid matter.

The brief slowing down of the temperature decay occurs obviously by the heat

release due to the sudden, short-term precipitation in the already supersaturated

reaction mixture. Then the subsequent precipitation takes place synchronously with

the continuing conversion. The analysis of the solid matter shows that it is the

desired heterocyclic product F.
For a comparison with the measured reaction curve, Fig. 5.17 presents in

addition the curve of the temperature decay which is the result of a short-term

heating up of the mixture following completion of the conversion by the electric

heater to the maximum temperature T2Max and then of its switch-off.

Elaboration of the thermokinetic data takes place according to

• The procedure of results of non-isothermal reactions (Sect. 4.2.3.1.1).

• The determination of the enthalpy of reaction, heat capacity and specific heat is

given in Chap. 6.
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The instant increase in temperature by the start of the dosage of alkali nitrite and

the instant cessation at the end of dosing shows that the formation of the salt

C occurs instantly; hence we have

r2 ¼ rring-closure � rsalt-formation ¼ r1 ffi 1:

From the temperature difference T2Max � T20ð Þ, the effective heat capacity C2 and

the used number of mols N0 amine hydrochloride yields the overall heat (�ΔHλ1) of

the formation of C (sum of the heat of physicochemical mixing and the heat of the

desired reaction) according to4

Fig. 5.17 Temporal course of difference between measured and initial temperature T2 � T20ð Þ
during heterocyclic reaction. Batch: 140 g aqueous solution of amine hydrochloride A. Dosage:

10 g aqueous solution of alkali nitrite B. Equal number of mol: 4.5
 10�2; pH¼ 0.7

4 For determination of the effective heat capacity C2 and the heat transfer coefficient (k�F)2 see
Chap. 6.
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�ΔHλ1 ¼ C2 � T2Max � T20ð Þ=N0

¼ 87 � 1� 0:02ð Þ kJ=formula conversion:

The sum of the heats of ring closure and of the accompanying precipitation �

ΔHλ2 þ ΔHλPrð Þ ¼
ð
t Dosing end!1

q � dt=N0 results from the difference in the total

amount of heat released

ð
0!1

T2 � T20ð Þ � dt � kF2 and the amount of heat released

�ΔHλ1ð Þ � N0 by the formation of salt C:

� ΔHλ2 þΔHλPrð Þ ¼
ð
0!1

T2 � T20ð Þ � dt � kF2=N0 � �ΔHλ1ð Þ

¼
ð
0!1

T2 � T20ð Þ � dt � kF2=N0 � 87 kJ=formula conversion

¼ 39:3 � 1� 0:03ð Þ kJ=formula conversion:

The temporal course of the total thermal reaction powerq ¼ q1 þ q2 þ qF during the
formation of C, the ring closure and the accompanying precipitation results anal-

ogously in (2.14), i.e. from the data T2 � TSð Þ, d T2 � TSð Þ=dt,qSt2 as well as (k�F)2
and C2, respectively from the recorded data T2 � T20ð Þ, d T2 � T20ð Þ=dt as well as
(k�F)2 and C2 because, due to the large degree of dilution, it can be assumed that

qSt2¼ const, thus qSt2 ¼ k � Fð Þ2 � T20 � TSð Þ.5
For t > tend of dosage we have q1 tð Þ ¼ 0, hence q ¼ q2 þ qF. By means of q,

ΔHλ2 þ ΔHλPrð Þ, (4.148) and (4.149) the auxiliaries A(t) and B(t) respectively y and
x are calculated. Plotting y against x allows us to determine the rate order n of the

ring closure and its activation energy E due to (4.154):

ln A1=A2f g=ln B1=B2f g ¼ n� E=R � 1=T21 � 1=T22½ 	=ln B1=B2f g

or

y ¼ n� E=R � x:

Figure 5.18 shows plot y versus x. From the slope of the fitted curve results the

activation temperature E/R, i.e.

E ¼ 94:1 kJ=mol:

From its intersection with the ordinate we get

n ¼ 0:9:

5With qMi¼ 0: (2.16 and 2.25) � C2 � d T2 � T20ð Þ=dt ¼ q� k � Fð Þ2 � T2 � T20ð Þ.
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The recorded data T2(t), A(t) and B(t) give, due to (4.155), the rate coefficients k(T2(t)),

for instance k2 T2 t¼25 sð Þ
� � ¼ k2 51 �Cð Þ ¼ 2:36 mol0:1 g�0:1 s�1, and from that,

according to the Arrhenius relation, we get the pre-exponential factor

ko2 ¼ 3:54
 1013 mol0:1 g�0:1 s�1:

Hence, the overall rate function of the ring closure reads

r ¼ k2 � cnC ¼ ko2 � EXP �94, 100=R � Tð Þ � c0:9C :

5.2.2 Reaction of a Substituted Triazine with a Substituted
Naphthylamine Sulphonic Acid in Water

An example of the working out of the kinetics of a very quick reaction

• From the data of non-isothermal, discontinuous runs

• On the basis of mathematical-analytical relations

the irreversible reaction of a substituted triazine A and a substituted naphthylamine

sulphonic acid B in aqueous solution is discussed. The reaction system is

Aþ B����!r1,ΔH1

H2Oð Þ Cþ D;

with

Fig. 5.18 Plot Y¼ n�E/R � X and fitted curve

5.2 Non-isothermal, Discontinuous, Constant-Volume Reaction 201



stoichiometric coefficientsvA1 ¼ �1, vB1 ¼ �1, vC1 ¼ 1, vD1 ¼ 1:

Triazine reacts also with water. Hence, besides the desired conversion, the follow-

ing parasitic reaction runs:

Aþ H2O !r1,ΔH1

H2Oð Þ
Fþ D;

with

stoichiometric coefficientsvA2 ¼ �1, vH2O2 ¼ �1, vF2 ¼ 1, vD2 ¼ 1:

It is known that the conversion runs very quickly, but it is unknown whether the

reaction runs within the time interval of a minute or only of some seconds. This

knowledge is important for technical production with regard to both chemical

engineering and security. In addition, the enthalpy of reaction is unknown and

therefore must be measured.

The investigation is carried out under isoperibolic conditions as follows.

• The batch in the measuring kettle consists of an aqueous solution of naphthyl-

amine sulphonic acid B or pure water.

• The batch is brought to the temperature of reaction T0.
• Triazine A at temperature T0 is instantly injected

(duration of injection�1 s) to start the conversion.

• The course of the temperature versus time is recorded.

Figure 5.19 gives an example of a characteristic run of the temperature. The

soon-to-appeare temperature maximum after the injection of A confirms the

unusual speed of the conversion. The course of the distorted signal of the temper-

ature by the sensor must be antidistorted, i.e. (2.22) and (2.24) must be applied to

make it possible for a kinetic interpretation to be done.

The desired reaction and the parasitic reaction are coupled parallel reactions. It is

assumed in a first assumption that both reactions run according to a rate function of

order 1 with respect to A. Hence, due to (4.44), for the thermal reaction power we get

q tð Þ ¼ k � cA0 � V � �ΔHλð Þ � EXP �k � t½ 	; ð5:23Þ

with k ¼ k1 þ k2
� �

Tstart!Tmax
because of the relatively small temperature increase.

The combination of (2.24) and (5.23) gives as a result the rate of change in the

real temperature T2 in the reaction mixture:

d T2 � T20ð Þ=dt ¼ a � EXP �k � t½ 	 � b � T2 � T20ð Þ; ð5:24Þ

with
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a ¼ k � cA0 � V � �ΔHλð Þ=C2, b ¼ kF2=C2:

The solution of (5.24) is

T2 ¼ a= k � bð Þ � EXP �b � t½ 	 � EXP �k � t½ 	f g þ T20: ð5:25Þ

Substitution of (5.25) into (2.22) and solving the equation gives as a result the

equation for the temporal course of the signal TF by the temperature sensor:

TF ¼ ß � a= k � bð Þ � EXP �b � t½ 	= ß� bð Þ � EXP �k � t½ 	= ß� kð Þf
� 1= ß� bð Þ � 1= ß� kð Þf g � EXP �ß � t½ 	g þ T20 ð5:26Þ

TF passes a maximum value at the time tFmax, where the differentiation of TF equals
zero,

0 ¼ ß� bð Þ= ß� kð Þ � k � EXP �k � tFmax½ 	 � ß � EXP �ß � tFmax½ 	f g þ ß
� EXP �ß � tFmax½ 	 � b � EXP �b � tFmax½ 	: ð5:27Þ

This relation is used for the evaluation of the rate coefficient k, for instance by

means of the conventional zero-position method.

Knowledge of the necessary quantity of b and ß arises in the following way. By

the injection of a small amount of reacted mixture (taken beforehand from the

reacted mixture and brought to a temperature T> T20) in the reacted mixture, the

temperature T20 jumps quasi-instantly to the temperature T2M and then decreases

due to heat outflow to achieve T20 again (Fig. 5.20).

Fig. 5.19 Temporal course of signal T2F of temperature sensor after injection of triazine A in

aqueous solution of naphthylamine sulphonic acid B, non-isothermal, isoperibolic, discontinuous

reaction
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The solution of (2.24) gives, according to the present conditions, the temporal

course of the real temperature decay in the reaction mixture:

T2 ¼ T2M � T20ð Þ � EXP �b � tð Þ þ T20: ð5:28Þ

Combining (5.28) and (2.22) and solving the resulting differential equation gives as

a result the course of the temperature signal of the sensor:

TF ¼ ß � T2M � T20ð Þ= ß� bð Þ � EXP �b � t½ 	 � EXP �ß � t½ 	ð Þ þ T20 : ð5:29Þ

The sensor signal reaches its maximum at the time tFmax and then decreases

monotonously to T20. Because ß� b, the logarithmic plot of TF versus time turns

for t� 0 into a straight line, where

κ ¼ b:

Differentiating (5.29), setting to zero and rearranging results in

tFmax ¼ ln ß=bf g= ß� bð Þ:

From that follows ß, for instance using the conventional zero-position method.

By means of (5.27), from experiments with different A0¼B0 the average overall

rate results:

k ¼ 1:52
 1� 0:27ð Þ s�1:

Some conversions of pure water and triazine A give an average rate coefficient of

the parasitic parallel reaction:

Fig. 5.20 Temporal course

of difference

• T2� T20 of real
temperature T2 in reacted

mixture after abrupt

temperature jump from

T2¼ T20 to T2¼ T2M at

time t¼ 0 by injection

of reacted mass

• TF� T20 of signal TF
of temperature sensor,

non-isothermal,

isoperibolic, discontinuous

reaction
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k2 ¼ 0:11
 1� 0:3ð Þ s�1:

Thus, according to (4.41), the rate coefficient of the desired reaction is

k1 ¼ 1:41
 1� 0:27ð Þ s�1:

Hence, the parasitic reaction runs approximately 13 times slower than the

desired one.

The value of the overall heat of reaction is determined6:

�ΔHλð Þ ¼ 135
 1� 0:15ð Þ kJ=formula conversion:

The heat of the parasitic reaction results by means of the injection of triazine in pure

water:

�ΔHλ2ð Þ ¼ 341
 1� 0:08ð Þ kJ=formula conversion:

Corresponding to (4.45), the heat of reaction of the desired conversion can be

calculated by means of k, k1, k2, �ΔHλð Þ and �ΔHλ2ð Þ. We obtain

�ΔHλ1ð Þ ¼ 119
 1� 0:15ð Þ kJ=formula conversion:

Figure 5.21 presents a calculated and measured T-curve.

The conformance of experiment with calculation is sufficient in view of the fact

that

• For simplification the temperature dependency of the rate coefficient is not

correctly considered (Arrhenius equation).

• Instead, a rate coefficient averaged over the temperature interval is used.

• Only the reaction time tRt needs to be estimated for a quasi-complete conversion.

The rule of thumb for the determination of the reaction time tRt reads for a rate of
order 1

Reaction time for quasi-complete conversion tRt ffi 6 � half-life ι1=2.
This yields in the case at hand

tRt ffi 6 � ι1=2 ¼ 6 � ln 2f g=k ¼ 2:74 s:

Hence, after approximately 3 to 4 s the reaction is practically finished.

When the desired and parasitic reactions run according to a rate function of order

2, the thermal reaction power is due to (4.51):

6 See Sect. 6.1.2.
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q tð Þ ¼ cA0
2 � k1 þ k2ð Þ � V � �ΔHλð Þ= cA0 � k1 þ k2ð Þ � t � 1½ 	2 ð5:30Þ

From the combination of (2.24) and (5.29) we obtain the change rate in the

temperature T2 of the reaction mixture:

d T2 � T20ð Þ=dt ¼ e= d � tþ 1ð Þ2 � b � T2 � T20ð Þ;

with

k1 þ k2
� �

Tstart!Tmax
¼ k, d ¼ cA0 � k, e ¼ cA0

2 � k � V � �ΔHλð Þ=C2,

b ¼ ðk � FÞ2=C2:
ð5:31Þ

When in contrast against that the parasitic reaction runs according to a rate function

of order 1 (for instance, due to the large excess of water) the thermal reaction power

is, according to (4.46), with ' ¼ 2 � k2=k1,

q ¼ k1 � �ΔH1ð Þ � V= cA0
�1 þ '

� � � EXP k1 � tð Þ � '
� 	2

h

þk2 � �ΔH2ð Þ � V= cA0
�1 þ '

� � � EXP k1 � tð Þ � '
� 	i

: ð5:32Þ

The combination of (2.24) and (5.32) gives the change rate in temperature T2:

Fig. 5.21 Conversion of triazine A and naphthylamine sulphonic acid B in aqueous solution:

Aþ B! Cþ D

Aþ H2O! Fþ D

r1 ¼ k1 
 cA, r2 ¼ k2 
 cA
A0 ¼ B0 ¼ 0:056mol, T0 ¼ 0:5 �C
Rate coefficient k ¼ k1 þ k2

� �
Tstart!Tmax

¼ 1:31=s, ß ¼ 5:522=s, b ¼ 2:255
 10�2=s
Overall reaction heat �ΔHλð Þ ¼ 135 kJ=formula conversion,C2 ¼ 1, 050 J=K
non-isothermal, polytropic, discontinuous reaction
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d T2�T20ð Þ=dt¼ k1 �d1= e �EXP k1 � tð Þ� 'f g2þ k2 �d2= e �EXP k1 � tð Þ � 'f g
h i

�b � T2�T20ð Þ;
ð5:33Þ

with

k1ð ÞTstart!Tmax ¼ k1, k2ð ÞTstart!Tmax ¼ k2, d1 ¼ �ΔH1ð Þ � V=C2, d2

¼ �ΔH2ð Þ � V=C2, e ¼ c�1A0 þ ', b ¼ k � F2=C2:

Analytical solutions of Eqs. (5.31) and (5.33) in the explicit form T2¼ f(t) respec-
tively of the combination of (5.31) and (5.33) with (2.22) in the explicit form T2F(t),
i.e. the signals of the temperature sensor, do not exist. Only numerical solutions of

the equations are possible. Hence, the working-out procedure for ki consists in

numerical fitting of the measured curves of T2F.
Figure 5.22 shows for example a comparison of the measured and computed

temperature signal T2F on the assumption of the following rate functions:

(a) Both the desired and parasitic reaction of order 1

(b) Desired and parasitic reaction of order 2

(c) Desired reaction of order 2 and parasitic reaction of order 1

The best fit gives the assumption of order 1 for both reactions.

Fig. 5.22 Comparison of sensor signal T2F versus time for different rate orders of conversion,

triazine A and naphthylamine sulphonic acid B, in aqueous solution, non-isothermal, discontinu-

ous reaction, isoperibolic condition, A0¼B0
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5.3 Measurements of Online Calorimeter (Sensor)

The run of a reaction is simulated to ensure the functionality of the online calorim-

eter. To that end the measuring kettle is

• Supplied with an additional electric heater of the same design as described in

Sect. 2.1.1;

• Placed in the external circulation of a thermostat, which is filled with silicone oil.

An induced change in temperature in the thermostat simulates the temperature

fluctuations T4 within the technical tank reactor; the working heater in the measur-

ing kettle simulates the thermal reaction power within the tank reactor.

The heater works initially at a constant rate of heat release q while the temper-

ature T4 of the thermostat (virtual tank reactor) fluctuates (Fig. 5.23).

Fig. 5.23 Test of functionality of the sensor. Constant electric heating power qreal and its online

estimated value qestimated. The temperature T in the virtual tank reactor alternates
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The illustration shows the conformity of the actual rate of heat release to the

estimated one. The estimated line appears with a time lag of approximately 3 min

due to the chosen finite estimation time of the Kalman–Bucy filter.

Figures 5.24 and 5.25 show the courses of a fluctuating electric heating power

q and their estimated courses for a

• Constant

• Induced fluctuating

temperature T4 of the thermostat (virtual tank reactor).

To measure the thermal reaction power q of a real reaction, the online calorim-

eter is placed in the circulation of an ideally mixed batch reactor with 15 L volume.

In the batch reactor is installed an electric heater of the same design as described in

Sect. 2.1.1.

Fig. 5.24 Test of functionality of the sensor. Constant electric heating power qreal and its online

estimated value qestimated. The temperature T in the virtual tank reactor alternates
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The reaction is the alcoholysis of acetic acid anhydride by methanol. Pyridine

catalyses the conversion. For the start of the reaction, methanol is dosed as quickly

as possible in a batch of acetic anhydride, which is mixed with some added acetic

acid as acting accelerator for solving. By the injection of pyridine at an advanced

state of conversion, the reaction velocity is once more abruptly enlarged. Then the

conversion ends in a relatively short amount of time. The temperature fluctuations

in the batch reactor are induced during the conversion by means of the installed

electric heater. Figure 5.26 shows the courses of thermal reaction power q and the

accompanying induced change in temperature within the batch reactor.

Fig. 5.25 Test of functionality of the sensor. Constant electric heating power qreal and its online

estimated value qestimated. The temperature T in the virtual tank reactor alternates
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Fig. 5.26 Online measurement of the thermal reaction power q by the sensor during the reaction

of methanol and acetic acid anhydride in a tank reactor. The alternating temperature in the reactor

is induced
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Part II

Practical Information and Applications



Chapter 6

Use of the Described Calorimeters

to Determine Additional Relevant Quantities

in Chemical Engineering

6.1 Determining the Heat of Dilution, Solution, Mixture,

Precipitation and Reaction

The following heats of physicochemical processes can be determined by means of

both isothermal and non-isothermal measuring modes using the previously

described apparatus.

• Gross heat of reaction, i.e. heat of reaction mixed with heat of dilution, mixture,

solution, precipitation or neutralization

• Heat of mixture

• Heat of solution

• Heat of dilution

6.1.1 Isothermal Measurements

The substance of filling in the measuring kettle should be chosen according to the

aim of the measurement, for instance either a pure solvent, a solution of one of the

components to be mixed or a solution of a basic part of reactants. The batch should

be brought to the temperature T20. To start the measurement, the completing

component with mass G, specific heat cp and temperature TI is injected instantly

at time t¼ 0 in the batch at temperature T20.
The injection releases the physical heat Qphysical ¼ G � cp � TI � T20ð Þ almost

instantly. The release of Qphysicochemical during the subsequent physicochemical

process—with the exception of a chemical reaction—usually occurs extremely
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quickly. Because of the inertia of the control system, the initial effect cannot be

compensated by an instant change in the electric heating power p2, i.e. the present,
controlled equilibrium cannot be maintained at once. Hence, in the initial phase the

temperature T2 (t� 0) becomes unequal T20.
In the time during which equilibrium of control is again established, the heat

flow from the measuring kettle into the intermediate thermostat (k�F)2�[T2� T1] is
different compared to the heat flow prior to the injection k � Fð Þ2 � T20 � T1½ �.
Because most of the heat stroke within the measuring kettle is usually compensated,

the dynamics of the changed heat flow out of the measuring kettle is dampened to

such a degree that the equilibrium of control in the intermediate thermostat is

maintained (T1¼ const).

Hence, the heat balance of the intermediate thermostat reads

0 ¼ T2 � T1½ � � k � Fð Þ2 þ p1 þ pSt1 � T1 � TSð Þ � k � Fð Þ1 for t � 0;

against that, the heat balance of the measuring kettle is expanded with the accu-

mulation term C2�dT2/dt:

C2 � dT2=dt ¼ qphysicochemical þ qphysical þ p2 þ pSt2 � k � Fð Þ2
� T2 � T1½ � for t � 0:

Combining both relations yields

qphysicochemical þ qphysical ¼ C2 � d T2 � T1ð Þ=dt� p1 þ p2 þ pSt2 þ pSt1ð Þ
þ T1 � TSð Þ � k � Fð Þ1:

Prior to injection (t< 0) we have

0 ¼ 0� p1 þ p2 þ pSt2 þ pSt1ð Þ þ T1 � TSð Þ � k � Fð Þ1;

hence

T1 � TSð Þ � k � Fð Þ1 ¼ p1 þ p2 þ pSt2 þ pSt1ð Þt<0:

Thus, the equation for the rate of heat release reads1

1 Because the liquid within the intermediate thermostat remains unchanged.
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qphysicochemical þ qphysical ¼ C2 � d T2 � T1ð Þ=dt� p1 þ p2 þ pSt2 þ pSt1ð Þ
þ p1 þ p2 þ pSt2 þ pSt1ð Þt<0 ,

due to pSt1 ¼ const ¼ pSt1 t < 0ð Þ and pM2 ¼ pSt2 þ constMStL2

¼ C2 � d T2 � T1ð Þ=dt� p1 þ p2 þ pM2ð Þ þ p1 þ p2 þ pM2ð Þt<0

¼ C2 � d T2 � T1ð Þ=dt þ p0 � p

with p1 þ p2 þ pM2ð Þt<0 ¼ p0 and p1 þ p2 þ pM2ð Þ ¼ p:

By integration the amount of heat released is Q¼Qphysicochemical +Qphysical
2

Q ¼
ð
0!1

qphysicochemical þ qphysical
� � � dt ¼ C2 � T21 � T1ð Þ � T20 � T1ð Þ½ �

þ
ð
0!1

p0 � p½ � � dt
due to T20 ¼ T21

¼
ð
0!1

p0 � p½ � � dt:

6.1.2 Non-isothermal Measurement

An abrupt start to a large release of heat and its frequent and intensive fluctuation in

the measuring kettle also causes in the intermediate thermostat a prolonged distur-

bance in the controlled equilibrium due to the thermal inertia.

In such a case it is reasonable

• To operate without an intermediate thermostat

• To switch off the compensation control in the measuring kettle

• To impose isoperibolic conditions

The measuring kettle is filled with a substance depending on the aim of the

measurement: a pure solvent, a solution of one constituent for a mixture or a

solution of the majority of the reactionless basic reactants for a chemical reaction.

After thermal equilibrium is achieved at temperature T2¼ T2v¼ pR2v/(kF)2v + TS,
the complementary substance of mass G, specific heat cp and temperature TI is
injected instantly at time t¼ 0. Because of the physical heat input

Qphysical¼G � cp � (TI� T2v) and the following physicochemical process, the tem-

perature T2 changes abruptly. But owing to heat exchange with the surrounding

base thermostat at temperature TS and the relatively small amount of injected mass,

the temperature reaches ultimately a final value of T2 t ¼ 1ð Þ ¼ T21 ffi T2v,

i.e. approximately the initial value of the batch.

2 Again, this situation is valid only when the control of equilibrium in the intermediate thermostat

is maintained.

To determine the physicochemical part, Qphysicochemical see Sect. 6.2.
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According to (2.16), the heat balance of the measuring kettle is

C2 � dT2=dt ¼ qphysicochemical þ qphysical þ pSt2 � kFð Þ2 � T2 � TSð Þ for t � 0,

0 ¼ pSt2v � k �Fð Þ2v � T2v � TSð Þ for t< 0:

Because of the small amount of injected mass, pSt2ffipSt2v and (k�F)2ffi (k�F)2v are
valid, and the combination of both relations gives

C2 � dT2=dt ¼ qphysicochemical þ qphysical � k � Fð Þ2v � T2 � T2vð Þ,
respectively

C2 � d T2 � T2vð Þ=dt ¼ qphysicochemical þ qphysical � k � Fð Þ2v � T2 � T2vð Þ
or

with T2 � T2vð Þ ¼ ΔTv

;

C2 � dΔTv=dt ¼ qphysicochemical þ qphysical � k � Fð Þ2v � ΔT,
respectively

ð6:1Þ

C2 � dΔTv ¼ qphysicochemical þ qphysical
� � � dt� k � Fð Þ2v � ΔTv � dt:

Because of ΔTv(t¼0)¼ΔTv(t¼1)¼ 0, the integration yields

ð
t ¼ 0!1

qphysicochemicalþqphysical
� � � dt� � ¼ QphysicochemicalþQphysical

¼ k � Fð Þ2v �
ð
t¼0!1

ΔTv � dt½ �;

which means that the released total amount of physical and physicochemical heatQ is

directly proportional to the area between the measured curve T2 and the horizontal

baseline, i.e. the initial temperature T2v¼ pSt2v/(k�F)2v +TS (Fig. 6.1). The propor-

tionality factor is the value of the heat transfer coefficient (k�F)2v. To determine

(k�F)2v, different and constant powers p2 of the electric heater in the measuring kettle

are set, and the corresponding equilibrium temperatures T2 are recorded. Because of
(2.1), for all different combinations of μ and ν, the following equation is valid

k � Fð Þ2v ¼ p2μ � p2ν
� �

= T2μ � T2ν
� �

: ð6:2Þ

The physicochemical heat is determined by the equation

Qphysicochemical ¼ k � Fð Þ2v �
ð
t ¼ 0!1

ΔTv � dt½ � � Qphysical

¼ k � Fð Þ2v �
ð
t¼0!1

ΔTv � dt½ � � G � cp � TI � T2vð Þ:
ð6:3Þ

The final temperature T21 can differ somewhat from the initial temperature T2v
(Fig. 6.1)
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• When the heat transfer coefficient and the stirring power change noticeably

during the chemical process. For a not too large difference, the connection line

between T2v and T21 can be used approximately as the baseline and

k � F2v þ k � F21ð Þ=2 as the proportionality factor (k�F)2, in which (k�F)2v and
k � Fð Þ21 are determined prior to and after measurement, as described earlier.

• If a large amount of substance is injected, so that the stirring power respectively

the heat-transfer coefficient jumps abruptly from pSt2v respectively (k�F)2v to

varied valuespSt21 respectively k � Fð Þ213, the baseline results approximately by

means of rearward extrapolation (t! t¼ 0), i.e. starting from T21 in

direction T2v.

Occasionally it is necessary to determine a small Qphysicochemical by the subtrac-

tion of large numerical values worked out according to (6.3). Such a situation

cannot be weakened at will by the avoidance of producing the physical heat

Qphysical, i.e. setting TI¼T2v, because commercial temperature sensors usually

have only a degree of measuring accuracy within 0.3$1 %.

Therefore, sometimes it is necessary to obtain the exact equality of TI and T2v by
physical means. In particular is the case where the generally small heat of a mixture

QMi must be determined. For such a problem it is advisable to install in the stirring

shaft a closed chamber with the liquid batch flowing around it in the measuring

Fig. 6.1 Determining heat tones from temperature curve after injection of substance at temper-

ature TI into a batch of temperature T2v, isoperibolic conditions

3 For the test: when the injected volume is extracted after the end of the measurement, the

approximate initial temperature adjustment, i.e. T2v, should return.
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kettle (Fig. 3.3). The chamber is filled with the substance to be investigated. After

thermal equilibrium is achieved, the filling in the chamber and the batch in the

measuring kettle have the same temperature T2v¼ pSt2v/(k�F)2v + Ts. Quickly

pulling up the cylindrical jacket of the chamber, its content is mixed with the liquid

batch of the measuring kettle within a very short time because of the large

centrifugal and shearing forces. Simultaneously, the heat of the mixture QMi is

abruptly released. For that reason a temperature jump occurs from

T2v t<0ð Þ ¼ T2v0 to T2Mi t ¼ 0ð Þ ¼ T2Mi0 , in which T2Mi(t¼0)¼ T2v(t<0) +QMi/C2

(Fig. 6.2). Using T� TS¼ΔT the equation used to determine the heat of the mixture

reads

Fig. 6.2 Determining heat of mixture by non-isothermal, isoperibolic measurement
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QMi ¼ ΔT2Mi t ¼ 0ð Þ � ΔT2v t<0ð Þ
� � � C2 ¼ ΔTMi0 � ΔTv0ð Þ � C2: ð6:4Þ

To calculate QMi, we must know the accurate heat capacity of the mixture C2. The

usual method used to determine it is labour intensive and prone to error. Hence, for

the exact estimation of QMi another way is preferred:

By mixing the relatively large content in the chamber with the batch in the

measuring kettle, the initial values of the physical quantities pSt2v, (k�F)2v and C2v

are suddenly changed to new values pSt2, (k�F)2 and C2. The steady state, charac-

terized by a steady heat flow out of the measuring kettle, is disturbed but appears

again because of the changed heat flow following injection.

In case that the mixing of the content in the chamber with the filling in the

measuring kettle would not release heat, the present balanced temperature differ-

ence T2v0 � TS ¼ ΔTv0 alters because of the changed stirring power and the

changed heat flow according to (2.11):

C2 � dΔTv tð Þ=dt ¼ pSt2 � k � Fð Þ2 � ΔTv tð Þ:

The solution of the differential equation gives the decay of the still present

temperature difference ΔTv0 to the new value ΔTv1¼ pSt2=ðkFÞ2 according to

ΔTv tð Þ � pSt2=kF2 ¼ ΔTv0 � pSt2= k � Fð Þ2
� � � EXP �ðk � F2Þ=C2 � tð Þ: ð6:5Þ

However, the really released heat of the mixture first causes an instant jump in the

temperature from T2v0 to T2Mi0 respectively an instant change in the present

temperature difference T2v0 � TS ¼ ΔTv0 to T2Mi0 � TS ¼ ΔTMi0 (Fig. 6.2),

which then decreases analogously to (6.5)

ΔTMi tð Þ � pSt2=kF2 ¼ ΔTMi0 � pSt2= k � Fð Þ2
� � � EXP �k � F2=C2 � tð Þ: ð6:6Þ

The product of the area between the measuring curve ΔTMi(t) and the baseline

ΔTv(t) and the heat-transfer coefficient (k�F)2 gives as a result the desired heat of

the mixture,

QMi ¼ k � Fð Þ2 �
ð
0!1

ΔTMi tð Þ � ΔTv tð Þ½ � � dt;

because it follows due to (6.5) and (6.6) that

k � Fð Þ2 �
ð
0!1

ΔTMi tð Þ � ΔTv tð Þ½ � � dt ¼ k � Fð Þ2 �
ð
0!1

ΔTMi0 � ΔTv0ð Þ½

� EXP � k � Fð Þ2=C2 � t
� �� � dt ¼ ΔTMi0 � ΔTv0ð Þ � C2 ¼ QMi:

according to 6:4ð Þ

The course of the baseline ΔTv(t) can be found

6.1 Determining the Heat of Dilution, Solution, Mixture, Precipitation and Reaction 221



• Either by calculation according to (6.5), because (k�F)2/C2 can be worked out by

the already measured decrease in ΔTMi(t) over time4:

Using a natural logarithmic plot of ΔTMi(t)�qR2/(k�F2)¼ΔTMi(t)�ΔTMi(t¼1)

versus time, which gives a straight line with a slope of (k�F)2/C2,

k � F2ð Þ=C2 ¼ ln ΔTMi t1ð Þ � ΔTMi t ¼ 1ð Þf g � ln ΔTMi t2ð Þf½
�ΔTMi t ¼ 1ð Þg�= t2 � t1½ �:

• Or by measuring the decrease in ΔTv(t) after ΔTMi(t) is recorded:

to that end, the temperature of the filling in the measuring kettle is increased, for

instance up to ΔTv0 , by a short-term action of the electric heater, which is then

switched off.

(k�F)2 is found according to (6.2), as previously described.

6.2 Determining Specific Heat of Filling inMeasuring Kettle

There exist three possibilities to determine the heat capacity C2 respectively the

specific heat cp of filling within the measuring kettle

1. The measuring kettle is filled with the substances to be measured and brought to

the temperature T20. In addition, an injection syringe is filled with the mass

G of the same substance and brought to the temperature TI 6¼ T20. Because the

substances in the measuring kettle and the syringe are identical, the injection

does not release any heat of the mixture. Hence, according to (6.1) we have

G � cp � TI � T20ð Þ ¼ k � Fð Þ2 �
ð
t ¼ 0!1

ΔT � dt½ �

or

cp ¼ k � Fð Þ2 �
ð
t ¼ 0!1

ΔT � dt½ �=G= TI � T20ð Þ:

(k�F)2 is found according to (6.2), as described previously.

2. The filling G in the measuring kettle is brought to the temperature T2 by the

short-term action of the electric heater, and then the temperature decrease T2 tð Þ
�T20 ¼ ΔT tð Þ is recorded. Because of (6.1) and (qphysicochemical + qphysical)¼ 0,

the reaction runs corresponding to

ΔT tð Þ ¼ ΔT t ¼ 0ð Þ � EXP � k � Fð Þ2=C2 � t
� �

:

4ΔTv t ¼ 1ð Þ ¼ ΔTMi t ¼ 1ð Þ ¼ qR2= k � Fð Þ2 is valid.
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Plotting ln{ΔT(t)} versus time gives as a result a straight line with the slope

(k�F)2/C2

k � Fð Þ2=C2 ¼ ln ΔT t1ð Þf g � ln ΔT t2ð Þf g½ �= t2 � t1½ �: ð6:7Þ

(k�F)2 can be obtained as described earlier by (6.2).

Between the specific heat cp and the effective heat capacity C2, the relation

cp¼ (C2�CMt)/G holds. Combining this with (6.7) we obtain

cp ¼ C2 � CMtð Þ=G ¼ t2 � t1ð Þ � k � Fð Þ2= ln ΔT t1ð Þf g � ln ΔT t2ð Þf g½ � � CMt

� �
=G:

CMt is, so to speak, an apparatus constant, which can be determined from the heat

capacity CRM¼G�cp of a filling G with a known specific heat cp and of the

measured corresponding effective heat capacity C2 (Sect. 2.5.1).

3. The filling in the measuring kettle is subject to a controlled temperature rise at a

constant rate dT2/dt¼ ß. The start of the temperature program causes an abrupt

jump in the electric heating power p2 according to (2.10) by Δp2(t¼ 0)¼C2�ß.
Considering point 2 gives

cp ¼ C2 � CMtð Þ=G ¼ Δp2 t ¼ 0ð Þ=ß=G:

6.3 Determining the Stirrer Power Within the Filling

of the Measuring Kettle

According to (2.3), there exists between the stirring power pSt2 in the measuring

kettle and the power pM2 of the driving electromotor (provided the loss within the

motor and in the bearing unit of the stirrer remains constant during the measure-

ment) the linear relation

pSt2 ¼ pM2 � constMStL2:

The motor power pM2 for a stirrer rotating without load in an empty measuring kettle

corresponds to the value constMStL because the stirring resistance in the gas of an

empty measuring kettle is negligibly small. Hence, the stirring power pSt2 of the stirrer
rotating with a load in a measuring kettle filled with reaction mixture is given by the

difference of the motor powers for the stirrer rotating with a load and without a load:

pSt2 ¼ pM2 on loadð Þ � pM2 without loadð Þ:

In the case of DC disk-armature motors, due to (2.8), the following equation is valid5:

5 To determine I(without load), the filling is removed from the measuring kettle to the greatest

possible extent. If possible, this must be done at an unchanged rotational speed of the stirrer, for

instance by sucking out the filling without stopping the motor, because stopping and restarting the

motor usually causes a slight change in torque loss, which hinders the determination of small

stirring powers; in any case, the result of the measurement would be of questionable merit.
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pSt2 ¼ d � I on loadð Þ � 2π � N � d � I without loadð Þ � 2π � N
¼ I on loadð Þ � I without loadð Þ

� � � dTorque � 2π � N: ð6:8Þ

Using the torque factor dTorque in pondcentimeter per ampere [pcm/A], the electric

current strength I in amperes [A] and the rotating speed in revolutions N per minute

[min�1] gives the value of the stirring power pSt2 in mechanical units (pcm/min). The

transformation into a more practical electric unit (Watts) reads6

pSt2 ¼ I with loadð Þ � I without loadð Þ
� � � dTorque � N=97, 465 W½ �:

In the case of a DC disk-armature motor, there exists, according to (2.7), between the

mechanical torque factor dTorque [pcm/A] and the electromotive factor kMotor

[V/min�1]7 the linear relation dTorque [pcm/A]¼ 97,465�kMotor [V/min�1]. Hence,

pSt2 can be expressed as a function of kMotor [V/min�1], I [A] and N [min�1]8:

pSt2 ¼ I on loadð Þ � I without loadð Þ
� � � kMotor � N W½ �

or

due to 2:6ð Þ, i:e with UTacho V½ � and kTacho V=min�1
� �

¼ I on loadð Þ � I without loadð Þ
� � � kMotor � UTacho=kTacho W½ �:

ð6:9Þ

6.4 Determining Fractional Conversion of a One-Step

Reaction

In the case of an irreversible one-step reaction (reaction without an ascertainable

intermediate product), the fractional conversion X is given by the quotient of the

released amount of heat Q ¼
ð
0!t

q � dt from the start of the reaction up to time

t and the total amount of heat released: Q1 ¼
ð
0!1

q � dt (Fig. 6.3).
By definition we have X¼ (Nj(t¼ 0)�Nj)/Nj(t¼ 0). On the basis of (4.2), (4.3)

and (4.4) we obtain

6
Ψ pcm½ � min�1 �2π� ��Ψ pcm=min½ � �6:28�Ψ=103=102=60 �6:28 kpm=s½ � �Ψ=6=106 �6:28=0:102 W½ � �Ψ=97,465 W½ �.

7 kMotor [V/min�1] generated electric voltage UMotor of the DC disc-armature motor running

without a load at one revolution per minute.
8 kTacho [V/min�1] is the generated electric voltageUTacho of the DC disk-armature tachogenerator

running at one revolution per minute.
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ð
0!t

q � dt=
ð
0!1

q � dt ¼
ð
0!t

r � V � � ΔHλð Þ½ � � dt=
ð
0!1

r � V � � ΔHλð Þ½ � � dt

¼
ð
0!t

dλ=dt½ � � dt=
ð
0!1

dλ=dt½ � � dt

¼
ð
Nj;0!Njt

dNj=

ð
Nj;0!Nj1

dNj

¼ Njt � Nj;0

� �
= Nj1 � Nj;0

� �
because of Nj1 ¼ 0

¼ Nj;0 � Njt

� �
=Nj;0:

6.5 Determination of Heat Transfer Coefficient

of Measuring Kettle

The heat balances (2.1) and (2.27) of the calorimeter for discontinuous and contin-

uous reactions lead to the equations determining the heat-transfer coefficient (k�F)2
for heat flow from the measuring kettle to the intermediate thermostat:

k � Fð Þ2 ¼ q þ p2 þ pSt2½ �=ΔT2

and

k � Fð Þ2 ¼ q þ qMið Þ þ p2 þ pSt2½ �=ΔT2:

The substitution of q respectively (q + qMi) by (2.3), (2.4) respectively (2.27) gives
9

Fig. 6.3 Determining

fractional conversion of

one-step reaction

fractional conversion�
released partial/released

total amount of heat

X ¼
ð
0!t

q � dt=
ð
0!1

q � dt

9 See Sect. 6.3.
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k � Fð Þ2 ¼ p0 � p þ p2 þ pM2 � constMStL2½ �=ΔT2

due to p ¼ p2 þ p1 þ pM2

¼ p0 � p1 � constMStL2½ �=ΔT2

with 6:8ð Þ
¼ p0 � p1 � pM2 without loadð Þ

h i
=ΔT2

¼ p0 � p1 � dtorque � I without loadð Þ � 2π � N� �
=ΔT2

alike 6:9ð Þ
¼ p0 � p1 � I without loadð Þ � kMotor � UTacho=kTacho

� �
=ΔT2:

Figure 6.4 shows as an example the course of the heat-transfer coefficient (k�F)2
versus time during a discontinuously running reaction.

The specific heat-transfer coefficient k can be evaluated when the area F2 of the

heat transfer is known. F2 corresponds to the area of the measuring-kettle wall

being wetted by the reaction mixture.

• For a moderately stirred reaction mixture F2, is given by the geometry of the

measuring kettle respectively the volume of its filling.

• For a turbulently stirred reaction mixture, F2 corresponds to the total area of the

measuring kettle, i.e. cover, sidewall and bottom.

This yields

k ¼ p0 � p1 � I without loadð Þ � kMotor � UTacho=kTacho
� �

=ΔT2=F2:

Fig. 6.4 Determining heat-

transfer coefficient (k�F)2
measuring

kettle! intermediate

thermostat on basis of total

thermal power p0 prior to
start of reaction, temporal

course of electric heating

power p1 of intermediate

thermostat after start of a

discontinuous reaction and

motor power pM2(without load)
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6.6 Determining the Heat Transfer from the Batch Within

a Tank Reactor to Its Coolant Medium

In the chemical industry, heat must be transferred to allow for the safe use of tank

reactors. Hence, it is very important to elaborate the attributes of heat transfer from

a technical reactor. To this end, the application of the bench scale calorimeter

proves advantageous.

The difficulties and the risk of scaling up the heat-transfer coefficient from a

small to a large reactor increase dramatically from the increased size of the reactor

because the content of the reactor increases by a power of three, but the area for heat

transmission grows only by a power of two.

Instead of using a complex system of differential equations, often coupled with a

somewhat dubious degree of accuracy, especially with regard to the used values of

parameters, it is useful to scale up in accordance with the similitude theory with

dimensionless groups [8, 37].

It is generally known that the total resistance 1/k per unit area of reactor wall

against heat flow from the reaction mixture into the medium of the cooling jacket is

composed of the inside resistance 1/αRm against the transfer of heat from the

reaction mixture to the reactor wall, the resistance dRw/λRw against the thermal

conduction within the reactor wall, and the outside resistance 1/αc against the

transfer of heat from the reactor wall to the medium of the cooling jacket [51]:

1=k ¼ 1=αRm þ dRw=λRw þ 1=αc: ð6:10Þ

The outside transfer resistance 1/αc of a reactor is a function of the nature of the

outside surface of the reactor wall, the properties of the coolant and its flow rate.

The conductivity resistance dRw/λRw depends on the thickness of the reactor wall

and its material. The temperature dependency is relatively small.

When a defined coolant flows at constant velocity through the jacket of a reactor

filled with a reaction mixture, besides the resistance against the conduction of heat

within the wall, the resistance against the transfer of heat out of the wall into the

coolant is also constant. Hence, both can be combined into a total resistance 1/αTc,
which depends only on the temperature of the medium in the cooling jacket.

From (6.10) we obtain

1=k ¼ 1=αRm þ 1=αTc: ð6:11Þ

1/αTc is inferred from the information of the manufacturer.

The inside resistance of heat transfer 1/αRm depends on the properties of the

reaction mixture, the composition of the inner surface of the reactor, the design of

the stirrer and its rotational speed. According to the similitude theory, the charac-

teristic of the heat transfer reads [52, 53]
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Nu ¼ c � Re2=3 � Pr1=3 � η=ηWallð Þ0:14; ð6:12Þ

with

Nu ¼ αRm � DR=λRm dimensionless Nussel characteristic

Re ¼ N � dSt2 � ρ=η dimensionless Reynolds characteristic

Pr ¼ η � cp=λRm dimensionless Prandtl characteristic

η/ηWall dimensionless viscosity

c constant, depending on the type of stirrer, the conditions of the reactor and

the heat exchange area (see Table 6.1)

From this we obtain

αRm ¼ c � dSt
4=3=DR=g

1=3 � N2=3
� � � λRm

2=3 � ρ2=3 � cp1=3 � g1=3 � η=ηWallð Þ0:14
n o

¼ c � dSt
4=3=DR � λRm2=3 � ρ2=3 � cp1=3 � g1=3 � η=ηWallð Þ0:14

n o
� N2=3

¼ Α � N2=3:

ð6:13Þ

The quantity A depends only on the properties of the reaction mixture, the charac-

teristic diameter DR of the reactor and the characteristic diameter dSt of the stirrer.
For a given filled reactor the quantity A varies only by changes in temperature.

The combination of (6.11) and (6.13) yields

1=k ¼ 1=αRm þ 1=αTc ¼ 1=A � N�2=3þ1=αTc: ð6:14Þ

According to (6.14), the quantities A, αRm and αTc can be found when k is measured

for different rotations N of the stirrer per unit of time. Plotting 1/k versus N�2/3

(Fig. 6.5) gives a straight line whose slope corresponds to 1/A and whose intercept

with the ordinate corresponds to the total outside resistance of heat transition 1/αTc,
so that 1/αRm is determined.

For the quotient of the specific inside heat-transfer coefficients αRmTR of a tank

reactor and αRmMK the measuring kettle of a calorimeter, due to (6.13), is as follows:

Table 6.1 Constant c of heat-transfer characteristic Nu ¼ c � Re2=3 � Pr1=3 � η=ηWallð Þ0:14 for

standardized reactors and standardized types of stirrer [52, 53] DIN 28136, ASME Code

Section Vffl

Stirrer type c Range of validity

Plate 0.54 16<Re>4.6� 104

Anchor 0.35 70<Re>6� 105

Impeller 0.33 9<Re>5.5� 104

Lattice 0.47 12<Re>3� 105
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αRmTR=αRmMK ¼ cTR=cMK � NTR=NMKð Þ2=3 � DMK=DTRð Þ � dStTR=dStMKð Þ4=3

� η=ηwallð ÞTR= η=ηwallð ÞMK

� �0:14
:

Therefore, the strategy for scaling up is obvious:

Choose a measuring kettle, similar in the sense of similitude theory to the tank

reactor (and vice versa), so that the constants c of the heat-transfer characteristic

correspond to each other:

cTK ¼ cMK:

Hence, the following equation is valid:

αRmTR ¼ αRmMK � NTR=NMKð Þ2=3 � DMK=DTRð Þ � dRTR=dRMKð Þ4=3

� η=ηwallð ÞTR= η=ηwallð ÞMK

� �0:14
:

Considering

dStMK=DMK ¼ dStTR=DTR

we obtain

αRmTR ¼ αRmMK � NTR=NMKð Þ2=3 � dStTR=dStMKð Þ1=3 � η=ηWallð ÞTR= η=ηWallð ÞMK

� �0:14

¼ αRmMK � NTR=NMKð Þ2=3 � DTR=DMKð Þ1=3 � η=ηWallð ÞTR= η=ηWallð ÞMK

� �0:14
:

In contrast to the tank reactor, the temperature difference between the reaction

mixture within the measuring kettle and the layer on the measuring-kettle wall is

Fig. 6.5 Determining

inside resistance of heat

transfer of reactor 1/αRm by

plot of total resistance

against heat transfer 1/k
versus rotations of stirrer

per unit of time N raised to

power �2/3
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relatively small. Thus it can be assumed that ηMKffi ηwallMK, i.e. in practise (η/
ηwall)MK

0.14¼ 1.

Hence, the equation for the specific heat-transfer coefficient αRmTR of the tank

reactor reads

αRmTR ffi αRmMK � NTR=NMKð Þ2=3 � dStTR=dStMKð Þ1=3 � η=ηwallð ÞTR0:14

ffi αRmMK � NTR=NMKð Þ2=3 � DStTR=DStMKð Þ1=3 � η=ηwallð ÞTR0:14:

Conclusion

• The use of the bench scale calorimeter enables the determination of the inside

resistance of heat transfer 1/αRmTR of a similar tank reactor

• The outside resistance of heat transfer 1/αTcTR out of the tank reactor can be

inferred from the information of the manufacturer.

Consequently, the total resistance 1/kTK against heat flow from the reaction

mixture via the tank wall into the coolant can be calculated according to (6.14).

6.7 Calorimetric Investigation of Incrustation of Foreign

Matter on Superheated Metal (Fouling)

The calorimeter can help in

• Determining the conditions for the deposit of material on superheated surfaces

(fouling), for instance on a heating installation in a reactor or on the evaporator

of a rectifying column

• Elaborating the dynamics of an overlaying.

To this end, the calorimeter works without the use of an intermediate thermostat. In

the measuring kettle, filled with a solution to be investigated, is installed a pipe coil

through which a fluid of high temperature can be pumped (Fig. 6.6). Due to the high

temperature at the surface of the pipe coil an incrustation of foreign material can start.

If it does, the heat transfer coefficient (k�F)H of the pipe changes, and as a consequence,

the heat flow into the measuring kettle changes as well. The change in heat flow is

compensated by a variation in the heating power p2 of the controlled electric heater.

The heat balance of the measuring kettle in controlled thermal equilibrium reads,

p2 ¼ T2 � T0ð Þ � k � Fð Þ2 � pSt2 � TH � T2ð Þ � k � Fð ÞH
¼ ΔT2 � ðk � FÞ2 � pSt2 � ΔTH � k � Fð ÞH

We obtain

• Prior to the start of the passage of the superheated fluid at temperature TH through

the pipe coil at time t¼ 0, with TH(<0)¼ T2, pSt2 ¼ const, ΔT2 � k � F2ð Þ ¼ const
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p2 t < 0ð Þ ¼ ΔT2 � k � Fð Þ2 t < 0ð Þ � pSt2 t < 0ð Þ ¼ const: ð6:15Þ

• During the passage of the fluid,

p2 tð Þ ¼ ΔT2 � k � Fð Þ2 tð Þ � pSt2 tð Þ � ΔTH � k � Fð ÞH tð Þ
¼ ΔT2 � k � Fð Þ2 t < 0ð Þ þ δ k � Fð Þ2 tð Þ� �� pSt2 t < 0ð Þ þ δpSt2 tð Þ½ � � ΔTH � k � Fð ÞH tð Þ
¼ ΔT2 � k � Fð Þ2 t < 0ð Þ þ ΔT2 � δ k � Fð Þ2 tð Þ � pSt2 t < 0ð Þ � δpSt2 tð Þ � ΔTH � k � Fð ÞH tð Þ

¼ const þ ΔT2 � δ k � Fð Þ2 tð Þ � δpSt2 tð Þ � ΔTH � k � Fð ÞH tð Þ
due to 6:15ð Þ

p2 tð Þ þ δpSt2 tð Þ � ΔT2 � δ k � F2ð Þ tð Þ ¼ const� ΔTH � k � Fð ÞH tð Þ:
or

ð6:16Þ

The incrustation of material on the pipe coil causes the material to disappear from

the solution in the measuring kettle. However, usually this does not cause an discern-

ible change in the consistency, i.e. δpSt2(t)ffi 0 and δ(k�F)2(t)ffi 0. Hence, this yields

k � Fð ÞH tð Þ ¼ const�p2 tð Þð Þ=ΔTH:

The change in p2 indicates the onset of fouling and the amount of change is a

measure of the thickness respectively mass of fouling (Fig. 6.6).

Fig. 6.6 Equipment for the investigation of

• Conditions for incrustation (fouling) on a superheated surface

• Dynamics of this occurrence
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Chapter 7

The Heat Flow Calorimeter by Regenass

Just before publication of the described compact TKR calorimeter the so-called

heat-flow calorimeter by Regenass was released. Measurement of the thermal

reaction power under thermal conditions is carried out by that calorimeter, similarly

by remodels [40, 41, 46] and knock-offs as follows.

A hollow jacket encloses both the bottom and about two-thirds of the side wall of

the measuring kettle1 (Fig. 7.1). The liquid of a quickly controllable thermostat

flows turbulently through the jacket. The upper part of the measuring kettle, which

is not surrounded by the hollow jacket, can either be exposed to the temperature in

the laboratory or surrounded by an insulating material. In addition, the cover can be

brought to the temperature of the filling within the accuracy range of the temper-

ature sensor. Nevertheless, a relevant zone between the cover and the side is always

exposed to the temperature in the laboratory.

The interior of the measuring kettle is equipped with a stirrer coupled and driven

by an electric motor usually used in a laboratory (sleeve bearing), some baffles and

a temperature sensor. An electric heater is installed for the purpose of calibration.

The temperature is measured in the flowing fluid at the outlet of the hollow jacket.

The temperature of the measuring kettle is routed to a control unit which regulates

the quickly operating thermostat such that the set temperature of the measuring

kettle, despite heat release, is maintained constant by an appropriately changed

temperature of the fluid passing turbulently through the jacket, i.e. by a change in

the heat flow into or out of the measuring kettle.

At the start of an exothermic process, the temperature of the jacket decreases; at

the start of an endothermic process, it increases. In the case of a chemical reaction,

the change in the heat flow2 into or out of the jacket is, however, only a gross

1 The set up is made of glass.
2 Determined by multiplication of change in the working average temperature of fluid in jacket and

heat transfer coefficient (k�F).
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measure of the thermal reaction power. To determine the exact thermal reaction

power q, it should be evaluated as follows. Using

(k�F): Heat-transfer coefficient: measuring kettle$jacket

pSt: Stirring power within measuring kettle

pL: Heat loss to surroundings

q: Thermal reaction power

TMk: Set temperature within measuring kettle

F: Heat-exchange area

TJ[F]: Temperature in the turbulently flowing fluid in jacket at the value of

F behind the outlet

TJ: Temperature of the outflow of jacket

TJ: Balanced average temperature of turbulent flow through the jacket

ΔT: Temperature difference TMk� TJ

the heat balance at controlled equilibrium reads as follows:

Fig. 7.1 Flowchart of so-called heat-flow calorimeter by Regenass
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Sum of all ther-

mal powers in

measuring kettle

Heat flow between measuring kettle and fluid of jacket

Prior to

start of

reaction:

t< 0

pL0 + pSt0 ¼ Ð
F¼0!FMax

k � TMk � Tj F½ �� � � dF ¼ k � Fð Þ0 � TMk � TJ0

� �

(7.1)

After start

of reac-

tion: t� 0

q + pL + pSt ¼ Ð
F¼0!FMax

n
k � TMk � Tj F½ �� �o � dF ¼ k � Fð Þ � TMk � TJ

� �

(7.2)

The combination of (7.1) and (7.2) leads to the exact determination of the

thermal reaction power:

q ¼ k � Fð Þ � TMk � TJ

� �� k � Fð Þ0 � TMk � TJ0

� �� pL � pL0ð Þ � pSt � pSt0ð Þ
or using

ΔT0 ¼ TMk � TJ0

ΔT ¼ TMk � TJ

ΔpL ¼ pL � pL0
ΔpSt ¼ pSt � pSt0

¼ k � Fð Þ � ΔT � k � Fð Þ0 � ΔT0 � ΔpL � ΔpSt:
¼ k � Fð Þ � �ΔT � ΔT0 � k � Fð Þ0= k � Fð Þ � ΔpL= k � Fð Þ � ΔpSt= k � Fð Þ�
¼ k � F½ � tð Þ � ΔT tð Þ � ΔTkF tð Þ � ΔTL tð Þ � ΔTSt tð Þ½ �
¼ k � F½ � tð Þ � ΔT tð Þ � ΔTBase tð Þ½ �
¼ k � F½ � tð Þ � ΔTq tð Þ:

ð7:3Þ

• ΔTkF represents the part of the total change in temperature ΔT within the liquid

of the jacket which is caused by the change in the initial heat-transfer coefficient

(k�F)0 due to the inevitable change in the properties of the reaction mixture by

the chemical conversion or of the physical conditions (i.e. area of heat exchange

due to dosing, incrustation on wall, viscosity, phase inversion).

• ΔTL represents the part of the total change in temperature ΔT within the fluid of

the jacket which is brought about by the change in heat loss via the cover by

variations in condensation on the cover due to changes in the temperature in the

laboratory or by the inevitable change in vapour pressure due to variations in the

chemical composition of the reaction mixture during the reaction or dosing and,

in addition, due to the change in heat loss through the flange zone between the

cover and wall of the measuring kettle when the temperature of the laboratory

changes.

• ΔTSt represents the part of the total change in temperature ΔT within the fluid of

the jacket which is caused by the inevitable change in the physical properties of

the reaction mixture due to the chemical conversion or, in addition, to the stirred

volume because of dosing.
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Only the subtraction of the sum [ΔTkF(t) +ΔTL(t) +ΔTSt(t)] from the recorded

temperature difference ΔT(t) gives as a result the temperature difference ΔTq(t), the
multiplication of which by the heat transfer coefficient [k�F](t) brings the desired

caloric reaction power q(t). Thus, [ΔTkF +ΔTL +ΔTSt] represents the baseline

ΔTBase(t) for determining the rate of heat release q due to a chemical process

from the recorded total change in the temperature ΔT(t) (Fig. 7.2).
As for determining the thermal reaction power according to Regenass:

• Neither the stirrer power pSt nor its temporal change ΔpSt is measured.

• Certainly, insulation of the cover of the measuring kettle or bringing the tem-

perature of the cover to the temperature of the reaction reduces the heat loss as

much as possible, but a finite heat loss is unavoidable, at least as long as the

flange zone between the cover and the wall of the measuring kettle is exposed to

the temperature of the laboratory. Neither the heat loss pL nor its temporal

change ΔpL is measured.

Fig. 7.2 Determining the thermal reaction power q from change in temperature ΔT and baseline

ΔTBase as well as course of (K � F) versus reaction time
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• The measured temperature TJ in the outflow of the jacket into the thermostat

system is assumed to be representative of the working average temperature

within the jacket, i.e. it is assumed to be determinant for the heat flow

(k�F) � (TMk� TJ) from the measuring kettle to the jacket.

• The heat-transfer coefficient (k�F) respectively its temporal change is deter-

mined by proceeding point by point. The measurement for each point in time

is carried out in the following way. The reaction mixture is supplied by the

electric heater with a constant power p for a short time, which is necessary for

achieving a thermal steady state. The temperature change (TMk� TM(p))�
(TMk� TM)¼ δT is recorded, and the heat-transfer coefficient is calculated

according to relation (k�F)¼ p/δT. On account of the point-by-point elaboration

mode, unexpected physicochemical fluctuations in the reaction mixture

(e.g. Fig. 2.17) can be recognized only inaccurately or not at all. It is not possible

to carry out any number of time-consuming determinations because otherwise an

analytically usable ΔT curve could not be recorded. Hence, in the case of a

relatively quick reaction, the method is only of questionable merit.

In practical applications, the thermal reaction power was mostly determined in

the following way. The limit values ΔT0 respectively (k�F)0 (prior to the start of a

reaction) and ΔT1 respectively (k�F)1 (end of reaction) were connected by a

plausibly curved line ΔTBase(t) respectively [k�F](t). On this basis, the thermal

reaction power q was calculated according to (7.3).

Progress in digital electronic data processing (EDP) made it possible to reduce

some of the inadequacies by using physical and process-technical methods to

establish improved quantities nimbly, smartly and elegantly but perhaps unreliably

regarding accuracy. The causes for possible unreliability are listed, without assign-

ment to any device, as follows:

• The stirrer power pSt respectively the change in the stirrer power ΔpSt is

determined on the basis of the torque respectively torque change of the driving

electromotor. Conventional driving motors with armature retroaction are used

without exception, i.e. the relation of the mechanical torque and the intensity of

the electrical current is not linear. Therefore, the torque is calculated either from

the amperage of the motor combined with a calibration curve or from the

balanced torsion strain of the clutch motor/stirrer shaft. However, during the

reaction the temporal course of a total torque is measured consisting of the useful

torque for stirring and the torque losses in the stirrer bearing. Only if the latter

remains unchanged during the time of measurement can the change in the stirrer

power ΔpSt be calculated from the change in the total torque. However, a

constant value of the loss momentum is doubtful due to the use of a common,

classical bearing set-up of the stirrer (e.g. standard sleeve bearing unprotected

from soiling) in combination with the manifold conditions of the reaction.

• The temporal change in the heat-transfer coefficient (k�F) is estimated on the

basis of a continuously agitated, sinusoidal oscillation of the temperature in the

reaction mixture. To be precise, this determination occurs quasi point by point of
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time because the time sequence of finding the quantity (k�F) is on the order of

magnitude of several minutes (approximately 6 min or more) because of the

attainable shortest wavelength of the oscillation accompanying thermal inertia

of the measuring system.

Compared with the total reaction time of a relatively quick reaction, the points

of indication are wide apart. Therefore, the degree of accuracy of a quasi-

continuous route of the transfer coefficient found in this way, evaluated by

extrapolation via the single points of finding, depends on the time constant of

the reaction. Only in the case of a slow reaction is a reliably continuous curve

obtained.3

• Based on a quick flow of the thermostat liquid through the jacket, a linear

change in temperature is taken for granted, and therefore, and therefore the

working average temperature TJ in the fluid of the jacket is determined using the

equation TJ ¼ (TJinflow + TJoutflow)/2.
4

• The heat loss into the surroundings, especially via the flange zone of the cover

and wall as well as the inlet and outlet tubes of the measuring kettle, is usually

still practically unsupervised, i.e. measured.

• In particular, thermal effects due to evaporation/condensation with respect to the

cover as well as the inlets and outlets are usually not considered.

• The measurement error of commercial temperature sensors is approximately

0.3–1 %.

Assessment of Regenass Apparatus, Remodels and Knoff-offs

• Robustness of apparatus at the expense of precision.

• Suitable for good process-technical investigations.

• Less suitable for thermokinetic analyses of quick and, especially, complex

chemical conversions.

3 Regarding the non-monotone route of baselines which usually depends importantly on the heat

transfer, see Figs. 2.17–2.22.
4 Plausibility lulls one into a false sense of security; measurements give security! See Lord

Kelvin’s aphorism in at the beginning of the book.
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Töpelmann, Gießen (1869)

10. Erdi, P.; Toth, J. Mathematical models of chemical reactions, Manchester University Press

(1989)

11. Emanuel, N.M.; Knorre, D.G. Chemical Kinetics, John Wiley & Sons (1974)

12. Field, R. J.; Körös, E.; Noyes, R. M. J. Amer. Chem. Soc. 94, 8649 (1972)

13. Freeman, E. S.; Carroll, B. J. Phys. Chem., 62, 394 (1958)

14. Frost, A. A.; Pearson, R. G. Kinetik und Mechanismen homogener chemischer Reaktion

Verlag Chemie GmbH, Weinheim (1964)

15. Glansdorff, P.; Prigogine, I. Thermodynamic Theory of Structure Stability and Fluctuations

John Wiley & Sons, New York (1971)

16. Hammet, L. P. Physical Organic Chemistry McGraw-Hill Book Company, New York (1970)

17. Harrick, N. J. Internal Reflection Spectroscopy John Wiley & Sons, New York (1967)
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A
Activity, 165ff

Analytical method

conventional reaction kinetics, 3

thermokinetics, 73

Application of thermokinetics

isothermal reaction, 173ff

non-isothermal reaction, 198ff

Arrangement of stirrer, 10, 55

Arrhenius rule, 77

B
Base line, 13, 14

approximate determination, 11ff

examples of variety, 5

measurement point by point of time, 23

C
Calorimeter

continuous (flow), isothermal, 45

discontinuous, isothermal, 9

boiling condition, 49

with reflux-condenser, 49

simplified design, 33

specification, 23

discontinuous, non-isothermal,

temperature program, 30

adiabatic, 35

polytropic, 206

simplified design, 33

on-line (sensor), 51ff

specification, 58

Circular pendulum mixer (stirrer), 56

Coefficient of heat conduction

within the wall of the

measuring-kettle, 218

Coefficient of heat transfer

into/out of the wall of

measuring-kettle

inside, 227ff

outside, 228ff

Concentration, virtual, 163

Conversion regarding stoichiometry, 73

D
Determination of fractional conversion, 224

E
Effects of occasional vaporization and

condensation, 64

Elementary reaction

definition, 73, 75

Enthalpy of reaction

per stoichiometric conversion

(� formula-conversion), 73

F
Flow calorimeter, 45

Formula conversion, 73

Fouling, 230

Function of reaction velocity

of elementary reaction in homogeneous

mixture, 73
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H
Heat capacity of filling in the measuring-kettle

determination, 208

determination of the effective, 35, 56

Heat flow calorimeter by Regenass, 233

Heat of reaction

per stoichiometric conversion

(� formula-conversion), 73

Heat transfer coefficient measuring-

kettle!intermediate-thermostat

determination, 217

I
Incrustation of foreign matter on superheated

metal (fouling), 230

Indication of temperature

temporally distorted, 42

Instantly dosing

granule material, 65

slurry, 65

Interfering effects, 70ff

Intermediate-thermostat, 128ff

Isothermal determination, discontinuous

enthalpy of mixture, 198ff

enthalpy of reaction, 77ff

enthalpy of solidification, 198ff

enthalpy of solution, 198ff

gross enthalpy of reaction, 198ff

K
Kinetic equilibrium quantity, 169ff

Kirchhoff relation, 77

L
Level of concentration, 164, 165

M
Magnetic clutch

clutch motor!stirrer, 19

Measuring-kettle, 14, 19

Motor (electro)

without anchor retroaction, 23

total power, 22

Mutual interaction of species

influence on enthalpy of reaction, 163ff

influence to the general rate-function, 163ff

within the reaction mixture, 78, 163

N
Non-isothermal determination

enthalpy of mixture, 198ff

enthalpy of solidification, 198ff

enthalpy of solution, 198ff

gross enthalpy of reaction, 198ff

R
Rate

coefficient, 76

functional, 164

function, 76, 78, 79

functional, 76

Rate of heat release, thermal reaction power

definition, 74

Rate of reaction in homogeneous mixture, 73

related thermodynamic rate, 74

thermodynamic definition, 73

Reaction kinetics, 3, 73

Resistance against thermal conduction

within the wall of measuring

kettle, 230

Rotary dosing unit, 65, 66

Routine-software, 162

S
Scale up heat transfer

according to similitude theory, 227

dimensionless Nussel-characteristic, 228

dimensionless Prandtl-characteristic, 228

dimensionless Reynolds-characteristic, 228

dimensionless viscosity-characteristic, 228

Soclet thermostat, 15, 67ff, 68ff

Solving of systems of kinetic differential

equations by approximation, 160

Specific heat of the filling in the

measuring-kettle, determination,

222–223

Standardization of the signal accuracy of

electronic units, 59ff

of heating power

in intermediate-thermostat of the

reflux condenser, 60

in measuring-kettle and intermediate-

thermostat, 60

of stirring power in measuring-kettle, 60

Stirring power in measuring-kettle

determination, 223

Stoichiometry, x, 73
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T

Thermal reaction power, 78

Thermodynamic equilibrium constant, 170

Thermokinetics on base of electronic data

processing (numeric evaluation),

73ff, 160

Thermokinetics on base of mathematical–

analytical relations, 73ff, 78ff

isothermal, continuous reaction, 146

constant-volume reaction, 148

system of reactions characterized by a

single rate-function, 148

isothermal, discontinuous conversion, 78

constant-volume reaction, 79

of autocatalytic reactions, 118ff

reversible reaction, 133

rhythmic, oscillating reaction,129, 192

system of reactions characterized by

several rate functions, 89ff

system of reactions characterized by a

single rate-function, 79ff

variable-volume reaction, 143

system of reactions characterized by a

single rate-function, 144

non-isothermal, discontinuous reaction,

151

constant-volume reaction, 152

system of reactions characterized by

several rate-functions, 159

system of reactions characterized by a

single rate-function, 153ff

variable-volume reaction, 156

system of reactions characterized by a

single rate-function, 157
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